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ABSTRACT

Desalination is a long term and reliable solution for increasing the fresh water supply but this process
is consuming huge amount of primary energy. Fossil fuel reserves are diminishing and increasing
fossil fuels combustion has also resulted severe climatic and environmental issues. In the mean-
while, the enormous amount of solar energy 5-5.5 kWh/m? in most parts of the Pakistan offers an
excellent opportunity to use it effectively for desalination processes. This study has been carried out
for the development and evaluation of solar desalination system using evaporation condensation and
heat recovery method. The effect of key parameters on fresh water production have been studied and
it was found that the fresh water productivity and system efficiency is a function of solar radiation,
mass flow rates (MFR), tilt angle of flat plate collector (FPC) and inlet hot water temperature. The
result shows that the daily specific fresh water productivity was found to be 4.51/m? with an overall
system efficiency of 52%. The result also shows that the heat recovery of vapors in condensation
chamber (CC) increases the system efficiency by 6% and the gain output ratio (GOR) of the system
was found in the range of 1.7-2.2. The water quality tests show that the quality parameters are in
line with WHO water quality standards and the concentration of arsenic, E. coli and facial coliform
remained undetectable in the distillate. The cost per liter of water from the system was found to be
$0.021 which is lower than the cost of the available bottled fresh water in the country.
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1. Introduction

Water is the most important constituent of the atmo-
sphere and it is essential for life on earth. Water covers major
part of earth which is about three fourth of the whole planet.

*Corresponding author.

Conversely, about 97% water is salty in the oceans and only
3% is available in the form of fresh water. This 3% fresh water
exists in glaciers, rivers, lakes and ground water that is used
to fulfill the needs of human beings, animals etc. The water
demand has increased both for domestic and industrial sec-
tor due to increasing population and better living standard
around the world. About 1.1-1.5 billion people in the world
lack access to good quality drinking water. A serious situa-

1944-3994 / 1944-3986 © 2017 Desalination Publications. All rights reserved.



A. Zahid et al. / Desalination and Water Treatment 68 (2017) 80-90 81

tion prevails in Africa and Asia, where about 50% of the pop-
ulation do not have access to potable water [1]. According
to World Health Organization (WHO), the harmful diseases
produced from unsafe water supply, poor sanitation and
hygiene causes about 1.8 million deaths annually in the world
[2]. Similar conditions prevail in the coastal areas of Pakistan,
where sea water is abundantly available but it is not potable.
It is assessed that about one-fourth part to one-third of total
population in Pakistan lack access to potable water supply.
In the meanwhile, the desalination of sea water is a long term
and reliable solution to increase fresh water supply, but this
is an energy intensive process consuming huge amount of
primary energy supply. For example, in order to produce
1000 m® desalinated fresh water on daily basis involves
10,000 tons of oil per year [3]. The previous studies show
that desalination process can be classified as thermal and
non-thermal based on the type of energy being consumed
during this process [4,5]. The thermal desalination is carried
out using heat energy from fossil fuels while the non-ther-
mal is classified as reverse osmosis, vapour compression
etc. requiring electrical energy in the range of 3-10 kWh/m?®
of distilled water [6]. According to an estimate, more than
14,000 desalination plants are in operation worldwide with
gross capacity of billion liters of water per day. These desali-
nation plants running with fossil fuels are becoming expen-
sive and are also harmful to the environment due to harmful
emissions. Furthermore, the limited reserves of fossil fuels
and its environmental consequences has resulted desalina-
tion process as unsuitable and uneconomical for fresh water
production [7]. In the meantime, the sustainable and environ-
mental friendly renewable energy resources like solar, wind,
hydel, biomass, geo-thermal etc. can be used as an attractive
alternate for desalination process [8]. Out of these renewable
energy sources, solar energy is also an economical fuel for
desalination purpose because majority of countries have
abundantly available solar radiation. It is also worth men-
tioning here that Pakistan is facing severe energy crisis from
the last decade which has led the country to explore alternate
sources of energy. Pakistan, being within the solar-drenched
belt is lucky to have longer sunshine hours, enormous solar
radiation and located ideally to take maximum benefit of
solar energy both for thermal and PV electricity. In Pakistan,
mean global irradiation ranges between 200-250W/m?*/d
with annual sunshine hours of 1500-3000. The Baluchistan
province receives maximum solar energy as compared with
other provinces of the country and fresh water supply is the
major issue in this area. It has an average insolation of 1.9-2.3
MWh/m?/year making it an ideal location to use it for solar
thermal applications [9].

