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This paper introduces a novel hybrid and interactive solar system to generate electricity and produce
desalinated water. The system consists of a Stirling engine driven by concentrated solar radiation and
cooled by saline water. Also, the system consists of an evacuated evaporator chamber to evaporate the
saline water and thermoelectric cooler, driven by Stirling engine, to condensate the distilled water. The
novelty of the system is in its positive interactivity since each component and product enhances the
performance and productivity of others. The rejected heat from both the cold side of Stirling engine and
the hot side of the TEC modules is used to heat the saline water before entering the evaporator. Also, the
cold side of the TEC modules is used to enhance the condensation and hence the desalination rate. The
importance of the second enhancement technique relays in the fact that many applications do not suffer
from the absence of hot evaporative heating sources but suffer from the absence of condensation cool
surfaces. A steady-state mathematical model has been proposed and validated by being compared with
published data. The results show that at an optimized design point (solar radiation of 700 W/m2, wind
speed of 5 m/s, swept volume of 210 cm?, dish diameter of 2.68 m, etc.), the overall efficiency of the
system was 65.8% with a net output power of 506 W and desalinated water of 28 kg/day. Including the
TEC system has enhanced the condensation rate from 2.93 kg/day to 34.14 kg/day and the efficiency from
22.84% to 54.87%. Also, the two preheating effects (rejected heat from Stirling engine and from TEC
modules) enhance the desalination rate from 2.93 kg/day to 11.74 kg/day and efficiency from 22.84% to
34.53%. Combining both enhancement techniques increase the desalination rate from 2.93 kg/day to
40.96 kg/day and efficiency from 22.84% to 64.44%.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

intensity. Solar stills, solar PV panels, and solar Stirling engines are
examples of solar systems that form a solution for water and

Most of the rural areas around the world suffer from a shortage
of potable water and electricity. The solution to this problem by the
traditional electrical power generation and water desalination
plants is not feasible. This unfeasibility is due to the very high cost
of them. Also, the infrastructures of these regions are not ready to
build massive power and water plants. In addition to that, these
rural regions randomly distribute, so large distributing networks
are needed. The solar energy systems are a promised solution for
this issue, especially in the areas that have a high solar radiation
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electricity problems. Some of these systems are in a commercial
phase (such as PV panels and solar collectors) while the other are in
the development phase (solar stills and solar dish systems). The
essential criteria that make solar systems applications commer-
cially feasible depend on three terms: simplicity, productivity, and
cost. The researches still in progress toward a simple system with
high productivity and low cost. Recently, the hybrid solar systems
that provide electricity and distilled water were studied to reduce
the capital and operating costs and to increase the productivity.
However, these systems are more complex than the non-hybrid
systems. This paper introduces a novel hybrid and interactive so-
lar system that provides electricity and desalinated water by the
combination of three units: solar Stirling engine, thermoelectric
cooler (condenser), and vacuum evaporator. Before the clarification
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Nomenclature Nuy, > Nusselt number of the forced convection between
the cooling coil surface and the cooling water of the
Aqg area of the solar dish concentrator [m?] Stirling engine
Aey cross-sectional area of the vacuum evaporation Nuy tec Nusselt number of the forced convection between
chamber [m?] the hot side of the TECMs and the saline water
Apr cross-sectional area of the hot side of the Stirling Nuc tec Nusselt number of the free convection between the
engine [m?] hot side of the TECMs and the saline water
Acr cross-sectional area of the cold side of the Stirling Mg, Neec constants were used on the Rayleigh numbers of the
engine. [m?] Stirling engine fluid and of the evaporated vapor,
AH tec surface area of the hot side of the TECMs [m?] respectively
Ac tec surface area of the cold side of the TECMs [m?] Psg generated power by the Stirling engine [W]
Asc surface area of the cooling coil over the cold side of Pyp power consumed by the vacuum pump [W]
the Stirling engine [m?] Prec power consumed by the TECMs [W]
af,acrec  constants were used on the Rayleigh numbers of the Pret net electrical power generated by the system [W]
Stirling engine working fluid and of the evaporated Pry» Prandtl number of the forced convection between the
vapor, respectively cooling coil surface and the cooling water of the
Bn Beal number of the Stirling engine Stirling engine
C concentration ratio of the solar dish concentrator Pry tec Prandtl number of the forced convection between the
Cs solute concentration [%] hot side of the TECMs and the saline water
Cpw,2 Specific heat of the water inside the cooling coil of DPm mean pressure inside the Stirling engine [Pa]
the Stirling engine [J/kg-K] Datm atmospheric pressure [Pa]
Dee diameter of the cooling coil of the Stirling engine [m] Dev pressure inside the vacuum evaporator [Pa]
Dy diameter of the solar dish concentrator [m] Qsun rate of heat supplied by the solar radiation on the
Dy, diameter of the hot side of the Stirling engine solar dish [W]
(receiver) [m] Qqr rate of heat concentrated by the solar dish on the hot
F frequency of the Stilling engine cycle [Hz] side of the Stirling engine [W]
G solar radiation intensity [W/m?! Qhra rate of convective heat transfer from the hot side of
g gravitational acceleration [m/s?] the Stirling engine to the ambient air [W]
hq convective heat transfer coefficient from the solar Qprs rate of radiative heat transfer from the hot side of the
dish receiver to the ambient air [W/m?-K] Stirling engine to the ambient air [W]
hy heat transfer coefficient of the free convection Qpe rate of convective heat transfer from the hot side of
between the hot and cold chambers of the Stirling the Stirling engine to the cold side [W]
engine [W/m?-K] Qcw rate of convective heat transfer from the cold side of
hew heat transfer coefficient of the forced convection the Stirling engine to the saline cooling water [W]
between the cooling coil surface and the cooling Qc tec rate of f convective heat transfer from the evaporated
water of the Stirling engine [W/m2-K] water to the cold side of the TECMs [W]
hy tec heat transfer coefficient of the forced convection QH tec rate of convective heat transfer from the hot side of
between the hot side of the TECMs and the saline the TECMs to the saline water [W]
water [W/m?-K] Qey rate of heat absorbed from the condensed fresh water
he¢ tec heat transfer coefficient of the free convection [W]
between the cold side of the TECMs and the saline Ry gas constant of the working fluid of the Stirling
water [W/m?-K] engine
hy, latent heat of vaporization for water [J/kg] Rag Rayleigh number of the free convection between the
I electrical current of the TECMs [A] hot and cold chambers of the Stirling engine
ks thermal conductivity of the working fluid of the Rey, Rayleigh number of the forced convection between
Stirling engine [W/m-K] the cooling coil surface and the cooling water of the
ky > thermal conductivity of the saline water inside the Stirling engine
cooling coil of the Stirling engine [W/m-K] Rac rec Rayleigh number of the free convection between the
kw co thermal conductivity of the evaporated water inside hot side of the TECMs and the saline water
the condenser chamber [W/m-K] Rey tec Rayleigh number of the forced convection between
ki tec thermal conductivity of the water passes over the hot the hot side of the TECMs and the saline water
side of the TECMs [W/m-K] Thr temperature of the hot side chamber of the Stirling
Ly spacing between the hot and cold plates of the engine [K]
Stirling engine [m] Teo air ambient temperature [K]
Lec length of the cooling coil of the Stirling engine [m] Toiy temperature of the sky [K]
Ly tec length of the hot side of the TECMs [m] Ty temperature of the working fluid of the Stirling
Le tec length of the cold side of the TECMs [m] engine [K]
My mass flow rate of the saline water [kg/s] Ter temperature of the cold side chamber of the Stirling
Mey mass flow rate of the evaporated water [kg/s] engine [K]
Myisriled Mass of the condensed fresh water [kg/day] T2 mean temperature of the saline cooling water passes
Nug Nusselt number of the free convection between the over the cold side of the Stirling engine [K]
hot and cold chambers of the Stirling engine Ty, outlet temperature of the saline cooling water passes

