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a b s t r a c t

The authors previously proposed and experimentally investigated a new standalone desalination system
that is composed of a parabolic trough collector put under conventional solar still. In this study, an
unsteady theoretical model is developed using the energy balance equations for the main components of
the system to investigate the effect of different parameters on the performance of the new solar still. The
model is used for calculation of productivity, and the absorber, saline water, and the glass cover tem-
peratures. Results obtained using the present model are compared with the experimental results and a
good agreement is observed between them. Moreover, as the experimental study was limited to the
winter period, to thoroughly understand the new system performance at different climates conditions,
its performance in four seasons is considered. Results show that in Kerman weather conditions, on
average the present solar still system produces 0.961 L of freshwater per day in summer which is 55%
more than the yield in winter for the Fixed parabolic trough collector. For the parabolic trough collector
with tracking systems, the system would produce 1.266 L per day in summer.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Freshwater and energy are the most two vital resources in the
world. Due to the growth of the human population and increasing
living standards, demands for energy and water are increasing
steadily, and due to limited resources, they are becoming world-
wide challenges to find alternative sustainable resources. Water is a
necessity for all living beings, and survival without it is impossible.
Providing fresh and healthy water is one of the serious dilemmas in
many regions around the globe, especially in dry and secluded
areas. Desalination is a process that removes salt, pollution, and
other mineral components from saline water, and convert it to a
useful form. Desalination is an energy-consuming process.

Energy is the key to economic and social development. How-
ever, the use of traditional fossil fuel energy sources has adverse
environmental effects. Solar energy is abundant, clean, plentiful,
and renewable energy. This energy is considered as one of the most
promising alternatives for fossil fuels. Solar stills are cheap, simple
.amiri@kgut.ac.ir (H. Amiri).
to construct, have a low maintenance cost, and does not require
fossil fuels. Therefore, they are considered as a suitable solution for
places that have limited freshwater resources. However, the low
efficiency and low production rate of standard solar stills offset
their advantages.

Various parameters, design conditions, and modifications that
affect the performance and productivity of solar stills were inves-
tigated by several researchers [1e7]. These factors can be loosely
classified into three main categories i.e. meteorological and
geographical factors, design parameters, and operational parame-
ters [8]. Meteorological and geographical factors are solar radiation
hitting the ground, ambient temperature, latitude angle, wind ve-
locity and humidity, sky clearness, etc. Design parameters include
absorber properties and its orientation, condenser properties and
its orientation, insulation properties, solar intensity on the
absorber, the free surface area of saline water, and cavity aspect
ratio. Operational parameters include feed water temperature and
its flow rate, basin water depth, location, slope, the orientation of
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still. Even though the solar still output can be significantly affected
by meteorological and geographical features, however, they are out
of human control. Recently, Arunkumar et al. [2] reviewed and
categorized the different solar still designs with high productivity
and discussed their novel modifications.

The water-to-glass temperature difference is one of the main
parameters affecting the freshwater production of standard solar
stills. Design parameters and operational parameters affect water-
to-glass temperature. Increasing in temperature difference be-
tween water and the glass cover can be attained either by
increasing the basin water temperature using active or passive
methods or by decreasing the glass cover temperature or a com-
bination of them [9e11]. Somwanshi and Tiwari [9] showed that
the flow of water from an air cooler over the cover of single basin
solar still can increase the annual yield of still up to 56.5%. Zaki et al.
[12] experimentally compared the performance of a simple still and
a similar still coupled to an external trough type concentrator. Due
to an increase in the glass to cover temperature, the productivity of
the assisted still was 22% higher than that of the simple still.
Aburideh et al. [13] investigated the effect of operating parameters
of the double slope solar still on its performance. They found that
productivity increases when the difference between the tempera-
ture of water and glass covers increases.

One of the techniques to improve the productivity of solar still is
the combination of solar still with other devices such as reflector,
solar collector, and concentrator [4,14]. Many researchers used
concentrator technology to increase the productivity of solar
desalination systems. The productivity of modified stepped solar
still with internal reflectors is experimentally investigated by
Omara et al. [15]. They showed that using internal reflectors in the
stepped solar still can increase its productivity up to about 75%
higher than that for a standard solar still. Tanaka [16] designed and
experimentally investigated a solar still with internal and external
reflectors. He found that using reflectors in solar still could increase
daily yield by 70e100% on winter days. Omara et al. [17] investi-
gated the effect of internal and external reflectors on the stepped
solar still. Their experimental results indicated that the modified
stepped solar still with internal and external reflectors have
approximately 125% higher yield than the standard solar still.
Tiwari and Suneja [18] proposed an inverted reflector solar still and
numerically analyzed it.

To improve the productivity of the solar still, a combination of
various types of concentrators with solar still have been proposed
and studied in the past. Chaochi et al. [19] proposed a solar desa-
lination unit equipped with a parabolic concentrator. They devel-
oped a theoretical model to evaluate the absorber temperature
along with the distillate flow rate as a function of solar radiation.
Results show that the flow rate obtained using the theoretical
model had an average relative error of 42%. Gorjian et al. [20]
designed, fabricated, and experimentally evaluated a stand-alone
point-focus parabolic solar still for seawater desalination. Results
show that the maximum daily yield and efficiency of the solar still
was 5.12 kg/m2/day and 36.7%, respectively.

Different couplings of solar still with other solar collectors have
been proposed [21]. Arunkumar et al. [22] fabricated and experi-
mentally evaluated the performance of four non-concentrating
solar still and three concentrating solar stills. Their results
showed that the pyramid solar still coupled with compound
parabolic collector had maximum productivity. Malaeb et al. [23]
considered adding slowly rotating drum within the still that leads
to the formation of thin water films over the drum and increase
water evaporation.

Thermal analysis or modeling, i.e. energy and exergy modeling,
is a powerful tool for design, evaluation, and optimization of ther-
mal systems. Sharshir et al. [24] reviewed the theoretical
approaches including energy and exergy analyses which have been
used to evaluate the thermal performance of active and passive
solar stills. They had concluded that the present designs of solar
stills are incomplete and need further improvements. Kianifar et al.
[25] built, tested and performed energy and exergy analysis of two
pyramid-shaped solar still with/without a small fan. The results
showed that during summer, solar still with the fan has higher
exergy efficiency than the one without the fan, while in the winter
both solar stills have pretty much the same exergy efficiency.

