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ABSTRACT

The world energy demand is continuously growing, which means an increase in consumption for all modern
fuels or stronger effort on the development and improvement of renewable technologies. Moreover, Developing
Countries claims more energy and they have often wide unutilized or unusable lands. The solar energy
represents a useful opportunity for these Countries. The Solar Pond is both a solar collector and a thermal
storage for long period and is suitable to use in wide sunny areas. Solar pond technology is able to supply heat
for several applications requiring low-grade thermal energy or for electrical power production. In order to
produce electrical energy from solar ponds it is necessary to use systems fed by low enthalpy sources, such
Thermoelectric Generator (TEG) and Organic Rankine Cycle (ORC). In this paper, a model of a Solar Pond for
power generation is analyzed in conjunction with an Organic Rankine Cycle. The model has been validated
using climate data of an area near to Palermo city (Italy) and exactly the Test Reference Year developed by the

Authors.
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1. INTRODUCTION

The world energy demand is continuously growing with a
likely rise of 30% in global energy demand to 2040, which
means an increase in consumption for all modern fuels, as
reported in the summary of World Energy Outlook 2016 of
International Energy Agency (IEA). Moreover, in the same
document, the IEA denounces that hundreds of millions of
people are still left in 2040 without basic energy services and
that more than half a billion people, increasingly concentrated
in rural areas of sub-Saharan Africa, are still without access to
electricity in 2040 [1].

The Solar Pond (SP) is both a solar collector and a thermal
storage for long period, therefore, this type of system is
suitable to use in wide areas where the electric energy lacks.
Solar pond technology is able to supply heat for several
applications requiring low-grade thermal energy in areas
where land is readily available, such as for salt production,
aquaculture, dairy industry, fruit and vegetable drying etc. [2],
or for electrical power production. In order to produce
electrical energy from solar ponds, it is necessary to use
systems fed by low enthalpy sources. Among these systems,
Thermoelectric Generator (TEG) and Organic Rankine Cycle
(ORC) have been investigated by the Authors.

In order to assess the performance and reliability of Solar
Pond for power generation, a model for the simulation of both
the systems SP-TEG and SP-ORC has been built. In this paper,
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only results concerning a SP-ORC are reported. The model has
been validated using climate data of an area near to Palermo
city (Italy) and exactly the Test Reference Year developed by
the Authors [3].

2. THE SOLAR POND

A solar pond is both a solar collector and a thermal storage.
It works with a salt solution that is able to stratify creating a
density gradient.

Solar pond study began in 1902 in Hungary, with the
observation of a natural salt lake in Transylvania. In this lake
at a not so high depth, about 1.32 m, were measured 70 T in
summer and 26 <C in winter.

There are several types of solar pond: salt gradient solar
ponds, partitioned solar ponds, viscosity stabilized solar ponds,
membrane stratified solar ponds, saturated solar ponds,
membrane viscosity stabilized solar ponds, and shallow solar
ponds [4].

Most interest is dedicated to salt gradient solar ponds, with
several simulations and a series of experimental test rigs and
pilot plants.

A Saline Gradient Solar Pond (SGSP) is a small deep basin,
typically from one to five meters, varying in width, insulated
and fill with water and a large amount of salt, commonly NaCl
and exposed directly to the sun radiation.




It is possible to distinguish three overlaying layers where
the salt concentration strongly varies and this characterizes the
thermal behaviour.

Starting from the surface, the first layer, the Upper
Convective Zone (UCZ), has a thickness of tens of centimetres
and is slightly salty or not at all.

The bottom layer, the Lower Convective Zone (LCZ), has
the highest salt concentration, typically is saturated, and has
the highest density. His thickness is greater than that of the
ucz

Both in the UCZ and in the LCZ the solar radiation is able
to generate a convective motion in the fluid, even if with
different characteristics.

Between these two zones, there is the Non Convective Zone,
NCZ, a layer with a salt gradient concentration. The NCZ may
be considered as a series of layer where the salt concentration
increasing with the deep into each one. The salinity gradient
prevents, theoretically, any natural global convection. The
solar radiation passes through the water and, reaching the LCZ,
it is partially absorbed and converted to heat. The heating is
able to decrease density, but due to the highest salinity, density
remains higher enough to be able to rise. Therefore, the mass
of solution remains at the bottom and heat is stored in it.