over the cold side of the Stirling engine [K]
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Ty inlet temperature of the saline cooling water passes
over the cold side of the Stirling engine [K]

T3 mean temperature of the saline water passes over the
hot side of the TECMs [K]

Ty temperature of the saline water at the inlet of the
vacuum evaporator [K]

Teo temperature of the evaporated water inside the

condenser [K]

Tc tec temperature of the cold side of the TECMs [K]

TH tec temperature of the hot side of the TECMs [K]

Voo wind speed [m/s]

Vg swept volume of the Stirling engine [m?]

1% volume flow rate of the vacuum pump [m?/s]

Pd reflectivity of the solar dish concentrator

o5 density of the working fluid of the Solar dish [kg/m?]

Pw2 density of the saline cooling water passes in the
cooling coil of the Stirling engine [kg/m?]

Enr emissivity of the hot side of the Stirling engine

B¢ thermal expansion coefficient of the working fluid of
the Stirling engine [1/K]

Beo thermal expansion coefficient of the evaporated

water inside the condenser [1/K]

v Stefan-Boltzmann constant [W/m?-K?]
Bw.2 dynamic viscosity of the saline cooling water passes
in the cooling coil of the Stirling engine. kg/m-s

BH. tec dynamic viscosity of the saline water passes over the
' hot side of the TECMs [kg/m-s]

Vw.co kinematic viscosity of the water vapor inside the
condenser [m?/s]

vf kinematic viscosity of the working gas of the Stirling
engine [m?/s]

af thermal diffusivity of the working fluid of the Stirling
engine [m?/s]

Qw.co thermal diffusivity of the water vapor inside the
condenser [m?/s]

Om mass modified accommodation factor

NsE efficiency of the Stirling engine

Nsystem overall efficiency of the system

Abbreviations
SE Stirling engine

HCSE hot chamber of the Stirling engine
CCSE cold chamber of the Stirling engine
TECMs thermoelectric cooler modules

of the research gap of this work with its features and limitations, it
is necessary to introduce a brief review of the current innovations,
applications, and researches about these three units.

Solar dish concentrators are used in various applications such as
electricity generation [1,2] steam generation [3], cooking [4],water
desalination [5], heating air [6], refrigeration [7],and cogeneration
of fresh water and electricity [8,9]. The electricity generation via the
solar dish concentrators achieved by using the Rankine cycle [10],
Brayton cycle [11,12], alkali metal thermal to electrical converter
[13], or Stirling engine [14]. However, these systems still in research
and investigation phase to enhance their efficiencies and solve the
technical difficulties associated with their working conditions. A
review about the evolution of dish design for a large number of
concentrating solar power dish examples presented by Coventry
et al. [15]. Wu et al. [13] proposed a system consists of a parabolic
dish solar collector cascaded with an alkali metal thermal to electric
converter (AMTEC) through a coupling heat exchanger. They re-
ported that an overall conversion efficiency of the system could
reach up to 20.6% with a power output of 18.54 kW at an operating
temperature of 1280 K. Number of theoretical and experimental
researches that studied the electricity generation by solar-powered
Stirling engine are introduced. An experimental analysis and nu-
merical validation of a solar Dish/Stirling system connected to the
electric grid presented by Mendoza et al. [16]. They reported that
for specified conditions, the Dish/Stirling system generates an
electric power of 1.00 kW at a solar irradiation of 725 W/m? with a
system overall efficiency of 17.6%. This experimental work was a
validation for their published theoretical mathematical model of
the same system [17]. Hafez et al. [18] introduce a modeling and
simulation study for different parabolic dish Stirling engine designs
using MATLAB program. They reported that at Zewail city of Science
and Technology, Egypt, for a 10 kW Stirling engine, the maximum
solar dish Stirling engine output power estimation is 9707 W at
12:00 p.m. where the maximum beam solar radiation applied in
solar dish concentrator is 990 W/m?.

Also, few papers studied the distillation of saline water using a
solar still powered by a solar dish concentrator. Ameer et al. [19]
discussed the potential of utilizing the rejected heat from a solar
Stirling engine for water distillation. They have simulated the

performance of the system using a mathematical model and real
weather data. They mentioned that with a concentrator diameter of
10.57 m, the average water daily production is 22.5 kg of water.
Prado et al. [20] introduced a dynamic simulation by computer for a
solar dish used for desalting water and validated their simulation
experimentally. They mentioned that the highest yield of distilled
water was 4.95 kg/(m?-day) with a galvanized steel parabolic dish
of 0.68 m in height and 0.62 m in width. A design, manufacturing,
and mathematical modeling of a parabolic dish concentrator with a
novel solar still mounted at its focal point for saltwater desalination
presented by Bahrami et al. [21]. They reported that for a dish
concentrator with an aperture diameter of 3 m and specified con-
ditions about 75 kg distilled water produced in a day for system
operating from 8:30 a.mto 5:30 p.m. It can be noted that these
proposed systems in Refs. [19,20], and [21] integrate the solar
Stirling engine with distillation process with the absence of effec-
tive condensation. This yields a low productivity or requires higher
dish diameter.