Although many pieces of research have been conducted to
enhance the efficiency of solar stills, it seems that there is still a gap
between the best design for the solar still (which produce water at
low cost and optimal rates) and its present design. Thus, every year
several methods and plans are presented to improve the efficiency
of solar stills. The literature review shows that little attention has
been devoted to the development of stand-alone solar desalination
units that employ parabolic trough concentrators/collectors.
Desalination of brackish water employing parabolic trough collec-
tor makes it possible to reach higher temperatures for the saltwater
(brackish or saline water) in the solar still that leads to an increase
in evaporation rates. Recently, Amiri et al. [26] proposed a new and
innovative stand-alone desalination system. In this system, a solar
still is integrated into a parabolic trough collector. The new design
improves the standard solar still design while keeping the
simplicity of standard design. This standalone system is cheap and
has low maintenance costs which have potential on increasing
productivity and can be used in rural and coastal areas without any
problem. The present work is an attempt to theoretically modeling
the new solar desalination system proposed by Amiri et al. [26]. In
this study, a thermal model (zero-dimensional thermodynamic
model) is developed for the new solar desalination system. This
model will be used to predict the transient energy and exergy
performance of the device and its component in different condi-
tions. To reduce the cost and complexity of the new desalination
system, in the experimental work [26], the design was so that the
parabolic trough collector does not track the sun. In the present
work, the performance of new solar still with a parabolic collector
that follows the sun, i.e. using a tracker for the parabolic collector,
will be evaluated numerically, and compared with the fixed col-
lector. Another goal of this study is to evaluate the performance of
the new solar system across the entire seasons of a year to under-
stand the system performance at different weather conditions.

2. Review of experimental set-up and procedure

Fig. 1 shows the proposed solar desalination system consists of a
parabolic trough collector used as reflector and concentrator of the
solar radiation and a solar still. A pictorial view of the new solar still
integrated into a parabolic trough is shown in Fig. 1a, whereas
Fig. 1b is a schematic of the new desalination system.

The solar still is positioned at a focal point of the parabolic
trough collector. The solar still has 60 cm long, 10 cm wide and
38 cm of height. The still was fabricated using a Plexiglas sheet. The
condenser surface of the still was also made of Plexiglas. Eight
stainless-steel sheets with 60 cm long and 20 cmwide were added
to the top of the still to increase the condensation rate. As the
Plexiglas is effectively transparent to solar radiation, a stainless-
steel sheet of 1.5 mm thickness coated with non-reflective black
paint with 60 cm long and 25 cmwidewas used as an absorber that
furnishes the bottom and two sides of the still up to 7.5 cm. The
saline water depth in the basin was kept constant (4 cm) by using a
float valve. Also, a 5 cm air gap has been devised under the absorber
to reduce heat loss from the absorber of the solar still to the
ambient. To keep the desalination system simple, the concentration
ratio is designed to be below 10. Thus, the parabolic collector can be



Fig. 1. a) a photograph of the new solar still [26], b) schematic diagram of the new
solar still and heat transfer flowchart.

� The temperature of the absorber, brine water, and the cover glass are assumed
uniform over their domains, but they are time-dependent. Even though the solar
radiation reaches to the back of the absorber may not be uniformly distributed
over the absorber (considering that the parabolic trough collector is a one-axis
concentrator) especially in the morning and afternoon, but as the thermal
conductivity of steel used as the absorber is relatively high and the absorber
covers some part of side walls, a rough estimation could prove that the tem-
perature distribution is relatively uniform over the absorber. Moreover, as solar
radiation is low in the early morning and late evening, it has a low impact on the
performance of solar still and this assumption is more justified.

� As the one-day performance of solar still is considered in this study, it is
assumed that the drainage water leaves the still at the end of each day. There-
fore, the effect of energy and exergy leaving the still with brackish water is not
considered here.
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used without a tracking system. However, the parabolic trough
collector is mounted on an adjustable-slope steel frame that rotates
about the horizontal east-west axis. The slope of the collector was
adjusted at the monthly optimal slope angle proposed by Jafari and
Javaran [27].
The experimental setup was installed at the Graduate University
of Advanced Technology (30.06� N and 57.29� E), Kerman, Iran. The
proposed system was tested in Dec 2015, and Jan 2016. The saline
water temperature and absorber temperature were measured at
intervals of 15 min. The absorber temperature was measured at the
center of the absorber and the water temperature was measured at
2 cm above the center of the absorber, i.e., the midpoint of the
water depth. Thermocouples with an accuracy of ±1 �C, connected
to a multi-channel digital data logger were used to measure the
temperatures of the absorber and water. Kipp & Zonen CM6B pyr-
anometer with an accuracy of ±10 W/m2 was used to measure the
intensity of incident solar radiation on the ground. The distilled
output of solar still was measured by a calibrated flask with an
accuracy of ±10 mL (±0.01 L) at regular intervals of 1 h.
3. Mathematical model

The thermal model is developed by the application of energy
conservation equation for each component of solar still separately.
The main energy transport mechanisms in the still are shown in
Fig. 1b. To simplify the governing equations following assumptions
have been made:

� The inclination of the glass cover is not considered. But in
evaluating the area of the glass cover, its inclination angle is
considered.

� The system is in a quasi-steady state condition.
� As all the gap was covered with silicone sealant in the experi-
ment, it is assumed that there is no water and vapor leakage
from the still.

� The physical properties of the absorber, water, and the glass
cover are assumed constant in the operating temperature range
and are taken equal to their values at mean temperature.

In what follows, energy and exergy analysis for different com-
ponents of a solar still will be presented.
3.1. Energy analysis

3.1.1. Absorber
Application of the energy conservation equation to the absorber

plated gives the following equation:

mAcp;A
dTA
dt

¼ _Qsun�A � _QA�W � _QA�amb (1)

where, _Qsun�A ¼ IAAA is the rate of solar energy reached to the back
of absorber; AA, mA, cp;A and TA are area, mass, specific heat, and

temperature of the absorber plate, respectively; _QA�W is the rate of
convection heat transfer from the absorber to water; _QA�amb is the
rate of heat loss from the absorber to ambient (heat loss through
the bottom of the solar still); t is time, and IAis concentrated solar
irradiance hits the bottom of the absorber and is obtained from the
following equation:

IA ¼a� tg1 � tg2 � r � CR� IT (2)

where, a, t, r, CR ¼ AAp=AA and IT are solar absorption of the
absorber, the transmittance of the Plexiglas, solar reflectivity of
stainless steel used in the parabolic trough collector, area concen-
tration ratio of the collector, and solar irradiance hitting the aper-
ture of the collector, respectively. Subscribe g1and g2stand for two
layers of the Plexiglas at the bottom of the solar still. In this study,
the area concentration ratio is CR ¼ 6:4. As in this study, CR is less
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than 10, the effective incident radiation measured on the plane of
the aperture IT includes beam and diffuse radiation in contrary to
the high concentration cases where diffuse radiation is neglected
[28].

