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Abstract

In this study, a photovoltaic/thermal (PVT) collector and a stepped solar still system were constructed and integrated. The
PVT collector was used to improve the performance of a stepped solar still device. Saltwater enters into the PV-T system
and the temperature of the solar panel declines, and then ultimately the efficiency of the PV-T collector increases. After
leaving the PVT collector, the temperature of the saltwater increased and was used as a pre-heater for further evaporation in
the solar still, which ultimately caused an increase in its efficiency. The more tremendous temperature difference generated
between the stepped surface and the glass increases efficiency and produces more freshwater. A flow rate of 7.5 L/hour of
saline water was used to study the efficiency of the solar still device and the PVT collector. The value of productivity of
solar still system with photovoltaic/thermal collector was 0.76 kg/m? more than that of conventional solar still. Despite the
PVT collector, the daily efficiency of the solar still system increased to 34.8%, which shows an increase of 13.9% compared
to the passive solar still device. Also, by cooling the PV-T system, the average electrical efficiency has increased from 13.1
to 13.7%. Production power reached 72.46 W from 65.96 W in two consecutive days at 11:15.

Keywords Photovoltaic/thermal system - Efficiency - Solar water desalination - Freshwater - Electricity

Introduction

Rapid population growth has suddenly increased the
demand for freshwater (Mollahosseini et al. 2019). The
continuous withdrawal of groundwater along with climate
change (Huang et al. 2021) has also contributed signifi-
cantly to the increase of this water shortage (Fath et al.
2008). The United Nations has estimated that about two-
thirds of the world’s population will soon face water short-
ages. Seawater desalination is proposed as an effective
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solution for increasing water scarcity (Shatat et al. 2013).
The desalination method is classified into membrane-
based and heat-based processes (Panagopoulos 2022).
The capacity of desalination plants installed worldwide
has exceeded 100 x 10 m*/day (Panagopoulos 2022).
The solar still is a device which is used for desalina-
tion. The solar still works based on distillation process.
Distillation is the process of separating the components of
water through evaporation and condensation. A solar still
is simple to build, and its initial and maintenance costs are
low. However, the average efficiency of these devices is
low (between 20 and 30%) compared to with other desali-
nation devices (Naderipour et al. 2021). Many studies are
conducted on solar stills with different structures, including
single-slope solar still (Samee et al. 2007), cascade type
solar still (Sadineni et al. 2008), and double-slope solar still
(Dwivedi and Tiwari 2010). Numerous experiments were
done to increase the efficiency of solar still (SS) by fins.
Velmurugan et al. (2008) showed that to increase evapora-
tion rate of solar still, fins were merged in its basin. It was
found that the productivity is improved about 29.6% with
wick type solar still, 15.3% with sponges, and 45.5% with
fins. A cooling glass cover is also used by Khairat Dawood
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et al. (2022). Chow et al. (2009) investigated the effect of
different variables on the energy efficiency, and exergy of
a thermosyphon-type PVT-based water-heating PV/T sys-
tem was carried out. They showed that improvement of
PV cell efficiency, packing factor, water mass to collector
area ratio, and airspeed are friendly for an unglazed sys-
tem. In contrast, the increase of on-site solar radiation and
ambient temperature is favorable for a glazed system. The
photovoltaic/thermal system (PVT) works by using solar
energy to create both electricity and heat. Sobhnamayan
et al. (2014) investigated a PVT collector. They obtained
the optimal diameter and the inlet flow velocity to achieve
the highest exergy efficiency. The best inlet water veloc-
ity and pipe diameter in this study were 0.09 m s~ and
4.8 mm, respectively. The maximum exergy efficiency was
obtained 11.36%. Also, their modeling results agreed with
the experimental results of Huang et al. (2001). Tiwari
and Tiwari (2008) used a solar collector to enhance ther-
mal processes (evaporation) in a solar water desalination
device. Kabeel et al. (2014) modeled the basin-type solar
desalination system with modified condensation method
to perform the cooling process for condensation not just
on the glass surface but also on the sidewalls. Circulating
water through tubes cooled these sidewalls attached to the
wall surface. Dehghan et al. (2015) lead a general study on
the novel portable solar still using a thermoelectric mod-
ule to increase the efficiency of solar still. Ayuthaya et al.
(2013) conducted their experiment on the basin-type solar
desalination system. They showed that the performance
in outdoor conditions increased Because a basin solar
still combined with a set of fin-plate placed in the basin
for distillation. It was obtained that the productivity of the
modified solar still was improved to 15.5%, in contrast a
conventional desalination system. Abdallah and Badran
(2008) implemented a solar tracking system to improve the
efficiency of desalination plants and increase the efficiency
by 22%. Voropoulos et al. (2001) doubled the efficiency
of SS with solar collector and storage tank. Rashidi et al.
(2017) focused on the effects of partitions in a solar water
desalination device. Pounraja et al. (2018) showed that the
SS with Peltier and the PVT collector has up to 30% higher
efficiency than the efficiency of the passive desalination
system. Also, the results showed that 38% efficiency of PV
solar systems increased with the Peltier. PV solar systems
have a big drawback and that their efficiency declines with
increasing temperature. However, in the PVT, efficiency
increases by cooling the glass cover by Peltier. Peltier is a
thermoelectric module that has a cooling or heating effect
by passing electrons between semiconductors. Peltier has
no moving parts and can be used anywhere due to its high-
temperature tolerance and solidity. Singh et al. (2011)
developed an active SS. They integrated the SS with the
collector. They found that the amount of production is 1.4
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times that of a simple SS with a sloping surface. This design
reduces the amount of investment. In the design of the cur-
rent solar still, the main goal was to keep the cost as low as
possible with improving the efficiency to provide the dis-
tilled water needed in remote isolated locations. Lowering
the cost by increasing the performance of the solar still to
provide freshwater needed in remote locations was one of
the main goals of this research. The total fabrication cost
of still is 39580 INR, including the fabrication cost, which
is lower (about 14%) than the other solar stills. The results
have shown that the parallel mode had better results and
efficiency than the series. Dubey et al. (2021) reported the
performance of an SS integrated by evacuated parallel tubes
of a collector. The overall efficiency of energy and exergy
was reported 33.8 and 49%, respectively. Mohammadi et al.
(2020) investigated a double-slope SS. The results showed
that the design of the heat exchanger is an important param-
eter in increasing the performance of the double slope SS.
The concurrent production of freshwater and electricity,
improving the performance of the stepped solar still using
the PVT collector as a preheater and improving the perfor-
mance of the thermal photovoltaic system by cooling the
system, is the novelty of this study. This study combines
the PVT collector with the stepped solar still for concurrent
production of freshwater and electricity for the first time.