Recently, thermoelectric technology has incorporated within
the solar systems. The thermoelectric systems are used in two
different modes. The first mode is to generate electricity by
absorbing heat from a high-temperature source and reject the re-
sidual heat to a cold sink utilizing thermoelectric generator mod-
ules (TEGMs). The second mode is to work as a refrigerator (or
condenser) by transforming heat from a low-temperature source to
a high-temperature sink utilizing thermoelectric cooler modules
(TECMs) with consuming electrical power. In this work, we use the
second mode. Many reviews about the use of TEG within the solar
system applications were presented, such as [22,23]. Other reviews
about the use of TEC in various applications were also presented,
such as [24]. For example, the elevation of the PV cell’s temperature
reduces their efficiency and life time [25]. So, the TECMs can be
used to cool them. This application was theoretically and experi-
mentally studied in by Dimri et al. [26]. They studied two cases:
case (a) PV partially covered with TEC, case (b) PV covered with TEC.
They reported that the overall electrical efficiency of case (b) is
higher than of case (b) by 4.46—6.23%. Another application of
TECM:s is to be used in a traditional solar still to elevate the tem-
perature difference between the basin and the condensing sides.
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This application theoretically explored by Dehghan et al. [27] and
experimentally by Rahbar et al. [28]. The later reported that
although the surface of TEC is approximately 2.8 times smaller than
that of the glass, its productivity is 3.2 times higher. However, the
rejected heat from the hot side of the TECMs of the presented
systems (that use the TECMs in either to cool the PV modules [26]
or to enhance the productivity of the solar stills [27,28]) is lost as
waste heat. This waste heat could be recovered for further utiliza-
tion as proposed in the present work. A few researches studied the
integration of the TECMs with PV modules or with solar stills with
the recovery of the rejected heat from them for further purposes. A
theoretical study of a novel hybrid photovoltaic/thermoelectric
cooler (PV/TEC) distillation system introduced by Al-Nimr et al.
[29]. This work proposed to use the rejected heat from the TECMs
for further water desalination. They mentioned that the maximum
productivity of the system was at an ambient temperature of 298 K,
solar radiation of 1000 W/m?, wind speed of 5.5 m/s. It was 4.2 kg/
day of distilled water and a net electrical output power of 73 W
with an overall efficiency of 57.9% and PV cell efficiency of 12.32%.
However, this system depends on the passive natural evaporation
for the distillation process which is less efficient than the effective
distillation by the evacuation process. An experimental study about
the effective use of thermal energy at both the hot and cold sides of
the thermoelectric modules used in a water distillation system
introduced by Al-Madhhachi et al. [30]. The results of their exper-
iments showed that the average water production is 28.5 mL/h with
a specific energy consumption of 0.00114 kW h/mL in an evapo-
ration chamber filled with 10 x 10 x 30 mm? of water. Jradi et al.
presents an experimental and theoretical study of an integrated
thermoelectric—photovoltaic system for air dehumidification and
freshwater production [31]. They perform a case study on the
feasibility of implementing a thermoelectric-photovoltaic system
in Beirut climate to produce at least 10 L of water per day through
the summer months.

The desalination of saline water can be performed via traditional
desalination plants that use various techniques such as multistage
flash, multi-effect distillation, reverse osmosis, vapor compression,
and electro-dialysis [32]. These conventional plants powered by
fossil fuel, and this increases the emissions of greenhouse gases
[33]. Also, these plants have expensive and complex structures with
relatively high maintenance costs. Alternatively, these plants can be
powered using solar energy. Generally, there are two categories of
the desalination systems powered by solar energy: (a) Direct
desalination systems which include (solar still, solar chimney, and
solar humidification-dehumidification units), (b) indirect desali-
nation systems which include (membrane-based processes and
non-membrane-based processes). For more details about these
processes, an excellent review of the solar desalination units is
presented by Sharon and Reddy [34]. Also, a valuable review of the
natural vacuum distillation for seawater desalination is published
by Rashid et al. [35].

The core of the solar non-membrane desalination processes is
the increase of saline water temperature (by solar collectors) and
the creation of a vacuum (naturally or by using a vacuum pump).
Within a vacuum evaporator, the evaporation process can occur at
feed water temperature between 40 and 70 °C, which is achievable
by solar heaters [36]. Number of desalination systems using the
vacuum techniques are presented. However, these systems suffer
from the absence of the sustainable power to drive the vacuum
pumps or require high elevation to create natural vacuum. And,
some systems use vacuum pumps and renewable sources for
electricity, but the condensation process is not active (the electrical
source only used to operate the pumps). A transient mathematical
model of a novel multi-stage evacuated solar desalination system
by utilizing latent heat recovery is presented by Reddy et al. [37].

Their proposed system consists of a flat plate collector (to raise the
water temperature), a vacuum pump, a multi-stage evaporator, and
a condenser chamber. This chamber designed such that the
condenser surface at the bottom of one stage acts as the evaporator
surface for the above one. They reported that the maximum yield of
53.2 kg/m?/day found in March at an operating pressure of 0.03 bar.
A natural vacuum desalination system installed with evacuated
tube collectors is experimentally studied by Abbaspour et al. [38].
They mentioned that the highest hourly and daily productions were
1.134 kg/m?-hr and 8.065 kg/m? day, respectively. Myneni et al. [39]
proposed a natural vacuum desalination system integrated with
thermoelectric generation modules powered by low-grade waste
heat sources. They mentioned that the objective of their work is to
achieve a proof of concept through an experimental model and
thermal analysis. Also, a numerical and experimental work on the
performance of a natural vacuum desalination system using a low-
grade heat source is presented by Ambarita [40]. He concluded that
the performance of the natural vacuum desalination system is
mainly affected by the maximum temperature in the evaporator
and the minimum temperature in the condenser. A novel vacuum
desalination system powered by the waste heat of a steam power
plant is proposed by Venkatesan et al. [41]. Their work experi-
mentally performed within an existing thermal power plant in
Chennai, India. They reported that the amount of the produced
fresh water by this plant is nearly 1/200 times of the supplied sea
water for an available temperature gradient of 8.7 °C.