Solar irradiance over the aperture area, IT , is obtained using the
isotropic sky model with the ground albedo of 0.2 [28]. In the
experiment, the slope of the aperture surface of the parabolic
trough collector was monthly adjusted to the optimal slope pro-
posed by Jafari et al. [27]. For this condition, incidence radiation is
modified to account for deviations from the normal of the angle of
incidence of the radiation on the aperture, as follows [28]:

IT ðFixed@bÞ¼ IT;isoðbÞcosðqÞ (3)

where IT ;isoðbÞ is solar radiation over a sloped surface facing south
with a sloped angle of b; q is the angle of incidence of solar radiation
over the aperture. Other losses including incidence angle modifier
are ignored.

A numerical study is performed to evaluate the performance of
the new system if a one-axis tracking system rotating about a
horizontal east-west axis with the continuous adjustment is
implemented in the parabolic trough collector. In such condition,
solar radiation over the collector is obtained using the following
equation:

IT ðTrackÞ¼ IT;isoðTrackÞ (4)

where IT ;isoðTrackÞis solar irradiance over the aperture when para-
bolic trough collector tracks the sun. The angle of the incident and
the slope of the aperture of the parabolic collector for the tracking
condition is given in Ref. [28].

In Equation (1), convection heat transfer from the absorber to

water, _QA�W , is calculated from the following equations:

_QA�W ¼hc;A�WAAðTA � TW Þ (5)

where, hc;A�W is the convective heat transfer coefficient between
absorber and water and is calculated from Ref. [29]:

hc;A�W ¼C
kW
XW

ðGrPrÞn (6)

where, C ¼ 0:54 and n ¼ 0:25 if GrPr<107, otherwise C ¼ 0:15 and
n ¼ 1

3. In the above equation,kW is water thermal conductivity; XW

is the characteristic length of water; Gr and Pr are Grashof and
Prandtl numbers, respectively.

Heat loss from the absorber to ambient is calculated by

_QA�amb ¼UAAðTA � TambÞ (7)

where Tamb is ambient temperature and U is overall heat transfer
coefficient for heat transfer from the basin (absorber) to the
ambient and is obtained from:

U¼
�
kP
LP

þ 2
kP
LP

þ 1
hc�∞

��1

(8)

where, kP and LP are thermal conductivity and thickness of Plexi-
glas sheet (in the above equation “2” stands for two layers),
respectively; kair and Lair are thermal conductivity and the air gap
length, respectively; hc�∞ is the convective heat transfer coefficient
between the bottom surface of the absorber and the ambient air,
and is calculated using [29]:
hc�∞ ¼
�
kair

.
Lbot �0:27ðGrPrÞ0:25

�
þ 3:8Vw (9)

where Lbot is the characteristic length of the bottom surface of the
still and Vwis the wind speed. Since wind speed was low in the
experiment, therefore Vw ¼ 0:0.

3.1.2. 3-1-2- Brackish water
Conservation of energy for the brackish water is as follows:

mWcp;W
dTW
dt

¼ _QA�W � _QW�C þ _mincp;WTin � _mdwcp;WTW

(10)

where, mWand cp;W are mass and specific heat of the water in the

still, respectively; _min, _mdw, and Tin are brackish water input rate,
freshwater (distilled water) production rate, and temperature of
input brackish water. It is assumed that the brackish drainagewater
drains at the end of the experiment. Thus, to keep the water depth
in the still constant _min must be equal to _mdw, i.e. _min ¼ _mdw.
Furthermore, it is assumed that the temperature of input brackish
water is equal to average ambient temperature through the whole
year (Tin ¼ 18 0C). _QW�C is overall heat transfer between water
and cover (condenser) and is evaluated from the following
equation:

_QW�C ¼hW�CACðTW � TCÞ (11)

where, ACand TCare area and temperature of the condensing cov-
er;hW�C is the overall heat transfer coefficient between water and
condenser and is equal to the sum of the convective (hc;W�C),
evaporative (he;W�C), and radiative (hr;W�C) heat transfer coeffi-
cient. The hW�C is obtained using

hW�C ¼hc;W�C þ he;W�C þ hr;W�C (12)

where [30],

hc;W�C ¼0:884

 
ðTW � TCÞ þ ðPV ðTW Þ � PV ðTCÞÞðTW þ 273Þ

269:8� 10�2 � PV ðTW Þ

!1
3

(13)

he;W�C ¼16:273� 10�3hc;W�C

�
PV ðTW Þ � PV ðTCÞ

TW � TC

�
(14)

hr;W�C ¼ εeff sðTW þ 273Þ2ððTW þ273Þþ ðTC þ273ÞÞ (15)

In the above equations, s and εeff are Stefan-Boltzmann coeffi-
cient and effective emissivity, respectively. PV ðTW Þ and PV ðTCÞ are
saturation vapor pressure of water at the temperature of the basin
water and saturation vapor pressure of water at the temperature of
cover (condenser), respectively [18].

3.1.3. 3-1-3- Glass cover
Net energy reached to the glass cover, i.e. condensing cover

(Plexiglas), is equal to the energy comes from the water minus the
energy lost from the cover and fins to the ambient:

mCcp;C
dTC
dt

¼ _QW�C � _Qr;C�sky � _Qc;C�amb � _Qf�amb (16)

where, mC , cp;C are mass and specific heat of condensing cover

(Plexiglas), respectively. _Qc;C�amb and _Qc;f�amb are the rate of
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convective heat transfer from the cover and fins to ambient,
respectively. _Qr;C�sky is the rate of energy lost from the cover to the
sky (atmosphere) by radiative heat transfer. These heats losses are
calculated using the following equations:

_Qr; C�amb ¼AChr;C�sky

�
TC � Teffsky

�
; (17)

_Qc;C�amb ¼ AChc;C�ambðTC � TambÞ, (18)where, hr;C�sky is the radia-
tion heat transfer coefficient for heat transfer to the sky and
hc;C�amb is the convection heat transfer coefficient for heat transfer

to ambient, respectively. Teffsky is an effective sky temperature. The

effective sky temperature is a function of many parameters
including ambient temperature, relative humidity, time of the day,
cloud coverage, and so on. Since no measured sky temperature
values are available, for the Kerman city, effective sky temperature,

Teff
sky is estimated using the following equation:

Teffsky ¼
�
1
2
Tamb þ

1
2
Tsky

�
(19)

where Tsky is clear sky temperature in Celsius degree and is ob-
tained from Ref. [31]:

Tsky ¼ 0:0552ðTamb þ 273Þ1:5 � 273; (20)

hr;C�skyand hc;C�ambare obtained from the following equations
[28,30]:

hr;C�sky ¼ εCs

�
ðTC þ 273Þ2 þ

�
Teffsky þ 273

�2�

�
�
ðTC þ273Þþ

�
Teffsky þ 273

��
(21)

hc;C�amb ¼
kair
XC

0:59ðRaÞ0:25 (22)

where, εC and XC are the emissivity and the characteristic length of
cover, respectively; Ra is Rayleigh number.

