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Abstract
The goal of the present paper is the investigation of a solar desalination system with an organic Rankine cycle system for 
power and freshwater production. This system is an environmentally friendly technology that is able to utilize solar energy 
properly in a novel cogeneration application. A parabolic trough concentrator with a smooth and corrugated receiver was 
employed as the heat source of the desalination system. A humidifier–dehumidifier desalination technology was used for 
producing freshwater. The electricity is produced by an organic Rankine cycle which is fed both by the solar field and by 
the hot brine. The present analysis is performed by using a detailed numerical model which is validated by experimental 
literature data. Based on the final results, the corrugated tube has a maximum performance of 66.59%, and it is more efficient 
than the smooth tube with 63.11%. The average freshwater productions were estimated equal to 13.09 kg  hr−1 and 12.71 kg 
 hr−1 for the corrugated and smooth tubes, respectively. The maximum net work production is found at 7.57 kW with R113, 
while the less efficient working fluid is R134a. It was found that the application of the developed desalination system leads 
to the production of high amounts of fresh water and a significant reduction of the equivalent  CO2 emissions.

Keywords Parabolic trough collector · Organic Rankine cycle · Cogeneration · Solar desalination · Environmental analysis

List of symbols

Solar modeling
A  Area,  m2

c2  Constant used in the linear equation

cp  Specific heat capacity, J kg−1K−1

d  Receiver tube diameter, m
fr  Friction factor
Ḟ  View factor
h  Convection coefficient, W m−2K−1

h′  Internal heat transfer coefficient,  Wm−2K−1

k  Heat transfer coefficient
m2  Slope of linear equation
ṁ  Mass flow rate, kg s−1

Nu  Nusselt number
Pr  Prandtl number
Q̇net  Net heat transfer rate, W
Q̇∗  Rate of available solar heat at the receiver cav-

ity, W
Q̇loss  Loss rate of heat from cavity receiver, W
R  Thermal resistance, K/W
Re  Reynolds number
T  Temperature, K
T∞  Ambient temperature, K
t  Time, s

PV‑HDH desalination modeling
A,a  Area,  m2

b  Breadth, m
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ahumid  Surface area of humidifier packing per unit 
volume,  m2  m−3

Cf  Conversion factor of the thermal power plant
cp  Specific heat capacity, J  kg−1  K−1

D  Diameter, m
F  Area ratio
F′  Flat plate collector efficiency
FR  Flow rate factor
G  Dry air mass flow rate, kg  s−1

h  Heat transfer coefficient, W  m−2K−1

hfg  Latent heat enthalpy of water vaporization, J 
 kg−1

hp1  Penalty factor due to tedlar through glass, 
solar cell and EVA

hp2  Penalty factor due to the interface between 
tedlar and the working fluid

hT  Heat transfer coefficient from back surface to 
air through tedlar, W m−2K−1

H  Enthalpy, kJ  kg−1

I(t)  Incident solar irradiation, W m−2

K  Thermal conductivity, W m−1K−1

Khumid  Heat transfer coefficient, kg  m−2  s−1

L̇  Length, m
L  Sea water flow rate, kg s−1

m  Mass flow rate, kg s−1

mfw  Freshwater production
Nu  Nusselt number, –
Pr  Prandtl number,–
Qu  Rate of useful energy transfer
Re  Reynolds number,–
T  Temperature, K
Ta  Ambient temperature, K
U  Global heat transfer coefficient,  Wm−2K−1

Ub  An overall heat transfer coefficient from water 
to ambient, W m−2  K−1

UL  Overall heat transfer coefficient from solar cell 
to ambient through the back insulation, W/m2 
K

Ut  Overall heat transfer coefficient from solar cell 
to ambient through glass cover, W m−2K−1

UT  Conductive heat transfer coefficient from solar 
cell to water through tedlar, W m−2K−1

UtT  Overall heat transfer coefficient from glass to 
tedlar through solar cell, W m−2K−1

Utw  Overall heat transfer coefficient from glass to 
water through solar cell and tedlar, W m−2K−1

W  Tube spacing, m
V  Volume,  m3

Greek symbols
α  Absorptivity
β  Packing factor
ε  Emissivity

η  Efficiency
τ  Transmittance
σ  Stefan–Boltzmann constant, W m−2K−4

ω  Specific humidity

Subscripts
0  Glass to ambient
a  Air
amb  Ambient
Ave  Average
bs  Back surface of tedlar
cond  Due to conduction, Condenser
conv  Due to convection
c  Solar cell
eff  Effective
f  Fluid
fout  Outgoing fluid
fw  Fresh water
G  Glass
humd  Humidifier
in  Inlet
inlet, in  At the inlet
ins, i  Insulation
loss  Energetic loss
n  Tube section number
net  Net
outer, out  Outlet
rad  Due to radiation
rec  Receiver
r  Reference
s  Inner tube surface
T  Tedlar
th  Thermal
total  Total
unit  Unit of desalination
w  Water
zero  Initial condition in the inlet
∞  Ambient

Abbreviations
GOR  Gain output ratio
HDD  Humidification–dehumidification desalination
PV  Photovoltaic
PVT  Photovoltaic-thermal