In the NCZ, the salinity gradient prevents any convective
motion. The transparency of the NCZ layers allows to the solar
radiation to pass through and to reach the LCZ where is stored
as heat but heat transfer to the top of the pond as a convective
way is not possible.

So, the NCZ acts, regarding the heat transfer, in a similar
way to an electric diode and may be considered as a “thermal
diode” [5].

Main problems are the evaporation of the water at the
surface of the UCZ, due also to the wind, and the stability of
the salinity gradient that may be corrupted with the heat
extraction. Across the bottom, heat losses occur towards the
ground and this also cause the convection in the LCZ.

Fresh water or brine must be carefully added at the surface
to compensate evaporated water, paying attention with the
speed so not to alter the concentration of the layers.

The heat stored in the solar pond can be extracted directly
from the LCZ with an auxiliary heat exchanger. This prevents
the disruption of the salinity gradient and a mixing of the
whole fluid. The direct use of the brine may be not appropriate
because the fluid is corrosive and able to damage components
of the plant.

A Solar Pond connected with an Organic Rankine Cycle is
able to produce about one MW (peak) of electricity per a pond
surface of about 20 ha (i.e. about 5 W/m3. Moreover, a 2000
m=of pond surface need about 1100 tons of salt [6].

Recently there is some interest in coupling of SGSP with
Thermoelectric Generator (TEG), a well-known technology
that permits generating directly electricity from heat transfer,
based on the Seebeck effect [7], [8]. The TEG utilizes a
particular heat exchanger composed by sets of thermocouples
of two different metals. The hot and cold fluids, flowing in
through the heat exchanger, by placing the junctions at two
different temperatures, generate an electromotive force.

On this matter, the Authors are also working, because this
appear a promising feature of such systems.
3.SYSTEM AND MATHEMATICAL MODELS

The proposed system in this paper is composed by a Salt
Gradient Solar Pond (SGSP) and an Organic Rankine Cycle
(ORC) able to produce electrical work.
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The mathematical model for the SGSP is based on the
theoretical modelling of Sayer et al. [9], with some
improvement from Husain et al. [10], Abbassi Monjezi and
Campbell [11]. The modelling for the ORC is based on a
previous article of the Authors [12].
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Figure 1. The proposed system SGSP-ORC

The SGSP is a basin filled with salted water and has a
surface of 1000 m= a total depth of 3.25 m. The main
parameters are reported in a subsequent table in the text (Table
2).

The ORC plant is fed by a heat exchanger placed in the
LCZ. The heat removed by a process fluid, water, goes into the
generator where the ORC working fluid is able to evaporate.
The working fluids considered in this paper are R123 (2,2-
Dichloro-1,1,1-trifluoroethane, HCFC group) and R245fa
(1,1,1,3,3-Pentafluoropropane, HFC group), which are two
suitable and available common fluids.

3.1 UCZ, upper convective zone

The energy balance for this layer (see Figure 2) is given as:

AUy = Qry + Qub - Que - Qur - Que - Quu (1)

I. Que Qur  Que
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Figure 2. The energy balance for the SGSP
where AU, is the internal energy stored in the UCZ, given as

dT,

u

it ()

AUu = A Cpu AJ xu




The pond is supposed unburied and well insulated laterally,
so each heat transfer to the wall may be neglected (Qws = 0)
[9]. This is also assumed for the NCZ and the LCZ layers (Qwi

= Qun =0) [9].

3.1.1 The solar radiation in the SGSP

In order to obtain the rate of solar radiation absorbed by the
UCZ, Qu, the Authors have considered relations reported in
Duffie and Beckman [13] and Husain et al. [10].