Based on the above literature survey, it is clear that the already
proposed systems in the literature suffer from one or more of these
deficiencies: 1) the absence of effective active cooling technique
(TEC), 2) the absence of renewable power to drive the vacuum
pumps needed to enhance the evaporation rate, 3)the absence of
effective utilization of the rejected heat from the system compo-
nents, and 4) the absence of positive interactivity between all
system components. The present work proposes an integrated
system that overcomes all the previous deficiencies. It presents a
solar dish Stirling engine integrated with a thermoelectric-cooler
modules (condenser) and a vacuum evaporator connected with a
vacuum pump. This assembly has number of important features:
(a) the saline water used recover the rejected heat from the Stirling
engine which improves the overall performance of the system, (b)
the waste heat from the hot side of the thermoelectric cooler
modules (TECMs) also recovered by the saline water to raise its
temperature which facilitates the evaporation process inside the
vacuum evaporator and minimizes the required power supplied to
the vacuum pump, and (c) the presence of the TECMs enhance the
evaporation process and provides an active condensation, (d) the
proposed system provides electricity and desalinated water,
simultaneously, and (e) the system considered as an eco-friendly
system. It is worth mentioning that one of the most novel aspects
of the proposed system is in its positive interactivity since the main
three components (solar Stirling engine, thermoelectric cooler
(condenser) and evaporator) support each other. The cooling of the
Stirling engine raises the Stirling engine efficiency and the saline
water temperature. Then, the saline water recovers the rejected
heat by the TECMSs, which further increases its temperature. Higher
water temperature reduces the consumed power by the vacuum
pump and enables more electricity to be used by the TECMs which
increases the cooling effect. A higher cooling effect will also reject
more heat that raises the saline water temperature and so on. In
other words, higher cooling combined with lower evacuation po-
wer and more distilled water. Also, it is up to the designer to decide
if more electric or more distilled water is required. However, the
main drawback of the system is its high initial cost.

In this paper, section 2 introduces a detailed description of the
system components and its overall operating mechanism. Section 3
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. Saline water tank.
. Stirling engine (Receiver).
. Thermoelctric cooler layers.

. Evaporator chamber.
. Condenser chamber.
. Vacuum pump.

. Fresh water tank.
. Solar dish (concentrator).
. Circulating pump.
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Fig. 1. Schematic diagram of the proposed system.

presents the steady-state mathematical model of the proposed
system. Also, section 3 explained the solution method of the pro-
posed model by using the Engineering Equation Solver (EES) pro-
gram. Section 4 presents a model validation and a discussion about
the effects of the main parameters on the performance of the sys-
tem. Finally, section 5 summarizes the most important results ob-
tained in the simulation process.

2. System description

The proposed system consists of the shown components in
Fig. 1. The main components of the system are: the solar dish
Stirling engine unit (2,8), the thermoelectric cooler (condenser)
(3,5), the evaporator chamber (4), the vacuum pump (6), the
circulating pump (9), the storage tank of the saline water (1), and
the storage tank of the desalinated water (7).

Now, the overall mechanism of the system (shown in Fig. 1) is
explained as: (a) the solar dish concentrates the solar radiation of
the sun on the receiver (hot chamber of the Stirling engine), (b) the
receiver converts the solar energy into thermal energy and raise the
temperature of the engine working fluid, (c) the Stirling engine
convert part of the absorbed energy into mechanical energy then

Qhr,s
Qhr,a

qun

er

Pgg

into electrical energy, while the other part rejected to the cold
chamber and to the ambient atmosphere, (d) the saline water flows
over the cold chamber and recover the rejected heat by the engine,
this raises the saline water temperature, (e) then, the saline water
flows over and recover the rejected heat from the hot side of the
TECMs which further increase the temperature of the saline water,
(f) then, the saline water flows into the vacuum evaporator cham-
ber which is kept at a pressure lower than the saturated pressure of
the saline water (by a vacuum pump), (g) part of the saline feed
water flashed into vapor while the remainder being recirculated to
the storage tank by the circulating pump, (h) finally, the produced
vapor transferred to the condenser chamber and condensed by
losing heat to the cold side of the TECMs. The required power to
operates the TECMs, Vacuum pump and circulating pump provided
by the Stirling engine generator.

3. Mathematical modeling

The mathematical model of the system includes the formula-
tions of three units: the solar dish Stirling engine, the TECMs, and
the vacuum evaporator. To simplify the thermodynamic model; the
following assumptions were made:

m,,Cpw2T2;  Cooling coil
TCT
th 0
lccsz
mwcpw,ZTZ,o

Receiver (Stirling Engine)

Concentrator

Fig. 2. Energy transfer processes in the Solar dish Stirling engine system.
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e The system operates under steady-state conditions.

e The properties of all fluids are obtained at the average temper-
atures of their mediums.

e The temperature of the hot chamber of the Stirling engine
equals the temperature of the receiver.

e The variations in the kinetic and potential energies are
neglected.

o The internal friction of the fluid with the pipes is neglected.

o The temperature of the saline water at the exit of the cooling coil
equals to that at the inlet of the TECMs unit (T, = T3;).

e The temperature of the saline water at the exit of the TECMs unit
equals to that at the inlet of the vacuum evaporator (T3 , = Ty ;).

