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A B S T R A C T

To meet the high cooling and fresh water demands in hot and arid regions, a novel integrated solar cooling and
solar distillation system is introduced. The system consists of a solar ejector cooling system integrated with
single-slope solar still. The proposed novel system is the first study to integrate two solar systems for cooling and
water production with outputs significantly higher than any existing system. A steady state thermodynamics
model is developed based on the mass, momentum and energy conservations and the performance of the in-
tegrated system is investigated. Results showed that the productivity of the solar still is enhanced by increasing
the evaporation rate (using heating coil) and by increasing the condensation rate (using cooling coil).
Simultaneously, this improved the COP of the ejector system by enhancing its entrainment ratio with slight
increase in the required solar collector area. The performance of the system is investigated further for four
different scenarios of integration between the solar ejector cooling and solar distillation systems. Results showed
that the productivity of the still is five times higher than that of the conventional solar still. The effects of the
major operating parameters on the performance of the system with R134a as the working fluid are investigated
and analyzed. At a solar radiation of 500 W/m2, generator pressure of 3.3 MPa, generator temperature of 365 K,
evaporator temperature of 283 K, a cooling capacity of 10.4 kW and distilled water of 8.10 kg/day are obtained.
The annual produced water considering the hourly variation of the radiant flux was 5067 kg/year, which is 5.7
times more than the conventional systems. The estimated cost of one liter distilled water per 1 m2 area of the
present solar still is $0.04, which is only 18% of the water cost of other still technologies. Moreover, the per-
formance of additional four working fluids is compared in terms of COP, cooling capacity, required solar col-
lector area and still productivity, based on which, R134a working fluid was recommended for its overall per-
formance.

1. Introduction

In hot climate regions, cooling demand has the largest share of the
consumed energy and contributes the most to the peak load of the grid
(Shublaq and Sleiti, 2020). At the same time, these regions usually
suffer from shortage of sustainable potable water resources (Kumar and
Martin, 2014). However, these regions receive relatively high intensity
of solar radiation energy that could be harnessed to operate an in-
tegrated cooling and water production system with superior perfor-
mance potential, which is the main goal of the present study. The in-
tegrated system may consist of an air conditioning system, using solar
cooling technology, and a fresh water production system, using dis-
tillation technology (Abdel-Rehim and Lashine, 2012; Ghali et al.,
2010). There are several solar cooling technologies that have been
proposed in open literature including thermoelectric (Daghigh and

Khaledian, 2018), photovoltaics (PV) modules (Opoku et al., 2018),
absorption (Xu and Wang, 2018), adsorption (Pan et al., 2019), and
ejector systems (Al-Nimr et al., 2020). Similarly, many solar distillation
technologies have been studied with different designs and various en-
hancement techniques (Das et al., 2020).

The advantages of solar ejector cooling technology include its sim-
plicity and its low cost compared to the other solar technologies
(Zeyghami et al., 2015). This is particularly true in comparison, for
instance to the cost of the thermoelectric cooling that is high relative to
other technologies in addition to that fact that their cooling capacity is
limited (Daghigh and Khaledian, 2018). The absorption refrigeration
systems are suitable for large and commercial cooling systems, other-
wise, the large size of their units, safety, and maintenance issues make
them undesirable option (Alobaid et al., 2017). The PV technology
could and is certainly being used to power conventional electrical
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refrigeration and air conditioning systems, however, the high cost of
their storage batteries forms a major barrier for their applications
(Hasanuzzaman et al., 2016). Another attractive advantage of the
ejector systems that makes them the preferable choice in the present
study, is that they can be powered by ultra-low temperature heat source
achievable by using solar evacuated tube collectors (Zhang et al., 2012)
or using the available thermal energy from several waste heat resources
(Petrenko et al., 2011).

On the negative side, the solar ejector cooling systems have rela-
tively low Coefficient of Performance (COP); usually less than 1 and the
operation of the ejector is not stable at off-design conditions. For these
reasons, numerous studies have been conducted to improve the per-
formance of the ejector as a component or as a cooling system
(Tashtoush et al., 2019a). As a component, the performance of the
ejector can be improved by optimizing its design parameters. It is found
that the position of primary nozzle exit is the most important factor that
affects the performance of the ejector (Yan et al., 2016; Pounds et al.,
2013; Zhu et al., 2009). Other parameters including area ratio, length of
mixing section, shape of the nozzle exit, angle of converging section,
geometry of the mixing section, and diffuser size also have significant
effects on the performance of the ejector (Yapici et al., 2008; Jia and
Wenjian, 2012; Wu et al., 2014). Modifying the ejector geometry is
another approach for its improvement as a component. For instance,
dual-nozzle ejectors (Zhu et al., 2014; Zhou et al., 2013) and variable-
geometry ejectors (Gutiérrez and León, 2014; Chen et al., 2017c) are
example of this approach.

As a system, the design and ejector performance are inherently af-
fected by the operating conditions, which are mainly the generator,
evaporator, and condenser pressures and temperatures (Yan et al.,
2017). An ejector can be designed to perform well at specified operating
conditions (design conditions, but as these conditions change, its per-
formance rapidly deteriorates. To address this, many researchers con-
ducted theoretical and experimental studies to find out the relation-
ships between the main operating conditions and the ejector design and
performance. However, more advanced technologies that could achieve
a performance improvement within the whole operation range are
proposed. For instance, (Tang et al., 2017; Tang et al., 2018c) have
proposed auxiliary entrainment and combined auxiliary entrainment
technologies to suck more entrained steam. Also, they used pressure
regulation technologies to optimize the entrainment passage of the
blocked entrained flow, as well as the combined pressure regulation
(Tang et al., 2018a, 2018b). Furthermore, Tang et al have presented
visualization experimental study of the condensing flow regime in the
transonic mixing process of desalination-oriented steam ejector (Tang
et al., 2019). This study is important for reduction of internal irrever-
sible losses and tailoring ejector design, as well as refining and evalu-
ating physical and mathematical two-phase flow models of steam
ejectors. Another key factor for enhancing the overall performance of
the ejector cooling system, is the selection and the choice of the
working fluid. Several studies have investigated the performance of
several working fluids in ejector cooling system. Based on the range of
the operating conditions, different working fluids have been

Nomenclature

Symbols

A area [m2]
a speed of the sound [m/s]
cp specific heat [J/kg.K]
d diameter [m]
G solar radiation intensity [W/m2]
Gr Grashof number
h specific enthalpy [J/kg.K]
h the convective heat transfer coefficient [W/m2.K]
k thermal conductivity [W/m.K]
L length [m]
M Mach number
ṁ mass flow rate [kg/s]
N number of sun shining hours per day [h]
P pressure [Pa]
Pr Prandtl number
Q heat transfer rate [W]
R gas constant [J/kg.K]
T temperature [K]
V velocity [m/s]

Greek symbols

η efficiency [%]
γ specific heat ratio
φ coefficient of frictional losses
ω entrainment ratio
τ transmittivity of the glass
α absorptivity of saline water
ε Emissivity