Introduction

Nowadays, desalination technology is introduced as an inter-
esting research subject due to the scare of freshwater for 
humans [1]. Moreover, the use of renewable energy sources 
for desalination is introduced as an interesting subject. There 
are different kinds of renewable energy, such as solar energy, 
hydropower, wind energy, and fossil fuel [2–4]. Solar energy 
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can be employed as the source of thermal energy of the 
desalination systems [5]. Different kinds of solar collectors 
can be applied for collecting solar energy including dish 
concentrator, parabolic trough concentrator (PTC), com-
pound parabolic concentrator (CPC), etc. [6, 7]. The PTC 
collectors are accounted for as a mature and efficient tech-
nology for absorbing solar energy [8]. On the other side, the 
needed electrical energy for the desalination can be prepared 
by photovoltaic panels or by organic Rankine cycle (ORC) 
systems [9, 10]. Different heat sources can be coupled with 
the ORC system for power generation including waste heat, 
solar energy, geothermal energy, etc. [11, 12]. Organic flu-
ids, with low boiling point temperatures, are utilized as the 
ORC fluid for power generation [13]. The ORC heat supply 
can come from multiple sources such as solar heating, waste 
heat, and geothermal energy [14]. The main characteristic 
of the ORC system is that it can generate power from low-
temperature heat sources.

There are some researches related to the performance 
of the PTCs on the basis of numerical and experimental 
analyses [15–17]. Agagna et al. [18] numerically and experi-
mentally investigated a PTC system performance using 
the MicroSol-R tests platform. Three numerical models 
including simple, less complex, and complex models were 
developed for the estimation performance of the examined 
system. Three developed models showed an acceptable 
prediction of the PTC system compared to the results of 
experimental tests. Song et al. [19] considered an optical 
model for calculation heat flux using a fast method. They 
found the calculation time using the suggested method has 
reduced compared to a three-dimensional model. Houcine 
et al. [20] suggested a method for calculating the optical 
performance of a solar PTC system using the ray tracing 
method. The solar system with different tracking errors, rim 
angles, and concentration ratios was evaluated. A review 
by Kumaresan et al. [21] has shown different methods for 
increasing the performance of a PTC system such as applica-
tion of the nanofluid, selective coating, and cavity receivers. 
Srivastava and Reddy [22] designed and investigated a PTC 
system utilizing alumina/water nanofluid. The performance 
of the investigated solar PTC system was evaluated with 
photovoltaic technology. Hoseinzadeh et al. [23] numerically 
optimized different dimensions of a PTC system in order to 
achieve the highest performance, through the Monte Carlo 
method. The optical efficiency of the system increased with 
increasing the angle of the rim and decreasing the width of 
the PTC aperture. The modeling was developed using code 
written in the MATLAB software.

Some researchers have investigated solar desalination 
systems for producing freshwater [24–35]. Al-Othman et al. 
[36] simulated a desalination system for the production of 
desalinated water with 1880 m3 per day. The results showed 
that the required power was around 63 MW. They found that 

two PTC collectors with a combined total aperture area of 
3160 m2 can supply approximately 76% of the 63 MW power 
requirements for the desalination system. Elashmawy [6] 
integrated a tubular solar distiller with a parabolic solar con-
centrator in Hail, Saudi Arabia. They found a daily efficiency 
of 36.5%, 30.5% for two investigated experimental setups. In 
another work [37], a desalination system that had a PTC col-
lector, evacuated tube collector and heat pipe was developed. 
They found the efficiency of 65.2% for the investigated solar 
desalination system. Rahbar et al. [38] investigated asym-
metrical solar still that was integrated with thermoelectric 
units for freshwater production. They found the distillate 
output improved by the suggested system. Palenzuela et al. 
[39] investigated a multi-effect distillation (MED) with 
concentrating solar power (CSP) plants. They found fresh 
water and power production by the investigated system under 
certain conditions could be compared with the results of a 
reverse osmosis (RO) system with CSP plants. Mohamed 
et al. [40] carried out research on a seawater humidifica-
tion–dehumidification desalination (HDD) technology 
which was driven by a parabolic trough solar collector in 
which the outlet temperature does not exceed 100 °C. They 
found collector thermal efficiency increased with increasing 
solar irradiance. Also, the desalination system productivity 
increased when the daytime is getting higher. They reported 
that the maximum production of the desalination system was 
calculated equal to 29%, 33%, 37%, and 42% during winter, 
autumn, spring, and summer, respectively.