Experimental setup
Design and construction of the system

The system includes a solar water still system, recycling
water tank, PVT collector, flow meter, connection of ther-
mocouples, rheostat, and hoses. The solar water still sys-
tem is made entirely of glass. The dimensions of the floor
of the SS are 0.73 m X 0.5 m. The inner walls and floor of
the basin of the desalination system are covered with black
paint so that the water absorbed better the sunlight pass-
ing through the inclined glass. The thickness of the glass
cover is 6 mm. Vapor is condensed on the glass cover and
is collected in a tank by flowing down to the end of the
desalination system. The role of the PVT collector is to
preheat the saltwater before it enters the SS.

The saltwater enters to the PVT collector to cool down
the PV panel and improves the efficiency. This water pre-
heats in the PVT collector and joins the SS.

A detailed examination of the effect of temperature
on the PV system was conducted by Kumar and Tiwari
(1998), Dubey et al. (2013), Alobaid et al. (2018),
Kabeel et al. (2017), and Aruldoss et al. (2023), and it
was checked out that increasing the temperature of panel
declines the voltage of the solar panel and increases the
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Table 1 PV panel specifications

Electrical parameters Technical specifications

Maximum power 100 W+5%
Open circuit voltage (VOc) 215V

Short circuit current (ISc) 5.8 A
Voltage at maximum power (VMPP) 18.7V
Dimensions 65%125%5 cm
Number of cells in the module 36

current. Therefore, cooling of PV panels is required to
avoid voltage drop due to temperature increasing. In the
standard conditions where the panel temperature is 25 °C
and radiation intensity is 1000 W/m?, the features of the
PV panel of this study are given in Table 1.