Starting from available solar radiation data on a horizontal
plane, the Authors calculate normal radiation utilizing the
following procedure. They have used the equations for:

- the solar declination:

5 = 23.455in (wj 3)
365
where N is the number of the day in the year (1 ... 365);
- the hour angle:
=15 (p-12) 4
where ¢ is the solar time in the day (0 ... 23);
- incident angle:
i = cos*[cos(Lat) cos(d) cos(w) + sin(Lat) sin(5)] (5)
- normal radiation:
Ib
l, = (6)

" cos(4)

while the reflective coefficient is calculated by following

equation [14]:
2 2
] +0 4><[ j

r =0.6>{

Consequently, the solar radiation flux that enter inside the
solar pond is equal to:

sin(4 — ;)
sin($ +94)

tan(8 — 9,

tan(&4 + %) ")

lo=r Xlon

(8)

while the available radiation at a depth x can be calculated by
the following relation [15]:

I, =1,70.36-0.081In 9

X0 { [cos(gr) j} ®)
The radiation flux reaching the bottom is:

lg =1,40.36-0.081In L (10)

S ' cos(9,)

where L is a depth of solar pond.

At the bottom, a certain part of radiation flux is absorbed by
the bottom and the other part is reflected upwards.
If { is the reflectivity of the bottom, the reflected part is
obtained as:
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L-x
c0s60°

ler = 15 4{0.36—0.08 In( (12)

)

Furthermore, the reflected radiation will travel towards
solar pond surface and, at surface, a part of radiation will be
reflected back towards bottom of solar pond. The surface
reflects specularly and with a reflectivity towards inside equal
to 0.477 [16]. In order of taking into account the contribution
of this reflection, the last contribution is obtained as

L+x
ler =0.4771 0.36-0.08In 12
SR BC:{ (CO%OOJ} (12)
Therefore, Qyy is given as:
Qru = (lo+ Igrx=xu * Isrx=0) - (Ix=xu *+ lerx=0 + Isrx=xu) ~ (13)

3.1.2 The other terms of the energy balance
Qub is the heat transferred from bottom to top of the solar
pond across the NCZ:

-T
0y, = AT—T) )
Rncz
The thermal resistance of the NCZ is:
Ricz :i_"& i (15)
o ky M

Terms Que, Qur, Que are the thermal losses to the internal
energy stored in the UCZ. Q. is the convective heat transfer
to the environment, given as:
Quc =he Ay (Tu - Ta) (16)

The convective heat transfer coefficient from the pond
surface to the air is calculated with the McAdams formula [9],
based on the average wind speed, v:
h¢=5.7+38v 17)

Considering the emissivity of the water, &, assumed equal to
0.83 [9], Stefan-Boltzmann’s constant, o= 5.67 <108 W/(m?

K#%), and the sky temperature, Tk, the radiative heat transfer,
Qur, is evaluated by the equation:

Qu=0ceA (TS -TH (18)
where the sky temperature is given as:
Tk = 0.0552 T,'® (19)

Temperatures in Eq. (18) and Eq. (19) must be in kelvin.
The evaporative heat transfer from surface, Que, is given by
Kishore and Joshi [17]:



Ah -
Qe = A, Ahe (P, — Pa) (20)
16CS patm
where Cs is the humid heat capacity of air, expressed as:
Cs = 1.005 + 1.82 y [kJ/kg] (21)

The partial water vapour pressure p, at the upper layer
temperature Ty is:

The partial water vapour pressure pa in the ambient
temperature is:

3.2 LCZ, lower convective zone

3885

0 22
T, +230 (@)

p, =exp [18.403 -

3885

L +230

T (23)

Pa = 7h EXP (18.403—

The energy balance for the LCZ (see Figure 2) is given as:

AUI = Qrs + Qub - Qground - Qload - le (24)

where AU, is the internal energy stored in the UCZ, given as:

dT,

AUy =pcy A de—ts

(25)

Qrs is the solar heat transferred from the overlying layers,
and it may be calculated as previously done for the UCZ layer:
Qrs = (|x=(Xu+chz) + |SR,x=(Xu+chz)) - (lBR,x=(Xu+chz)) (26)

Qground is the heat transferred from the pond to the ground.
It is calculated as follows:
Qground = Kground Ap (Ts - Tg) (27)
where Kgroung iS the overall heat transfer coefficient between
the LCZ and the ground.

As aforementioned, the heat loss trough the wall is
negligible (Qw = 0). The term Qup is determined by Eq(14).
The term Qjoad represents the heat extracted that feeds the ORC
system.