Starting with the modeling of the solar dish Stirling engine, the
steady-state energy balance equation over the hot chamber of the
Stirling engine (HCSE), as shown in Fig. 2, can be written as:

er_Qhr‘a_Qhr¢s_PSE_QhC:O (1)

where Qg is the concentrated solar energy by the solar dish on the
receiver (hot chamber), Qp, 4 is the heat losses by convection from
the hot chamber (HCSE) to the ambient air, Qy,  is the heat losses by
radiation between the HCSE and the sky, Psg is the power generated
by the Stirling engine, and Q. is the heat rejected by the engine to
the cold chamber. The concentrated energy by the solar dish on the
receiver is given by Ref. [18]:

Qar = pgAnrCG (2)

It can be noted that Q4 depends on the solar radiation intensity
G, reflectivity of the solar dish p4, and the area of the concentrator
A4 which is mathematically included within the concentration ratio
of the solar dish C that given as [18]:

C=Aq/An (3)

where Ay, is the area of the receiver (HCSE). The area of the
concentrator is given in terms of the solar dish diameter in Eqn. (4).
The area of the HCSE is given in term of the receiver diameter in
Eqn. (5) as [18].

D2
Ay =T )
D
Ad = 777 (5)
Also, Qpr g, Qpr 5 are given by Ref. [42]:
Qhr,a = hﬂAhr(Thr - TOO) (6)
Qnrs = enr0Apy (Tﬁr - T?ky) (7)

here, h, is the convection heat transfer coefficient between the
HCSE and the ambient air, Ay, is the area of the receiver (HCSE), Ty,
is the temperature of the HCSE, T, is the temperature of the
ambient air, e, is the emissivity of the receiver, and Tg, is the
effective temperature of the sky. hs and Tg, are given by
Refs. [43,44]:

ha=5+ 3.8V (8)

Ty =0.0552 x TL 9)

The power generated by the Stirling engine Psg is given by

Ref. [45]:
Psg = FVsgpmBn (10)

where F is the engine cycle frequency of the Stirling engine, Vg is
the swept volume of the Stirling engine, py, is the mean pressure of
the working fluid of the Stirling engine, and Bj, is the Beale number.
Here, Py, is given by Ref. [45]:

Pm = psReTy (11)

where py is the density of the working fluid of the Stirling engine
(SE), Ry is the gas constant, Ty is the average temperature of the
working fluid of the SE. Ty is given in terms of the hot chamber
temperature T, and cold chamber temperature T as [45]:

Ty 4+ Ter
2
The rejected heat through the cold chamber of the Stirling en-
gine (CCSE) to the cooling saline water is given as [42]:

QhC:thhr(Thr —Ter) (13)

Ty (12)

where hy is the free convection heat transfer coefficient between
the fluid in the hot and cold chambers which is given in terms of
Rayleigh and Nusselt numbers as [46]:

L
_ f
NUf—hf X kf (14)

Nug = as x Ra}'f (15)

7gﬂf(Thr - Tcr)L?
S vy

All parameters that presented in Eqn. (14—16) were explained in
the nomenclature. Also, the rejected heat to the saline cooling

water is given in terms of the forced convection between the cold
chamber and the water as [42]:

Raf (]6)

Qne = hewAsc (Tcr - Tm,Z) (17)

where Ty, , is the mean temperature of the saline water through the
cooling coil of the SE, Ay is the surface area of the cooling coil, h¢y is
the forced convection heat transfer coefficient between the CCSE
and the cooling water which is given in term of Reynolds, Nusselt,
and Prandtl numbers as [47]:

T,; + T
Tnp =-212-20 (18)
Nuy, 5 =hew x kL“ (19)
w.2

Nuy 2 =0.023 x Rey/5 x Prdf (20)
Rey o = 21

w,2 Wliw‘chc ( )
Asc =TDccLec (22)

All parameters that mentioned in the Eqn. (18—20) were
explained in the nomenclature. In terms of the mass flow rate of the
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—

—

Vapor inside the
Condensation chamber

Water flows at the
hot side of the TEC

TEC l
T30

Fig. 3. The energy transfer processes in the thermoelectric cooling system.

saline water m,, the inlet temperature of the saline water into the
cooling coil T, ;, and the outlet temperature of the saline water from
the cooling coil T ,, the rejected heat by the CCSE (recovered by the
saline water) is given as:

Qw= mwcpw,Z (TZ,O - T2,i) (23)

Now, the model of the thermoelectric cooler modules will be
presented. As shown in Fig. 3, the heat absorbed by the cold side of

the TECMs from the condenser Qc . is given as [42]:

QCA,tec = hC,tecAC,tec (TCO - TC,tec) (24)

where Ac e is the surface area of the cold side of the TECMs, T, is
the temperature of the vapor inside the condenser, Tc . is the
temperature of the cold side of the TECMs, and hc . is the free
convection heat transfer coefficient between the vapor and the cold

~
Insert the environmental parameters: Insert the solar dish parameters: Insert the Stirling engine parameters:
G,Ty Ve Dy, pa Dy, F.Ry, Vg
J
is Insert estimated values for (
Insert th li il ters:
Ty f st T 2est Pmest and solve Eqns. (1- I nsert the cooling coil parameters:
l 23) DCC' LCC’ mW
\
Tm.f,est = Tm,f ?
Tm,Z,est = Tm,Z? If NO
Pm,est =Pp?
l If Yes
Continue the calculations and insert the ) is
Insert the estimated values for

parameters of the TEC system:
ap; Ay, Lp: LruAp; Am kp; kn, pp: Pn,

T3 .ests Tco,est and solve Eqns.(24-42) J

LH,tecr LC,tec: tH,tec: ILn

If No . Tm,S,est = Tm,3?

Proceed calculations and solve Eqns.

Tm,co,est = Tm,co?