Garg et  al. [41] designed and theoretically modeled 
a hybrid HDD module integrated with a nanofluid-based 
direct absorption solar collector. In this unit, the humidifica-
tion–dehumidification section and absorber were integrated 
via a heat exchanger. Graphite nanoparticles were adopted 
in the solar collector for enhancing the heat transfer process. 
GOR of the module was estimated for various operational 
conditions including particle volume fraction, height, and 
length of the collector, nanofluid mass flow rate within the 
collector, and incident solar radiation on the collector. Tlili 
et al. [42] conducted the first and second laws thermody-
namics analysis as well as optimization of an HDD system. 
Exergy analysis showed that the heat source (heater) is the 
component with the highest exergy destruction. Rafiei et al. 
[43] numerically investigated the performance of a solar 
desalination system with a dish concentrator as the heat 
source. Different shapes of cavity receivers were used as 
an absorber of the dish concentrator including cylindrical, 
cubical, and hemispherical cavity receivers. The influence 
of different shapes of cavity receivers and different opera-
tional parameters of the desalination system such as water-
to-air flow ratio and the water flow rate was investigated. A 
humidification–dehumidification desalination technology 
was used as the desalination system. They found the hemi-
spherical cavity receiver resulted in the highest performance 
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of the desalination system equal to 19 kg h−1. Lately, Rafiei 
et al. [44] combined the PV system with the humidifica-
tion–dehumidification desalination (HDD) systems. The 
authors presented a novel hybrid solar desalination system, 
implementing a numerical model. In particular, they focused 
on nanofluids as solar operating fluid, investigating differ-
ent oil-based nanofluids. They found that Cu/oil nanofluid 
exhibits the highest amount of freshwater and the lowest 
gain output ratio of the desalination system. Lawal et al. [45] 
proposed a vapor compression heat pump-driven humidifi-
cation–dehumidification process with energy recovery pro-
cess. Two systems with different applications of recovered 
energy were suggested. The cost of freshwater for system 
without recovery of brine energy reduced by about 15.23% 
with energy recovered in the system. The gain output ratio, 
recovery ratio, and productivity of the system were improved 
by 23%. The proposed modifications to the energy recovery 
system increased both thermal and economic efficiency of 
the systems. These results stimulated the need for a rejected 
recovery of brine energy from the humidification and dehu-
midification system.

On the other side, the solar desalination system with ORC 
systems was studied by some researchers as an interesting 
subject for research [46–48]. Some researchers have mod-
eled power generation systems with different heat sources 
[49–51]. In the work of Delgado-Torres and García-Rod-
ríguez [52], a solar RO desalination system was applied 
for the production of freshwater using ORC technology for 
power generation. They presented some recommendations 
for designing a more efficient system for producing fresh 
water and power. Shalaby [53] reviewed the application of 
ORC and photovoltaic (PV) technology as the source of 
energy of a solar reverse osmosis desalination system. They 
studied the influence of different kinds of collectors on the 
desalination system performance. They recommended the 
application of the PTC-ORC-RO system as an efficient sys-
tem for freshwater production. Torres and Rodríguez [54] 
investigated a solar RO desalination system using the ORC 
system. The influence of four organic fluids was considered 
as the working fluids in the ORC. Two configurations of 
the ORC system including direct and indirect absorption 
solar energy by the organic fluids were considered. Igobo 
and Davies [25] experimentally investigated a reverse osmo-
sis desalination system using an ORC system. R245fa was 
used as the ORC fluid. The industrial bakery facility waste 
heat was applied as the heat source for the ORC system. 
They found producing 0.4 L of fresh water per 1 kg of baked 
food. Ariyanfar et al. [55] developed a humidification–dehu-
midification desalination system using an ORC system. They 
assumed outlet water of the ORC system was entered in the 
desalination system for freshwater production. They found 
n-heptane as the ORC fluid had resulted the highest fresh-
water production.

The aforementioned literature review reveals that solar 
desalination systems with ORC are attractive choices in the 
energy sector. Regarding this fact, the current work investi-
gates a novel system that incorporates both photovoltaic pan-
els and PTC. Two different kinds of PTC are examined and 
compared; the conventional PTC with smooth absorber and 
the PTC with corrugated absorber, which is able to enhance 
the rates of heat transfer. Moreover, the present ORC system 
is fed both by the solar field and the hot brine of the humidi-
fication–dehumidification desalination (HDD) system. The 
role of the thermal PV panels is to preheat the saline water 
and also to generate electricity. Furthermore, the effect of 
different solar PTC parameters such as the solar irradiation 
and the oil inlet temperature was evaluated. Also, various 
parameters of PV-HDD were considered, such as water and 
air volume flow rate.

Methodology and modeling

In the present study, a hybrid solar humidification–dehu-
midification desalination (HDD) system is investigated for 
producing freshwater and generating power. The solar desal-
ination system consisted of an HDD technology, parabolic 
trough concentrator (PTC), ORC system and PV panel. A 
schematic of the hybrid solar desalination system is pro-
vided in Fig. 1. The solar PTC system was considered as 
the thermal source of the desalination unit. The PTC system 
was evaluated using two kinds of receiver tube, corrugated 
and smooth types. The ORC technology was used for power 
generation, and it is fed by the solar field and from the hot 
brine. The PV panels were used for preheating and generat-
ing electricity.

Generally, simulation of the current research is summa-
rized as follows:

– The investigated solar PTC systems were optically and 
thermally simulated as the desalination heat source using 
SolTrace and Maple software, respectively. Thermal 
modeling was conducted on the basis of the energy bal-
ance equations.

– Receiver heat gain and surface temperature of the differ-
ent elements of the PTC receiver were estimated using 
the obtained internal heat transfer and energy balance 
equations.

