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ABSTRACT

A massive amount of energy is needed to generate clean and safe potable drinking water. Malay-
sia, strategically located on the earth’s equator, is turning to solar energy as a solution. This study
focuses on the integration of a solar photo voltaic system with the existing solar still technology. It
is designed by harvesting the heat energy directly from the Sun and partially combining it with the
shaded section using PV modules together with the PV Water Purification System (PvWPS). The
experiment was conducted for three days in November 2017, in Malaysia. A stainless steel basin of
1 m long and 0.54 m wide together with a clear glass cover of 0.33 m long and 0.54 m wide served as a
new solar still. Results showed that the internal temperature of the still basin increased by more than
5% above the average temperature, accelerating the evaporation process in the purification system.
The power efficiency increased by 0.325%, increasing the expected PV module efficiency to 14.15%.
Water production using the PV Water Purification System (PvWPS) was expected to increase by 10%.
This study also discusses the cooling mechanism justification, the water quality produced and the
cost involved to observe the social and economic benefits of the system.

Keywords: Embedded photo voltaic; Shading effect; Solar still; Water purification; Tropical temperature;

Heat storage; Cost analysis; Cooling mechanism; Greenhouse

1. Introduction

Solar photo voltaic is one of the more popular renewable
energy resources that is adopted worldwide. It has a great
potential if it is integrated with any currently available water
purification system in the market. By definition, a water
purification system refers to the movement and conversion
of brackish water to freshwater, making it suitable for human
consumption. The World Health Organization (WHO) has
set the minimal guidelines for a safe drinking water and has
continuously promoted water sustainability to cater to the
increasing demand of the urban population [1,2].

*Corresponding author.

An interesting case study by Ingyu [3] showed that the
quality of river water in Kuantan, Malaysia is very poor
due to the discharge of wastewater from the residential
and industrial areas into the river without being properly
treated. Malaysia, as a participant of the United Nations
Framework Convention on Climate Change (UNFCCC),
has pledged to reduce 45% of her greenhouse gas (GHG)
emissions by 2030 during the Conference of Parties (COP)
21 in Paris [4]. This commitment has opened the door to new
opportunities in technology integration as well as resolv-
ing the demand for freshwater. Alternative strategies and
continuous support to promote renewable energy would
be the best solution to mitigate negative impacts of climate
change especially when harvesting the free abundant solar
power. Annual reports from the Sustainable Energy Devel-
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opment Authority (SEDA) shows that the solar energy pro-
duced using Photo voltaic (PV) technology emerges as the
most preferred renewable energy among the energy mix in
Malaysia. A typical PV module can convert 6%-20% of solar
radiation into electricity, depending entirely on the climatic
condition. The rest of the solar energy is converted into dis-
sipated heat, in which, the PV module’s efficiency decreases
significantly with respect to the increase in the surrounding
temperature [5]. This statement is supported by Park et al.
[6] where they explain the effect of temperature rise in PV
module’s thermal characteristics on its electrical generation
performance Building Photo voltaic (BIPV) where approxi-
mately 0.5% reduction of energy is generated based on 1°C
increase of the module temperature. Most of the water treat-
ment technologies available in the market are largely depen-
dent on the various types of contaminants to be treated or
filtered. However, a consistent price hike of the fossil fuels
an expensive treatment and a complicated design used in
a water treatment plant is main factors the resulting emis-
sions of GHGs have rendered them rather unsustainable
[7] or indirect; combining conventional desalination tech-
niques, such as multistage flash desalination (MSF).

Conventional solar desalination method for the pro-
duction of potable drinking water from saline water and
the solar still purification system have been applied for
several years in many countries. Besides the additional fea-
tures of the heating element, condensation and collection
of freshwater droplets can occur due to gravity. The solar
still technology has been proven to be capable of remov-
ing 96% of brackish content from polluted feed water [8],
enabling freshwater production of around 2.383-2.549 kg/
m?-d per person [9,10]. Generally, the rate of condensation
and evaporation influence solar still productivity because
condensation occurs on the under of the glass cover and
the evaporation (in water) come from ambient temperature
but is significantly accelerated higher temperature because
of the greenhouse effect occurring inside a solar still [11].
Sartori [12] presents a theoretical comparison between the
thermal behavior of a basin type solar still and solar evap-
orator. This study showed evaporative in solar evaporator
more than 50% of the corresponding total heat transfer rate
than that in a solar still type (due to the greenhouse effect).
Ninad and Kashinath also investigated greenhouse effect in
a solar still and the result shown that the productivity of
clean water with insulation and greenhouse effect have a
drastic change in the efficiency of solar still [13].