If Yes

(43-49)

&

Fig. 4. Flow chart of the procedures followed to solve the model of the system.
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Table 1
The input parameters of the proposed system.
Item Value unit
Environmental parameters
Solar radiation intensity, G 300—-1000 W/m?
Wind speed, V,, 0.5—-12 m/s
Ambient temperature, T, 300-310 K
Solar dish concentrator and receiver parameters
Solar dish diameter, D, 2.68 m
Reflectivity of the solar dish material, p4 0.98
Diameter of the hot side of the receiver, Dy, 0.2 m
Emissivity of the receiver, ey, 1
Stirling engine parameters
Working fluid Air
Swept volume, Vg 210 cm?
Beale number, B, 0.16
Gas constant, Ry 287 J/kg-K
Engine cycle frequency, F 25 Hz
Cooling coil parameters
Diameter of the cooling coil, Dcc 0.03 m
Length of the cooling coil, L¢¢ 2 m
Mass flow rate of the saline cooling coil, my, 0.02 kg/s
TECMs parameters
Seebeck coefficient ap = o =3.47 x 104 V/K
Thermal conductivity kp =kn =0.97 W/m-K
Electrical resistivity pp =py =133x107° Q.m
Length of the legs Ly =L, =14 mm
Cross-sectional area of the legs Ap =Ap =19 mm?
Number of thermoelectric leg pairs n = 12000
Vacuum evaporator parameters
Vacuum pump efficiency, nyp 0.85
Mass modified accommodation factor, ap 107
Solute concentration, Cs 3.5 %
Cross-sectional area of the evaporator, Ae, 0.2 m?
side of the TECMs. hc g is given in terms of Rayleigh and Nusselt
QH‘tec = hH,teCAH‘tec (TH,tec - Tm3) (28)

numbers as [46]:

Lc,
NuCteC:hC,tec X k fec (25)
W,co
NUc fec = e tec ¥ Rag”{zfc (26)

8B (Tco - TC,teC)L%,tec

Uw,co®w,co

Rac tec = (27)

And the heat rejected by the hot side of the TECMs to the saline
water is given as [42]:

Table 2
Comparison between the present system and Al-Dafaie et al. system.

where Ay re¢ is the surface area of the hot side of the TECMs, T e is
the temperature of the hot side of the TECMs, Tp, 3 is the average
temperature of the saline water through the TECMs unit (given in
Eqn. (29)), and hy e is the forced convection heat transfer coeffi-
cient between the hot side of the TECMs and the saline water. hy ro¢
is given in terms of Reynolds, Nusselt, and Prandtl numbers as [47]:

T3;+ T

Ty =-210-30 (29)
o LHﬁtec

Nuy tec = hHﬁtec X 70— (30)

kw.3

Item Al-Dafaie et al. [19]

Present Work

Main components of the system

cold side of the engine.

Type of the work Theoretical
Main Parameters:

Solar dish diameter 10.75 m
Receiver diameter 0.2 m
Reflectivity of the dish material 0.935
Solar radiation intensity 700

Net output power 14 kW
Hot chamber temperature 1083 K

Cold chamber temperature 330K
Distillated water 24 kg/day

Solar dish Stirling engine system cooled
with a porous solar still installed on the

Solar dish Stirling engine system cooled with

a saline water that distilled in a vacuum evaporator
and condensed by TECMs condenser.

Theoretical

10.75 m
0.5m
0.935

700
15.019 kW
1231 K
330K

35 kg/day
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Item

Eames et al. [50]

Present Work

Main components of the system

Type of the work

Compared Parameters:

Solar collector/dish area
Feed-water mass flow rate
Working pressure

Evaporator temperature Water
productivity

Net electrical output power
Best advantages

Major limitations

Barometric desalination system powered by solar collector

Experimental and theoretical

4.727 m?

0.1 kg/s (average)

0.5 kPa

348 K (average)

30 kg/day

No electrical power generated

Lower cost

Self-cooling system

No electrical output

Needs 10.3 m height to create a vacuum.

Vacuum evaporator desalination system powered by
solar dish Stirling engine and cooled by TECMs.
Theoretical

4.727 m?

0.1 kg/s

17 kPa

309 K

25 kg/day

950 W (average)

Provides both electricity and desalinated water.

High initial cost.

N roc = 0.023 x Rel/3 x Pro (31)
4my,
Rey tec=—H- (32)
’ Thw.3D3
In terms of the TECMs specifications, Qc tec, Qi tec are given as
[48]:
1800 ; ;
—o—atV_ =2m/s
1600 —&—atV_=5m/s
—<—atV_ =10m/s
1400 1
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w 1000 1
]
o
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(b)
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Qe tec =1 % [T el = 0.5 PR+K (Tc tee ~ Trzec) | (33)
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Fig. 5. Relationship between the solar radiation with the (a) output power of the Stirling engine, (b) efficiency of the Stirling engine, (c) engine hot chamber temperature, and (d)
the outlet temperature of the saline cooling water at different wind speeds.
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Fig. 6. The relationship between the solar dish diameter with the (a) output generated
power and (b) outlet temperature of saline cooling water from the cold chamber of the
SE for different working fluids.

a=ap — oy (35)
D n
p Ly

R=ppgl + by (37)

The power consumed by the TECMs is given as:

Ptec = QH‘tec - QC.tec (38)

Inside the vacuum evaporator, the evaporation rate is given as
[35]:

ey — A f(cs>p5%_>i? s (39)
f(C)=1—0.0054 C (40)

where p(Ty,;) is the vapor pressure at the inlet temperature of the
saline water into the vacuum evaporator and p(T,) is the vapor
pressure at the temperature of the condenser. The vapor pressure at
a given temperature is given as [49]:

335

° T2,o

= Ts.o

330+

325

320

315

T2,o, T3,o [K]

310

305 1 1 1 1 1 1
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490 1 1 1 1 1 1 06
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G [Wim?]

(b)
335 ; ; ; ; ;
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320

Th,tec, Tc,tec: [K]

315

310 . . . . . .
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G [Wim?]

(c)

Fig. 7. The relationship between the solar radiation and the (a) temperatures of the
saline water at the hot side of the TECMs, (b) the consumed power and the COP of the
TECMs, and (c) the cold and hot side temperatures of the TECMs.

(63.0427LT3-576.2558 ln(T))

p(T)=100 x e (41)

The power consumed by the vacuum pump is estimated as:

Pyp =V (Patm — Pey) /vp (42)

V= m€V/pw7ev (43)
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Fig. 8. The relationship between the solar radiation and the (a) daily productivity and
net output power of the system, (b) consumed power by the TECMs and the vacuum
pump, and (c) the overall efficiency of the system at different solar dish diameters.

Finally, to assist the performance of the system, the efficiency of
the Stirling engine, the net electrical output, the daily desalinated
water, and the overall efficiency of the system are given as:

PSE (44)

=100 x ——>=
sk (Pse + Quo)

Pnet = Psg — (Prec + Pyp) (45)

Myistitled = Mev*3600*Npy (46)
Pret +

Nsystem = ne?TnQeu (47)

where Qg, is the required heat to evaporate the saline water and
given in Eqn. (48), Qsun is the solar power incident on the solar dish
concentrator and given in Eqn. (47).