– The heat gain calculated for each type of receiver tubes 
(of both smooth and corrugated tubes) was applied as the 
desalination heat source in the next stage.

– The saline water after preheating in the thermal PV pan-
els absorbs the collected solar energy by the PTC system. 
The heated saline water was entered into the HDD system 
for desalination. The simulation of the HDD system was 
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conducted on the basis of energy and mass equation bal-
ances.

– Solar energy is used for feeding the ORC and also the hot 
brine is used for supplying a part of the heat (as preheat-
ing the organic fluid) in the ORC heat exchanger (heat 
recovery system).

– Investigation of environmental impacts of the suggested 
solar HDD system for producing fresh water and power.

Flowchart of the determination process is presented in 
Fig. 2. Simulation and investigation of the solar desalina-
tion system are presented in the following sections in detail.

Humidifier–dehumidifier desalination

A schematic of the HDD system is provided in Fig. 3. This 
system consisted of a water pump for circulating saline 
water (1 in Fig. 3), PV panels for preheating (2 in Fig. 3), 
heat exchanger for absorbing energy (3 in Fig. 3), humidi-
fier for spraying and producing saturated vapor from the 
heated saline water (4 in Fig. 3), a fan for circulating 
humidify air between the humidifier and dehumidifier units 
(5 in Fig. 3), and dehumidifier for producing freshwater 
by cooling the saturated vapor (6 in Fig. 3). The saline 

water was circulated by the water pump in the desalina-
tion unit. The saline water after crossing the dehumidifier 
tubes for cooling the saturated vapor was crossed from the 
PV panels for preheating. The preheated saline water was 
entered into the heat exchanger for absorbing energy that 
was collected by the solar system. Afterward, the heated 
saline water was sprayed in the humidifier to producing 
saturated vapor. Then, the saturated vapor was circulated 
by the fan for passing to the dehumidifier shell. Then fresh 
water was produced by cooling the humidified air in the 
dehumidifier unit.

Fig. 1  Schematic of the investi-
gated hybrid system
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The energy balance equations in the humidifier and dehu-
midifier systems can be defined based on the following [56]:

In these equations, L (kg s−1) is saline water mass vol-
ume flow rate, Cpw (kJ kg−1  K−1) is water heat capacity, 
Uloss (W m−2  K−1) is heat losses, Aunit  (m2) is the area, Tn 
(K) is fluid temperature, Tamb (K) is ambient temperature, 
G (kg s−1) is dry air mass volume flow rate, H (kJ kg−1) is 
enthalpy, and Ucond (W m−2  K−1) is heat losses. It should be 
mentioned that subscription numbers are shown in Fig. 3. 
The mass transfer coefficient in the humidifier unit (K) can 

(1)

LCpw
(
T2 − T1

)
+ 0.5UlossAunit

(
T5 + T6

2
+ Tamb

)
= G

(
H6 − H5

)

(2)LCpw
�
T2 − T1

�
= UcondAcond

⎛⎜⎜⎝

�
T6 − T2

�
−
�
T5 − T1

�

ln
T6−T2

T5−T1

⎞⎟⎟⎠

(3)

LCpw
(
T3 − T4

)
+ 0.5UlossAunit

(
T5 + T6

2
+ Tamb

)
= G

(
H6 − H5

)

be calculated based on Eq. (3). The average amount of the 
mass transfer coefficient can be calculated as follows:

In this equation, V(m3) shows the volume of the humidi-
fier, a  (m2) is the surface per unit volume of the humidifica-
tion column, and H (kJ kg−1) is the enthalpy.

Water heat transfer coefficient in the condenser can be 
determined based on the Dittus-Boelter relationship as 
following:

Also, the airside heat transfer coefficient can be estimated 
as follows [56]:

In Eq. (6), F refers to the area ratio between airside and 
waterside; d denotes the heat exchanger external diameter 
in the dehumidifier unit. In this research, the mass transfer 
coefficient was assumed 0.021 kg m−2s−1, humidifier pack-
ing surface area was assumed 300 m2, the mass volume 
flow rate of the saline water was assumed in the range of 
1.5–6.5 kg s−1 [57].

Freshwater production can be defined as the humidity 
ratio (ω) of the inlet and outlet of humidifier. The fresh-
water production (mfw) of the desalination system can be 
determined as follows [58]:

Gain output ratio (GOR) can be defined as follows [58]:

where Qu (W) is the absorbed heat by the desalination 
system.