Many researchers have investigated and proposed to
upgrade the traditional method of solar still technology in
an effort to produce a greater yield of clean drinking water.
It has been found that a solar still with a bottom sand layer
combined with a 50 W solar photo voltaic-DC heater could
produce 33% to 43% higher productivity as compared to
a conventional solar still [14]. It was also observed in an
experiment performed in Oman, that a higher water tem-
perature can be achieved by using an inverted absorber
solar still (IASS) as compared to the single slope solar still
(SS) at water depths of 0.01 m, 0.02 m, and 0.03 m [15]. The
temperature increase led to a higher daily yield of IASS
which were 6.302, 5.576, and 4.299 kg /m?-d as compared to
the solar still which were 2.152, 1.931, and 0.826 kg/m?-d,
respectively. Al-Garni demonstrated that the performance
of a solar still immersed with a 500 W water heater and an

external fan can drastically increase by 370 % [16]. In another
view, ST technology basically implies the same concept of
harvesting the energy from the sun for energy conversion.
However, the main difference between ST and solar still is
the use of photo voltaic materials for electricity generation
via photonic effects. Heat energy is also produced from
both systems but generally, ST utilizes this dissipated heat
for energy conversion as compared to PV material where
this energy is dissipated as heat waste.

A comprehensive review of the literature shows that an
active solar still improves the efficiency of generated elec-
tricity and productivity of fresh water. However, this paper
presents an altogether different approach in harvesting the
dissipated heat energy from photo voltaic to enhance pro-
ductivity by modifying and transforming the solar still into
a photo voltaic water purification system. The aim of this
research work is to embed the solar still in an existing solar
photo voltaic farm for purification and evaluate the perfor-
mance of solar still in providing maximum freshwater yield.

2. Methodology
2.1. Design setup

In this study, two different configurations were
designed, fabricated and tested under the actual outdoor
condition in order to review and compare the effectiveness
of their operation and production. The first design was a
simple single basin (SSB) and the second design was a
photo voltaic water purification system (PvWPS). Both stills
were constructed to face 160° south. The SSB consisted of a
wall frame, clear glass, distilled collection trough and feed
water supply as shown in Fig. 1a.

The PvWPS was designed by adding a photo voltaic
array (no. 10) at the bottom of the SSB structure (no. 1 to no.
9) as shown in Fig. 1b.

This section will discuss in detail the fabrication of a
photo voltaic water purification system as shown in Fig. 2.

The sides and bottom of the external wall frame were
constructed from a rectangular hollow aluminum of 1.6
mm thickness, having dimensions of 0.54 m x 1 m x 0.0318
m; the basin was made from stainless steel with 1.5 mm
thickness and placed inside the wall frame. The partitions
were for holding feed water in the internal basin with a
0.1 m gap. The overall area of the PvWPS was 0.54 m? as
shown in Fig. 2a. The center of the PvWPS is distilled col-
lection as pointed by arrow no. 1. The clear glass of 0.54
m x 0.33 m with 4 mm thickness functions as an outlet
of fresh water produced shown in Fig. 2b.Fig. 2c shows
the bottom of the solar still embedded with PV array as
pointed by arrow no. 2. Besides that, the structure and
materials in the aging junction box were in good shape.
Furthermore, the junction box had a warranty from the
manufacturer. Based on Lu [17], there were some cases of
good operations even after 17 years of operation in a harsh
environment. Some aspects of careful installation and stor-
age (on supply side) are important to maintain the qual-
ity of PV materials [18] fast depletion of fossil fuels, along
with environmental concerns throughout the world has
led to the requirement of commissioning Solar PV plants
in large scale. Solar photo voltaic (PV. The long-term eval-
uation of the seal between PV panel and stainless-steel