Qev = mevhfg (48)

qun = GAd (49)

The previous equations (1—49) were solved simultaneously by
using the Engineering equation solver (EES) with trial and error
approach, as shown in the flow chart in Fig. 4. The input data
through the simulation process are listed in Table 1. It should be
mentioned that the environmental data were selected based on the
nominal conditions of the summer season in Jordan.

4. Results and discussion

In this part of the paper, the validation of the proposed model is
presented via the comparison with theoretical and experimental
published works under the same conditions. Also, the effects of the
major parameters on the performance of the system were dis-
cussed. This is done by changing the value of a parameter while the
other parameters keep fixed at the values presented in Table 1.

4.1. Model validation

To validate the proposed thermodynamic model of the present
system; the obtained results compared with published theoretical
and experimental results of previous similar works. The results of
the solar dish Stirling engine with the desalination process are
compared with the theoretical published work by Al-Dafaie et al.,
as shown in Table 2. The fundamental difference between the
systems is in the desalination method. Al-Dafaie et al. system uses a
porous desalination unit installed on the cold chamber of the
Stirling engine, while the present work uses a vacuum evaporator
with TECMs condenser. For the same major parameters, the results
show a good agreement (see Table 2). The diameter of the hot
receiver in the present work selected to be 0.5 m at a solar dish
diameter of 10.57 m. This is due that the use of 0.2 m receiver
diameter results in a divergent solution. Also, since the present
system uses an effective evaporation and condensation methods,
the productivity is higher.

Table 3 shows a comparison between the present work and the
theoretical and experimental published work by Eames et al. [50].
The major differences between the compared systems are in the
method of receiving solar energy, the cooling method, and the
output of the system. The present work uses the solar dish
concentrator while the Eames system uses the solar collector. Also,
the current cooling method is by use of TECMs condenser while the
Eames system uses a heat exchanger between the feed water and
the water vapor. Finally, the outputs of the present system are
electricity and desalinated water, while Eames system provides
only desalinated water. For the same major parameters, the results
show a good agreement, as shown in Table 3. Eames system yields
higher productivity due to the lower operating pressure and higher
feed water temperature to the evaporator. However, the present
proposed system produces electrical power, while the Eames
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Table 4

Comparison of the proposed system at four different cases at solar radiation of 700 W/m?, ambient temperature of 300 K, and wind speed of 5 m/s.
Case # Components Myisttilled (kg/day) Ppet (W) Nsystem (%)
Case 1 Stirling engine + Preheating + TEC modules + Vacuum evaporator 40.96 629 64.44
Case 2 Stirling engine + TEC + Vacuum evaporator 34.14 629 54.87
Case 3 Stirling engine + preheating + Vacuum evaporator 11.74 1126 34.53
Case 4 Stirling engine + Vacuum evaporator 239 1007 22.84

system consumed it.
4.2. Performance of the solar dish Stirling engine system

The performance of the solar dish Stirling engine system
affected by number of uncontrollable parameters (such as the solar
radiation and wind speed) and by controllable parameters selected
by the designer (such as the solar dish diameter, reflectivity of the
solar dish material, swept volume of the Stirling engine, working
fluid of the Stirling engine, and the mass flow rate of the cooling
water). The effects of these parameters on the performance of the
system are discussed in this section.

Fig. 5(aand b, ¢, and d) shows the relationship between the solar
radiation and the output power of the Stirling engine, Stirling en-
gine efficiency, temperature of the HCSE(receiver), and the outlet
temperature of the saline cooling water from the cold side of the
Stirling engine, respectively. Also, Fig. 5 shows the effect of the
wind speed on the same output parameters. It can be noted that the
output power of the Stirling engine and its efficiency increases with
the increase of the solar radiation (Fig. 5(a and b)). This indicates
that the increase of the input energy is more than the increase in
energy losses. However, at the same solar radiation, higher wind
speed increases the losses to the ambient and decreases the output
power and efficiency. These results correspond to those obtained by
the theoretical model proposed by Lai et al. [51]. In summer season,
at solar radiation of 700 W/m?, wind speed of 5 m/s with a solar
dish diameter of 2.68 m, the output power of the engine is 1200 W
with an efficiency of 45.5%, hot chamber temperature of 820 K, and
outlet temperature of the saline cooling water of 316 K. At solar
radiation of 300 W/m?, the engine output power is 550 W with an
efficiency of 43%, hot chamber temperature of 580 K, and outlet
temperature of the saline cooling water of 307 K.

Fig. 6(a and b) shows the relationship between the solar dish
diameter with the output power of the SE and the outlet temper-
ature of the saline cooling water for different working fluids of the
SE. It is straightforward that a larger solar dish diameter provides
higher output power due to the increase of the concentrated solar
energy. Also, it can be noted that the generated power for hydrogen
is two-to-three times higher than of the air (as shown in Fig. 6 (a)).
This is returned to the thermodynamic properties of the hydrogen
gas. It has the highest gas constant and low viscosity which in-
creases the heat transfer coefficient of the absorbed heat by the
engine and improves the efficiency of the Stirling engine. However,
the use of hydrogen gas as a working fluid increases the risks due to
its flammability. At solar dish diameter of 2.68 m, solar radiation
intensity of 700 W/m?, and wind speed of 5 m/s, the engine output
power was 1400 W for air and 3200 W for hydrogen which is about
two times higher than of the air. For the same conditions with a
larger diameter of 4 m, the engine output power was 2400 W for
the air and 7600 for the hydrogen which is about three times than
of the air. That is mean the hydrogen gas is more preferred for large
scale Stirling engine. Also, it can be noted that the engine output
power with helium is close to that with hydrogen. So, for high
output power and more safety, helium is more suitable than the
other gases.

The rejected heat by the SE decreases as the output electrical

power increases. The decrease of the rejected heat decreases the
outlet temperature of the saline working fluid. Since the hydrogen
gas provides the highest output electrical power, it also rejects the
lowest amount of heat to the cooling water. So, the outlet tem-
perature of the saline cooling water is minimum with the hydrogen
gas as working fluid (see Fig. 6 (b)). Also, it is noted that the outlet
temperature of the saline cooling water almost the same for the air
and nitrogen that used as a working fluid. This is due to that the
values of their gas constants are very close.