Solar parabolic trough concentrator

A solar PTC system was considered as the thermal energy 
source of the desalination unit and of the ORC. The sche-
matic of this system is presented in Fig. 4. The solar PTC 
system consisted of a parabolic trough concentrator (1 
in Fig. 4), an evacuated tube receiver (2 in Fig. 4), a heat 
exchanger (3 in Fig. 4), and an oil pump (4 in Fig. 4). Behran 
thermal oil was applied as HTF of the solar system. In the 
utilized heat exchanger, absorbed solar irradiation by the 
HTF was transferred to the saline water.
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Fig. 3  Schematic of the HDD system
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The considered solar PTC module had a length and aper-
ture wide of 2 m and 70 cm, respectively. The focal dis-
tance and rim angle of the PTC system were assumed to be 
17.5 cm and 90°, respectively. The evacuated tube receiver 
consisted of a receiver tube and a glass cover. The glass 
cover was utilized for decreasing thermal losses. The diam-
eters of the cover and the receiver were assumed equal to 
60 mm and 28 mm, respectively. Two kinds of the receiver 
tube (corrugated and smooth) were considered as heat 
sources of the desalination system. The optical analyses of 
the solar system were conducted in the SolTrace software. 
The simulated solar PTC system in this software is displayed 
in Fig. 5. The total solar field is created by using many iden-
tical PTC modules connected.

The thermal modeling of the solar system was conducted 
in the Maple software. The energy balance equation, applied 
for PTC system modeling, is on the basis of Eq. (9) as:

where Q̇∗(W) is the amount of the receiver solar heat flux 
and Q̇loss, total (W) is cavity receiver total thermal loss. The 
thermal resistance approach was employed for estimating 
the amount of cavity receiver heat loss. A view of the cavity 
receiver and its heat losses is depicted in Fig. 6. The total 
heat lost from the PTC receiver can be determined on the 
basis of the below equations. It should be mentioned that a 
summary of different heat losses is reported in Table 1.

(9)Q̇net = Q̇∗ − Q̇loss, total

(10)Q̇loss,total =
Ts − Tair

Rtotal

Finally, for estimating the absorbed heat gain, an advanced 
method was developed based on the deviation of the receiver 
in smaller elements. The energy balance equation for each ele-
ment can be calculated as follows:
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Fig. 5  Simulated solar PTC system in the SolTrace software
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where fr is the friction factor that can be calculated as fol-
lows for the smooth and corrugated tubes based on Eqs. (17) 
and (18), respectively:

(16)Nuinner =

(
fr

8

)
⋅ Re ⋅ Pr

1 + 12.8 ⋅

√
fr

8
⋅

(
Pr0.68 −1

)

(17)fr = 0.316.Re−0.25 + 0.41.

(
Dri,min

Dri

)0.9

(18)fr = (0.79 ln Re − 1.64)−2

The coefficient of heat transfer is calculated as:

The thermal conductivity of the fluid (Kfluid) and the 
inner tube diameter (dtube) are used in the previous equa-
tion. Finally, the surface temperature of each element ( Ts,n ) 
and the net rate of heat transfer of each element ( Q̇net,n ) 
were determined by solving Eqs. (14) and (15) utilizing 
the Newton–Raphson method [60].

(19)h�
inner

=
NuinnerKfluid

dtube
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Fig. 6  Schematic of a solar PTC heat losses and b the thermal resistance method [59]

Table 1  A summary of different 
PTC heat losses Radiation in annual region/R1 q́2 =
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The PV module electrical efficiency can be obtained as:

The HTF temperature through the pipe of absorber which 
located below the PV model can be determined as [61]:

where 
(
Twout

)
 shows the water outlet temperature, whereby 

it becomes the inlet temperature for the humidifier column. 
The available thermal energy rate at the end of the PV mod-
ule is obtained as follows:

After substituting the expression for calculating the (Tw_out) , 
absorbed heat can be calculated as follows:

Organic Rankine cycle system

Organic Rankine cycle was investigated for electricity gen-
eration. This device is fed with heat from the solar field 
and the brine. The solar field gives the main heat input in 
the ORC, and the brine assists it, especially for preheating 
the organic fluid in the heat exchanger inlet. More spe-
cifically, the brine preheats the organic fluid up to a tem-
perature level, and then the extra heat for the preheating, 
evaporation and superheating is given by the solar field. 
So, there is a proper combination of these heat sources 
in order to utilize the hot brine. A schematic of the ORC 
system is presented in Fig. 8. The ORC system consists of 
four components including a pump for ORC fluid circulat-
ing in the ORC cycle (1 in Fig. 8), a heat exchanger for 
transferring the ejected heat by the desalination system to 
the ORC fluid (2 in Fig. 8), a turbine for generating power 
(3 in Fig. 8) and a condenser for ejected heat from the 
ORC system (4 in Fig. 8).

The mass flow of the organic fluid rate was varied based 
on the absorbed heat in the heat exchanger (or heat recov-
ery system). Consequently, the amount of the mass volume 
flow rate can be estimated as [62]:

In this equation, Q̇input (W) is absorbed heat in the evap-
orator, h∗

3
 (kJ kg−1) and h∗

2
 (kJ kg−1) are enthalpy of the 

ORC fluid at the outlet and inlet of the evaporator.