38 N.A. Latiff et al. / Desalination and Water Treatment 145 (2019) 36—45

1- Clear glass
2- Inlet

3- Partition
4- Cratlet

6- Insulation

7- Collection tank
8- Black cotton

9- PVC pipe

10- Selar PV panel

Fig. 1. Cross section diagram for SSB (a) and PvWPS (b).
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Fig. 2. The basic frame of PvWPS (a), top of PvWPS is glass area
(b) and The space for photo voltaic (c).

frame as based on the manufacturer’s warranty, whereby
the panels, steel frames, cablings and other in-tack parts
are all IEC certified for long-term operation. Moreover, the
warranty is a strong document for the end-user in order to
rectify any faults or insufficient power generation to the
manufacturer/ installer (despite the normal yearly degra-
dation).

The system consisted of a source tank of rainwater that
acted as brackish water. The entire external surfaces of
the wall frame were insulated from the ambient air using
rubber foam air conditioner. The basin surface facing the
Sun was covered with a black cotton cloth to increase solar
radiation absorption [19]. The water temperature increased
because of the heat transferred through conduction from
the internal structure to the water. A silicone PVC hose was
connected to the source tank to supply the two solar stills
with rainwater.

In this experiment, a 50W photo voltaic module with
dimensions of 0.54 m x 0.67 m x 0.03 m was embedded at
the bottom of a clear glass and served to increase water
temperature. The PV module was not to generate electric-
ity. The machine was sealed using aluminum plaster on the
collar of the still to prevent any vapor leakage. Freshwater
was collected using a 15 mm long stainless-steel pipe and
the excess feed water was drained at the end part of the
still. A high rear wall using stainless steel pipe with silicone
tubes was designed as the inlet brackish water and a valve
was used to control water flow.

3- Distilled Collection

Embedded with PV

R

A 15 L brackish water tank was used as a feeder with
the sample water flowing hourly and maintained through-
out the experiment by constantly refilling feed water into
the still. Freshwater collected in the stainless-steel pipe was
taken through silicon tubes into the bottle with the whole
unit being mounted on an angle iron stand.

2.2. Experimental setup

The PvWPS was constructed to evaluate the performance
of temperature. Thus, the temperature inside and outside
the still was measured at 1-min intervals using a 1-wire dig-
ital thermometer DS18B20 with an accuracy of + 0.5°C. A
pyranometer (model PMA-2144) was used to measure solar
radiation intensity at a time interval of 1 minute, placed
outside the still. The experimental solar radiation intensity
accuracy value by the pyranometer is + 1.0 W/m?2. An elec-
tronic scale was employed to measure the hourly fresh water
production. The DS18B20 thermometer was placed in differ-
ent locations; for basin temperature (T,), glass temperature
(Tg), bottom photo voltaic temperature (szrb)’ photo voltaic
temperature (Tp), and ambient temperature (T) of the sur-
rounding environment. The thermocouple was linked with
a data logger (Raspberry PI) to capture the temperature
every 1 min. Fig. 3 shows the position of the sensor inside
and outside of the solar still and the experiment was con-
ducted on the 17, 18%, and 19" November 2017.

The setup was built at the PV Pilot Plant in University
Putra Malaysia as shown in Fig. 4.The experiments started

Ta

Inlet feed water
e

Tb Temperature basin

T, Temperature glass

Tip Temperature lower PV
T, Temperature PV

Ta Temperature ambient

Brine outlet

Fig. 3. The position of sensor at PvWPS.
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Fig. 4. Photographs of experimental setup (a) and location of the still (b).

from 9 a.m. to 7 p.m. local time in the month of November
2017. The experiment procedure began by cleaning dust
from the external glass cover of the still.

3. Results and discussion

The experiment was conducted to evaluate the perfor-
mance of each solar still due to the effects of solar radi-
ation. Thus, the experiment was carried out during the
sunny and rainy days of the year (November 17, 18, 19
of 2017). The basin and glass cover temperature were the
two most influential parameters in the performance of the
solar still. Therefore, only the heat transferred between the
basin temperature and the glass cover temperature will be
discussed here.