It is assumed that fins are all parallel and heat transfer from the
fins to ambient is obtained using:

_Qf�amb ¼Af hf ðTC � TambÞ (23)

In the above equation, Af is the effective area of the fins and hf is
convection heat transfer coefficient for fins, and it can be calculated
from:

hf ¼
�
Nuf � kair

�
S

(24)

Nuf and S are Nusselt number and the average distance between
steel plates used as fins, respectively. For natural convection heat
transfer, Nusselt number is obtained as Nuf ¼ 1:037 [29].
3.1.4. 3-1-4-Distilled water yield and energy efficiency
In the numerical model, the freshwater production rate is ob-

tained using the following equation:

_mdw ¼he;W�CACðTW � TCÞ
hfg

(25)

where, hfg is the latent heat of vaporization of water. The hourly
freshwater production rate is obtained by _mdw;h ¼ _mdw � 3600.
Cumulative distilled water is the freshwater produced from the
beginning to the current time and is obtained from

Mdw;cum ¼
Z t

0
_mdwdt .

Total daily freshwater production is designated asMdw.
Two energy efficiencies are defined in this study. The first one is

the still efficiency which shows the performance of the still relative
to the energy reached to the absorber. The daily still efficiency is
defined as follows:

hEstill ¼
Mdwhfg
EStill

(26)

where Estill ¼ ðP IAðtÞ�dtÞAA is solar energy reflected from the
parabolic trough collector and hit the bottom of the solar still. dt is
the time interval between two consecutive solar irradiance data.

The second efficiency is the system efficiency, hEsys , which shows
the performance of the whole systems including parabolic trough
collector and the solar still, relative to the energy reached to the
aperture area of the collector. The daily system efficiency is calcu-
lated as

hEsys ¼
Mdwhfg
Esys

(27)

where, Esys ¼ AAp � ðP IT ðtÞ�dtÞ and AAp is the aperture area of the
parabolic trough collector. There is AAp ¼ CR� AA relation between
aperture area and concentration ratio.

3.2. 3-2-Exergy analysis

3.2.1. 3-2-1-Absorber
Applying the exergy balance for the absorber and after some

math, the following equation is obtained for the rate of exergy
destruction in the absorber, _Exdes;A [24,30]:

_Exdes;A ¼ _Exsun � _ExA�W � _ExA�amb � _Exstor;A (28)

where, _Exsun, _ExA�W , _ExA�amb and _Exstor;Aare the rate of exergy input
from the sun to the absorber, the rate of exergy transfer from the
absorber to the water (useful exergy), the rate of exergy dissipation
from the absorber to ambient and rate of exergy change of the
absorber, respectively. They are obtained from the following
equations [32]:

_ExA�W ¼ _QA�W

�
1� Tamb þ 273

TW þ 273

�
(29)

_ExA�amb ¼ _QA�amb

�
1� Tamb þ 273

TW þ 273

�
(30)

_Exstor;A ¼mAcp;A
dTA
dt

�
1� Tamb þ 273

TA þ 273

�
(31)

_Exsun ¼ IAAA

 
1�4

3

�
Tamb þ 273
Tsun þ 273

�
þ1
3

�
Tamb þ 273
Tsun þ 273

�4
!

(32)

where, Tsun is the effective blackbody temperature of the solar ra-
diation reaches the earth.

3.2.2. 3-2-2-Saline water
Exergy is added to the water from the absorber and with the
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inlet saline (brine) water. Part of input exergy is transferred from
the saline water to the glass cover, some other is exited from the
water by the outlet freshwater, another part is stored in the water,
and the rest is dissipated. Furthermore, some exergy input to the
water by the input brackish water and some exergy is lost by the
distilled water discharge. The exergy transfer between saline water
and the glass cover by evaporation is used to evaporate the water
and can be called the useful exergy. The exergy balance equations
for the saline water can be expressed as follows [24,30,32]:

_Exdes;W ¼ _ExA�W þ _Exin � _ExW�C � _Exdw � _Exstor;W (33)

where,

_Exin ¼ _mincp;W

�
ðTin � TambÞ� ðTamb þ 273Þln

�
Tin þ 273
Tamb þ 273

��
(34)
_ExW�C ¼ _QW�C

�
1� Tamb þ 273

TW þ 273

�
¼hW�CACðTW � TCÞ

�
1� Tamb þ 273

TW þ 273

�
(35)
_Exdw ¼ _mdwcp;W

�
ðTW � TambÞ� ðTamb þ273Þln

�
TW þ 273
Tamb þ 273

��
(36)

_Exstor;W ¼mWcp;W
dTW
dt

�
1� Tamb þ 273

TW þ 273

�
(37)

Exergy used for the evaporation of water, i.e. useful exergy, is
obtained by

_Exe;W�C ¼he;W�CACðTW � TCÞ
�
1� Tamb þ 273

TW þ 273

�
(38)
3.2.3. 3-2-3-Glass cover
Some of the input exergy to the glass cover from the water is

stored in the glass cover, some other is dissipated to ambient by
convection and radiation heat transfer and the rest is dissipated in
the cover. Applying the exergy balance for the glass cover gives the
following equation [24,30,32]:

_Exdes;C ¼ _ExW�C � _ExC�amb � _Exfin�amb � _Exstor;C (39)

where,

_Exc;C�amb ¼ _Qc;C�amb

�
1� Tamb þ 273

TC þ 273

�
(40)

_Exr;C�amb ¼ _Qr;C�amb

0
B@1�4

3

0
@Teffsky þ 273

TC þ 273

1
Aþ1

3

0
@Teffsky þ 273

TC þ 273

1
A

4
1
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(41)
_Exfin�amb ¼ _Qfin�amb

�
1� Tamb þ 273

TC þ 273

�
(42)