The fresh water demand can be fulfilled if abundantly
available saline sea water is converted to potable water
using solar thermal energy for desalination process [10].
Solar energy is also an attractive opportunity to run desali-
nation plants particularly in remote areas having lack
of grid electricity and primary energy supply [11]. Solar
assisted desalination has been proved theoretically feasible;
however, integration of fossil fuel, solar and condensation
heat recovery method could be more feasible and cost effec-
tive solution [12]. Among desalination options, the reverse
osmosis (RO) is rapidly exceeding process in terms of mar-
ket shares but it involves higher initial cost and energy
requirement is also higher. Membranes aided RO can hold

about 98-99% of the salts dissolved in the feed water within
pressure range of 10-15 bars for brackish water and between
55-65 bars for seawater [13]. Many researchers around the
world put their efforts to design and investigate thermal
desalination systems. Integrated solar thermal desalination
can be accomplished by two approaches either by passive
(direct) or active (indirect) heating. The first approach uses
an airtight basin type chamber containing feed water and
is covered with a transparent glass rooftop. The top cover
is slanted downward and directed towards the collection
channels placed for distilled water. The greenhouse effect
is used to vaporize saline water enclosed in the evaporation
chamber [14]. The basin absorbs the solar energy that causes
the water to vaporize and it is then condensed on the inner
of the top cover and slips down into the distillate collection
channel. Though simple, but the system has low collection
efficiency typically in the range of 10-15% [15]. The direct
methods require large areas and have relatively low water
productivity as compared to indirect methods [16]. Solar
water distiller is used for water distillation to produce high
quality water. The losses are almost negligible contrasting
RO process which wastes around 30% of inlet water [17].

A novel system integrated with solar collector having
an area of 2.01 m? using falling film evaporation technology
was developed [18]. The latent heat and sensible heat is suc-
cessfully recycled to pre-heat the feedstock. Thermal per-
formance of desalination system is significantly improved
and the test showed that about 2-3-times higher yield was
gained as compared with simple solar still system under
the same climatic conditions. The performance of solar still
in a new perspective for near zero liquid discharge (ZLD)
desalination process was carried out to investigate the
influencing meteorological parameters under hyper arid
environment using different feed water sources. The sys-
tem productivity, efficiency and operational recovery ratio
reached 0.56 1/m?/h, 52.38% and 36.77 respectively; for all
sources while final recovery ratios were found to be 68, 93,
and 95.6% for sea water, ground water, and drainage water
respectively and R? was found to be in the range 88-96%
using statistical modeling approach [19]. An integrated sys-
tem covering a flash desalination technique coupled with
nano-fluid based solar collector was investigated and it was
found that the fresh water production of 7.7 1/m?/d can
be achieved with the cost of water as low as 11.68 US$/m?
[20]. The water quality analysis (feed, product and brine)
for the adsorption desalination (AD) plant was performed.
The water quality test satisfied the EPA standards and the
process is found to be effective in removing all type of salts,
reducing TDS levels from 40,000 ppm in feed water to less
than 10 ppm [21].

The second approach comprises more than one com-
ponent, one for solar energy collection, second for energy
storage and utilization during vaporization process and
another for condensation by recovering the latent heat of
vapors. Among the developed solar thermal desalination
processes, evaporation and condensation by heat recovery
method may offer a good option in terms of energy man-
agement and fresh water production for domestic purpose.
Some researchers worked in order to increase the utiliza-
tion of latent heat of condensation to increase efficiency and
water productivity. A small integrated solar desalination
system with multi-stage evaporation/heat recovery system
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was developed which includes a heat exchangers (HEX)
of copper tubes to recover latent heat of vaporization. The
fresh water yield from the system reached 1.25 kg/h/m?
with an overall system efficiency of 0.9 [22].

A new spray evaporation technique to improve water
production by increasing the evaporation and condensa-
tion using 1 m? solar collector area was investigated and
the result shows that, the maximum daily fresh water
productivity reached 9 1/m? with daily system efficiency
of 87% and has higher water productivity as compared to
solar humidification—-dehumidification (HDH) desalina-
tion system. The level of the total dissolved solids (TDS) in
the fresh water was 40 ppm and the cost of distilled water
was around $0.029 per liter [23]. Many studies have been
conducted in the past to optimize the MFR. A study was
conducted to evaluate and optimize the mass and heat
transfer coefficients based on air HDH process for desalina-
tion of saline water. The results showed that the mean max-
imum inlet temperature of the evaporator was 71°C and
the humid air mass flow rate was 0.05 kg/s. The authors
reported that the daily maximum water productivity of the
system reached up to 7.8 kg [24]. A hybrid desalination unit
comprising of a one stage flashing evaporation unit and
HDH unit was designed. The authors concluded that the
maximum water productivity of the system was found to
be 11.14 kg/m?/d when the flow rate of water and air was
set at 4.5 kg/s and 0.12-0.32 kg/s respectively [25]. The
impact of air and water flow rates on distillate production
of a designed solar HDH system was investigated and the
authors found that the optimum flow rates of water and
air was 0.005-0.045 kg/s and 0.0049-0.0294 kg/s respec-
tively and maximum water productivity of the system
reached up to 10.25 kg/d [26]. The effect of MFR on dis-
tillate productivity of the system was investigated and the
results showed that at flow rates 0.012-0.023 kg/s (water)
and 0.004-0.0043 kg/s (air), the system maximum produc-
tivity of 1.45 kg/h can be achieved [27]. The HDH cycle
using design of experiment (DoE) method to achieve opti-
mum operating conditions of the system was studied. The
authors presented a thermodynamic analysis and energy
balance equations for the humidifier and condenser. The
optimum water and air flow rate was found to be 0.4-1.4
kg/s and 0.4-1.2 kg/s respectively. The simulated results
showed that the maximum productivity reached 27 kg/h
[28]. The cost of distilled water was found to be $0.107/L
[29]. The effect of blackened surface and thermocol insula-
tion on the performance of solar water distiller was studied
and the authors concluded that the quantity of condensate
was increased by 6.05% due to the blackened surface and
thermocol insulation [30]. The above studies show that
water spray is used during HDH process and carrier gas
(air) is used to evaporate the feeding saline water in order
to produce fresh water by condensation method. A 1 kg of
dry air is capable to carry 0.5 kg of water vapors and 2805
k] energy by increasing water temperature from 30 to 80°C
[31]. It is therefore concluded that an efficient method for
evaporation and condensation of water lies in low tem-
perature range i.e. 70°C which can easily be achieved using
low cost solar collector to perform thermal desalination.
This study has been carried out for the development of
a simple, low cost and easy to operate novel single stage
integrated solar desalination system based on evaporation