3.1. Atmospheric condition

The fluctuating pattern of the daily average and manxi-
mum recorded data for radiation and ambient temperature
for tropical climate condition at the site for a year is shown
in Fig. 5. Fig. 5 is taken from [20] Tracking Flat (TF).
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Fig. 5. Trend analysis for radiation and ambient temperature
recorded.

The surrounding condition at the test site is shown in
Fig. 5 and the experiment was carried out in the month of
November 2017. Fig. 6a shows the hourly variation of solar
intensity with respect to time. The maximum solar inten-
sity during the experiment was recorded at 845.55 W/m?
on November 19, 2017. The average solar intensity per day
during the experiment was recorded to represent an average
of 305.72 W/m? to 572.70 W/m? The results showed that
during the experiment there was low solar intensity due to
the shading caused by clouds. This is because Malaysia typ-
ically experiences the northeast monsoon between October
to March, bringing in more rainfall and heavy winds com-
pared to the other months in a year.

Fig. 6b shows the ambient temperature during the three
days of experiment and the maximum recorded ambient
temperature was 35.43°C on November 19, 2017, while the
average ambient temperature during the experiment was
30°C to 31°C. The average wind velocity is plotted in Fig.
6¢. It is recorded that the wind velocity was lower in the
morning and increased in the evening. The maximum wind
velocity recorded on November 19, 2017 was 3.639 m/s.
The average wind velocity during the three days of experi-
ment was recorded at 0.6-1 m/s.

3.2. Effects of Photo voltaic on basin and glass temperature of
PoWPS solar still

Fig. 7 and Fig. 8 represent the variation of the basin,
glass and ambient temperature for SSB by adding two
temperature sensors at bottom PV (Tpvb), PV (T ) for
PvWPS. Fig. 6 shows that temperatures of solar still basin
(T,), glass (Tg), PV (Tpv) and bottom PV (wa) for PvWPS
reached the maximum value of 51.81°C, 45.56°C, 52.63°C,
and 46.72°C, respectively at 1 p.m. However, the tempera-
ture of PV was higher than the other temperatures due to
the direct PV material heating effect [21]. The second high-
est temperature was the basin temperature which received
and absorbed solar radiation directly from the Sun and the
heat dissipated from the embedded photo voltaic array.
However, the bottom PV only produced 5% of heat that
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Fig. 6. Typical measurement of (a) solar intensity radiation history curves during the experiment, (b) ambient temperature with

respect to time for experiment, and (c) wind velocity.
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Fig. 7. Variation of hourly basin, glass, basin PV, bottom PV, and
ambient temperature during experiment for PvWPS.

was transferred to the basin temperature. The lowest tem-
perature was the glass temperature which was around
30°C to 35°C and it was a positive response. In order to
gain a greater productivity of fresh water, the temperature
at the bottom of the glass cover needed to be reduced [22].
The freshwater dropped due to the gravity towards the
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Fig. 8. Variation of hourly basin, glass, and ambient temperature
during experiment for SSB.

collecting channel and it was measured using the elec-
tronic scale.

Although SSB shows the same trend as PvWPS, the
basin and glass temperatures recorded were lower in SSB
than in PvWPS. The maximum basin and glass tempera-
tures reached by SSB were 50.69°C and 44.75°C, respec-
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tively, as shown in Fig. 8. In the morning, the ambient
temperature increased and reached its peak value at 1
pm. The temperature then began to decrease slowly until
it reached its minimum when there was no more sunlight.
From the observation of the three-day experiment, the glass
temperature of SSB increased slightly compared to the glass
temperature of PvWPS.

Variation in the cumulative productivity of fresh water
with respect to time is shown in Fig. 8. The maximum fresh
water productions from PvWPS were higher than that in
SSB. Both stills started the experiment with an hourly inlet
feed water into the stills. Fig. 9 shows that PvWPS produced
a higher yield at 2.67 L/m? per day as compared to the
cumulative productivity of fresh water for SSB at2.12 L/ m?
per day.