(22)�c = �0
[
1 − 0.0045

(
Tc − 25

)]

(23)Tw_out =

[
hp1hp2(��)effI(t)

UL

+ Ta

][
1 − exp

(
−
F�AcUL

mCp

)]
+ Tw_in exp

(
−
F�AcUL

mCp

)

(24)Qu = mCp

(
Tw_out − Tw_in

)

(25)Qu = AcFR

{
hp1hp2(��)effI(t) − UL

(
Tw_in − Ta

)}

(26)ṁRC =
Q̇input(
h∗
3
− h∗

2

)

Fig. 7  Schematic of a the PV panels in the desalination system, b 
cross section of the PV panels

Photovoltaic panel

In the current research, thermal photovoltaic panels were 
used for preheating the saline water and for power gen-
eration. A schematic of the PV panels in the desalination 

system is displayed in Fig. 7. According to Fig. 7a, the 
PV panels were located before the heat exchanger in the 
desalination system. The saline water was flowed at the PV 
module backside for enhancing the thermal performance 
of the PV panels and preheating (as seen in Fig. 7b).

The PV panels consisted of a glass plate for recovery of 
thermal energy from the module, a PV panel for electricity 
generation, and a gap for flowing water at the backside of 
the PV panels. Temperatures of the glass plate (Tbs), PV 
modules (Tc), and the heated water at the outlet gap of PV 
(Tw_out) were presented in Eqs. (20), (21) and (22), respec-
tively. The blackened absorber plate temperature, which is 
located below the PV module, is determined as [61]:

The PV cell temperature can be estimated as follows [61]:

(20)Tbs =
hp1(��)effI(t)+UtTTa+hTTw

UtT+hT

(21)

Tc =
�G
[
�c�c + �T

(
1 − �c

)]
I(t) − �cI(t)�c + UtTa + UTTbs

Ut + UT
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General equations for estimating ORC performance can 
be calculated as follows [62]:

Finally, the Rankine cycle efficiency and overall effi-
ciency of the solar Rankine cycle can be calculated using 
Eqs. (31) and (32), respectively.

It should be mentioned that seven organic fluids were 
selected including R245ca, R134a, R113, R152a, R245fa, 
R11, and R141b. All of the ORC fluids were studied close 
to the optimum turbine inlet temperature as reported by 
Ref. [59].

(27)ẆT = ṁRC

(
h∗
3
− h∗

4

)

(28)Q̇c = ṁRC

(
h∗
4
− h∗

1

)

(29)ẆP = ṁRC

(
h∗
2
− h∗

1

)

(30)Ẇnet = ẆT − ẆP = ṁRC

[(
h∗
3
− h∗

4

)
−
(
h∗
2
− h∗

1

)]

(31)𝜂RC =
Ẇnet

Q̇input

(32)𝜂overall =
Ẇnet

Ibeam ⋅ Aap,PTC

Environmental aspects

The utilization of renewable-energy-based systems is highly 
recommended owing to their positive impacts on decreasing 
the emission of greenhouse gases. In the current paper, the 
environmental effects of the application of solar energy as 
the desalination thermal energy source, and ORC technology 
for power production from the waste thermal energy of the 
desalination system were investigated. The annual amounts 
of mitigated  CO2 can be determined as [63]:

where �CO2
(ton) refers to the annual emission of  CO2, 

�CO2
(kgCO2  kWh−1) denotes mean production of  CO2 for 

generating power by using coal that was considered equal 
to 2.04, and Een,ann(kWh) is annual generated power by 
employing ORC or solar. In this study, Tehran in Iran is 
considered as the case study and 2500 h is assumed for a 
year. Moreover, the carbon credit ( ZCO2

 ) was considered 
in this study in addition to the previous parameters as 
follows [63]:

where ZCO2
 ($) is annual carbon credit, zCO2

 ($ per ton) refers 
to carbon credit that is considered equal to 14.5, and �CO2

(ton) is the annual emission of  CO2 [63].

Validation of the developed model

Humidifier–dehumidifier desalination modeling

The numerical modeling of the HDD unit was validated 
using the reported resulted by Franchini and Perdichizzi 
[64]. A solar HDD system with the reported dimensions 
in Table 2 was considered by them. Figure 9 shows a 
comparison of the production of fresh water versus sea-
water temperature data obtained in the current research, 
against the reported results by Franchini and Perdichizzi 
[64]. It was seen that an acceptable agreement was found 
between the results in this study when compared to the 
data from them. Practically, the literature points and the 
found points by the developed model are identical, and so 
the validation procedure proves the validity of the devel-
oped model.

Tables 3 and 4 show the fluid properties achieved by the 
HDD unit and the design and performance parameters of 
the HDD unit.

(33)�CO2
=

�CO2
× Een,ann

103

(34)ZCO2
= zCO2

× �CO2
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Fig. 8  A schematic of the ORC system
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Solar system

The thermal modeling of the solar system was validated with 
reported experimental results by Kasaeian et al. [65]. The 
experimental setup structural dimensions are similar to the 
dimensions of the applied system in the present work (see 
Table 5). Consequently, the results of the current research 
can be validated with the measured data by Kasaeian et al. 

[65]. Experimental setup schematic by them is displayed 
in Fig. 10. Figure 11 illustrates a comparison between the 
present numerical data and the ones reported by them. As 
seen in Fig. 11, the numerical results obtained in this study 
have shown good agreement with the measured experimental 
data by Kasaeian et al. [65] with the mean deviation to be 
around 3%. This deviation is a reasonable value and accept-
able because it is lower than the uncertainty of the experi-
mental results of Ref. [65], which was about 3.6%. So, the 
found results are inside the experiential error limits and it 
can be said that the developed model is reliable. Moreover, 
it is obvious that higher operating temperature leads to lower 
efficiency both in the results of this work and of the litera-
ture, and so these curves have similar trends.