condensation and heat recovery method for domestic pur-
pose in remote areas of the country where fresh water is
not available or very costly. The whole system has been
designed and developed using indigenous resources in
order to decrease the initial cost and to increase the rate
of evaporation at low temperature with copper tube HEX
to improve its productivity and efficiency by the induction
of heat recovery condensation chamber. The indigenization
of solar thermal desalination technology will encourage
the poor community to adopt this technology in order to
get rid of primary energy sources and their contribution
toward cleaner environment. The impact of influencing
parameters like solar irradiance, tilt angle of FPC, MFR on
heat transfer rate, performance and efficiency of the system
under local climatic conditions was also the focus of this
study. The water quality and economic analysis has also
been carried out to determine the feasibility of the system.

2. Materials and methods

The solar desalination system consists of three major
units namely evaporation chamber (EC), condensation
chamber (CC) and flat plate collector (FPC). The schematic
diagram of solar water distillation system is shown in Fig. 1.

A FPC having an area of 1 m? is the integral part of
the desalination system. The FPC consists of copper tubes
having an internal diameter and wall thickness of 4 and
0.4 mm respectively, an aluminum absorber plate having
length and width of 1120 and 920 mm respectively and
thickness of 0.5 mm. The black matt paint was sprayed
over aluminum sheet as an absorber material. A 3 mm
thick window glass was used as a cover material having a
transmittance of 0.85. A 50 mm thick rock wool was used
to insulate the system in order to reduce thermal losses. A
GI-18 iron sheet (TC as 73 W/m/K) having thickness of
0.125 cm and specific weight as 10.52 kg/m?* was used for
the development of EC and CC units. The dimensions of
EC and CC were selected as 76 cm x 76 cm x 22 cm and 76
cm x 76 cm x 18 cm respectively. The top cover of both the
units/chambers was made pyramidal in shape each hav-
ing total height of 18 cm. The copper tubes of 5 mm and
25 mm diameter (TC as 385 W/m/K) with a total length of
6250 mm and 3300 mm was used during the development
of the HEX for EC and CC respectively. The inlet pipe of
the system was connected with saline groundwater source.
A thermocoal with 25 mm thickness (thermal conductivity
as 0.007 W/m/K) was used to insulate the chambers to
avoid thermal losses. APVC pipe having 100 mm diameter
was used in the desalination system for efficient transfer
of water vapors from EC to CC. The FPC was oriented in
the east-west direction to collect maximum solar radiation
during the year. The FPC uses solar radiation to convert
it into thermal energy using water as heating medium.
The heat transfer fluid (water) is pumped in the copper
pipes through FPC to the EC that act as a heat source for
desalination system and a control valve is used to regu-
late the MFR. The circulation of hot water between FPC
and EC is achieved using 12V DC pump operated with PV
panel. Feed saline water coming from groundwater source
to the EC is converted to vapors by exchanging heat with
hot water passing through copper tubes. The vapors then
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Fig. 1. Schematic diagram of solar water desalination system.
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are collected from the bottom. The designed system works
under atmospheric pressure using hot water from FPC to
produce distillate. Using heat recovery method, the feed
water for EC is pre-heated in the CC using latent heat of
condensation of water vapors.

To measure the performance of the system, solar radi-
ation, FPC inlet and outlet temperatures, EC and CC tem-
peratures, mass flow rates and heat losses from the system
have been measured. The performance evaluation of solar
desalination system has been carried out under local cli-
matic conditions at University of Agriculture, Faisalabad,
Pakistan. The energy breakdown analysis is performed for
each component including the FPC, the EC and CC using
different equations. The changes in concentration were
assumed to be insignificant. The following relevant equa-
tions were used [32]. The total power available (Q, ) for the
FPC can be calculated using Eq. (1)
Qin =1 x A, (1)

The total power converted (Q,) by FPC is the rate of heat
extraction from the collector by the means of the heat car-
ried away by the fluid passing through it and can be calcu-
lated using Eq. (2).