_Exstor;C ¼mCcp;C
dTC
dt

�
1� Tamb þ 273

TC þ 273

�
(43)

3.2.4. 3-2-4-Exergy efficiency
Like energy efficiency, two exergy efficiencies are defined, i.e.

still and system exergy efficiencies. The daily exergy efficiency of
the solar still is obtained from:

hExstill ¼
Exe;W�C

Exsun
(44)

where, Exe;W�C ¼Pð _Exe;W�C �dtÞ and Exsun ¼ ¼Pð _Exsun � dtÞ.
The daily exergy efficiency of the solar still is defined as the
following:

hExsys ¼
Exe;W�C

CR� Exsun
(45)
3.3. Numerical procedure

By writing energy balance for different parts of the new desa-
lination system, a set of temperature-dependent equations are
obtained. A computer program has been prepared for solving
governing equations, i.e. Equations (1), (10) and (16) simulta-
neously. The governing equations are ordinary differential equa-
tions and each needs an initial condition. For the validation study,
initial temperatures of different components of the still are taken
equal to their corresponding initial temperature of experimental
study. Otherwise, the initial temperature of absorber and water are
assumed to be equal to ambient temperature, and the initial cover
temperature is assumed to be equal to effective sky temperature.
The above governing equations are solved iteratively usingMATLAB
built-in ode23tb differential equations solver. The exergy analysis is
a post-process calculation and performs after energy equations are
solved. The physical properties and operating parameters that are
used in the thermal model are shown in Table 1.
4. Results

In what follows, numerical results obtained for the case that the
parabolic trough collector is fixedwith its slope is monthly adjusted
at the optimal angle proposed by Jafari, and Javaran [27] is desig-
nated as Fixed and numerical results for the case that collector
tracks the sun is designated as Track.

In the following, the density of water is assumed to be 1000kg=
m3 ¼ 1kg=L.



Table 1
Still parameters, physical [26] and thermophysical properties [32] used in the numerical simulation.

Property Value Property Value Property Value

mA½kg� 1.82 kW ½W =ðmKÞ� 0.644 CP;C ½J =ðkgKÞ� 1465
CP;A½J =ðkgKÞ� 500 XW ¼ Lbot ½m� 0.05 XC ½m� 0.3
a 0.9 kP ½W =ðmKÞ� 0.2 S½m� 0.02
tg1 ¼ tg1 0.9 LP ½m� 0.005 hfg ½J =kg� 2357E3
r 0.4 kair ½W =ðmKÞ� 0.02551 εC 0.86
CR 6.4 Lair ½m� 0.3 εW 0.95
AA½m2� 0.105 mC ½kg� 2.86 Tsun½0C� 5504

mW ½kg� 2.381 hW ½m� 0:04

Fig. 2. Variation of solar irradiance and ambient temperature versus local time for the
validation day (Jan 15, 2016).

Fig. 3. Comparison of numerical (fixed collector slope) and experimental temperature
of absorber and saline water for the validation day.
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4.1. Model validation

Before using the thermal (numerical) model for the analysis of
the new solar desalination system, it is validated by comparing its
results with the experimental results [26]. The performance of the
new solar still was experimentally tested in several days of Dec
2015 and Jan 2016. The thermal model is validated against these
experimental results. However, to not repeat the same results
several times, validation is just presented for Jan 15, 2016. In the
following, a comparison between the results of the present model
and experimental results obtained on Jan 15 is presented as a
sample. The experiment was carried out from 8:30 a.m. to 4:30 p.m.
Solar intensity over the ground and ambient temperature are taken
from the Kerman meteorological office. Fig. 2 depicts the variation
of solar irradiance over the aperture area of the collector (calculated
using the isotropic sky model [28] and by using the ground solar
irradiance provided by Kerman meteorological office [33]) and the
ambient temperature (also provided by Kerman meteorological
office) versus the local time for the day of the experiment. In this
figure, IT ðFixedÞ is for the condition that the parabolic trough col-
lector has fixed sloped (b ¼ 600) like the experimental study.

All measurements, however careful and scientific, are subject to
some uncertainties. The uncertainty is the possible difference be-
tween the measured and the real value of a parameter. Un-
certainties may originate from the measuring instrument, from the
measured item properties, from the environment, from the in-
strument operator, and from other sources. Uncertainties can be
estimated using statistical analysis of a set of measurements and
using other kinds of information about the measurement process.
Uncertainty (accuracy) associated with the measuring instrument
used in this study is presented in section 2. These uncertainties
were obtained from the instrument datasheet or catalog. As
mentioned above, the uncertainty of measured parameters, how-
ever, are not limited to the accuracy of instruments alone. The
uncertainty analysis is performed to evaluate the overall uncer-
tainty of the experimental measurements. The approach described
by Taylor [34] is used to estimate the uncertainties in the experi-
mental measurements. It is concluded that by considering all
sources of uncertainty including user or operator uncertainty, the
uncertainty of the temperature measurement and hourly distilled
water yield with 95% confidence are ±1.5 �C and 15 mL,
respectively.

In Fig. 3, the variation of the experimental and numerical
absorber and water temperatures verses the local time are shown
and compared for the validation day. As seen, there is a very good
agreement between the temperatures obtained using the thermal
model and the experimental temperatures. Fig. 4 shows a com-
parison between estimated and experimental accumulated fresh-
water production. As can be seen, the numerical and experimental
results have the same trend and the present results have good
agreement with the experimental one. The difference between the
experimental and numerical results in the early hours of the
experiment is might be partly because of solar energy reached and
stored in the solar still components before starting the experiment.

In Table 2, a full day comparison between numerical results and
experimental results is presented. The output and the performance
of a solar still is directly related to the amount of solar radiation
reaching on the absorber of solar still and to the ambient temper-

ature. In this table, Tambð0CÞ is the average ambient temperature
during the experiment;MdwðLitÞ is total distilled water; EsysðMJÞand



Fig. 4. Comparison of productivity obtained using the thermal model and experimental productivity for the validation day; a) hourly and b) accumulated freshwater production.

Table 2
Full day comparison of results obtained using the thermal model and experimental
results at validating day (Jan 15, 2016).

Status Exp. Num.

Tambð0CÞ e 16.3 16.3

MdwðLÞ Fixed 0.84 0.847
EsysðMJÞ Fixed 6.27 6.27
EstillðMJÞ Fixed e 3.60
hEsysð%Þ Fixed 14.75 14.77

hEStillð%Þ Fixed e 55.74

hExsysð%Þ Fixed e 5.58

hExStillð%Þ Fixed e 9.64
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EstillðMJÞ are total solar energy reaching the system (hit to the
aperture of parabolic trough collector) and solar energy reaching
the bottom of the still, respectively. All these parameters and
averaging are calculated for the period of calculation or experiment.