4.3. Performance of the TECMs system

The thermoelectric modules have a major function in the
operation of the proposed system. So, the variation of their per-
formance with the variation of the solar radiation intensity is dis-
cussed in this section. The outlet temperature of the saline water
from the SE unit considered as the inlet temperature at the hot side
of the TECMs. The absorbed heat by the saline water from the hot
side of the TECMs further increases its temperature to the proper
level of the vacuumed evaporation process. As mentioned before,
higher solar radiation increases the outlet temperature of the saline
water from the SE (see Fig. 7 (a)). This reduces the ability of the
saline water to absorb the rejected heat from the hot side of the
TECMs. So, higher temperatures resulted in the sides of the TECMs
and the consumed power by the TECMs increases (see Fig. 7(b and
c)). At a solar radiation of 700 W/m? and wind speed of 5 m/s, the
outlet temperature of the saline water from the SE unit is 316 K and
then heated by the TECMs to 327 K before entering the vacuum
evaporator. At these conditions, the consumed power by the TECMs
is 500 W, and the cold and hot side temperatures of the TECMs are
318 K and 328 K, respectively. The COP of the TECMs at the same
conditions is 0.71.

4.4. Performance of the vacuum evaporator system

One of the main advantages of the system its ability to provides
electricity and desalinated water. As mentioned before, the desa-
lination process occurs by the evacuation of the evaporation
chamber. In this section, the performance of the desalination unit
with the variation of the solar radiation intensity is discussed. Fig. 8
(a) shows the estimated productivity of the desalinated water
during the day (9 h) with the net output power of the system for
different solar dish diameters. At a solar radiation of 700 W/m?,
wind speed of 5 m/s, and solar dish diameter of 2.68 m, a 15 kg/day
with 1400 W net output power are obtained. At a solar dish
diameter of 3.79 m, a 42 kg/day with 2000 W net output power is
produced. Fig. 8 (b) shows the consumed power by the vacuum
pump and the TECMs. As the saline water temperature increases,
the required power to the evacuation process decreases while the
needed power for condensation slightly increases. Finally, Fig. 8 (c)
shows the overall efficiency of the system with the variation of the
solar radiation for two solar dish diameters. Up to solar radiation of
800 W/m?, the larger diameter dish system has a higher overall
efficiency. For solar radiation more than 800 W/m?, the consumed
power by the vacuum pump and TECMs increases such that the
overall efficiency starts to decline.
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Table 4 shows a comparison between the performance of the
proposed system at four cases. Case 1 presents the system with pre-
heating process implemented by the recovery of the rejected heat
from the cold side of the Stirling engine and with using TEC mod-
ules to enhance the condensation process inside the evaporator and
to heat the saline water by the rejected heat from the hot side of the
TEC modules. Case 2 is calculated using TEC modules only for
heating process of the saline water and for condensation process
inside the evaporator.

Case 3 is calculated without using TEC modules. In this case, the
condensation process is performed by convection with ambient air
and the saline water pre-heated only by the rejected heat from the
Stirling engine. Case 4 is calculated without pre-heating process
and without using TEC modules. As can be noted from Table 4, the
pre-heating process (case 3) increases the productivity from
2.39 kg/day to 11.74 kg/day and the overall efficiency from 22.84%
to 34.53%. This is because that the preheating process increases the
temperature of the water which improves the evaporation and so
the productivity of the distilled water. Also, the preheating process
enhance the efficiency of the Stirling engine by the efficient cooling
of the cold chamber. The TEC modules (without preheating, case 2)
have greater effect in the productivity and the overall efficiency of
the system. They increase the productivity from 2.39 kg/day to
34.24 kg/day and the efficiency from 22.84% to 54.87%. This is due
to the efficient condensation by the cold side and the heating of the
saline water by the hot side of the TEC modules. However, the net
produced power is decreases from 1007 W to 629 W. Finally, the
combination of the preheating process with TEC modules increases
the productivity of the system from 2.93 kg/day to 40.96 kg/day and
the overall efficiency of the system from 22.84% to 64.44%.

5. Conclusions

In this paper, a novel and interactive solar power generation and
water desalination system has been introduced. The system
composed of a solar dish Stirling engine unit used to generate
electrical power, thermoelectric cooler modules (condenser), and
vacuum evaporator. The saline water heated by the heat rejected
from the Stirling engine and the TECMs. Part of the generated po-
wer used to operate the TECMs and the vacuum pump. A steady-
state mathematical model has been introduced and validated by
the comparison with similar theoretical and experimental pub-
lished systems. The simulation process performed by the EES pro-
gram and the results show that:

e The performance of the solar dish system is improved with high
solar radiation intensity, low wind speed, large dish diameter,
high solar dish reflectivity, low mass flow rate of the saline
cooling water, and an optimized swept volume of the SE.

e The use of hydrogen gas as a working fluid of the SE provides the
highest output power. However, the helium gas is more suitable
for a high output power system with more safety than hydrogen.

e The performance of the TECMs is negatively affected by the in-

crease of the solar radiation intensity.

The performance of the vacuum evaporator is positively affected

by the increase of the solar radiation intensity.

e The preheating process increase the productivity of the system
from 2.93 kg/day to 11.74 kg/day. The TEC modules increase of
the productivity from 2.39 kg/day to 34.14 kg/day. While the
combination of the preheating and the TEC modules increases
the productivity from 2.93 kg/day to 40.96 kg/day. However, the
TEC modules consume about 45% of the output power of the
Stirling engine.

Finally, at the specified parameters in Table 1 with a solar

radiation of 700 W/m?, wind speed of 5 m/s, and ambient tem-
perature of 300 K, the output power of the SE is 1275 W, the
consumed power by the TECMs is 506 W, the consumed power by
the vacuum pump is 266.2 W, the net electrical output power is
502.8 W, and the daily desalinated water is 28 kg/day with an
overall system efficiency of 65.8%, SE efficiency of 45%, a COP of the
TECMs of 0.8, hot chamber temperature of 818 K, cold chamber
temperature of 367K, and a saline water temperature at the inlet of
the vacuum evaporator of 322 K.
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