MFR x Cp X AT
Q.= — (2)

The collector efficiency (n) is the ratio of the useful
energy produced (Q,) to the total incident solar energy on

the collector (Q, ) over a specific period of time and can be
calculated using Eq. (3).

in

The EC efficiency refers to the utilization of heat of the
circulating fluid coming from FPC by the feed water for
its conversion into vapors and it is estimated by using the
inlet/outlet data of FPC for Q, and EC inlet/outlet data
for Q in the loop [Eq. (3)]. The CC efficiency refers to the
amount of heat content recovered from the vapors before
leaving the system and it is estimated by comparing the
total amount of heat carried by the vapors entering the CC
and the total heat taken away by the water leaving the sys-
tem. The overall efficiency of the system is estimated as the
product of all three efficiencies.

2.1. Instrumentation

The thermocouples and thermometers were employed at
different position in the system to measure temperatures of
inlet and outlet water in EC and CC, inlet and outlet tem-
peratures of FPC, and ambient temperature. The daily solar
radiation data has also been recorded using pyranometer.
The mass flow rate through the collector is regulated manu-
ally using a control valve (regulator) and is measured using a
flow meter. The current and voltage of the pumps were mon-
itored using a digital meter. A graduated tank has been used
to measure the amount of hourly and cumulative desalinated
water having range of 0-10 1 with +0.01 1 accuracy. The qual-
ity tests of feed water and distilled water have been carried
out using pH meter, EC meter, water quality analyzer and
other necessary instruments to determine the concentration
of drinking water quality parameters including total dis-
solved solids (TDS), electrical conductivity (EC), pH, boron,
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calcium, sodium, sulphates, fluoride, magnesium and chlo-
rine, arsenic, E coli and facial coliform in distillate.

3. Results and discussion

The performance evaluation of solar desalination has
also been carried out to test the feasibility of the system for
desalination purpose. The data has been collected on daily
basis starting from 09:00 am to 04:00 pm during summer
season when the solar radiation vary from 450 to 850 W/
m?. To understand the system’s behavior during operation,
the system is operated by varying different parameters on
randomly selected days during summer and the sample
data recorded on a clear sunny day is shown in Table 1.
The major experimental parameters includes collector tilt
angle, mass flow rate, FPC inlet and outlet temperature,
EC and CC water temperature and solar irradiance have
a direct influences on the system overall productivity and
efficiency and all the required data of different parameters
were recorded precisely at an interval of 60 min. There are
also some other parameters that affect the system produc-
tivity such as ambient temperature, salinity of feed water
and wind speed etc. But these factors have minor effects on
the productivity. The hourly and cumulative productivity
was also measured.

3.1. Variation in daily solar radiation and ambient temperature

The variation in hourly ambient temperature and solar
irradiance measured on different days in summer season is
shown in Fig. 2. It is depicted from the figure that the ambi-
ent temperature on May 28, 2015 increases rapidly between
11:00 am to 12:00 pm while a rapid increase in temperature
on June 7, 2015 is observed between 10:00 am to 11:00 am.
It is also important to mention that the variation in ambient
temperatures is due to change in other climatic factors like
solar radiation, wind speed, humidity and clouds etc. It is
also depicted from the figure that ambient temperature is
higher at 12 noon when solar radiation is maximum. The
solar radiation increases directly with daytime in peak sun-
shine hours up to 02:00 pm and then it decreases gently in
the evening. The mean daily global radiation for different
days of summer season was found to be in the range of 600

Table 1

W/m?to 700 W/m? It was inferred that the radiation is
high on May 28, 2015 as compared to other two days. This
may be due change in solar declination angle or due to the
blockage of beam radiation by clouds or humidity which
caused lower the total solar radiation.

3.2. Effect of MFR and tilt angle on FPC inlet and outlet
temperatures

The variation in the inlet and outlet temperature of FPC
measured on different days at two different FPC tilt angles
(30° and 40°) and three MFR (0.03 kg /s, 0.04 kg /s, 0.05 kg /s)
has been shown in Fig. 3. It is inferred from the figure that the
tilt angle has significant effect on outlet temperature of FPC.
The outlet water temperature of FPC in case of 30° tilt angle
was higher as compared to 40° tilt angle for all MFR. The
figure also shows that the rate of increase in FPC inlet tem-
perature for initial 300 min from start of the experiment was
higher because large temperature difference exists between
inlet and outlet temperatures of FPC and ambient tempera-
ture. The rate of increase in the inlet temperature becomes
nearly constant after 360 min. This is due to the fact that the
fixed amount of water inside the EC is heated and the rate
of energy utilization in EC decreases. The FPC outlet tem-
perature is higher at noon when solar irradiance is usually
higher. The effect of MFR was also found to be significant.
For all three MFR, the trend of FPC inlet and outlet tempera-
tures variation was observed similar but it is depicted from
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=H#=Solar Radiation on 15-June
== Ambient temperature 7-June
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== Ambient temperature 28-May
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Fig. 2. Variation in solar irradiance and ambient temperature.