Subscripts

1, 2, t, m, c, g, p, e,… states and positions presented in Fig. 1, Fig. 2,

and Fig. 4
A to ambient air
c,gl-a of convection from the glass cover to the ambient air
co,ss of cooling coil in the condenser chamber of the solar still
c,sw-gl of convection from saline water to the glass cover
Ej ejector system
ev, sw-gl of evaporation from the saline water to the glass cover
Gl of the glass cover
h,ss of heating coil in the basin of the solar still
r,sw-gl of radiation from saline water to the glass cover
r,gl-sky of radiation from the glass cover to the sky
Sc of the solar collector
Sky of the sky
Sw of the saline water

Abbreviations

COP Coefficient of performance
CSS Conventional Solar Still
GWP Global warming potential
ODP Ozone depletion potential
PBP Payback period in years
S1 Scenario 1: ejector system isn’t coupled with solar still

system
S2 Scenario 2: ejector system is coupled with solar still

system via heating coil
S3 Scenario 3: ejector system is coupled with solar still

system via cooling coil
S4 Scenario 4: ejector system is coupled with solar still

system via heating and cooling coils
SES Solar ejector system
SSS Solar still system
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recommended (Chen et al., 2014; Chen et al., 2017b).
Regarding the solar distillation technologies, there are numerous

studies that attempted to improve the performance of the domestic
solar still units. These improvements can be briefly classified into four
approaches: a) changing the operating mode of the still from passive to
active operation (Manokar et al., 2018), b) changing the geometry of
the still (such as double-slope, tubular, spherical, and pyramidic solar
stills) (Kabeel et al., 2020), c) enhancing the evaporation rate by in-
tegrating with solar collector (Sathyamurthy et al., 2017), using phase
change materials (Abu-Arabi et al., 2020; Al-harahsheh et al., 2018),
and d) enhancing the condensation rate by cooling the glass cover,
adding finned condensation chamber, using thermoelectric cooler
modules, and by multi-effect condensation (Omara et al., 2017).
However, most of these techniques, while only slightly improved the
solar still productivity, they resulted in increasing the cost of distillation
and adding more complexities compared to the conventional solar still.

The integration of the solar still with other heating, cooling, and
power generation systems is another method to boost the overall effi-
ciency of the solar system. Only few studies, found in open literature,
investigated the enhancement of the still productivity by integration
with air conditioning/cooling system. Ghali et al. (2010) theoretically
studied the integration of a solar still with a conventional air condition
system. They attempted to optimize the operation of the system for
minimum energy consumption, while meeting the cooling and fresh
water need of a residential space in the suburbs of Beirut. They reported
that the cost of freshwater production of the combined system is 0.108
kWh/ liter for the month of August and 0.12 kWh/liter of fresh water in
October. Another study of a combined solar still with a conventional air
condition system is introduced by Abdel-Rehim et al (Abdel-Rehim and
Lashine, 2012). They conducted an experimental study using a system
composed of a 1 m2 conventional solar still, 2.5 HP compressor with
R22 as the working fluid, rectangular condenser with 54.5 × 61 cm2

dimensions and evaporator cooling coil that is rectangular with
30.5 × 104 cm2 dimensions. They reported a maximum freshwater
productivity of only 29 Liters in daytime of June 5, 2009.

From the above discussion, it is clear that the available in open
literature studies and technologies of integrated cooling and freshwater
production systems are very limited and suffer from low COP and low
water productivity. In the present study, however the performance of

the solar still system is improved significantly by enhancing the eva-
poration and condensation rates via integration with solar ejector
cooling system. The novelty of the present study is that (1) this in-
tegration of the ejector and still systems has not been introduced before
in open literature; (2) in contrasts to studies in open literature, the two
integrated systems are both solar and (3) the outputs (cooling effect and
water productivity) of the proposed system are significantly higher than
any existing system. The heat addition is enhanced by passing the hot
working fluid of the ejector system through the solar still basin before
entering the primary port of the ejector. While the heat removal is
enhanced by passing the cold working fluid of the ejector through the
condensing chamber of the still. This way, the performance of both
systems is boosted with only slight increase in the required solar col-
lector area and the condenser load compared to the unintegrated sys-
tems. The present study is organized in several sections; the system
description and its operating mechanism is presented in Section 2. The
thermodynamics model of the ejector and the solar still systems is de-
veloped based on the momentum, energy, and mass balance principles
and is explained in Section 3. The effects of the major parameters in-
cluding the generator pressure and temperature, evaporator tempera-
ture, solar radiation intensity and the used working fluids are discussed
in detail in Section 4.

2. System description

Fig. 1 shows a schematic diagram of the proposed system. It consists
of solar ejector system (SES) integrated with solar still system (SSS).
The ejector system (right hand side of Fig. 1) is composed of cooling
equipment including the condenser, expansion valve, evaporator and
ejector device. The ejector works as a compressor to raise the pressure
of the evaporator working fluid to the condenser pressure. The working
fluid is condensed in the condenser (state 4) and then splits into pri-
mary (state 5) and secondary (state 7) flows. The secondary fluid flow is
throttled in the expansion valve then evaporates in the evaporator by
absorbing heat from the air of the air-conditioned space. The saturated
temperature of the evaporator in the ejector cooling and air con-
ditioning systems is usually designed within the range of 278–283 K
(Saengmanee, 2017). The working fluid at this temperature range can
be used for further cooling. So, it passes through the condensing

Fig. 1. Schematic diagram of the proposed system.
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chamber of the solar still system to enhance the condensation of the
freshwater vapor. Then the secondary working fluid is proceeded to the
ejector (state e) to be compressed to the condenser pressure and then
the process is repeated. The primary fluid flow (state 5) is pumped to
high pressure by the pump and heated to supercritical conditions inside
the generator. The high-pressure primary flow then passes through the
basin of the solar still (state 6) to heat and raise the temperature of the
saline water. This, in turns, enhances the evaporation rate of the saline
water. After that, the primary flow is directed to the primary inlet port
of the ejector (state g). The ejector performs the compression process by
converting the enthalpy energy of the high-pressure primary flow into
mechanical energy used to compress the secondary flow (explained in
detail in Section 3.1).

In the present work, the generator of the ejector system is heated by
hot water. The hot water is being heated by solar energy utilizing
evacuated tube solar collector (ETSC). The ETSC can supply hot water
with temperature higher than 373 K. To maintain continuous and stable
operation, a storage tank of hot water must be included in the solar
collector loop as shown in Fig. 1. On the left-hand side of Fig. 1, the
solar still system consists of saline water basin with heating coil (im-
mersed inside it), condensing chamber with cooling coil, solar still
structure and glass cover to pass the solar radiation of the sun to the
basin. The incident solar radiation is absorbed by the basin saline water
with small part being reflected by the glass cover. With the increase of
the basin temperature, the saline water starts to vaporize generating
freshwater vapor (FWV). The FWV is transferred to the condensing
chamber and to the inner surface of the glass cover to be condensed.
The condensed water (fresh water) is collected (in a tank) for domestic
use.