Figure 1 illustrates the PVT collector integrated with a
stepped solar water still system and an objective view of
the setup during the experiment.

Measuring devices
In this study, the following measuring devices were used:

1. Rheostat made by JRM company in Japan with power of
100 W and resistance of 25 ohms

2. Thermometer manufactured by Benetech company,

model GM1312

Proskit multimeter model MT-1280

Kipp and Zonen pyranometer model CMP6

Lambrecht anemometer model 14,522

Flowmeter 2 to 20 I/h made by DGOzone company

Lambrecht temperature-humidity sensor model 8092

K type thermocouple

® NN kW

Experimental procedure

The stepped SS with the PV system was launched in Semnan
University located in Semnan City, Iran. Semnan was at a
latitude of 35°. The experiments were conducted for two
consecutive days on October 24 and 25 (autumn season)
of 2022 from 10:00 am to 3:00 pm in the autumn season
for 5 h with data measurement every 30 min. The environ-
mental parameters were received from the nearest station
of the Semnan Meteorological Department. The flow rate
measured in this experiment was determined to be 7.5 l/h.
The thermocouples were installed on the glass cover of the
SS and the inlet and outlet of both the PVT collector and SS.
During the test period, different environmental parameters
and the amount of freshwater production were measured.
Finally, it should be mentioned that the average of the opti-
mal installation angles obtained in the four seasons of the

year for the PVT collector is equal to 35°, and the panel was
installed with this angle.

The efficiency of solar stills and photovoltaic/
thermal system

The active solar still (ASS) was combined with the PVT
collector, and passive solar still (PSS) was separately tested
without integrating the PVT system.

The efficiency of SS (#,,) is (Grewal and Kumar 2022)

_ dailyyieldx L
= A, %X 3 G() x 3600 M

’155

where L denotes the latent heat of evaporation and is cal-
culated by

L=10%(1-9.4779 x 107*T,

mss

+13134x 10772 - 4.7974x 107°T2 )

X 2.4935
@

With the measurements made, the hourly efficiency of SS
was calculated from 10 am to 3 pm for both active and passive
systems. The flow rate of saltwater was 7.5 1/h. The production
power of the PV panel was obtained by calculating the current
and voltage during a certain time using a rheostat in certain
resistances.

Electrical efficiency is a standard parameter of PVT collec-
tors. This parameter is calculated according to the PV tempera-
ture by Alobaid et al. (2018) and Najah et al. (2016):

Her = nel,ref[l - ﬂ(Tcell - Tref)] (3)

The efficiency of the reference temperature in 25° is
reported equal to 0.15. f§ is the temperature coefficient of PV
panel efficiency calculated experimentally and reported as
0.0045 for crystal panels.

Energy wastage is omitted because the system is made so
that the water under the panel is in contact with the entire
surface of the panel, and the insulation is considered behind
the PV system. Equation (4) is used to calculate thermal
efficiency:

0

Ny = m 4

where Q, denotes the rate of heat absorbed by the working

fluid that flows in the ducts. Q, is obtained from the follow-

ing equation:

Qu =mCAT = mC(Tautpv/t - Tinpv/t) 4)
The total efficiency of the PVT collector is

oy = i + Her (6)

@ Springer



30706 Environmental Science and Pollution Research (2024) 31:30703-30715

Fig. 1 Schematic view of the
stepped SS combined with PVT
system and real picture of the
setup during the experiment \\_ PV/[Tsystem
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Table 2 Details of uncertainty analysis