Data log sheet for solar desalination system using FPC 30°N tilt angle @ 0.04 kg/s

Time Radiation FPCinlet FPC outlet EC outlet Pipe CCtemp Ambient  Hourly Cumulative
(W/m?) temp (°C) temp (°C) temp (°C) temp (°C) (°C) temp (°C)  productivity (L) productivity (L)
8:00 63145 29 64 29 47 28 31 0.24 0.24
9:00 67470 33 68 33 49 32 33 0.38 0.62
10:00  709.30 37 72 38 51 35 36 0.49 111
11:00  735.25 42 76 43 55 41 38 0.54 1.65
12:00 752.55 46 79 47 58 45 43 0.58 2.23
13:00  674.70 51 82 52 60 48 44 0.59 2.82
14:00 640.10 53 78 56 63 52 41 0.57 3.39
15:00  596.85 55 72 60 63 54 40 0.55 3.94
16:00  544.95 58 64 63 61 56 37 0.53 447
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Fig. 3. Effect of MFR and tilt angle on FPC inlet and outlet tem-
peratures.

the figure that when MFR of 0.03 kg/s was employed for
both tilt angles, the maximum value was recorded for outlet
temperature. The gain in temperature is due to the fact that
traveling time of a single water molecule is increased and
it allows transferring most of the heat to the moving fluid.
However, the rate of heat extraction for utilization in EC was
reduced and the losses were increased. In case, when MFR
0.05kg/s is set, the rate of heat extraction is increased and the
efficiency is also on a higher side but travel time across FPC
was reduced thus not allowing water to attain maximum
temperature. The MFR 0.04 kg/s was found to be optimum
due to the fact that, the outlet temperature was found to be
maximum as compared to temperature achieved at MFR
0.03 kg /s while the rate of heat extraction for utilization was
nearly as high as in MFR 0.05 kg/s. The maximum thermal
efficiency was also achieved at optimum MER of 0.04 kg/s.
The figure also shows that the inlet and outlet temperatures
of FPC coincide after 480 min from start of the experiment
which resulted thermal losses to the environment due to
lower solar irradiance. Since, the system is operated using
continues flow pump, therefore the further operation of the
system is of no benefit as the FPC outlet temperature falls
below than the temperature inside the EC.

3.3. Effect of MFR and FPC tilt angle on heat utilization in EC

The FPC and EC outlet temperatures and heat energy
utilized by water in EC at different MFR is shown in Fig. 4.
The figure shows that the maximum rate of increase in
outlet temperature of FPC was measured from 10:00 am
to 12:00 pm and then decreases continuously. The rate of
increase in EC increases during the day. It is due to the fact
that at start of the experiment the temperature difference
(AT) between FPC outlet temperature and EC is higher
and both coincide around 04:00 pm. It is inferred from the
figure that EC temperature at MFR of 0.04 kg/s and 0.05
kg/s exhibits similar results having slightly higher values
for MER 0.05 kg/s. It is due to the fact that at higher MFR,
heat content carried by the moving fluid in HEX was not
transferred to water in EC and moving fluid leaves the EC
at slightly higher temperature. The outlet temperature of
EC at MFR 0.03 kg/s exhibits different results which was
lower at start of the experiment and increases abruptly at
noon time. It is due to the fact that lower MFR allow mov-

=&—FPC Outlet @ 0.05 kg/s
=>=FPC Qutlet @ 0.04 kg/s
FPC Outlet @ 0.03 kg/s
==fe=Heat utilized in EC @ 0.05 kg/s
Heat utilized in EC @ 0.03 kg/s

=#—EC Outlet @ 0.05 kg/s
=¥=EC Qutlet @ 0.04 kg/s

EC Outlet @ 0.03 kg/s
=®=Heat utilized in EC @ 0.04 kg/s
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Fig. 4. Effect of MFR on FPC outlet and EC temperature and heat
utilized.

ing fluid in HEX to transfer all the heat content to water
in EC but when the temperature difference (AT) decreases,
the heat flow from HEX to EC become insignificant result-
ing in slightly higher values for EC outlet temperature. It
is also depicted from the figure that heat utilized at MFR
0.04 kg/s is more as compared to other MFRs due to the
fact that lower EC outlet temperature refers higher heat uti-
lized by the water. As the temperature of the water in the
EC increases, the rate of utilization of heat energy decreases
during the day and reaches to zero at 04:00 pm. Afterwards,
the heat energy starts to flow from EC to the FPC. At this
stage, the operation of the pump should be switched off to
reduce the thermal losses to the ambient environment.