The proposed integrated system utilizes the solar energy to produce
cold air (for air conditioning applications) and to produce fresh water.
Compared to the conventional solar still, the integration of both sys-
tems makes it possible to enhance the productivity of the solar still with
the addition of only two simple coils (heating and cooling coils).
Furthermore, the COP of the ejector system is improved due to the
further heating of the secondary flow inside the solar still. This means
that there is an interactivity between the integrated solar ejector and
the solar still systems as shown by Fig. 2.

3. Thermodynamics modeling

Huang (1999) presented a mathematical model for constant pres-
sure mixing ejector. Their model predicts the ejector performance at
critical-mode operation. Also, they have verified their model experi-
mentally using 11 ejectors with R141b as working fluid. While their
model was used by many published studies, the error of the model is
very high and in some configurations, the resulted error reached 22%.
Recently, their model was improved as discussed in detail in the review
presented by Tashtoush et al. (2019b). In the present study, to simplify
the integration of the ejector model with the solar still mode during the
calculations of their performances, the improved ejector model devel-
oped by Huang (1999) is adapted and verified within the modeling of
the solar ejector system. Also, a steady-state thermodynamic model of
each system has been developed based on the conservation principles of
energy, mass and momentum. This thermodynamics model of the
ejector system is presented in Section 3.1 and the model of the solar still
system is presented in Section 3.2.

3.1. Solar ejector system model

As shown in Fig. 3, the ejector consists of two inlet ports and one
outlet port, suction chamber, constant-area section and diffuser. The
high-pressure primary fluid enters the ejector at state (g), accelerates in
the converging-diverging nozzle, and discharged to the suction
chamber. The increase of the primary flow velocity alongside with the
decrease of its pressure leads to creating a low-pressure region in the

suction chamber to entrain the secondary flow at state (e). Both the
primary and secondary flows are mixed (through y-m section), chocked,
and discharged by the diffuser to the condenser pressure at state (c).
Depending on the value of the pressure at the ejector outlet (Pc) relative
to a critical value (critical backpressure Pc*) and a limited operational
pressure of the condenser Pco, the operation of the ejector is classified
into three modes:

• Critical mode (double-chocking) at Pc < Pc*.

• Subcritical mode (single-chocking) at Pc* < Pc < Pco.

• Back-flow mode (malfunction) at Pco < Pc.

As mentioned above, in the present system, the ejector model de-
veloped by Huang (1999) is used. This model is developed based on the
following assumptions:

(1) Steady-state operation.
(2) The working fluid is an ideal gas with gas constant (R) constant

specific heat (cp), and constant specific heat ratio (γ).
(3) The kinetic energies at the inlet and exit ejector ports are negligible.
(4) The primary and secondary flows start mixing at the cross-section y-

y with constant pressure Ppy = Psy.
(5) The entrained flow is choked at the cross-section y–y (hypothetical

throat).
(6) The inner wall of the ejector is adiabatic.

Referring to Fig. 3 and the T-s diagram in Fig. 4, for a given pressure
and temperature of the primary flow (Pg, Tg), the primary mass flow
rate is given as:

= ×
+
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where ηp is the isentropic efficiency of the compressible flow in the
nozzle. The Mach number Mp1, the cross-sectional area Ap1, and pres-
sure Pp1at the exit of the primary nozzle are related to each other using
Eqs. (2) and (3):
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Through the primary flow core (section 1-1 to section y-y in Fig. 3),
the Mach number Mpy and the cross-sectional area Apy are calculated
from Eqs. (4) and (5):

Fig. 2. The working principle of the proposed system.
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where φp is a coefficient accounts for the losses of the main flow through
the section 1-1 to y-y. The pressure of the primary flow Ppy is equal to
the pressure of the secondary flow Psy. At chocking condition ( =M 1sy )
and specified evaporator pressure Pe, the secondary flow pressure Psy is
calculated from Eq. (7):

≈ +
− −P
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γ γ2 /( 1)
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Also, at the chocking condition, the secondary flow rate (entrained
flow rate) is given as:

= ×
+

+ −m
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where ηs is the isentropic efficiency of the secondary flow.
Based on assumption 5, the cross-sectional area A3 is calculated as

the summation of the primary and entrained flow areas Apy and Asy,
respectively (as shown in Eq. (9)). However, the entrainment chocking
may occur in the mixing section and the area of the entrained flow Asy
varies with the operational parameters as discussed by Tang et al.
(2020):

≈ +A A Apy sy3 (9)

The temperatures and Mach numbers of the primary and secondary
flows at section y-y are given as:

Fig. 3. Schematic diagram of the ejector.

Fig. 4. T-s diagram of the ejector cooling cycle.
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At section s-s, a chock takes place with sharp rise of the mixed flow
pressure alongside with reduction in the mixed flow velocity Vm that is
obtained from the conservation of momentum as expressed by Eq. (12).

+ = +φ m V m V m m V[ ̇ ̇ ] ( ̇ ̇ )m p py s sy p s m (12)

Similarly, the temperature of the mixed flow can be obtained from
the energy balance as expressed in Eq. (13):
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where the gas velocities of the primary flow Vpy and secondary flow Vsy
at section y-y are given as:

= × =V M a a γRT;py py py py py (14)

= × =V M a a γRT;sy sy sy sy sy (15)

The Mach number of the mixed flow is given as:

= =M V
a
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m
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The pressure P3 and Mach number M3 at section 3-3 (inside the
constant area section) are given as:
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The pressure at the exit of the diffuser (state c) is calculated from
Eq. (19):
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The performance of the ejector (as a component) is evaluated by the
entrainment ratio given as:

=ω m
m

̇
̇
s

p (20)

While the performance of the ejector cooling cycle is expressed in
terms of the coefficient of performance COP as flows:

=
− +

COP Q
Q Q W( ) ̇

e

ETC h ss pump, (21)

where Qe is the cooling capacity of the evaporator, Ẇpump is the power
consumed by the pump of the generator loop, and Qh ss, is the heat added
to the basin water of the solar still by the primary flow. Furthermore,
the overall efficiency of the ejector system is given as (Varga et al.,
2009):

= ×η η COPej sc (22)

where ηsc is the solar collector efficiency, which is given in terms of the
optical efficiency (F τα( )R ) and the loss coefficient (F UR L) as (Duffie and
Beckman, 2013):

= −
−

η F τα F U
T T

G
( ) ( )sc R R L

coll in a,
(23)

With aid of the T-s diagram (Fig. 4) and the schematic of the in-
tegrated system (Fig. 1), the cooling capacity of the evaporator is given
as (Cengel and Boles, 2015):

= −Q m h ḣ ( )e s 8 7 (24)

where = = =h h P P x( , 1)e8 and = = = =h h h P P x( , 0)c7 4 .
Defining Qco ss, as the heat absorbed from the condensing chamber of

the solar still by the secondary flow, it can be calculated as:

= = −Q m cp T T T Ṫ Δ ; Δco ss s e co ss co ss e, 8 , , 8 (25)

where Te is the temperature of the secondary flow at the inlet of the
ejector secondary port and T8 is the saturation temperature of the sec-
ondary fluid through the evaporator. As mentioned before, Qh ss, is the
heat added to the basin water of the solar still by the primary flow. it is
given as:

= = −Q m cp T T T Ṫ Δ ; Δh ss p g h ss h ss g, 6 , , 6 (26)

where T6 is the temperature of the primary fluid at the outlet of the
generator and Tg is the temperature of the primary flow at the inlet of
the ejector primary port. QETC is the solar heat absorbed by the evac-
uated tube collector (which is equal to the heat demanded by the
generator). It is given as (Cengel and Boles, 2015):

Fig. 5. Heat transfer processes of the solar still system.
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= −Q m h ḣ ( )ETC p a6 5 (27)

where = = =h h P P T T( , )g6 6 , h a5 is calculated from the isentropic ef-
ficiency of the pump:

= −
−

η h h
h hpump

s

a

5 4

5 4 (28)

where = = =h h P P x( , 0)c4 , = = =h h P P s s( , )s g5 4 ,
= = =s s P P x( , 0)c4 . Also, the QETC can be expressed in terms of the

solar collector efficiency and surface area as:

= ×Q G A
ηETC

sc

sc (29)

where G is the solar radiation of the sun, Asc is the surface area of the
solar collectors that receive the solar radiation, and ηsc is the efficiency
of the solar collectors.

3.2. Solar still system model

In this section, the thermodynamics model of the solar still is pre-
sented. This model is developed based on the energy balance of the heat
transfer processes over the saline water and the glass cover of the still,
see Fig. 5. The following assumptions were made:

• Steady-state operating conditions.

• Small glass cover thickness and small depth of the saline water (less
than 20 cm).

• The heat losses through the solar still walls are neglected.

The energy balance over the saline water of the solar still is ex-
pressed as (see Fig. 5):

+ − + + =− − −Q Q Q Q Q( ) 0sun h ss ev sw gl c sw gl r sw gl, , , , (30)

where Qsun is the heat absorbed by the saline water from the incident
solar radiation. It is given as:

=Q τ α A Gsun gl w sw (31)

Also, the saline water absorbs more heat from the heating coil by the

pass of the primary flow of the ejector system Qh ss, (given in Eq. (24)).
−Qr sw g, is the radiative heat loss that transfers from the saline water to

the glass cover. It is given as (Cengel and Ghajar, 2015):

= −− −Q ε σA T T( )r sw gl sw gl sw sw gl,
4 4

(32)

−Qc sw gl, is the heat loss from the saline water to the glass cover that is
being transferred by convection. It is given as (Cengel and Ghajar,
2015):

= −− −Q h A T T( )c sw gl c sw gl sw sw gl, , (33)

−Qev sw gl, is the evaporative heat transfer rate from the saline water to the
glass cover and condensing chamber. It is the useful form of the heat
transfer from the saline water and it is given as (Cengel and Ghajar,
2015):

= −− −Q h A T T( )ev sw gl ev sw gl sw sw gl, , (34)

where −hev sw gl, is the evaporative heat transfer coefficient from the
saline water and given as (Kumar and Tiwari, 1996):

= × × ×
−
−−

−
−h h

P P
T T

16.273 10 [ ]ev sw gl c sw gl
sw gl

sw gl
,

3
,

(35)

P P,sw gl are the effective saturated vapor pressure at the saline water
temperature Tsw and glass cover temperature Tgl, respectively. They are
given as (Sampathkumar et al., 2010):

= −P
T

exp[25.317 ( 5144 )]sw
sw (36)

= −P
T

exp[25.317 ( 5144 )]gl
gl (37)

The −hc sw gl, is the coefficient of the convective heat transfer from the
saline water to the glass cover. It is given as in Dunkle’s model
(Sampathkumar et al., 2010):

= ×−h k
L

C Gr Pr( · )c sw gl
v

v

n
, (38)

Fig. 6. Simulation procedures of the integrated system.
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v (40)

= − +
−
× −

T T T
P P T

P
Δ ( )

( )( )
(268.9 10 )sw gl

sw gl sw

sw
3 (41)

Now, the energy balance over the glass cover and the cooling coil of
the solar still is expressed as:

+ + − + + =− − − − −Q Q Q Q Q Q( ) 0ev sw gl c sw gl r sw gl co ss c gl a r gl sky, , , , , , (42)

where Qco ss, is the heat absorbed by the secondary flow of the ejector
from the condensing chamber and given in Eq. (23). −Qr gl sky, is the ra-
diative heat loss from the glass cover to the sky and given as (Cengel
and Ghajar, 2015):

= −− −Q ε σA T T( )r gl sky g sky gl gl sky,
4 4

(43)

where Tsky is the effective sky temperature given as (Al-Nimr and Al-
Ammari, 2016):

= ×T T0.0552 ( )sky a
1.5 (44)

The convective heat loss from the glass cover to the ambient air
−Qc gl a, is given as (Cengel and Ghajar, 2015):

= −− −Q h A T T( )c gl a c gl a g g a, , (45)

where −hc gl a, is the coefficient of the heat transfer from the glass cover
to the ambient air by convection. It is given in terms of wind speed as
(Al-Nimr and Al-Ammari, 2016):

= + ×−h V2.8 3.0c gl a wind, (46)

Finally, the performance of the solar still is evaluated by the solar
still efficiency and the productivity of the still per day. The solar still
efficiency is given as (Al-Nimr and Al-Ammari, 2016):

=
× +

η Q
G A Qss

ev

sw h ss, (47)

Considering that the sun is shining from i hour to j hour of the day
and the enthalpy of vaporization of the water is hfg v, , then the amount of
the distilled water per day is expressed as:

∑= ×−m
Q

h
( ) 3600distilled

i

j
ev sw gl i

fg v i

, ,

, , (48)

where i to j is the hour in the day (7:00, 8:00, .., …, 17:00).
Using Eq. (48), the amount of the produced water can be calculated

for each and every hour in the day, month and year for any period of
interest (hourly, daily, monthly or annually).

3.3. Design point and simulation procedures

To simulate the performance of the integrated systems, the above
thermodynamics models are solved using the Engineering Equation
Solver (EES). Fig. 6 shows the flow chart and the steps of the simulation
procedures. First, the input parameters of the ejector system and of the
still system (shown in Table 1) are entered. Then, the EES automatically
solves equations (1)–(19) to calculate the value of the pressure at the
exit of the ejector Pc. If Pc ≤ Pc*, then the desired output parameters
are calculated to evaluate the performance of the system. The perfor-
mance of the system is studied and evaluated for four scenarios as
follows:

• Scenario 1 (S1): base case scenario when ejector and solar still
systems operate separately (without integration). In this scenario

= =T and TΔ 0, Δ 0h ss co ss, , .
• Scenario 2 (S2): when the ejector primary flow passes through the

heating coil without any flow in the cooling coil. In this scenario,
> =T and TΔ 0, Δ 0h ss co ss, , .