Instrument Accuracy Range Standard
uncertainty
Voltmeter 0.01 2-20V 0.006 V
0.1 20-200 V 0.06 V
Multimeter 0.01 0-20 A 0.06A
Flowmeter 1 220 ﬁ 0.6 é
Potentiometer 2.5% 0.1-25Q 0.35Q
Thermometer 0.1 0-100°C  0.06 °C
Humidity-temperature 0.2 0-85 °C 0.1°C
sensor
Pyranometer 1 0-1000 % 0.6 %
Wind speed sensor 0.1 0.1-10% 0.06
Graduated cylinder 1 4-100 cc 0.6 cc

Uncertainty analysis

Type B uncertainty is used to conduct uncertainty analysis.
The standard uncertainty is (Rahbar et al., 2012)

u=—

V3 )

Here, a denotes the instrument’s accuracy and u denotes the
standard uncertainty. The uncertainty of measuring devices is
given in Table 2.

Uncertainty about solar still efficiency
When the variable y is a function of some input values x;, the

uncertainty value u is calculated by Kirkup and Frenkel (2006)
and Dhivagar and El-Sapa (2022)

ady g dy ? ’
u(y) = <a—XI> u* (x;) + <a_x2> u? (%) + ... .. @)

In the above relationship, u(x;) is the measurement uncer-
tainty related to the input variable x;. The uncertainty of SS
efficiency is

P

2 2(G
u(v)+u( )

“()’) = y V2 G 2 (8)

The highest measurement uncertainty in calculating the
hourly efficiency for all experiments in this study is equal
to0 0.43%.

Uncertainty of photovoltaic/thermal collector efficiency

Based on the measurement of solar radiation and panel
temperature and saltwater inlet and outlet temperatures, the

uncertainty related to electrical efficiency and the uncer-
tainty related to thermal efficiency were measured by the
following equation (Najah et al. 2016):

P

2 T 2 G 2 T. !

s [F) (6) )]
2 2 2
Tpv (G,) Tinpv

According to Eq. (9), the maximum uncertainty of meas-
urement in calculating electrical efficiency of the PVT col-
lector is equal to 0.054%. The maximum uncertainty of
measurement in calculating thermal efficiency of the PVT
collector is equal to 0.144%.

Results and discussion

In solar stills, the effect of energy transfer by the black-
ened area (direct transfer) rises the fluid temperature. As
fluid temperature rises, evaporation of fluid (water) starts
and vapors (via heat transfer mechanism) at the inner sur-
face of the glass cover get condensed after leaving latent
heat to the glass cover. Due to the difference in tempera-
ture and concentration between the surface of the glass
and the water, a natural movement takes place. In the PVT
collector, water enters from the bottom of the system,
and after a certain period, the heat of the surface of the
recrystallized coating is removed from the top. Cooling
in PVTs improves electrical efficiency, reduces cell ero-
sion over time, and ultimately maximizes the lifespan of
photovoltaic modules. The excess heat captured by the
cooling operation is used to preheat the saltwater for the
distillation in the solar still.

The first aim of the proposed system is to increase the
temperature of the saltwater with the presence of the PVT
collector as a pre-heater of the SS to improve its efficiency.
The second aim is to cool the PV panel to increase its power
output. The PV panel heats the saltwater. It means that the
water moves through the built-in channels in the PVT col-
lector, and then by cooling the panel, it gives heat to the
saltwater. Indeed, this heat is used to preheat the saltwater
before entering the SS. For evaluating this proposed system,
the efficiency of ASS in the integrated system is compared
with the efficiency of PSS without integrating with PVT
collector. Constant changes of factors beyond the control of
sunlight, airspeed, and ambient temperature affect the effi-
ciency of solar still. The water temperature is related to the
amount of absorption of solar radiation by the bottom of
SS. The airspeed and ambient temperature effectively cre-
ate a temperature difference between the saltwater and the
glass cover in the SS. Note that this temperature difference
provides the double-diffusive natural convection in the SS,
which leads to move the vapor from the saltwater towards
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Fig.2 Comparison of hourly L000
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the glass cover. Indeed, the operation of SS depends on this
temperature difference.

