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Figure 4: The present model predictions for the Riyadh region compared with the measured and

NASA data of solar insolation.

Figure 5: The present model predictions for the Al Quds region compared with measured and NASA

data of solar insolation

After validating the model in the different locations
in the Middle East with the available measured data,
the radiation calculation model has been applied
to predict Northern Border University insolation
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(located in Latitude 30.8492; Longitude 41.196)
and is compared with NASA records for the year
2020. This comparison shows an extremely close
profle, as plotted in Figure 6.
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Figure 2: MEE powered by SGSP
4. RESULTS AND DISCUSSIONS:

The single input calculation program has been
developed and used for estimating the solar
irradiation in Kuwait, Riyadh, and Al Quds,
chosen as three different locations in the Middle
East region. It collected available measured data
of certain years for these three cities. NASA
has been recording the solar radiation for these
three locations and others for more than 30 years.
The output of this script is validated with NASA
averaged monthly measurements data, and the
results provide a reliable matching at least for the
randomly investigated locations. These measured
and NASA data are utilized to test and validate
the outcomes’ accuracy of the Matlab model.
The comparison solar irradiation study result for

Product

Condensate

Steam

Kuwait is illustrated in Figure 3, showing the feld
measurement that NASA records and the model
calculation output data are in very good agreement.
The results of the mathematical model estimation
and NASA recording data for Riyadh give excellent
matching, while the site measurement was far from
both as shown in Figure 4. This divergence in the
values between the measurements in the feld and
NASA records and the results of the calculations
gives a clear impression of the importance of this
model’s multi-scripts program calculations because
it shows the error in the feld measurements as a
result of climatic conditions, human errors, or
device reading errors for that year. Al Quds’ three
solar radiation records and calculations data are
also summarized in Figure 5, giving considerable
reliable matching as well.
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Figure 3: The present model predictions for the Kuwait region compared with the measured and NASA data of

solar insolation.
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IBF =

Fc is a predicted monthly correction factor
validated accurately for the Middle East with

Hr = IBF(ﬁoT)

The equation of Kreider and Kreith (1982) is a
well-known formula in solar radiation, which was
extensively explained earlier in Lunde (1982) based
on the amount of sunlight scattering by the clouds
(the clearness index). Nevertheless, the index
here is replaced by the predicted factor IBF that
can be easily computed by relating the feld solar
radiations data with longitudes via a specialized
kind of computer program.

The steady-state model for the solar pond has been
widely accepted and recommended by the most

ui
Pu Cpu A Xu d—: = eru + Qub - Quc - Qur - Que

This solar radiation computation program requires
only a latitude value to predict sunrise, sunset, and
sunshine periods to compute the solar radiation
equations. A new predicted empirical equation has
been added to this script to give a good agreement
and it has been tested for three different locations
in Middle Eastern countries. The incident solar
radiation values, which are based on monthly average
daily amounts, can be obtained from the available

1.5¢ — 14.25

Fc 4

NASA’s published date, and the above equation can
be applied in the following formula:

)

famous research references inthe SGSP area, such as
Weinberger (1964), Rabl and Neilsen (1975), Kooi
(1979), Ali (1986), Wand and Akbarzadeh (1983),
and many other researchers. In the present model,
for simplicity, the downward one-dimensional fux
model is being utilized.

In the present model, it is assumed that both the
upper and lower convective zones are well mixed
such that the lumped system model can be applied.
Therefore, the steady-state energy equation for the
upper layer is represented by:

(6)

references or the 30-year average values which are
recorded on the NASA website (NASA, 2020).