4. THE CASE STUDY

It has been here assumed that the system is installed on an
area not shaded sited in the city of Palermo (38.12N, 13.34E -
South of Italy).
4.1 Weather site description

The kind of climatic data set utilized for the simulation is

the Test Referee Years (TRY), which provides hourly values
of climatic parameters of the selected sites. The utilized
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climatic database is the Test Reference Year for the city of
Palermo, in Italy [3].
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Figure 3. The trend of daily air temperature and daily global
solar radiation of Palermo’s TRY

Figure 3 shows daily trends of air temperature and solar
radiation for the site indicated.

Other input values were taken from technical
commercial literatures.

and

4.2 Selection of working fluids for the ORC

The working fluid is an important component of ORC
system. In this work, two working fluids were compared in
order to assess the potentiality of each of them for this
application.

Table 1 shows the main thermophysical properties of the
working fluid used in this work.

Table 1. Main thermophysical properties of the working fluid

Substance M‘;Le;;'ar Teit pait T ODP  GWP
[kg/kmol] [T] [MPa] [<] [100 year]

R123 152.93 18368 367 2782 0.02 77

R245fa 134.05 15401 364 1514 0 950

4.3 Simulation

The Authors have been implemented in the Python
environment the mathematical model of the system in order to
simulate the behavior of the above described ORC system fed
by SGSP, considered as a quasi-static process.

The main parameters of the SGSP for the simulation are
reported in Table 2.

It is supposed a solar pond with vertical wall, so that the
area at upper and bottom layers is the same (Ay = A = A, = A).

The thermophysical properties of the working fluids are
calculated by means of the REFPROP [18]. The values of the
most relevant parameters of the system were based on the
current pertinent literature, since Wang et al. [19] did not
provide complete information about their system. Moreover,
flow rates are steady-state and, therefore, are not optimized,;
additionally, the system is characterized by an on-off operation
mode. The pump and turbine isentropic efficiency were
assigned as 70%. Furthermore, the flow rate in ORC varies in
order of having always the temperature of 60 <T at the
evaporator outlet in hot side. The condensing temperature is
assumed equal to 25 <C.



Table 2.The main parameters of SGSP

Parameter value
Depth of SGSP, L 3.25m
Depth of UCZ, Xu 0.70 m
Depth of LCZ, Xi 1.20m

Depth of NCZ, Xnc: 1.35m

Area of solar pond, A 1000 m?
Water density, o 1000 kg/m?
Brine density, o 1200 kg/m?

Specific heat capacity of water in UCZ, cpu
Specific heat capacity of water in LCZ, cpi
Convective heat transfer coefficient
between NCZ and UCZ, h1
Convective heat transfer coefficient
between LCZ and NCZ, h>
Convective heat transfer coefficient
between LCZ and surface at bottom, hs
Heat transfer coefficient from the outside
surface to the atmosphere, ho
Thermal conductivity of water, kw
Overall heat transfer coefficient, Kground
Latent heat of vaporization

4180 J/(kg K)
3300 J/(kg K)

56.58 W/(m? K)
48.28 W/(m? K)
78.12 W/(m? K)

5.43 W/(m? K)

0.596 W/(m K)
0.4254 W/(m? K)
2257 kilkg

Table 3. Turbine inlet temperature and pressure

Substance Tr pr
[T] [MPa]
R123 60.85 0.2859
R245fa 60.85 0.4626
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Figure 4. The ORC cycle for R123 fluid
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Figure 5. The ORC cycle for R245fa fluid.

Moreover, the Authors have utilized the values of turbine
inlet temperature and pressure suggested by Wang et al. [19],

reported in Table 3, with the reduction of 9 <C for the inlet
temperature.

The ORC cycle, used in this work, has been reported in
Figure 4 for R123 fluid and Figure 5 for R245fa.

5. RESULTS AND DISCUSSION

The simulation has been carried out for two years for
evaluating the effective production of energy by solar pond, in
order to avoid the transient period, therefore the second year
only has been investigated.

The trend of temperatures in UCZ layer, Ty, and in LCZ
layer, Ts, is reported in Figure 6.