As seen in Table 2, all quantities obtained using the thermal
model have a very good agreement with the experimental results.
Cooper [35] reported that the theoretical maximum energy effi-
ciency of an ideal standard solar still is about 60%. The daily energy
efficiencies of the new solar still (present study) are obtained
numerically as 55.74% which is near to the maximum theoretical
efficiency of standard solar still. The high efficiency of the solar still
is due to the concentration of solar radiation that leads to the high
temperature of the water in the basin. The exergy efficiency of the
still and the new desalination system (i.e. solar still integrated into
parabolic trough collector) are numerically calculated as 5.58% and
9.64%, respectively.

To check the performance of the present solar desalination
system, its productivity is compared with a similar design.
Concentrator-coupled hemispherical basin solar still with and
without phase change materials (PCM) proposed and experimen-
tally studied by Arunkumar et al. [36] to enhance productivity.
Experimental results showed that the daily productivity of their
desalination system with and without the PCM is 4.46 L/m2/day
(from 9 a.m. to 6:45 p.m.) and 3.52 L/m2/day, respectively. With an
absorber area of AA ¼ 0:105m2, the productivity of the present
system is 8:0L=m2=day. Comparison of the present new solar still
composed of parabolic trough collector with built-in solar still with
Arunkumar et al. [36] design shows that the present system has a
good performance.

As mentioned in section 2, water and absorber temperatures
weremeasured in themiddle of basinwater and at the center of the
absorber respectively, while the temperatures obtained in the
numerical model are average temperatures of the water and
absorber. Some of the differences between the numerical and
experimental temperatures might be because of the non-
uniformity of temperature in the water and over the absorber in
the experiment.

4.2. Effect of seasons

The performance of any solar still depends on the meteorolog-
ical conditions especially solar radiation and ambient temperature.
As these two parameters vary across the years (especially in
different seasons), it is interesting to study the performance of the
new solar still in different seasons of a year. In Iran like most of the
world, a year is divided into four seasons including winter, spring,
summer, and autumn. A variety of dates are used in different
countries or regions to mark changes in the calendar seasons. In
this study, it is assumed that spring begins on 1 March, summer on
1 June, autumn on 1 September, and winter on 1 December. Each
season is represented by a single average day. A 10-min average
daily (24 h) profile of ambient temperature and solar irradiation for
each season is obtained by seasonal averaging of metrological data
of the 2015 year (provided by the Kerman meteorological office)
and is shown in Fig. 5. As the experimental datawere collected only
during the winter of 2016, in this section, only the simulation re-
sults will be presented. It can be observed that for most of the time
the solar irradiance for the tracking parabolic trough collector
(IT ðTrackÞ) is higher than that of the identical fixed slope parabolic
trough collector (IT ðFixedÞ at monthly optimal sloped angle pro-
posed by Jafari and Javaran [27].

The variation of absorber temperature, water temperature and
cover temperature of solar still for different seasons are shown in
Figs. 6 and 7. It is seen that the temperatures of the absorber, water,
and cover have the same trend as the solar irradiance with around
half an hour delay (hint: Daylight saving time in Iran begins on
March 20 or 21 and ends Sep 20 or 21 of each year). This temper-
ature lagging is because of the heat capacity of the absorber, water,
and cover. Also, from these figures, it can be noticed that in the case
of solar tracking, the cover temperature, basin water temperature,
and absorber temperature have a higher temperature than that of
the fixed sloped collector. Finally, as shown in Figs. 6 and 7, the
maximum reachable temperature would be slightly increased by
increasing solar radiation and ambient temperature due to the non-
linear increase of heat loss to ambient at higher temperatures
especially radiative heat transfer. The maximum absorber tem-
perature happens in the summer season (around 90 �C) that has
maximum solar irradiation and ambient temperature.



Fig. 5. Daily variation of ambient temperature and solar irradiance over the aperture area of parabolic trough collector for the average day of different seasons.

Fig. 6. Variation of the absorber, water, cover, and ambient temperature during average winter and spring days.
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Fig. 7. Variation of the absorber, water, cover, and ambient temperature during average summer and autumn days.

Fig. 8. a) The comparison of variation of freshwater productivity (rate) and b) the accumulative freshwater productivity for the average days of different seasons.
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To reduce the number of figures and pages, from now on, results
will be presented for winter and summer only. The hourly variation
of freshwater productivity and accumulated freshwater yield with
and without a tracking system for these two seasons are illustrated
in Fig. 8. It is seen that the water productions are reached its
maximumvalues around half an hour past the solar noon that is the
time of maximum saline water temperature.

In Table 3, the average clock time of solar noon and average
ambient temperature for each season, and whole-day performance
of solar still at four seasons are presented. It can be observed from
Fig. 8 and Table 3 that the freshwater productivity is greater when
the tracking system is used. Also, using a tracking system increases
the freshwater production by 20%, 29%, 32% and 23% for winter,
spring, summer, and autumn, respectively. Furthermore, the high-
est and lowest freshwater production is summer and winter,
respectively. The present solar still system produces 55% (70%)
more freshwater in the average day of summer than the average
day inwinter for Fixed (Track) parabolic trough collector in Kerman
weather conditions. Moreover, the new solar desalination system
produces almost the same amount of freshwater in the average day
of spring and autumn.

As Fig. 5 shows, both ambient temperature and solar irradiance
are different at different seasons. Thus, both parameters affect the
solar still performance. To separately study the effect of ambient
temperature on the performance of solar still, a numerical experi-
ment is performed to consider the effect of ambient temperature on



Table 3
Data and performance of the solar still integratedwith the parabolic trough collector
at average days of four seasons.