• Scenario 3 (S3): when the ejector secondary flow passes through the
cooling coil without any flow in the heating coil. In this scenario,

= >T and TΔ 0, Δ 0h ss co ss, , .
• Scenario 4 (S4): when both ejector primary and secondary flows
pass through heating and cooling coils, respectively. In this scenario

> >T and TΔ 0, Δ 0h ss co ss, ,

It is assumed that the cooling and heating coils are fabricated to
meet the required temperature difference through them. To ensure the
feasibility of their design, the desired temperature difference through
the coils is set to be 5 K. That is, in S3 and S4, the temperature of the
secondary flow at the inlet of the ejector is assumed as: = +T T K5e 7 .
Where T7 is the desired temperature of the evaporator. Similarly, the
temperature of the primary flow at the inlet of the ejector in S2 and S4
is assumed as = −T T K5g 6 . Where T6 is the temperature of the primary
flow at the outlet of the generator. Also, the selected working fluid
through the simulation is R134a. However, the effect of using different
working fluids is discussed in Section 4.6.

4. Results and discussion

In this section, the developed model of the proposed system is va-
lidated by comparing the results of each subsystem model to published
experimental results as explained in Section 4.1. Also, a parametric
analysis of the major operating parameters and their effects on the
performance of the system is performed by discussing the effects of the
generator temperature, generator pressure, evaporator temperature,
and the solar radiation of the sun. Furthermore, the effect of changing
the working fluid is discussed by comparing the results of several

Table 1
Input parameters of the integrated system.

Parameter Simulation range; (Design
Value)

Solar ejector cooling system parameters
Solar radiation intensity G (W/m2) 500; (300–1000)
Efficiency of the evacuated tube collectors ηsc (%) 68
Generator pressure Pg (MPa) 3.3; (2.7–3.7)
Primary flow temperature at generator outlet T6

(K)
365; (365–383)

Saturated temperature of the evaporator Te (K) 283; (278–288)
Isentropic efficiency of the pump ηpump (%) 85

Throat diameter dt (mm) 2.82
Area ratio (A A/p t1 ) 3.271

Area ratio (A A/ t3 ) 9.171
Isentropic efficiency of the primary flow ηp (%) 95

Isentropic efficiency of the secondary flow ηs (%) 85
Coefficient of the frictional losses of the primary

flow φp

0.88

Coefficient of the frictional losses of the mixed
flow φm

0.80

Optical efficiency of the solar collectors (F τα( )R ) 0.79
Loss coefficient of the solar collectors (F UR L) W/

m2-oC
5.2

Solar still system parameters
Wind speed Vwind , (m/s) 5
Ambient temperature Ta, (K) 308
Transmissivity of the glass coverτgl 0.79
Surface area of the glass cover Agl, (m2) 1
Absorptivity of the saline waterαsw 0.90
Surface area of the saline water Asw, (m2) 1
Emissivity of the glass cover to the sky −εgl sky 1
Emissivity of the saline water to the glass

cover −εsw gl

1

Average length between the glass cover and saline
water Lv, (m)

0.3
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working fluids at the same operating conditions.

4.1. Validation

In order to validate the results obtained by the mathematical model
of the ejector system, which is solved by the EES software and its
thermodynamics data, the obtained entrainment ratio are compared to
experimental results obtained by Huang et al. under the same operating
conditions as shown in Table 4. These results are obtained by using 11
different configurations of the ejector. Five ejectors of them have the
design of nozzle A (shown in Table 2) and different constant-section
diameters (shown in Table 3). The other 6 ejectors have the design of
nozzle E (shown in Table 2) with different constant-section diameters
(shown in Table 3). From Table 4 and Fig. 7, it can be noted that the
error at higher temperature and pressure is lower than at low tem-
perature and pressure. The resulted error ranged from 0.05 to 13.83%
with an average error of 6.11%. This difference is considered acceptable
taking into account the experimental uncertainty and the approximate
assumptions in the ejector model. The design of ejector EF is used in the
design point of this study due to its high entrainment ratio with lower
error at high temperatures. The results of the solar still model in sce-
nario 1 is compared to a set of experimental data reported by an ex-
perimental study by Madiouli et al. (2020), referred to in Table 5 as
study 3. The calculated efficiency and distillation rate obtained by the
present model are slightly higher than the reported experimental values
in study 3 (average error of 4.56% based on the efficiency values). This
may be attributed to the fact that the present model assumes no heat
losses from the bottom and side walls of the still. However, as men-
tioned above, the results are still within the experimental uncertainty.

4.2. Effect of generator temperature

Fig. 8 shows the effect of the generator temperature on the perfor-
mance of the proposed integrated solar cooling ejector system and the
solar still system. The results in this section were performed under low
radiant flux (500 W/m2), representing the low average solar irradiance
over the course of 1 day in desert regions such as Qatar (25°N, 51°E).
The performance is expressed in terms of the coefficient of performance
(Fig. 8(a)), solar still efficiency (Fig. 8(b)), solar collector area
(Fig. 8(c)), and the amount of the distilled water per day (Fig. 8(d)).
Notice that Eq. (48), in this particular case, takes the following form:

∑= × = ×−m
Q

h
W m

h
( ) 3600 ( 500 / ) 3600distilled

i

N
ev sw gl i

fg v i fg v i

, ,

, ,

2

, ,

This is because the radiant flux is taken as 500 W/m2, representing
the typical low average solar irradiance as mentioned above and it was
fixed in this case to study the effect of changing the generator tem-
perature on the performance of the system.

As shown in Fig. 7(a), the increase of the generator temperature
reduces the COP of the ejector system. This explanation for this is that
the increase of the generator temperature increases the entrainment
ratio by the decrease of the primary flow. Comparing the COP of the
various scenarios of the proposed system, S3 and S4 have the lowest
COP while S1 and S2 have the highest COP. This is attributed to that the
amount of secondary flow that enters the ejector in the cases of cooling
the solar still (S3 and S4), is lower than the amount in cases S1 and S2,
which slightly reduces the cooling capacity of the evaporator. However,
the solar collector area in scenarios 2 and 4 is larger than in scenarios 1
and 2 as shown in Fig. 7(c). This is due to the heating enhancement of
the still that increases the generator load and so the required solar
collector area. Meanwhile, the enhancement of the condensing rate of
the solar still slightly increased the load of the ejector condenser.