In the present model, the middle salinity gradient
layer is considered as a conduction slab and the
thermal amount of the solar insolation absorbed
by this slab is consumed to build and maintain the
gradient temperature profle in this non-convecting
layer. The storage zone steady-state energy equation
will be:

)

ui
Ps Cps A xsd_ts = ers - Qst - st - st - Qse

Further details about each parameter in equations
(6) and (7) were extensively discussed by Lunde
(1982), Rabl and Neilsen (1975), and Ali (986).
Model validation is probably the most crucial and
essential step in the model-building stages. In the
present study, model validation is accomplished via
comparing the present predictions with a previous
study that was carried out in Kuwait (Ali, 1986).
The heat of the solar pond at the Northern Border
University can be used for space heating, water
heating, and desalination. It reported that many
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multi-effect desalination plants can operate under
60°C; for example, the Trapani desalination plant in
Italy and the Eilat MEE plant in Agaba Gulf have
been working since 1992 at an operating temperature
of 55°C. Other MEE plants in the UAE are
manufactured to produce water vapor at a top brine
temperature (TBT) of 58.5°C (Al-Sham, 1999). A
multi-effect evaporation (MEE) plant powered by a
salinity gradient solar pond is illustrated in Figure
2. Further details about coupling MEE with SGSP
was investigated by Alenezi (2012).
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In the above relations, the value of / , represents the
direct normal extraterrestrial solar radiation daily
and can be easily computed by obtaining the value

Iy = 241,

In order to utilize these equations for
computing the value of the monthly daily
average total extraterrestrial solar radiations on
a horizontal surface, the month representative-

Iod . 2T"-(‘l’s
H,r = ?[coscpcoss sin wg + 360

sin ¢ sin 8] 2

of extraterrestrial solar radiations radiating from
the sun throughout the whole day by leveraging the
above-mentioned relation as:

3)

day is required and can be easily computed by
making use of Lunde (1982) apart from other
useful equations in the calculation of solar
radiations.

Table 1: Days and Numbers of a Year and the Representative-Day for Each Month

Month N for i*" day Date N Day of Year
Jan i 17 17
Feb 31+i 16 47
Mar 59+i 16 75
Apr 90+ 15 105
May 120+ i 15 135
Jun 151+ 11 162
Jul 181+ i 17 198
Aug 212+ 16 228
Sep 243+ i 15 258
Oct 273+ 15 288
Nov 304+ i 14 318
Dec 334+ 10 344

Matlab computation software has been adopted
to build up a multi-scripts program for solving
ordinary differential equations by fnite difference
methods for steady state models. This program takes
into account the changes of boundary conditions

12

and surround factors with different periods of time.
The new empirical equation that works with the
available solar radiation equations to estimate the
solar radiation based on the single input parameter
is as follows:
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3. MATHEMATICAL MODELLING:

The solar heat absorption inside a salinity gradient
pond or any mass of water on the earth is highly
affected by the site location. The sun’s path through
the sky continuously changes, thus the altitude
of the sun’s rays, the azimuth angle and the daily
sunshine period from sunrise to sunset are varied.
These changes may have a signifcant effect on
the amount of the incident solar irradiation which,
consequently, would affect the performance
of any solar collector (Kalogirou, 2014). The
solar irradiation data has been widely measured
and recorded for almost every location in each
country in the world over a long period of time.
Nevertheless, the estimations and calculations
of the sun’s irradiation are sometimes required
for the prediction of a good approximation of the
irradiation amount in a certain location based on the
latitude and attitude.

The estimation of the solar radiation can be
mathematically performed in several time periods,

I, =1, [1 +0.033 cos(

At the beginning of the 20" century, many
scientists performed numerous experiments
to measure the value of the solar constant (/).
After Abbot (1965) and his co-researchers at
the Smithsonian Institute conducted many years
of research, they deduced the value of the solar
constant to be 1353 W/m?2.