Status Winter Spring Summer Autumn

Tambð0CÞ e 7.32 17.92 27.30 17.18

Ave. Solar noon e 11:47 12:43 12:45 11:31
IT ðWm�2Þ Fixed 174.4 189.68 222.33 198.32

Track 202.98 237.99 282.60 238.92
MdwðLÞ Fixed 0.618 0.753 0.961 0.797

Track 0.742 0.970 1.266 0.981
EsysðMJÞ Fixed 5.03 5.47 6.41 5.72

Track 5.85 6.86 8.15 6.89
EstillðMJÞ Fixed 2.89 3.16 3.66 3.28

Track 3.37 3.97 4.72 3.96
hEsysð%Þ Fixed 13.42 15.04 16.39 15.23

Track 13.85 15.45 16.99 15.56
hEStillð%Þ Fixed 50.34 56.18 61.92 57.20

Track 51.78 57.64 63.25 58.39
hExsysð%Þ Fixed 4.56 4.58 4.60 4.76

Track 4.88 4.91 4.99 5.05
hExStillð%Þ Fixed 7.90 7.97 8.00 8.28

Track 8.40 8.48 8.48 8.76

Fig. 9. Influence of ambient temperature on the variation of the absorber, water, and
cover temperatures for the same solar radiation for the fixed collector.
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productivity. For this experiment, all meteorological data is the
same as the summer except ambient temperature and the parabolic
collector is considered to not track the sun, i.e. fixed sloped para-
bolic trough collector. New ambient temperature, TNewamb , is assumed
to be equal to summer ambient temperature, Tamb (shown in Fig. 5),
plus some fixed values, DTamb, as follows:

TNewamb ¼ Tamb þ DTamb (46)

Four values are considered for DTamb, i.e. �10 �C, �5 �C, 5 �C and
10 �C. The effect of these new ambient temperatures on produc-
tivity is shown in Table 4. As can be seen, there is a direct propor-
tionality between the productivity of the solar still system and the
ambient temperature. However, this relation is not linear especially
at high DTamb. For example, a 10 �C decrease in ambient tempera-
ture decreases productivity by 7.3%, and a 10 �C increase in ambient
temperature increases productivity by 5.3%. By performing the
same procedure for other seasons, the same trend in the relation
between ambient temperature and productivity is observed. The
experimental results of Rahbar et al. [37] are also shown the same
trend. Present results show the importance of ambient temperature
on productivity and revealed that productivity and efficiency are
independently influenced by ambient temperature and solar en-
ergy. In other words, for meaningful performance comparison of
solar stills, the energy and ambient temperature must be the same.
Strictly speaking, a solar desalination system may have different
productivity and efficiency for the same design and solar energy it
received if the ambient temperature changes.

To study the effect of ambient temperature on the solar still
performance in detail, two variations in ambient temperature i.e.
DTamb ¼ �10 and DTamb ¼ þ10 is selected to present results. Fig. 9
shows the effect of ambient temperature on the temperature of
three components of the solar still, i.e. absorber, water, and glass
Table 4
Effect of ambient temperature on the daily freshwater yield based on the summer data a

DTambð0CÞ Tambð0CÞ MdwðLÞ DMdw=

�10 17.3 0.891 �7.3%
�5 22.3 0.932 �3.0%
0 27.3 0.961 e

5 32.3 0.997 3.8%
10 37.3 1.012 5.3%
cover. The effect of ambient temperature on the variation of
convective, radiative, and evaporative heat transfer between water
and cover is illustrated in Fig. 10. In this figure, heat transfer (loss)
from the bottom surface and cover to ambient is also shown. As can
be observed, for most of the time heat transfer from the cover to
ambient is more than the one from the absorber to ambient. Also,
the evaporative heat transfer dominates over the convective and
radiative heat transfer from water to cover.

By considering Figs. 9 and 10, it is seen that if the ambient
temperature is increasedwhile the solar irradiance is kept constant,
the absorber, water, and temperatures are all increased. However,
the increase in cover temperature is more pronounced than others.
Furthermore, the increase in ambient temperature would decrease
the temperature difference between brackish water and cover and
therefore decrease convective and radiative heat transfer between
cover and water. However, as the evaporative heat transfer through
the vapor pressure is exponentially related to water temperature
despite the decrease in temperature difference, evaporative heat
transfer between water and cover is increased (see Fig. 10). Also,
from Fig. 10 b, it is found that the increase in the ambient tem-
perature would increase heat transfer from cover to ambient that is
due to the increase in evaporative heat transfer between water to
cover.

The thermal losses from the solar still depend on the difference
in the solar still temperature (absorber and cover), the ambient and
the sky temperatures, and heat loss coefficients. As ambient tem-
perature during the early morning of the day increased steadily and
due to radiative heat transfer to the sky, the cover temperature is
below ambient temperature and evaporative heat transfer between
water and cover is almost zero and thus productivity is negligible in
the early morning. Fig. 10 b) shows that in the early hour of the
morning, heat transfer is negative and is from the atmosphere
nd for Fixed collector.

Mdwð%Þ EsysðMJÞ hEsysð%Þ hExsysð%Þ

6.41 15.20 4.86
6.41 15.89 4.77
6.41 16.39 4.60
6.41 17.01 4.47
6.41 17.26 4.23



Fig. 10. Effect of ambient temperature a) on the evaporative, conductive, and radiative transfer between water and cover and b) on the heat transfer from the bottom and cover to
ambient for the average summer day and for the fixed collector.

Fig. 11. Variation of solar exergy reached to the absorber, evaporative exergy transfer between water and cover and exergy destruction in the absorber, water and cover for average
summer and winter days.
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(ambient and sky) to the cover. For this hour, since absorber directly
receives solar energy and due to low overall heat lost coefficient of
the absorber, heat transfer from the atmosphere to the absorber
(negative heat transfer) is small. Furthermore, Fig. 10b reveals that
there is around half an hour delay between the maximum solar
irradiance and maximum heat transfer from the absorber to
ambient. The delay is around 1-h for heat transfer from cover to
ambient. This is due to the storage of heat in the sensible form in
the absorber, water, and cover glass. Due to this heat energy stor-
age, after around 15:30 (3:30 p.m.) total heat transfer to ambient
becomes more than solar energy reached to the absorber from the
sun.

The rate of instantaneous solar exergy reached to the absorber,
evaporative exergy transfer between water and cover, and exergy
destruction in the absorber, water, and cover are presented in
Fig. 11. For the other seasons, the trends are the same. These figures
show that all exergies and exergy destruction are higher for the
collector with the tracking system. Also, most of the exergy of the
solar radiation is destructed in the absorber and only a small part of
sun exergy is used for evaporation. Moreover, brackish water has
the lowest exergy destruction among the three components of the
soar still. This is due to the low-temperature difference between the
absorber and saline water (see Figs. 6 and 7).