Fig. 8(b) shows the solar still efficiency of the various scenarios of
the proposed system with solar radiation kept fixed at 500 W/m2. It is
noted that the integration of the solar still with the ejector system

improves its efficiency. The efficiency of the conventional still is
38.33%. With heating enhancement (S2), the still efficiency increases to
56.37% with slight decrease with the increase of the generator tem-
perature. With cooling enhancement (S3), the still efficiency increases
to 62.8%. Both enhancements (S4) increase the efficiency to 77.95%
which is about twice the efficiency of the conventional still (S1). While
the efficiency of the cooling scenario (S3) is higher than of the heating
scenario (S2), the productivity of the still in the heating scenario (S2) is
higher than that of the cooling one (S3). This means that the effect of
heating enhancement in the evaporation rate is much higher than that
of the cooling enhancement effect. As shown in Fig. 8(d), the pro-
ductivity of the conventional still (S1) is 1.70 kg/day. With cooling
enhancement (S3), the productivity is 2.78 kg/day. The still pro-
ductivity with heating scenario (S2) increases to 6.90 kg/day with de-
creasing trend as the generation temperature increased. The combina-
tion of heating and cooling enhancements increases the still
productivity to 9.52 kg/day which is about five times higher than that
of the conventional still. The decrease of the still productivity with the
increase of the generator temperature in S2 and S4 is explained by the
reduction of the specific heat of the working fluid at higher generator
temperature. Finally, the required solar collector area increases with
the increase of the generator temperature. In S2 and S4, it increases
from 45.69 m2 to 50.9 m2 (with cooling capacity of 10.64 kW) while in
S1 and S3 it increases form 43.13 m2 to 49.35 m2 (with cooling capacity
of 10.5 kW).

4.3. Effect of generator pressure

In this section, the effect of the generator pressure on the perfor-
mance of the proposed system is simulated as shown in Fig. 9. The
results in this section were performed under low radiant flux (500 W/
m2), representing the low average solar irradiance over the course of
1 day in desert regions such as Qatar (25°N, 51°E). As the generator
pressure increases, the driving force of the secondary flow decreases,
leading to lower entrainment ratio (see Fig. 9(d)) and reduces the
cooling capacity. Furthermore, the primary flow increases with the
increase of the generator pressure, which leads to an increase in the
generator load. Consequently, the COP of the ejector system decreases
as the generator pressure increases as shown in Fig. 9(a). In contrast to
ejector system, the efficiency and the productivity of the solar still are
increased with the increase of the generator pressures in cases S2 and
S4 that include heating enhancement as shown in Fig. 9(b, c). This is
explained by that the added heat to the solar basin increases with the
generator pressure as a result of the primary flow increase. Similar to
the generator temperature effect, the average productivity of the solar
still in S4 is 7.6 kg/day which is five times higher than that of the
conventional still in S1 (1.7 kg/day). Also, the efficiency of solar still in
S3 is higher than that of S2, while the productivity of the still in S2 is
higher than of S3. This is because of that the cooling enhancement (S3)
does not increase the load of the generator by adding more heat to the
solar basin. Instead, it improves the evaporation rate by the increase of
the condensation rate of the fresh water vapor. This increases the
temperature difference and so the vapor pressure difference between
the saline water surface and the condensation surfaces (glass cover and
condensation chamber). Consequently, the driving force of the vapor
transmission from the solar basin to the condensing room is increased.

Table 2
Nozzle design used in the experimental work conducted by Huang et al.

Nozzle Throat diameter (dt) Exit diameter (dp1) Ap1/At

A 2.64 4.50 2.905
E 2.82 5.10 3.271
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4.4. Effect of evaporator temperature

The evaporator temperature is one of the major parameters that
affect the performance of the ejector cooling system and its cooling
capacity. The results in this section were performed under low radiant
flux (500 W/m2), representing the low average solar irradiance over the
course of 1 day in desert regions such as Qatar (25°N, 51°E). Following
the T-s diagram shape of the wet working fluid (fluid with negative
slope of the saturated-vapor line), the cooling capacity increases with
the increase of the saturated evaporator temperature. Also, the satu-
rated pressure of the evaporator increases with the increase of the
evaporator temperature. This increases the secondary flow rate and
further enhances the cooling capacity. Furthermore, the primary flow
does not change with the increase of the evaporator temperature and
the pressure at the inlet of the condenser is increased. This reduces the
consumed power by the pump of the generator loop. So, the increase of
the evaporator pressure increases the COP of the ejector system as
shown in Fig. 10(a). It can be noted that the COP of S1 and S2 are
higher than of S3 and S4. This is explained by the fact that the heating
load of the generator in S3 and S4 is more than in S1 and S2.

The productivity of the still (in each scenario) was not affected by
the increase of the evaporator temperature (See Fig. 10(b)). This is due
to fixing the temperature differences of the secondary flow through the
cooling coils to 5 K. However, the required length of the cooling coil has
to be increased with the increase of the evaporator temperature to

achieve the same temperature difference through the condensing
chamber. This is concluded by that the increase of the evaporator
temperature reduces the temperature difference between the secondary
flow and the evaporated water. This leads to lower heat transfer coef-
ficient and hence, a longer cooling coil is needed.

4.5. Effect of varying the solar radiation

The solar radiation intensity of the sun has direct effect on the re-
quired solar collector area of the ejector system and the productivity of
the solar still as shown in Fig. 11(a, c). It is a straightforward result that
the required solar collector area decreases with the increase of the solar
radiation, see Eq. (29). The most interested point is that the required
area for S2 and S4 are slightly higher than that of S1 and S3. That
means the integration of the solar still with the ejector system resulted
in significant enhancement of its productivity (by about five times
higher than that of the conventional still) with a little penalty that is an
increase in the required solar collector area. It is found that for at fixed
solar collector area of 40 m2, the cooling capacity of all scenarios (at the
design point parameters) is 10.6 kW, while the still productivity was
1.72 kg/day for S1, 4.98 kg/day for S2, 2.974 kg/day for S3, and
7.08 kg/day for S4. One of the major drawbacks of the ejector systems
is the dramatically reduction of their performance at the off-design
conditions. To maintain a stable operation of the solar ejector system
with the variation of the solar radiation, a storage tank must be in-
corporated to decrease the fluctuation of the primary flow temperature
at the outlet of the generator. As the ambient temperature is usually
high at the time of the high solar radiation, the vapor condensation
process on the glass cover becomes more difficult and this minimizes
the evaporation rate. However, the effect of higher solar radiation on
the evaporation rate is higher than the effect of the ambient

Table 3
Configurations of the constant-area section of the ejectors used by Huang et al.

Name A B C D E F G H

Diameter d3 [mm] 6.70 6.98 7.60 8.1 8.54 8.84 7.34 9.20

Table 4
Comparison of the present entrainment ratio with the experimental entrainment ratio.