Table 2  The condenser and humidifier parameters [64]

Heat exchange 
Surface/m2

Width/m Depth/m Height/m

Condenser 1500 1.0 1.0 3.75
Humidifier 300 1.0 1.0 1.5
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Fig. 9  Comparison of current results and reported resulted by Ref. 
[64]

Table 3  Fluid properties for 
HDD unit

Fluids properties

Water Air

Point Properties Points Properties

1 T/°C 27.5 5 T/°C 39.3
H/kJ kg−1 115 H/kJ kg−1 160

2 T/°C 35.6 Specific Humid (kg per kg dry air) 0.0469
H/kJ kg−1 148.8 Relative Humidity 100%

3 T/°C 53 6 T/°C 45.1
H/kJ kg−1 221.5 H/kJ kg−1 214

4 T/°C 45 Specific Humid (kg per kg dry air) 0.0655
H (kJ kg−1) 188.1 Relative Humidity 100%

Fresh Water T/°C 39.3
H/kJ kg−1 164.3

Table 4  Design and performance parameters of the HDD unit

Design parameters

Sea water flow rate L/kg s−1 0.28
L/G ratio 1.5
Performance parameters
Fan power/kW 0.045
Fresh water production/kg  hr−1 12.47
Fresh water on seawater percentage/% 1.2

Table 5  Dimensions of steel 
mirror reflector [65]

Parameter Value

Length/Lc 2 m
Width/w 70 cm
Focal length/f 17.5 cm
Aperture/Aa 1.4 m2

Rim angle/φ 90°
Mean thickness 0.8 mm
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Results and discussion

In the first part of this section, the solar and desalination 
system performance was reported. Also, the performance of 
the coupled ORC system was presented. Finally, the environ-
mental impacts of the suggested solar desalination system 
were presented in detail.

Energy and fresh water productivity analyses

This section presents the performance of solar energy and 
the desalination system based on the change of condition and 

operational parameters including solar irradiance, oil inlet 
temperature, oil volume flow rate, water volume flow rate, 
water inlet temperature, etc.

Energy performance

Figure 12a–c shows the change of heat gain of the solar 
PTC system under changes in solar irradiance, oil inlet 
temperature, and oil volume flow rate for corrugated 
and smooth tubes as the evacuated tube receiver, respec-
tively. It would be seen in Fig. 12a that as solar irradi-
ance increases, heat gain increases linearly for the two 
investigated tubes. The corrugated tube values are greater 
than the corresponding values in the smooth one. The 
minimum values of heat gain for smooth and corrugated 
tubes are 528.63 W and 557.79 W for solar irradiance of 
600 W m−2, respectively, and maximum heat gain values 
for those are 974.02 W and 1027.83 W for solar irradiance 
of 1100 W m−2 at oil volume flow rate of 50 mL s−1, and 
constant oil inlet temperature on 50 °C, respectively. On 
the other side, it could result from Fig. 12b that as oil inlet 
temperature increases, heat gain decreases. It seems the 
relation between oil inlet temperature and heat gain to be 
almost linear for the smooth tube, but certainly nonlinear 
for corrugated tube specifically in lower oil inlet tempera-
ture values. In this region, the relation for corrugated tube 
has less slope before point number 4 (90 °C, 741.45 W) 
than after it, and then it becomes linear. Finally, as seen 

Fig. 10  A schematic of the 
experimental setup in Ref. [65] Pyranometer
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in Fig. 12c, heat gain by the PTC system has increased 
with increasing solar HTF volume flow rate for both kinds 
of the receiver tube, including the corrugated and smooth 
tubes. Also, the corrugated tube resulted in higher heat 
gain with increasing oil volume flow rate compared to the 
smooth one. The minimum values of heat gain for smooth 
and corrugated tubes are 695.26 W and 621.25 W for oil 
volume flow rate of 5 mL s−1, respectively, and maximum 
heat gain values for those are 707.97 W and 762.50 W for 
oil volume flow rate of 60 mL s−1 at constant solar irra-
diance of 800 W m−2, and constant oil inlet temperature 
on 50 °C, respectively. The heat gain of the PTC system 
increased until 15 mL s−1 and 170 mL s−1 for the smooth 
and corrugated tube, and then the increase in heat remained 
almost constant, respectively. Consequently, increasing the 
oil volume flow rate upper than 15 mL s−1 and 170 mL s−1 
for the smooth and corrugated tubes is not recommended, 
respectively, because higher oil volume flow rate generally 
had caused increasing pressure drop and pumping power-
consuming compared to increasing the solar PTC system 
thermal performance (see “Appendix A”). It could be con-
cluded from the above-mentioned results that for achieving 
a higher amount of heat gain, a lower inlet temperature of 
the solar working fluid, the optimum amount of flow rate of 
the working fluid, and higher solar radiation, are suggested.