Table 3 shows that, in all seasons, the energy efficiency of still
with the tracking system is higher than the still with fixed slope
especially. It must be mentioned that the energy efficiency for the
fixed and tracking system are calculated based on the energy
received to each system. If energy efficiency defines based on



Fig. 12. Rate of change in the exergy stored in absorber, water, and cover for average summer and winter days.
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energy received to the tracking system, the efficiency of the fixed
systemwould be even lower than the current values. The difference
between the efficiency of the two systems comes from the higher
temperature of the water and other components of solar still with
the tracking system. Like energy efficiency, the exergy efficiency of
solar still with the tracking collector is higher than solar still with
the fixed collector. At the absorber, the relatively high temperature
of solar radiation (5777 K) is downgraded to the relatively low
temperature (around 360 K) of the absorber. This leads to high
exergy destruction in the absorber. Owing to the substantial
destruction of energy quality at the absorber, for all the considered
cases, the exergy efficiency is lower than the energy efficiency.

Fig. 12 shows the rate of change in exergy stored in the absorber,
water, and cover for winter and summer. It can be seen in this figure
that due to the higher heat capacity of water (mass of water
multiplied by its specific heat capacity), the rate of change of exergy
stored inwater is higher than the absorber and cover. Furthermore,
because of the continuous increase of solar irradiance in the
morning, the rate of exergy storage is positive before noon. In the
afternoon as the solar radiation decreases, energy stored is released
and the rate of exergy storage becomes negative.

Tables 3 and 4 show that energy efficiency is directly related to
ambient temperature and is higher in hotter seasons. In contrast,
exergy efficiency is higher at colder seasons. Table 4 reveals that in
contrast to energy efficiency, for the same irradiance during sum-
mer if the ambient temperature increases the exergy efficiency
would be decreased. The reduction in the exergy efficiency is
because of the reduction in temperature difference between
absorber and ambient. The maximum temperature difference be-
tween absorber and ambient is around 50 �C for DTamb ¼ þ 10 and
is 60 �C for DTamb ¼ �10 (see Fig. 9).
5. Conclusions

In this study, an unsteady thermal model is developed to
numerically study a new standalone desalination system previ-
ously proposed and experimentally investigated by the authors.
The new system is composed of a parabolic trough collector put
under conventional solar still. The model is developed using the
energy balance equations for different components of the system.
The governing equations are solved numerically and validated us-
ing experimental data. The developed thermal model predicts the
values of water and absorber temperature and yields with
reasonable accuracy. With the help of the developed model, the
performance and productivity of the solar still with a different
design, climatic and operating conditions are predicted.
In the experimental study, the parabolic trough collector did not
follow or track the sun. In the present work, the effect of using the
tracker (active collector) for the parabolic trough collector on the
performance of the new solar desalination system is evaluated
numerically and compared with the regulated fixed sloped collec-
tor (passive collector). Results show that using the tracking col-
lector can increase the productivity and performance of the
desalination system especially in the early hour of the day and in
the afternoon. Also, the performance of the new system is inves-
tigated at four seasons to consider the effect of climatic parameters.

The results of this study can be summarized as follows:

1 Comparison of the present solar desalination system, which is
composed of parabolic trough collector with built-in solar still,
with other similar designs shows that the present systems have
a good performance.

2 The highest and lowest freshwater production is in summer and
winter, respectively. In Kerman weather conditions, on average
the present solar still system produces 55% more freshwater in
summer than in winter for Fixed parabolic trough collector. For
the parabolic trough collector with tracking systems, the system
would produce 1.266 L per day in summer that is 70%more than
winter.

3 The daily energy efficiency of the new solar desalination system
and efficiency of the solar still can reach to 17% and 63%,
respectively. These maximum efficiencies happen in summer.
4-For the same solar irradiation, energy efficiency, and fresh-
water production are higher at a higher temperature of ambient.
For the same solar irradiation, the exergy efficiency is higher at
colder ambient.

5 The absorber has the highest exergy destruction while brackish
water has the lowest exergy destruction. Therefore, the selec-
tion of an appropriate absorber design plays an important role in
the exergy improvement of solar stills.

6 Results show that energy efficiency in the summer and spring,
that have a higher ambient temperature, is higher than autumn
and winter.

It is shown that that within the different components of the
solar still, the largest exergy destruction takes place in the absorber
which is due to the high-temperature difference between the sun
and the absorber. This means that current solar still designs have
low exergy efficiency and there is plenty of room for improvement
of these systems. To increase the exergy efficiency of solar stills,
temperature over the absorber must be increased to near sun
temperature. For this reason, solar still should be combined with
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other solar systems. One way we think than can be used to reduce
exergy destruction in solar stills is to employ solar concentrating
systems with high concentration ratios to create high temperature
over the absorber of a steam powerplant and then use the low-
quality heat rejected from the powerplant for desalination. How-
ever, as known, a system with higher exergy efficiency does not
necessarily mean that it is more energy-efficient and economically
and practically possible.
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Nomenclature

A½m2� Area
cp½Jkg�1K�1� specific heat of the absorber
CR ½ � � concentration ratio of the collector
E ½J� Total energy
_Ex½W � Rate of exergy transfer or destruction
Gr ½ � � Grashof number
IA½Wm�2� solar irradiance hitting the absorber
IT ½Wm�2� Solar irradiance over the aperture area
h ½Wm�2K�1� Convective heat transfer coefficient
hfg ½Jkg�1� the latent heat of vaporization of water
k½Wm�1K�1� Thermal conductivity
L ½m� thickness
Nu The Nusselt number
m½kg� Mass
_m ½kgs�1� Mass flow rate of water
_m ;h½L =h� The hourly mass flow rate of water
Mdw;cumð½L� ; ½kg�Þ Cumulative distilled water
PV ðTÞ ½Pa�Pr ½ � � The Prandtl number
_Q ½W � Rate of heat transfer
S ½m� The average distance between fins
r ½ � � Solar reflectivity of stainless steel
tð½s� or ½h�Þ Time
T½0C� Temperature
U ½Wm�2K�1� Overall heat transfer coefficient
Vw ½ms�1� Wind speed
X ½m� Characteristic length
Greek
b ½rad� The slope of the collector
q ½rad� Angle of incidence
a ½ � � Solar absorption of the absorber
t ½ � � Transmittance of the Plexiglas
ε ½ � � emissivity
s ½Wm�2K�4� the Stefan-Boltzmann constant
h ½ � � efficiency
dt ½s� time interval

Subscripts
sys systemamb
C cover
c Convectionstor
W waterdes
A Absorber
e Evaporation
g1 Plexiglass layer 1
g2 Plexiglass layer 2
Ap Aperture
iso Isotropic sky model
P Plexiglas
bot Bottom
dw Distilled water
in Input
r Radiative
eff Effective
cum Cumulative
f Fin

Superscripts
eff Effective
E Energy
Ex Exergy
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