Figure 2 shows the hourly environmental parameters for
two days of the experiment. On Oct 24, 2022, the PSS was
tested and on Oct 25, 2022, the ASS integrated with PVT
collector was tested. The solar radiation increased with a
gentle rate in the early hours, and then decreased from noon
to the afternoon with a steeper rate. On Oct 24, The ambient
temperature trends during the test hours was upward, and
with time, the slope became downward. Also, the average
air speed on Oct 25 was slightly higher than on Oct 24. Dur-
ing two days, the minimum amount of solar radiation inten-
sity (G =308 W/m?) occurs at 3 pm, the minimum airspeed

@ Springer
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(V,=0.7 m/s) occurred at 11 am, and the minimum ambient
temperature (7, =22.2°C) was reported at 10:30 am on Oct
24. Also, the maximum solar radiation intensity (G=862 W/
m?) occurred at 12:30, top airspeed (V, =3.6 m/s) occurred
at 10:00 am on Oct 25 for ASS, and the maximum ambient
temperature (7,=26°C) occurred at 2:30 pm on Oct 24 for
the PSS.

The hourly temperature difference between the condens-
ing and evaporating zones for ASS and PSS is compared
in Fig. 3. As mentioned earlier, the easiest way to increase
the temperature difference of the evaporation and distilla-
tion area in SSs is two methods that should be taken. These
methods are rising the temperature of the inlet saltwater,
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Fig.3 Comparison of the 14
hourly temperature difference
between the condensing and
evaporating zones of the basin
for ASS and PSS
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Fig.4 Comparison of the hourly productivity rates of ASS and PSS

and then the temperature of the glass cover is declining.
This temperature difference improves the productivity and
the efficiency of the SS. The results in Fig. 3 show that the
PVT collector, as a generating thermal energy source, heats
the incoming saltwater and creates a more tremendous tem-
perature difference between the evaporation and distillation
area, thereby increasing the efficiency of the SS. For calcu-
lating the saltwater temperature on the steps, the average
temperature of the input and output saltwater of the SS was
considered. The highest temperature of saltwater on the steps
was related to the ASS at 1 pm Oct 25 (T;,=57.3°C), and the
lowest temperature of saltwater on the steps was related to
the PSS at 3 pm on Oct 24 (T),=34.9°C).

The hourly productivity rates of ASS and PSS are com-
pared in Fig. 4. The higher production rate distilled water
by the SSs is related to two factors. These factors are the
evaporation rate of saltwater and the condensation rate of
water vapor. As shown in Fig. 4, the ASS produces more
freshwater than the passive one The highest productivity rate
of (m,,=0.223 %) for ASS at 12:30 am and the lowest pro-
ductivity of (m,,=0.043 k—gz) for PSS at 3 pm was obtained.
The amount of freshwater accumulation during one day
for the ASS is (m,,=1.770 k—i) the amount of freshwater
accumulation during one daymfor the ASS was (m,,=1.007
%). The presence of the PVT collector for preheating the

11:00 12:00 13:00 14:00 15:00 16:00

- Passive Time (clock)

saltwater increased the productivity rate in SS. The produc-
tivity rate was recorded from 10 am to 3 pm on Oct 24 and
Oct 25 in Fig. 4.

At first, the tests were conducted for the PV panel without
cooling system on Oct 24, and all data including PV panel
surface temperature, voltage, current, and radiation were
recorded every half hour. Then, on Oct 25, for the PVT col-
lector the inlet and outlet temperature of saltwater was meas-
ured. In the PVT collector, channels are placed for the flow
of fluid. The results show that radiation and wind speed are
effective on the temperature of the PV panel. The tempera-
ture is higher than the ambient temperature, and increasing
the temperature of the panel reduces the power of the PV
system. Therefore, the construction of ducts embedded in
the PVT collector decreases the operating temperature and
increases the power. The temperatures of the inlet and outlet
saltwater in the PVT collector are illustrated in Fig. 5. The
highest outlet saltwater temperature was recorded at 1:30 pm
(T,,.pyr=953.6 °C), and the lowest outlet saltwater tempera-
ture was recorded at 10 am on Oct 25 (T,,,pyr=41.4 °C).
The hourly temperatures of glass cover of the PV panel with-
out cooling and PVT collector with cooling are compared in
Fig. 6. With cooling in the PVT collector, the temperature
of the PV panel decreases significantly. The highest amount
of difference between the temperature of glass cover for two
cases was observed in the early hours of the morning on two
days. The results showed that this difference reached 16.4
degree at 10:45 am. The lowest difference was observed in
the last hours of the day.