Ejector Name Primary flow Secondary flow Experimental entrainment ratio Present entrainment ratio Error = ×
−

100 | |
ωexp ωth

ωexp
(%)

T [K] P [MPa] T [K] P [MPa]

AA 368 0.604 281 0.04 0.1859 0.1804 2.96
363 0.538 281 0.04 0.2246 0.2261 0.67
357 0.465 281 0.04 0.288 0.292 1.39
368 0.604 285 0.047 0.235 0.2463 4.81
363 0.538 285 0.047 0.2946 0.3002 1.90
357 0.4 285 0.047 0.3398 0.378 11.24

AB 363 0.538 281 0.04 0.2718 0.2701 0.63
357 0.465 281 0.04 0.3117 0.3424 9.85

AC 368 0.604 281 0.04 0.2814 0.3128 11.16
363 0.538 281 0.04 0.3488 0.3737 7.14
357 0.465 281 0.04 0.4241 0.4614 8.80

AD 368 0.604 281 0.04 0.3457 0.3935 13.83
363 0.538 281 0.04 0.4446 0.4638 4.32
357 0.465 281 0.04 0.5387 0.5647 4.83
368 0.604 285 0.047 0.4541 0.4949 8.98
363 0.538 285 0.047 0.5422 0.5775 6.51
357 0.465 285 0.047 0.635 0.6961 9.62

AG 368 0.604 281 0.04 0.2552 0.2728 6.90
363 0.538 281 0.04 0.304 0.3292 8.29
357 0.465 281 0.04 0.3883 0.4103 5.67
368 0.604 285 0.047 0.3503 0.3541 1.08
363 0.538 285 0.047 0.4034 0.4205 4.24
357 0.465 285 0.047 0.479 0.516 7.72

EC 368 0.604 281 0.04 0.2273 0.2394 5.32
368 0.604 285 0.047 0.304 0.315 3.62

ED 368 0.604 281 0.04 0.2902 0.3101 6.86
EE 368 0.604 281 0.04 0.3505 0.3761 7.30
EF 368 0.604 281 0.04 0.3937 0.4231 7.47

368 0.604 285 0.047 0.4989 0.5294 6.11
EG 368 0.604 281 0.04 0.2043 0.2044 0.05
EH 368 0.604 281 0.04 0.4377 0.4817 10.05

Average error 6.11
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temperature on the condensation rate. This means that the still pro-
ductivity increases with the increase of the solar radiation and so the
solar still efficiency as shown in Fig. 11(c). Moreover, it is noted that
the slop of the solar still efficiency in S1 and S3 is higher than in S2 and
S4. This is explained by that the heating enhancement slightly reduces
the effect of the direct solar radiation on the evaporation rate of the still
and maintains the solar still efficiency nearly at constant value. In S1, as
the solar radiation increases from 200 W/m2 to 1000 W/m2, the solar
still efficiency increases from 31.8% to 46.34%. In S4, the solar still
efficiency is maintained at 76% which is about 1.6 times the efficiency
of S1. Also, the increase of the solar radiation improves the efficiency of
the solar collectors which yields higher overall efficiency of the ejector
system as shown in Fig. 11(b). Also, it can be noted that the overall
efficiency of ejector system in S1 and S2 is higher than in S3 and S4
because COP of S1 and S2 is higher than that of S3 and S4.

As shown in Eq. (48), the amount of the produced distilled water
varies for each hour in a day due to the variation of the solar radiation
during the day and this variation is considered next. Fig. 11(d) shows
the effect of the hourly variation of the solar radiation on the hourly
productivity of the solar still during typical day for the time interval
from 7:00 to 18:00 (10 h). The summation of the distilled water during
this interval yields 3.43 kg/day for S1, 5.45 kg/day for S3, 13.20 kg/
day for S2, and 18.165 kg/day for S4. This confirms that the solar still
productivity in S4 is more than five times higher than in S1.

4.6. Cost estimation of the distilled water

In this section, a cost estimation of the distilled water is performed
and compared to that performed by Madiouli et al. (2020). Let F to be
the overall fixed cost of the solar still unit and V is the changeable cost

of the still per year (assumed to be 30% of the fixed cost F). So, the
overall cost of the still after N years is CN = F + V * N. Also, define md

as the distilled water produced by the still per year and the still operates
for n days in the year. Here, md is calculated using Eq. (48) for 10 h
from 7:00 AM to 5:00 PM for each operational day of the n days of the
year for Qatar location. The operational days in the year, n is taken as
340 days considering 25 none operational days due to maintenance and
other technical reasons. So, md is calculated as:

∑=
=

m m( )d

n

distilled
1

340

(49)

The total distilled water by the still after N years is mN = md × N.
Then, the estimated cost of one liter of the distilled water (for each 1 m2

solar still area) is CL = CN/mN. Table 5 and Fig. 12 show the estimated
cost of each scenario investigated in this study compared to Conven-
tional Solar Still (CSS) and to the system studied by Madiouli et al.
(2020). The cost of a typical heating/cooling coil with total length of
15 m, outside diameter of 0.088 m, wall thickness of 3 mm and made of
titanium alloy is taken as $92 (available in the market). Adding the cost
of installation of the coil and required valves, it is assumed that the
overall cost of each coil is $200. The solar still area is fixed at 1 m2. It
can be noted that the minimum cost of 0.033 $/kg is achieved with
heating enhancement (S2) while S3 has the highest cost, see Table 5
and Fig. 12. The cost of S4 is higher than that of S2, but the produced
distilled water of S4 is 1.38 times that of S2. So, the proposed system
enhances the productivity of the still (by about five times in S4) and
lowers the cost of the distilled water by about 30% in S2 and 15% in S4
compared to S1. The cost of one liter distilled water per 1 m2 area of the
present solar still in S4 is $0.04, while the cost of the water in the
developed solar still coupled with packed bed and a parabolic trough
collector presented by Madiouli et al. (2020) is $0.22 (the ratio is only
0.182), Fig. 12. This is due to the fact that the productivity of the
present solar still is enhanced by improving both the evaporation rate
(by heating coil) and condensation rate (by cooling coil). Furthermore,
the final products of the present system are both cold air and distilled
water, which reduces the cost of the heating source of the solar still by
splitting it between the two systems.

It is important to state that using Eq. (49) to calculate the annual
produced water (md) considering the hourly variation of the radiant
flux during any given day in the year, resulted in water production in S4
of 5067 kg/year that is 5.7 times more than that in S1, see Table 5.
While using the fixed radiant flux of 500 W/m2 in Section 4 above to
study the effect of the generator temperature, resulted in about 5 times

Fig. 7. Entrainment ratio comparison of present model with experimental data from Huang (1999).

Table 5
Results comparison of the present solar still model with published experimental
results.

Parameter Study 3, (Madiouli et al., 2020) Present study

G, W/m2 957 975
Ta, K 300 300
Vwind, m/s n.a 5
Agl, m2 1 1
Asw, m2 1 1
ηss, % 22 24.41
mdistilled, kg/m2-hr 0.60 0.73
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Fig. 8. Effects of the generator temperature on (a) the COP of the ejector
system, (b) efficiency of the solar still, (c) solar collector area, and (d) the
amount of the distilled water per day. Other input parameters are fixed at the
design values (See Table 1).