Based on Abbot’s research, further investigations
were conducted based on the ground-base and
high-altitude measurements to compute the most
precise and accurate value of the solar constant
(Z.). With the consent of all the researchers, 1353
W/m? is universally accepted as the standard
value for the solar constant (Abbot, 1965).
NASA has also conducted various experiments to
precisely measure the most accurate value of the
solar constant (/) using the most sophisticated

/1

360N
370 )]

such as every hour or day; however, it is found
monthly averaged data modelling is the most
effective method for representing the climate
variation and its calculations (Duffe & Beckman,
2006; Ali, 1986). The daily or hourly measurements
and calculations may vary considerably from year
to year, and such ways of estimation are quite
limited for giving a general impression about
weather data. On the other hand, seasonal recording
and yearly data collections would defnitely not be
accurate enough to represent any type of climate
computations (Ali, 1986). Thus, based on the given
reasons, the average monthly measurements or
calculations have been adapted in this study.
Since the average distance between the earth and
sun varies signifcantly during each season in
the same year, the apparent extraterrestrial solar
radiation also changes. Therefore, the intensity
of solar radiation relies on the number of days of
the year. The extraterrestrial solar radiation can be
computed by modifying the model of Adel, Hazim
and Alenezi, (2011):

1)

measuring tools and techniques. NASA has
suggested the value of the solar constant, which
was already discussed in Garg (1982).
Recently, NASA’s offcial website has disclosed
that NASA has publicly endorsed the value of
1368 W/m? as the standard value for the solar
constant, which is closer to the universally
accepted standard value. NASA has managed
to deduce the value of 1368 W/m? as the only
acceptable value of solar constant through the aid
of its satellite, which has measured the average
variation of incident solar radiation on a yea rto
year basis (NASA’s offcial website, 2020).
The daily total extraterritorial solar radiations
radiating from the sun on a horizontal surface can
be easily computed via the aid of the following
relation:
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sunlight, convert it into heat energy, and store heat for
long periods. This heat can be used for heating buildings,
electricity generators, and thermal desalination plants.
Many of the available commercial techniques, such as
thermoelectric cell (TEC), are quite reliable at lower
than 90°C for electricity generation, which is suitable
with the salinity gradient pond (Mittal, Singh, & Singh,
2020). The normal mass of water absorbs the sunlight
and converts it to heat energy, thus the temperature
increases at the bottom. The water molecules at the
bottom gain heat and become lighter, which then

Fa

o

move to the surface under the effect of the convective
phenomenon. The non-convecting pond suppresses the
convective behavior because of the salinity gradient
in the middle layer, and the connecting only happens
within the lower layer.

2. THE PRESENT MODEL.:
A typical salinity gradient solar (SGS) pond consists

of three layers, illustrated in Figure 1, and is modeled
in the present work.

Q LCZ

Salinity and Temperature |
Profile

Salinity Gradient Solar Pond

Figure. 1. Salinity and temperature profles through the salinity gradient solar pond zones.

The present SGS pond consists of three zones:

1. The Upper Convecting Zone (UCZ): This
layer’s thickness would be typically about
30cm. It should be thin enough to allow for
sunlight penetration and prevent the middle
layer from climate effects such as evaporation,
wind movement infuence, and others. The
UCZ has the least salinity, lowest construction
cost, and the temperature usually varies very
closely to the ambient temperature.

2. The Non-Convecting Zone (NCZ): This
gradient layer is located in the middle between
the upper and lower water layers; however,
both temperature and salinity increase with
depth in the layers inside this zone, thus it is a
heterogenous region. This downward increment
profle of temperature and salinity is supposed
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to prevent the water molecules from obeying
the convection phenomenon even at the high
temperature records. The optimum thickness
of this layer is proposed to be between 0.4 and
0.8m, depending on the pond size (Batty, Riley,
& Bhise, 1986 and Alenezi, 2012).

3. The Lower Convecting Zone (LCZ): This lower
homogenous zone has the highest temperature
and the most salinity concentration in the
pond. The collected heat from solar irradiation
is stored in this lower region and can be
exchanged either inside the pond or delivered
outside the SGSP. The thickness of the LCZ can
be any depth; however, this signifcantly affects
the amount of heat storage and the temperature
variation. As the thickness increases, the heat
storage capacity increases and the temperature
tends to be more stable.
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1. INTRODUCTION:

Northern Border University spends a considerable
amount of money on space heating and providing
drinking water. The need for drinkable water increases
during the hot weather as use of the solar pond at this
time is considered more effective.