The adaptation of PV modules embedded in the solar
still enhanced the productivity of the fresh water by 10%
optimization due to the heat evaporation which led to a
gain in the quantity of fresh water produced, a key param-
eter in any purification device. The increase was, however,
only 10%. This is because the condensed water dropped
back into the basin which reduced the effect on the pro-
ductivity of fresh water. Hence, it can be suggested that the
productivity of fresh water did not record a great increase
due to the internal circulation in the solar still. The low
solar radiation also contributed to the low productivity by
the PvWPS.

3.3. Effect of embedded photo voltaic on heat transfer coefficient

To evaluate the performances of PvWPS, careful and
meticulous calculations of heat transfer must be com-
puted. Generally, heat transfer is classified into two
groups; internal and external heat transfer. Radiation,
convection and evaporation are grouped as internal heat
transfer. On the other hand, the external heat transfer
consists of radiation, conduction, and convection. In this
study, the observation and calculation contributing to the
internal heat transfer is from the basin temperature to the
glass cover still.

Convection heat transfer coefficient from basin to the
glass is given by [2] and [23],

3000 ~
2500 A
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Cumulative productivity (ml/m?)
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—@—PVWPS —@=—SSB

Fig. 9. Variation of cumulative productivity of fresh water
during experiment.
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The partial vapor pressure at basin temperature is given
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The partial vapor pressure at bottom glass temperature
is given by,
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Radiation heat transfer between basin and glass can be
expressed by,

(T, +273) (T, +273)

&, gg

where ¢, and ¢ are basin and glass emissivity with the val-
ues of 0.90 and 0.96, respectively; T and T, are the tempera-
tures of glass and basin (°C), and; ¢ is Stefan-Boltzmann
constant value 5.6697 x W/m? K*.

The evaporation heat transfer coefficient between basin
and glass is given by [24]

Iy = O X x (T, + T, +546)

rbg

4)

. i (P.-P,)
hoy = (16.273%107 )x b, % m (5)

The method of linear regression analysis, R* is used to
determine the relationship between dependent and inde-
pendent variables; between basin temperature and glass
temperature. The coefficient of R?is 0.913. The R? regression
analysis shows that the relationship between dependent
variables and independent variables is very strong. The
heat transfer coefficients, hcbg, hrbg, and hfbg are calculated
using Egs. (1), (4), and (5), respectively.

Table 1 shows the result of convection, radiation, and
evaporation heat transfer coefficients from basin tempera-
ture to glass cover of PvWPS. The highest values of con-
vective, radiative and evaporative heat transfer coefficients
from PvWPS are 3.313, 6.540, and 29.010 W/m? °C, respec-
tively. The standard deviation value was found to be large
due to the environmental parameters such as solar radia-
tion intensity, ambient temperature, and wind velocity. The
evaporative and radiative heat transfer coefficients reached
their peak value at 12 and 1 p.m. respectively and then
slightly reduced to lower values at the end of the sunlight
period.

Fig. 10 shows the variation in the evaporation heat
transfer coefficient for PvWPS and SSB during sunlight
according to this study (, ). The result shows a consid-
erable difference in the coefficients between PvWPS and
SSB. The highest coefficient recorded value of 29.010 W/
m?°C by PvWPS was at 12 p.m. and continued to decrease
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Table 1
The convective, radiative and evaporative heat transfer
coefficients from basin to glass cover for PvWPS

Time hcbg (W/m? hrbg (W/m? hebg (W/m?
cC) oC) oC)

09.00 0.699 5914 3.883
10.00 1.863 6.321 14.244
11.00 1.565 5.937 8.867
12.00 3.312 6.504 29.010
13.00 2.815 6.540 25.278
14.00 1.955 6.081 12.439
15.00 1.709 6.023 10.383
16.00 1.132 5.797 5.707
17.00 0.446 5.496 1.726
18.00 0.022 5.305 0.074
19.00 0.068 5.288 0.216
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Fig. 10. Variation of evaporative heat transfer coefficient with
respect to time.

until 7 p.m. However, the highest value of evaporation
rate coefficient of SSB which occurred at 1 p.m. was only
25.606 W/ m?°C. The difference between two heat transfers
is 3.404 W/m?°C.