Fig. 9. Effects of the generator pressure on (a) the COP of the ejector system, (b)
efficiency of the solar still, (c) the amount of the distilled water per day, and (d)
the entrainment ratio. Other input parameters are fixed at the design values
(See Table 1).
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improvement, indicating that the 500 W/m2 is a conservative value.
The payback period (PBP) of the proposed scenarios compared to

CSS and to the system studied by Madiouli et al. (2020) is estimated as
shown in Table 6. The PBP is defined as the total cost after N year
divided by the CSS cost of the yearly produced water;

PBP = (CN)/(CL,CSS* md). It should be noted that the lifetime of the
CSS was taken as a reference such that its PBP equals to its lifetime.
Relative to this reference, the PBP of S2 is reduced by 5 years and by
4 years for S4. This confirms that the heating enhancement (S2) is the
most effective scenario in terms of cost and PBP (See Fig. 12 and
Table 6).

4.7. Effect of working fluids

In this section, the effect of the working fluid on the performance of
the proposed system is discussed by comparing the performance of five
working fluids recommended in literature (Gupta et al., 2019;
Mwesigye and Dworkin, 2018; Chen et al., 2017a; Saleh, 2016). The
ejector working fluid plays a vital role in its performance. Several fa-
vourable factors should be taken into consideration through the selec-
tion of the working fluid, such as large latent heat of vaporization, large
molecular mass, low viscosity, low Global Warming Potential (GWP),
low Ozone Depletion Potential (ODP), stability and compatibility, non-
toxic, non-explosive and the economic viability. Table 7 shows a
comparison between the thermo-physical properties of the selected
working fluids in this study. It should be mentioned that the working
fluids of the ejector systems are usually classified into three categories
(based on the slop of the saturated-vapor line in the T-s diagram): a) dry
fluids (with positive slope of saturated vapor line), b) isentropic fluids
(with vertical saturated vapor line), and c) wet fluids (with negative
slope of the saturated vapor line).

As shown in Fig. 13(a), at the same operating conditions, R290 has
the highest COP (1.26) while the R124 has the lowest COP (0.71). This
is explained by the high cooling capacity of R290 relative to the re-
quired heat by the generator (See Fig. 13(b)). However, the solar col-
lector area in case of R290 is slightly higher than required for R124 (See
Fig. 13(c)). But, the high flammability of R290 makes it less favourable
as a working fluid for the solar ejector. R152a has the most effect on the
productivity of the solar still (as shown in Fig. 13(d)) while R142b has
the least effect. In general, the performance of the wet working fluids is
better than the isentropic or dry fluids. As a trade-off solution, R134a is
recommended as the working fluid for its capability to achieve ade-
quate COP with favorable environmental and safety properties (non-
toxic & non-flammable) with medium GWP and zero ODP. Further-
more, it has a comparable performance to that of R290 and R152a.

5. Conclusions

A novel hybrid solar distillation and cooling system that produces
both fresh water and cooling effect is proposed and investigated. The
system consists of a single slope solar still coupled with solar ejector
cooling system. This coupling is implemented via passing the ejector
primary flow through a heating coil immersed in the basin solar still
and via passing the ejector secondary flow through a cooling coil inside
the condensation chamber of the still. The integration of both systems
yields significant improvement in the productivity of the solar still and
enhanced the COP of the ejector system. A steady state thermodynamics
model of each system is developed based on the principles of mo-
mentum, energy, and mass conservations for the ejector system and
based on the energy balance principle for the solar still system. The
results of the model were validated against published experimental
studies. Simulations were performed for four different integration sce-
narios; S1: the two systems operate separately, S2: the ejector primary
flow passes through the heating coil only, S3: the ejector secondary
flow passes through the cooling coil only and S4: ejector primary and
secondary flows pass through heating and cooling coils, respectively.
The effects of the major operating conditions on the performance of the
system are investigated and discussed in detail. These effects include
the generator pressure and temperature, evaporator temperature and
solar radiation, as well as the effect of using different working fluids.
Based on the results, the following is concluded:

• In scenario 4, the water productivity of the still increased by more
than five times compared to the conventional still (scenario 1).

• The solar still efficiency in scenario 3 is higher than that of scenario
2. However, the still productivity in scenario 2 is higher than that of
S3.

• The increase of the generator temperature, reduces the COP of the
ejector system and slightly reduces the productivity of the still.

• The increase of the generator pressure, reduces the COP of the
ejector and increases the productivity of the still.

• The increase of the evaporator temperature, increases the COP of the
ejector system.

• For the studied working fluids (R134a, R290, R152a, R142b, R124),
R290 yields the highest COP while R152a yields the highest still
productivity. However, for its overall performance, safety and en-
vironmental issues, R134a is recommended.

• At a solar radiation of 500 W/m2, generator pressure of 3.3 MPa,
generator temperature of 365 K, evaporator temperature of 283 K
with R134a as the working fluid, a cooling capacity of 10.54 kW,
distilled water of 8.1 kg/day are obtained in S4.

• The annual produced water considering the hourly variation of the
radiant flux during any given day in the year, reached 5067 kg/year
in S4 that is 5.7 times more than that in S1.

• The cost of one liter distilled water per 1 m2 area of the present solar
still in S4 is $0.04, which is only a small fraction (0.18) of the cost of
water produced by another technology that uses solar still coupled

(b) 

Fig. 10. Effects of the evaporator temperature on (a) the COP of the ejector
system, and (b) the amount of the distilled water per day. Other input para-
meters are fixed at the design values (See Table 1).
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Fig. 11. Effects of the solar radiation intensity on (a) the area of the solar collector, (b) the amount of the distilled water per day, (c) overall efficiency of ejector
system, and (d) hourly distilled water with the hourly variation of the solar radiation. Other input parameters are fixed at the design values (See Table 1). Data of
solar hourly solar radiation is obtained from (Perez-Astudillo and Bachour, 2014).
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Fig. 12. Comparison of distilled water cost of 4 design scenarios of the pro-
posed system with Madiouli et al., 2020 design and with CSS.

Table 6
Cost estimation of the distilled water.

Design Scenario F V N md CN mN CL Payback Period
($) ($/year) (years) (kg/year) ($) (kg) ($ /kg) year

S1 103 30.9 10 882 412 8824 0.047 6.94
S2 303 90.9 10 3672 1212 36,723 0.033 4.90
S3 303 90.9 10 1447 1212 14,470 0.084 12.44
S4 503 150.9 10 5067 2012 50,674 0.040 5.90
Madiouli et al., 2020 850 255 10 1530 3400 15,300 0.22 33.01
CSS 103 30.9 10 612 412 6120 0.067 10

Table 7
Comparison between the thermo-physical properties of the selected working
fluids.

Working fluid Critical
Temp. (oC)

Critical
pressure
(MPa)

Fluid type GWP ODP Safety
group

R134a 101.0 4.06 wet 1430 0 A1
R290 96.68 4.25 wet 20 0 A3
R152a 113.41 4.51 wet 124 0 A2
R142b 137.2 4.12 dry 2400 0.043 A2
R124 122.425 3.62 dry 0.06 0.026 A1
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with packed bed and a parabolic trough collector.
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