The efficiency of ASS and PSS is measured at different
hours and shown in Fig. 7. The presence of a PV system
as a pre-heater was increased the efficiency of ASS. The
highest efficiency was at 3 pm on Oct 25th ( ,,=49.7 %),
and the lowest was at 11 am on Oct 24th (n ;,,=14.9 %). The
average daily efficiency of ASS was reported as 34.8% and
daily average efficiency of PSS was 20.9% from 10 am to
3 pm. The noteworthy point is that in the last hours of Oct
25, owing to the sharp drop in solar radiation intensity, the
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Fig. 5 Temperatures of the inlet 60

and outlet of saltwater in the
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heat capacity of water, and the resulting evaporation, the
efficiency of solar still increased significantly.

With the presence of the PVT collector, the daily effi-
ciency of the SS increases by 13.9%. Even though the solar
radiation decreases drastically at the end of the day, the
efficiency reduction of SS will be lower than the radiation
reduction. It is owing to the heat capacity of water and the
evaporation caused by it. The presence of the PVT collector
for the ASS reduces the rate of efficiency reduction far less,
and this makes it possible to see a higher efficiency in the
final hours compared to the PSS.

The comparison of hourly efficiency for the previous solar
stills and the suggested one in this study is given in Table 3.
It was observed that the overall efficiency and daily effi-
ciency are reasonable compared to most of previous solar
stills. The experiments in this study were conducted in the
fall season, and the amount of radiation was low.

Figure 8 compares the I-V diagram at 11:15 am for the
PV panel without cooling and the PVT collector with cool-
ing. the temperature increases for the case of the PV panel
without cooling as compared to the PVT collector with
cooling, the electric current intensity increases slightly.
However, its changes are so small that it can be considered
constant, and the output voltage decreases significantly

Fig.6 Comparison of the 70
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cooling and PVT collector o o,
«—
o
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using the PV panel without cooling instead of the PVT
collector. The output power, which is obtained from the
product of the current and voltage of the panel, generally
decreases with the increasing of the panel temperature for
the case of PV panel without cooling compared to the PVT
collector with cooling.

The comparison of P-V diagram at 11:15 am for the PV
panel without cooling and the PVT collector is conducted
in Fig. 9. It is observed that the cooling of the panel has a
significant effect on its output power. The maximum output
power of 72.46 W was reported at 11:15 am in a resistance
of 4 ohms on Oct 25 in the PVT collector. The output power
of the PV panel without cooling at 11:15 am on Oct 24 was
65.96 W. At 11:15 am on Oct 24, for the PV panel without
cooling, the panel temperature reached 58.3 °C. On Oct 25
for the PVT collector with cooling, the panel temperature
reached 43.4 °C. The decrease in panel temperature from
58.3 to 43.4 °C was improved the produced power by 7 W.
Also, according to Fig. 2, the airspeed on Oct 25 was higher
than that on Oct 24, which can be considered as one of the
factors affecting the cooling of the PV panel, and this natu-
ral action was increased the power of the PV system. Daily
electrical efficiency reached 13.8% from 12.8% for two days
inarow at 11:15 am.