3.4. Effect on the performance of PV panel

The highlights of this work concern more on the tem-
perature values where the PV material has proven to
enhance the system configuration for water purification.
The heat dissipated under the PV array is a crucial aspect
to be examined with respect to the continuous clean water
produced for the water purification system underneath.
The values are measured using DS18B20 digital tempera-
ture sensor and the result is shown in Fig. 11. The tem-
perature bottom PV (T ) versus ambient temperature (T)
shows a linearly correlated pattern with the maximum
value, Tpvb =83°Cand T, = 45°C which is the heat dissi-
pated under PV array can help to increase the temperature
inside the still.
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Fig. 11. Temperature effect bottom PV array in tropical weather.

Efficiency difference,E, = Temperature difference, )
AT x0.5%

Thus;
PvWPS estimated efficiency,% =E, +E, (7)

3 d monitoring with one minute interval (sampling 2161
unit) as shown in Fig. 10.

Normal PV module Efficiency, E : 13.82%

Temperature reduction on the PV bottom surface, AT:
0.65°C

PvWPS estimated efficiency: 14.15%
Efficiency difference, E ;: 0.325%

The PV efficiency enhancement is calculated based on the
temperature reduction of 0.65°C (on the PV bottom surface) of
the water flow mechanism. This temperature reduction pro-
cess has a direct impact on the ability of the basin in absorbing
heat discharged from the solar PV arrays which is considered
as a good cooling mechanism at a minimal cost. The solar PV
power efficiency increases to 0.325% which further increases
the expected PV module efficiency to 14.15%. If the water
purification system under solar PV array can be properly
attached, this setup would create a low cost cooling mecha-
nism with the projected savings as follow. For more details,
Table 2 shows the calculation in estimating the value of cooling
mechanism with highlights on the additional energy expected
from the cooling mechanism during in 5 years onward.

3.5. Water quality analysis

Table 3 shows the water quality parameters as outlined
by the World Health Organization (WHO) and Drink-
ing Water Quality (DWQ) to determine the suitability of
purified rainwater as drinking water. The purified water
has a slightly acidic value with a much lower TDS of only
16 mg/L. However, the Turbidity value is double as com-
pared to before purification due to an insufficient filtering
process. Nevertheless, it is still within the acceptable range
of drinking water standards.
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Table 2
The calculation in estimating the cooling mechanism
2017 2022

Revised PV power 14.15% 14.15%
efficiency (add 0.325%)
Expected energy output 117,436 81,694
(kWh/year)
Expected energy output 3,25791 2,226.49

with cooling mechanism
(kWh/year)

% Additional energy
increase (% kWh/year)

0.06% (3,029.85 0.06% (3,029.85
KWh) KWh)

*This value is calculated for 8 hours of PV operation with reference
to [25].

Table 3

Quality of water from rainwater source purified using PvWPS
Water quality Rain  Distilled WHO DWQ
parameter water  water standards standards
pH (n mhos/cm) 6.82 6.32 6.5-8.0 6.5-9.0
Total dissolved 29 16 <600 <1000
solids (mg/L)
Turbidity (NTU)  0.98 1.45 <5 <5
Nitrate (mg/L) 1.31 0.27 <50 <10
Chloride (mg/L) 1.20 0.5 250 250
Iron (mg/L) 1.10 0.3 250 250

Source: [26,27]

3.6. Cost analysis

The cost estimation details for the entire system are pro-
vided in Table 4. The overall fabrication cost for a PvWPS
is 157.10 United States dollars (USD). The cost of the photo
voltaic monocrystalline is not included in the calculation
since the system uses the existing PV farm. The utilization
of the solar still as a source of fresh water for commercial
purposes should also consider the economic factor. The
economic analysis of a water purification unit is given by
[28-31].

The annual salvage value (sa), annual maintenance cost
(ma), and annual first cost (fa) are factors to be identified in
estimating the annual cost of the system.

Table 4
Cost estimation of the PvWPS components

No  Unit materials and components Per unit cost

1 Steel structure Glass cover RM 120 (US$ 29.92)
Glass RM 60 (US$ 14.96)
Stand, bucket, Inlet and outlet ~ RM 350 (US$ 87.27)
collecting etc.