3.4. Effect of MFR on CC temperature and heat recovered

The variation in pipe temperature, CC temperature and
heat energy recovered in CC at different MFR is shown in
Fig. 5. It is depicted from the figure that the increase in the
rate of pipe and CC temperature was observed from 120
to 300 min from start of the experiment. Afterwards, the
rate of increase in the temperature becomes constant and
then decreases gradually. It is due to the fact that at start
of the experiment, the temperature difference (AT) between
the pipe outlet and CC was higher. It is also depicted from
the figure that pipe and CC temperature at MFR 0.04 kg /s
was higher as compared to other two MFRs. It is due to the
fact that heat utilization in EC at MFR 0.04 kg/s is higher
that allows more vapors production which then trans-
ferred to the CC through pipe resulting in slightly higher
pipe temperature as compared to other MFRs considered
in this study. The higher pipe temperature results in higher
CC temperature due to the fact more vapors enters the CC
and releasing their latent heat as the productivity of the
system is highest at MFR 0.04 kg/s. It is also inferred from
the figure that heat recovered from the vapors entering CC
was calculated to be 1500 J/kg at start of the experiment
and decreases to 400 k] /kg after 480 min. After 360 min, the
both water reaches to equilibrium state and the rate of heat
exchange decreases.

3.5. Effect of MFR on hourly efficiency of components

The variation in hourly efficiency of the system at MFR
0.04 kg /s is shown in Fig. 6. It is important to mention here
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Fig. 5. Effect of MFR on pipe and CC temperatures and heat
recovered.

that FPC efficiency was higher than EC efficiency due to
the fact that heat carried by the moving fluid from FPC is
not fully utilized by the EC and moving fluid leaves the
EC at higher temperature. It is concluded from the figure
that EC efficiency at start of the experiment was higher
than FPC due to the fact that FPC was not directly fac-
ing the sun in morning hours due to absence of tracking
mechanism thus resulting lower FPC efficiency and also
EC temperature is very low in the start and it utilizes most
of the heat energy coming from FPC. It is also depicted
from the figure that the efficiency of FPC, EC and desali-
nation increases from start of the experiment. Afterwards
the efficiency curves show a declining trend. This is due to
the fact that AT is higher at start of the experiment result-
ing higher rate of heat extraction, transfer and utilization
in FPC and EC. Later on, the AT continuously decreases
as the system works resulting decreased rate of heat
extraction and utilization which results lower efficiency
of the system during noon hours. It is worth mentioning
here that the system efficiency has been improved by the
addition of CC to recover the heat of moving vapors. The
incremental efficiency by CC was found to be constant up
to noon, decline after noon and eventually end up on zero
in the evening due to lower FPC, EC efficiency and lower
vapor production.

3.6. Effect of MIFR on hourly distillate productivity and efficiency

The hourly distillate productivity rate at different MFR
for different summer season days is shown in Fig. 7. The fig-
ure shows that MER has a significant effect on distillate pro-
ductivity of the system. The maximum water productivity
was measured at MFR of 0.04 kg/s as compared with 0.02,
0.03 and 0.05 kg/s. The maximum water productivity was
found at 01:00 pm at MFR of 0.04 kg/s due to the fact that
the rate of EC heat utilization and CC heat recovery was
higher for the given MFR. The higher distillate productivity
was also due to the fact that solar radiation was maximum
at noon time. The average distillate production was found
tobe 0.42,0.43,0.49 and 0.46 1/h from lower to higher MFRs
respectively. This is due to the fact that at low MFR, the
thermal losses from FPC increases since all the heat energy
is not carried away by the heat transfer medium. The dis-
tillate productivity was lower at start of the experiment
because most of sensible heat was used to increase the ini-

—
S

% w0
S S
‘4
-
—
N
w

Efficiency (%)
3
H |-|
b

}

PN
s
2

S
1 /
Added CC Efficiency (%)

ps

S
L
)

761.2 743.9  769.85 7612  787.15 73525

Solar Radiation (W/m?)

700.65  614.15 570.9

Fig. 6. Variation in hourly efficiency of each system component.

=>*=Flow rate= 0.03 kg/s
~B=Flow rate= 0.05 kg/s
=¥=Desalination efficiency @0.04kg/s

=#=Flow rate= 0.04 kg/s
=#=Flow rate= 0.02 kg/s
=®=0verall system efficiency @0.04kg/s

o
3
4
o
=)

e

=

S
-
=)

4

=Y

Iy
=
S

4

in

by
& %3
S S

Hourly Production (ml)
=]
=
o

w
=
Efficiency (%)

o

i

&
o
S

o

o

>4
=)

0.15

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00

Day Time

Fig. 7. Variation in hourly efficiency and hourly distillate pro-
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tial water temperature to initiate evaporation process. The
figure also shows that the distillate productivity was higher
in the afternoon period as compared with the time before
12:00 pm. The figure also shows the efficiency curve of sys-
tem at MFR 0.04 kg/s (maximum productivity). It is con-
cluded from the figure that hourly efficiency of the system
was found to be maximum in the range of 60 to 65% for the
period between 09:00 am to 01:00 pm and decreases after-
wards. It is due to the fact that at start of the experiment, the
collector was directly facing the sun, most of the radiation
is captured by FPC and heat energy from FPC outlet is uti-
lized by EC as the AT between them was higher. The system
efficiency reaches to zero at 04:00 pm due to the fact that
equilibrium was achieved and heat energy starts flowing
from EC to FPC. It is worth mentioning here that, the heat
recovery in CC resulted increase in the system efficiency in
the range of 3 to 6%.