The Table 4 shows the first results for a simulation of the
year investigated.

The annual average efficiency of solar pond has been
assessed as the ratio between the annual heat extracted by the
LCZ layer and the annual solar radiation flux within the salted
water at surface of the pond. The assessed value is equal to
5.05%.
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Figure 6. Trend of Temperature in UCZ and LCZ.
In red the periods of working of ORC

Table 4. Results of simulations

Substance Pump_ Turbine power n
consumption output

[kwh] [kwh] [%]

R123 79 5561 6.7

R245fa 131 5508 6.6

6. CONCLUSION

The SGSP is a technology that is currently very interesting
and many researchers are investigating on it. It requires wide
and available area due to the low energetic density.

Therefore, this technology is appropriate for countries with
a low electrification level and with a large amount of
unutilized land.

The study here conducted with a coupling of a SGSP and an
ORC with two of the fluids more investigated at the moment
(R123 and R245fa) shows that the efficiencies are aligned with
the main results in Literature.

The results show, as pertains the efficiencies, a substantial
equality of value among the fluids. Deep considerations must
be carried on regards the environmental aspects, and with the



plants programming. In fact, the end of production of
Refrigerant 123 is scheduled by 2030, due the ODP correlated,
despite the R245fa that, on the other side, has an elevated
GWP value.
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NOMENCLATURE

A area (m=

Ay area of the bottom surface of the pond
(m3F

Al surface area of the LCZ (M=

Ay surface area of the UCZ (m=

Cpl heat capacity of water in LCZ (J/kg K)

Cpu heat capacity of water in UCZ (J/kg K)

Cs humid heat capacity (kJ/kg K)

ho heat transfer coefficient from the outside
surface to the atmosphere (W/m=K)

hy heat transfer coefficient between the
NCZ and the UCZ (W/m=K)

h, heat transfer coefficient between the
LCZ and the NCZ (W/m=K)

hs heat transfer coefficient between the
LCZ with surface at the bottom of the
SGSP (W/m=K)

he convective heat transfer coefficient to
the air (W/m=K)

| solar radiation (W/m=

Kground overall heat transfer coefficient to the
ground (W/m=K)

Kw thermal conductivity of water (W/m K)

L depth of SGSP (m)

Lat Latitude (degree)

LCZ Lower Convective Zone

N number of the day

NCZz NonConvective Zone

p pressure (MPa)

Pa the partial pressure of water vapour in
the ambient temperature (mmHQ)

Patm atmospheric pressure (mmHg)

Pu water vapour pressure at the upper layer

temperature (mmHg)



Qground
Qload
Qri

Qrs

Qru
Qub
Quc
Que

Qur
QWUy an, le

r
RI']CZ

xncz, XI, Xu

heat loss to the ground (W/m=

heat extracted from the LCZ (W/m=
solar radiation entering the UCZ (W/mZ
solar radiation entering and stored in the
LCZ (WImZF

solar radiation that is absorbed in the
UCZ (W/m=

conduction heat transfer to the UCZ
(Wim=

convective heat loss from UCZ (W/m=
evaporative heat loss from UCZ (W/m3
radiation heat loss from UCZ (W/mZ
heat loss through walls of the pond, resp.
from UCZ, NCZ and LCZ (W/m=f
reflective coefficient

thermal resistance of NCZ (m=2K/W)
time (s)

temperature (C)

average of the ambient temperature (C)
temperature of the ground under the
SGSP (T)

sky temperature

temperature of the LCZ (<C)
temperature of the UCZ (<C)

internal energy (W/m3

Upper Convective Zone

monthly average wind speed (m/s)
thickness of the NCZ, LCX and UCZ
respectively (m)
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Greek symbols

DX QA S0 Y

eI S

Subscripts

B
bp
crit
|

X c H4wxm>S

solar declination (degree)
emissivity of water

latent heat of vaporisation (kJ/kg)
Stefan-Boltzmann’s constant
relative humidity

density of the LCZ(kg/m%
density of the UCZ (kg/mF
hour angle (degree)

solar time (h)

efficiency

incident angle (degree)

bottom
boiling point
critical values
LCZ

normal
reflected
surface
turbine

ucz

Generic depth