4 Labor cost RM 100 (US$ 24.93)
Total RM 630 (US$ 157.10)

The annual cost can be obtained as:

Annual cost = annual maintenance cost + annual first cost ®)

—annual salvage

Assuming the useful life, u of the PvWPS as 10 years
and considering the maintenance cost at 15% of the annual
first cost; and taking the interest rate, r as at 12% per annum;
P is the total cost of the still.

The annual first cost (fa) of the still is calculated as:

r(1+r)

fa=——7-"—
(1+r) -1

x P )

The annual salvage value (sa) of the system is taken as:

— T
(1+r)' -1

Salvage value, s is the usable material of the still system,
such as glass cover, frame, insulation etc. The salvage value
is half of the initial cost.

The average daily productivity of fresh water of the
still is determined to be at 2.67 L/m? The total operation
duration of the still is expected to be 335 d in a year as
the sunlight duration in the region of Serdang, Malaysia.
The economic analysis for the PvWPS is explained in Table
5. The analysis clearly shows that the annual cost of the
fresh water is 0.03 US$/kg and the total annual cost is 27.91
US$/m?.

sa= s (10)

4.Conclusion

A solar still embedded with photo voltaic has been
fabricated and tested with the daily fluctuation of a trop-
ical field condition. It has been proven that solar energy
can be effectively harnessed not only for electricity gen-
eration but also for utilizing the heat energy dissipated as
a medium in clean water production. A field test was car-
ried out on both simple single basin (SSB) and photo vol-
taic water purification system (PvWPS) in the month of
November 2017 to assess their performances. It has been
found that the temperature of the PvPWS increased up
to 5% above the average temperature that may expedite
the evaporation process internally. The directly embed-
ded solar PV module successfully enhanced the heat

Table 5

Economic analysis of the PvWPS
Cost-type Value Unit
Total cost 157.10 US$
Annual cost (ac) 2791 US$/m?
Annual first cost (fa) 127.79 US$/m?
Annual maintenance cost (ma) 4.168 US$/m?
Annual salvage cost (sa) 14.044 US$/m?
Annual yield (y) 894.45 liter
Annual cost of yield (yc) 0.03 US$/kg

Note: 1U$ = RM 4.01

Note: y = productivity /year operation, yc = ac/y.
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absorbing capacity in the basin section. At the same time,
the embedded cooling mechanism via solar still under
the PV array reflected the heat absorption capabilities
as shown by the reduction of 0.65°C. Thus, it effectively
reduced the PV module temperature. The experimental
results show that the treated water fulfilled the require-
ments of drinking water standards and is expected to be
effective in the removal of microbial cells. Other benefits
of the system are health improvement of the community,
low-cost process and the flexibility of the system to be
applied in any solar PV farm. The concept of PV Embed-
ded solar still has numerous advantages as compared to
the conventional solar still. This is due to the elements of
the new technological approach which grooms a green
and clean concept in producing purified water with spe-
cial features of in-situ power generator. This machine can
be further up scaled or modulated based on industrial
requirements.
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Symbols

A, — Annual cost (US$)

A, — Basin area

A(g —  Glass area

a, —  Depth of water in still (m)

E, — Normal PV module Efficiency

E, —  Efficiency difference

Fa — Annual first cost (US$/m?)

GHG — Greenhouse gas

hcbq —  Convective heat transfer from basin to

) glass (W)
2 — [Evaporation heat transfer between basin
and glass (W)
1t — Radiation heat transfer between water and

glass cover (W)

Ma  —  Annual maintenance cost (US$/m?)

P, —  Partial vapor pressure basin

Pg — Partial vapor pressure glass

Sa — Annual salvage value (US$/m?)

T — Ambient temperature (°C)

T, —  Basin surface temperature (°C)

T —  Glass surface temperature (°C)

Y — Annual yield (liter)

Y, — Annual cost over yield (US$/kg)

g, —  Emissivity of glass cover

g, —  Emissivity of basin

AT ~ —  Temperature reduction on the PV bottom
surface

Greek
c —  Stefan-Boltzmann constant (W/m?2-K*)
€ —  Emissivity
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