3.7. Effect of MFR on gain output ratio, average efficiency and
distillate yield

The distillate yield and daily mean efficiency at different
MER during summer season is shown in Fig. 8. The figure
shows that the MFR has a significant effect on the produc-
tivity and efficiency of the system. The maximum distillate
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at MFR of 0.05, 0.04, 0.03 and 0.02 kg/s was found to be
4.21,4.47,3.94 and 3.76 1/m? with mean daily efficiency as
32, 46, 52 and 48% respectively. The maximum mean daily
system efficiency reaches to 52% at MFR of 0.04 kg/s which
was found to be higher for existing similar studies. It is due
to the fact that lower MFR results higher thermal losses
from the system thus reducing distillate production and
efficiency of the system. It is important to mention that heat
recovery of vapors in CC results 6% increase in efficiency of
the system. The performance or energy efficiency of system
depends on the operation conditions and is measured as the
gain output ratio (GOR). The GOR of the system at different
MER is also shown in Fig. 8. Based on energy input and
energy output relationship as reported by [33], the GOR is
calculated using Eq. (4).

MCthg

GOR (4)

m

Higher values of GOR refer high energy efficiency and
more distillate yield. The GOR of this system reached in the
range of 1.7 to 2.2, indicating that the CC successfully recov-
ers the latent heat of vapors condensation. It is concluded
from the figure that the influence of MFR on GOR is very
low because variation in MFR has negligible effect on heat
recovery in CC.

3.8. Annual distillate yield at different MFR

The annual distillate production at different MFR
has also been investigated as shown in Fig. 9. The figure
shows that the system is capable to produce continuous
distillate around the year but the distillate production is
lower in winter season. It is due to the fact that during
winter season solar radiation and ambient temperature
are lower to start the evaporation process while more than
300 sunny days are capable to produce continuous and
higher amount of distillate. It is also depicted from the fig-
ure that the system distillate productivity was found to be
highest at MFR of 0.04 kg/s and the annual distillate yield
approximated 1500 L within stated operating parameters.
Moreover, the tilt angle of FPC also affects distillate yield
and the maximum distillate was found at latitude of the
location.
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Fig. 9. Variation of daily distillate production at different MFR.

3.9. Water quality analysis

After the desalination of brackish water, the water qual-
ity tests have also been performed to test the suitability of the
distillate for drinking purposes. The results have also been
compared with water quality standards defined by WHO in
Table 2. The table shows that the total dissolved solids (TDS)
remarkably decreased from 2640 to 188 ppm after desali-
nation process. The presence of small amount of TDS after
desalination may be due to existence of volatile compounds
which evaporate at lower temperatures due to its lower boil-
ing points. Similarly, the electrical conductivity (EC), pH,
Boron, Arsenic, calcium, sodium, sulphates, fluoride, mag-
nesium, chlorine, E. coli and facial coliform concentration
has also been decreased and was found to be in the range of
WHO standards set for drinking water quality.

3.10. Cost analysis

For economic feasibility of the system, the cost analysis
of the solar desalination system has also been performed
using different equations. The cost breakdown of the system
is shown in Table 3. Considering life of the system compo-
nents (FPC, EC, CC, PV panel) as 20 y (reusable materials)
and annual interest rate (i) as 12%, the capital recovery fac-
tor (CRF) and sinking fund factor (SFF) can be calculated
using Egs. (5) and (6) [34-36].

i(1+i)"
[(+i) -1]

SFF=— 1t (6)

(i) -1]

The first annual cost (FAC) is calculated using initial
investment (P) as shown in Eq. (7). A pump has a shorter
life since it has mechanical components with moving parts
and is not considered as reusable material [37]. The Annual
salvage value (ASV) is calculated using the salvage value
(S) as zero for the non-reusable material and 50% for reus-
able materials using Eq. (8).

CRE = (5)

FAC=P xCRF ()
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Table 2
Water quality analysis and comparison with International
Standards

Parameters Feed Distillate  WHO

water drinking water
guidelines

pH 71 6.7 6.5-8.5

Total dissolved solids 2640 188 500

(mg/1)

Electrical conductivity 547 96 1000

(1S/cm)

Boron (mg/1) 0.1 0.02 0.3

Arsenic (mg/1) 0.03 * 0.01

Calcium (mg/1) 52.2 28.6 100

Sodium (mg/1) 31.5 20.7 100

Sulphates (mg/1) 724 36.8 250

Fluoride (mg/1) 0.8 0.5 15

Magnesium (mg/1) 274 11.5 50

Chlorine (mg/1) 5.8 2.1 5

E. coli and facial 245and * *

coliform 2.09

*Not detectable in 100 ml sample.