10:00 11:00 12:00 13:00 14:00 15:00 16:00

Time (clock)
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Fig.7 Comparison of the 0.6
hourly efficiency of ASS and
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Table3 The comparison among Author(s) System Type Daily efficiency Hourly efficiency
the suggested design and the (L/m?) (%)
previous designs from the point
of view dail'y efficiency and Kabeel et al. (2014)  Enhanced condensation on walls  Passive 1.4 30
hourly efficiency Singh et al. (2013) Evacuated tube collector Active 3.8 33
Kumar et al. (2014)  Evacuated tube collector Active 3.9 33.8
Abu-Arabi et al. The heat pipe, ETC Active 3.16 22.9
(2002)
Kumar et al. (2016)  Solar still with a rotating shaft Active 0.83 30.5
Rahbar et al. (2012)  Thermoelectric and heat pipe Active 0.9 7
Esfahani et al. (2011) Thermoelectric cooling Active 1.62 13
Dehghan et al. (2015) Double slope solar still Active 243 19.8
Sobhnamayan etal. ~ PV/T water collector Active - 11.4
(2014)
Dubey et al. (2021)  Double slope solar still with Active 1.4 33.8
parallel tubes
Present study Step solar still-based PV/T Active 1.77 49.7

collector

The hourly electrical efficiency of the PV panel with-
out cooling and the PVT collector is shown in Fig. 10. The
results indicated that the electrical efficiency increases by
using the PVT system with cooling instead of PV panel
without cooling. Increasing the temperature of the PV panel
declines the electrical efficiency. In the early and late hours of
experiments, the electrical efficiency obtained higher values.

Figure 11 also shows the hourly thermal efficiency of the
PVT collector with cooling. The results show that the ther-
mal efficiency of the PVT collector increases during the time
despite the decrease in solar radiation intensity. It is owing
to the heat capacity of water.

The daily thermal efficiency of the entire hybrid system
is obtained from the sum of the thermal efficiencies of the

SS and the PVT collector (Pounraja et al. 2018), equal to
85.3% in this study.

The effects of saltwater flow rate on the daily efficiency
and efficiency of solar still are investigated in Table 4 on the
26th Oct for the PSS and the 29th Oct for the ASS. It should
be noted that more tests were taken, but 7.5 and 10 are given
in the article. The experiment was conducted in autumn,
and the average amount of solar radiation was lower than in
spring and summer.

The results show that with the increase in the flow rate,
the daily efficiency of PSS remains almost constant, but
when the fluid passes through the photovoltaic system,
due to the rise in the flow rate, the temperature of the
leaving the photovoltaic system has decreased, and this
caused the saltwater which enters ASS will be heated less,
and the evaporation process will take place at a lower
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Fig.8 Comparison of I-V diagram at 11:15 am for PV panel without
cooling and PVT collector with cooling
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Fig.9 Comparison of P-V diagram at 11:15 am for PV panel without
cooling and PVT collector with cooling

speed; as a result, the amount of freshwater produced will
be lower.

Economic analysis
Economic analysis of solar still

Economic analysis of SS is presented by Kumar and Tiwari
(2009a, b) and Kabeel et al. (2010). If P is the initial capital
and CRF is the Capital Recovery Factor, the Annual Cost
Factor or FAC is obtained through the following relationship
by Groosen et al. (2000):

i)
CRF = (10)
FAC = P(CRF) (11

Here, i denotes the interest rate (20% in Iran) related to
bank loans, and n denotes the life of the device (10 years).
The salvage value of the device or S is equal to 20% of the
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out cooling and PVT collector
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Fig. 11 Hourly thermal efficiency of PVT collector

Table 4 Comparing daily and Hourly efficiency at flow rates of 7.5 L/
hour and 10 L/hour

Hourly efficiency Daily efficiency (L/  Type (I/h)
(%) m’)

25.8 1.01 Passive 7.5
49.7 1.77 Active 7.5
16.8 1.03 Passive 10
69.1 1.47 Active 10

cost of usable equipment that is saved after the life of the
device. Sinking fund factor (SFF) is

_ i
SFF = Gy (12)

Annual salvage value (ASV) is defined by

ASV = (SFF)S (13)
Annual maintenance operational cost (AMC) is

AMC = 0/15(FAC) (14)

Annual cost of device (AC) is
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Table 5 Results of economic analysis of both PSS and ASS

n i CRE P@) S FAC®E) ASV(ES) AMC@$) AC(G) M (kg/m’year)  CPL ($/kg/m?)
PSS 10 20% 0.24 80 16 19.2 0.64 2.88 21.44 169.36 0.13
ASS 10 20% 0.24 80 16 19.2 0.64 2.88 21.44 301.49 0.07
AC = FAC + AMC — ASV (15 Conclusions

Eventually, cost per litter (CPL) or the cost required to
produce each liter of freshwater by the device is

AC
CPL=—
v; (16)

where M denotes the average annual productivity of SS. The
results of the economic analysis of both SSs are given in
Table 5. It can be seen that the production costs of each liter
of freshwater for the PSS and ASS are 0.13 $/kg/m? and 0.07
$/kg/m?, respectively.