The solar pond (SP) is a unique system for collecting
and storing free solar irradiation, which is a renewable
and environmentally friendly source of energy. The
need to use clean energy and reduce the use of fossil
fuel energy increases due to the negative impact of
the latter on the environment and to reduce the cost
on saving energy.

Renewable energy is energy obtained from unlimited
and renewable sources of power, such as solar
irradiation, wind, geothermal, waterpower, biomass,
and tidal energy. The need for using renewable
energy is increasing day by day as an alternative
to traditional energy powered by non-renewable
sources. The major non-renewable energy sources
include fossil fuel, coal, and natural gas, which are
mainly obtained from underground long-period
accumulative stores formed over millions of years.
The emissions produced from burning fossil fuel, coal
or natural gas for energy generation purposes have
accumulated negative impacts on the environment,
whereas renewable energy is considered to be
an environmentally friendly source. Moreover,
traditional fuels will deplete in the future and the
world authorities must switch to renewable sources
as soon as possible.

Sunlight is an extremely powerful source of energy,
particularly in the desert regions of the earth, like
Saudi Arabia where the sun intensively radiates
for most days of the year. For example, according
to National Aeronautics and Space Administration
(NASA) data in the year 2020, the average annual
irradiation in Arar, Saudi Arabia is 5964 Wh/m?2.day,
Wh/m2.day in London, UK and 3408 Wh/m2.day
in Paris, France. This means the irradiation in Arar
is 95.7% higher than London, and 75% higher than
Paris. Extraterrestrial sunlight travels from the sun
toward the earth with enormous energy. Part of this
light is refected by the earth’s atmosphere, another
part is scattered by the clouds and suspended as
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materials in the air, and approximately half of the
sunlight reaches the surface of the planet. The light
received by the earth’s crust could be either direct or
diffused beams, can be useful for providing heat.
Solar radiation is one of the most promising renewable
energy sources. Currently, there is no evidence
indicating this source produces greenhouse emissions
into the earth’s atmosphere or causes any substantial
harmful impact on nature. Solar energy technologies
can be classifed into two main types based on the
way of utilizing the energy: direct and indirect solar
radiation collectors. The Fat plate collector (FPC) is
an example of indirect solar devices that absorb solar
beam by a blackened absorber and transfers it to a
transport medium in fuid tubes to be stored away
or immediately used. On the other hand, the salinity
gradient solar pond (SGSP) is one of the solar direct
collectors that directly transfers the solar beam into
heat.

The frst natural temperature gradient reported
due to water salinity was by Kalecsinsky in the
Medve Lake, Transylvania in 1902. The pond was
self-formed in 1875 as a result of collapsing a salt
mine. The salinity gradient was then naturally built.
The heat inside Medve Lake gradually increased
until the temperature reached 80°C (Dickinson &
Cheremisinoff, 1980; Kreider & Kreith, 1981; Duffe
& Beckman, 2006). This observation encouraged
the researchers to investigate and construct a SGSP
led by Weinberger and Tabor in 1964 (Dickinson &
Cheremisinoff, 1980; Lu et al., 2004). Despite the
research efforts motioned by Tabor, non-convective
solar ponds were constructed in several countries,
including Israel (1975), USA (1975), Kuwait (1980),
India (1987), Italy (1997), and Australia (2000). At
least two of these ponds experienced pond destruction
because of reaching boiling temperature. The
experimental results of these ponds were recorded,
and mathematical models were developed (Duffe &
Beckman, 2006; Lu et al., 2004). The experimental
studies concluded the thermal effciency of small
ponds can reach 21% in peak seasons (Shah, Arshad,
Khoss., Ali, & Ali, 2019).

The salinity gradient pond is simple, clean, and
powered by the free source energy technique. It
could be a unique and simple system that can collect
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