Table 3
Cost breakdown of solar desalination system
System Component Cost (US $)
FPC 80
EC 25
CcC 25
PV panel 60
Pump 25
Insulation 05
Total 220
ASV =SFF xS ®)

The annual energy consumption (E ) and annual run-
ning cost (ARC) can be calculated as a result of operational
time (t) and electricity price (Z) as shown in Eq. (9) and Eq.
(10). The system comprises a DC pump powered by PV
panel resulting no running cost of the system.

E,=365xW, xt )

pump

ARC=E xZ (10)

The annual maintenance cost (AMC) is considered 20%
of FAC and is calculated using Eq. (11) [2]. The annual cost
(AC) is calculated using Eq. (12).

AMC =0.20xFAC 11)

Table 4
Cost analysis of solar desalination system

n (years) 20
i(%) 12

P (US $) 220
S(US$) 95
CRF 0.134
SFF 0.014
FAC (US $) 29.48
ASV (US $) 1.33
Z (US $) 0
ARC (US $) 0
AMC (US $) 59
AC (US'$) 34.05
AY (liter) 1500
Cost/ liter (US $) 0.021
Cost/ liter (PKR) 198
Payback (years) 2.26

AC=FAC+AMC+ ARC-ASV (12)

The cost of distillate is estimated assuming 250 oper-
ating days. Cost of distillate per liter is finally calculated
using Eq. (13). The payback time of the system depends on
total life time investment (P and AMC) and it is estimated
using Eq. (14).

AC
Costperliter =— 13
ost perliter % (13)

Investment

Payback = - :
Total city pure water price

(14)

Since this small scale distillation system has been
designed to serve domestic purpose in the remote areas
of the country having water scarcity. Thus, the proposed
desalination system uses low cost equipment and has
higher efficiency and distillate productivity due induction
of heat recovery CC unit and the cost of the system is $220
which is affordable to local community. Considering life of
system, the cost per liter of water from the system is $0.021
which is much lower than the cost of fresh water available
to remote areas. The summary of cost analysis is shown in
Table 4.

4. Conclusions

The environmental consequences associated with the
use of fossil fuels have now realized the world to explore
alternate sources of energy which might be long lasting and
have no emissions. In this connection, carbon credit policy
has already been adopted by developed countries. It is the
time that the developing countries should also play their
role by the exploitation of these natural resources in order to
reduce the carbon emission and making this world a green
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globe. Pakistan is facing severe problem of energy shortage
and fresh water supply. In the meanwhile, the availability of
solar insolation in the range of 5-5.5 kWh/m? in most parts
of the Pakistan offers an excellent opportunity to effectively
use it to overcome energy crises and for desalination pur-
pose. In this way, Pakistan can also play its role to reduce
carbon emission. Desalination using membrane technology
requires huge amount of energy and thermal desalination
technologies usually result in low distillate productivity
with lower efficiency. So, this study has been carried out
for the development and evaluation of solar desalination
system using evaporation condensation and heat recovery
method. The result shows that the system efficiency and
water productivity of the system depends on solar radia-
tion, FPC tilt angle, MFR and inlet hot water temperature.
The daily water productivity was found to be 4.5 1/m?
during testing period and the water quality tests shows that
the quality parameters are in line with International Water
Quality Standards and was found to be EC 96 uS/cm, pH
6.7, TDS 188 ppm while boron, calcium, sodium, sulphate,
fluoride, magnesium and chlorine as 0.02, 28.6, 20.7, 36.8,
0.5, 11.5 and 2.1 mg/1 respectively. The concentration of
arsenic, E. coli and facial coliform remained undetectable in
the distillate. The system achieves an overall efficiency 52%
with the induction of CC. The cost per liter of water from
the system is found to be $0.021 approx. which is lower than
the city fresh water cost. It is concluded from this study that
the solar desalination system can effectively be used for
water treatment in most parts of the country.
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Symbols

AD —  Adsorption desalination

A —  Area of collector in m?

AC — Annual cost

AMC —  Annual maintenance cost

ARC —  Annual running cost

ASV —  Annual salvage value

AY — Annual yield

CC — Condensation chamber

CRF —  Capital recovery factor

EC — Evaporation chamber

EPA —  Environmental protection agency
E, — Annual energy consumption
FAC —  First annual cost

FPC —  Flat plate collector

GOR —  Gain output ratio

HEX —  Heat exchanger

HDH —  Humidification—-dehumidification desalination
I —  Total solar irradiance in W/m?

t

i — Annual interest rate

h, —  Latent heat of vaporization kJ/kg
I\/i —  Fresh water production in liters
MFR —  Mass flow rate in kg/sec

MED —  Multi effect distillation

MSF —  Multi stage flash

n —  System life in years

P —  Initial investment

PV — Photovoltaic

Q, — Total power available in W

Q, — Total useful energy in W

RO — Reverse osmosis

C, —  Specific heat of water in kJ/kg°C
S —  Salvage value

SFF —  Sinking fund factor

t —  Time interval in sec

TC —  Thermal conductivity

TDS —  Total dissolved solids

Wi Pump power in W

V4 —  Electricity price

AT  —  Temperature difference in °C

n —  Efficiency (%)
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