Economic analysis of photovoltaic/thermal system

The economic analysis of the PVT collector is presented by
Hadipour et al. (2021) and Marfia (2001). The levelized cost
of electricity (LCOE) is calculated by

Annual cost(AC)($)

LCOE =
Anuual output(kwh)

a7

The parameters required to calculate LOCE can be found
in Table 6.

The results of economic analysis of the PVT collector
are given in Table 7. It can be seen that the levelized cost of
electricity (LCOE) in the PVT system and the PV system is
250.02 and 238.52 $/kWh, respectively.

Table 6 Parameters needed to calculate LOCE

Annual output=average annual insolation (ANI) x efficiency (,;)

ANI=5 XWh o 36590 _ 1825Kwh
day.m year

Annual cost (AC)=FAC+ AMC — ASV + water cost

AMC =3% of installation cost (IC) per year

IC =capital cost (CC)x station capacity (SC)=170$

SC=1m?

P=170 $/m>

Table 7 Results of economic analysis of the PVT collector

In this study, a photovoltaic/thermal (PVT) collector and a
stepped solar still system were constructed and integrated.
The purpose of this research is to produce more freshwater
by using a solar still system combined with a solar collector
as a preheater. Also, the simultaneous production of fresh-
water and electricity has been one of the other goals of this
experimental work. Increasing the efficiency of the PVT
system was also on the agenda. The following outcomes are
achieved from the study on the cogeneration system:

e The efficiency of ASS was 13.9% higher than the effi-
ciency of passive one without integrating with the PVT
collector. The amount of daily productivity of freshwater
produced by ASS integrated with the PVT collector was
0.76 kg/m2, more than that of PSS.

e The average water temperature on the steps of SS
increased by about 9° by integrating that with the PVT
collector.

e The maximum output power of the PVT collector at
11:15 am was 7 W more than the output power of the
conventional PV system without cooling.

e The average temperature on the surface of the PVT col-
lector with cooling was 9° lower than the PV panel with-
out cooling.

e With the help of the PVT collector, in addition to increas-
ing the evaporation rate in SS, we will have hot water
with a higher temperature at the output of SS, which can
be used for heating purposes.

e The daily electrical efficiency of the PVT collector with
cooling from 9:45 am to 2:45 pm increased by 0.6%.

e The average annual productivity of ASS was about
132 kg/m.year more than PSS.

e The levelized cost of electricity (LCOE) for the PVT
system and the PV system is 250.02 and 238.52 $/kWh,
respectively.

System noi CRF P() S FAC($) Watercost($) AMC($) ASV($) AC($) Annualout- LCOE ($/kWh)
put (kWh)

PV system 15 20% 0.21 150 30 31.5 0 0.95 0.41 32.03 238.52 0.13

PVTsystem 15 20% 021 170 34 35.7 0.27 1.07 0.47 36.57 250.02 0.15
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e The production costs of each liter of freshwater for the PSS
and ASS are 0.13 $/kg/m? and 0.07 $/kg/m?, respectively.

Finally, it should be mentioned that the water and elec-
tricity cogeneration system driven by solar energy is suitable
for arid remote and rural areas. It is expected that the pro-
posed system is a low-cost, eco-friendly, and efficient one,
which does not need any additional costs and skills for its
operation and maintenance. By using this system, the power
transmission and distribution systems can be eliminated. The
adverse effects of fossil fuels consumption on environment
can be decreased by using such solar driven system. Techni-
cal innovations of this study have the potential to contribute
to sustainable improvement in the living conditions of peo-
ple who live in vulnerability and arid remote areas.
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