For the above conditions, the thermal efficiency 
changes under changing solar irradiance, oil inlet 

temperature, and oil volume flow rate are shown in 
Fig. 13a–c, respectively. As seen in Fig. 13a, with the 
increase in solar irradiance, the thermal efficiency of the 
solar system is enhanced for both kinds of the receiver 
tube. Also, the corrugated tube resulted in higher thermal 
efficiency than the smooth one. The solar PTC system 
thermal efficiency has ranged from 0.629 to 0.632 for 
the smooth tube, and from 0.664 to 0.667 for the cor-
rugated one. The highest amount of the thermal effi-
ciency was equal to 66.74% for the corrugated tube with 
solar irradiance of 1100 W m−2, oil volume flow rate of 
50 mL s−1, and oil inlet temperature of 50 °C. As shown 
in Fig. 13b, with increasing oil inlet temperature, the 
thermal efficiency of the solar PTC system with both 
smooth and corrugated tubes decreased. Also, the cor-
rugated tube resulted in higher thermal efficiency than 
the smooth one. Thermal efficiency had changed between 
62.22–66.59% and 62.41–63.11% for the corrugated tube 
and the smooth tube was based on the constant solar irra-
diance of 800 W m−2, and constant oil volume flow rate 
of 50 mL s−1, respectively. The highest system thermal 
efficiency was obtained as 66.59% for oil temperature 
of 50 °C, solar irradiance of 800 W m−2, and oil volume 
flow rate of 50 mL s−1. Finally, the change of thermal 
efficiency was reported for the oil volume flow rate in 
the bound of 5 mL s−1 to 610 mL s−1. The solar irradi-
ance was assumed to be equal to 800 W m−2, and oil inlet 

Fig. 12  Change of heat gain 
with changing a solar irradi-
ance, b oil inlet temperature and 
c oil volume flow rate (for the 
PTC module)
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temperature was assumed to be equal to 50 °C in Fig. 13c. 
As understood from Fig. 13c, the solar PTC system ther-
mal efficiency had shown enhancing with increasing oil 
volume flow rate for both investigated receiver tubes. 
Also, the corrugated tube resulted in higher thermal effi-
ciency in comparison with the smooth tube as the solar 
PTC receiver. The thermal efficiency of the PTC system 
was varied between 55. 47 and 68.08% for the corrugated 
tube, and between 62.08 and 63.21% for the smooth 
one. Also, optimum values of oil volume flow rate of 
15 mL s−1 and 170 mL s−1 for the smooth and corrugated 
tube can be recommended based on the presented discus-
sion in the previous section. Similar to the presented con-
clusion in the previous paragraph, for achieving a higher 
thermal performance of the solar system, the use of lower 
inlet temperature of the solar working fluid, the optimum 
amount of flow rate of the working fluid, and higher solar 
radiation is recommended. Also, the application of the 
corrugated receiver tube is suggested for higher thermal 
performance.

Freshwater production

The change of fresh water production versus the change 
of solar irradiance and oil volume flow rate is presented 
in Fig. 14. Two types of tube including corrugated and 
smooth tubes were assessed as the PTC receiver. The water 
volume flow rate and water-to-air ratio of the desalina-
tion system were assumed equal to 0.28 kg s−1 and 1.5, 

Fig. 13  Change of thermal 
efficiency with the changing of 
a solar irradiance, b oil inlet 
temperature, and c oil volume 
flow rate
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respectively. As seen in Fig. 14a, the output relations are 
linear, and the produced freshwater for the corrugated tube 
is more than that of for smooth one. In other words, the 
freshwater production increases with the solar irradiance 
increase for both types of receiver tubes. The reason for 
this is in a higher amount of PTC heat gain with increas-
ing solar irradiance, as discussed in the previous section. 
Freshwater production varied from 11.12 to 15.82 kg  hr−1 
for the corrugated tube and changed from 10.80 to 15.32 kg 
 hr−1 for the smooth one. Also, Fig. 14b presents based on 
the change of the oil volume flow rate between 5 mL s−1 
to 610 and a constant solar irradiance of 800 W m−2. As 
resulted from Fig. 14b, higher amounts of the freshwater 
were calculated with the application of higher amounts of 
oil volume flow rate for both investigated tubes. This is 
because of increasing heat gain with increasing oil vol-
ume flow rate as discussed in the previous section. Also, 
the corrugated tube had resulted in higher freshwater pro-
duction compared to the smooth one. The average fresh-
water productions were estimated equal to 13.09 kg  hr−1 
and 12.71 kg  hr−1 for the corrugated and smooth tubes, 
respectively. Also, optimum values of oil volume flow rate 
of 15 mL s−1 and 170 mL s−1 for the smooth and corru-
gated tube can be recommended based on the presented 
discussion in the previous section. It could have resulted 
that for achieving a higher amount of freshwater, the lower 
inlet temperature of the solar working fluid, the optimum 
amount of flow rate of the working fluid, and higher solar 
radiation are suggested. Also, the application of the corru-
gated receiver tube is more effective for producing a higher 
amount of freshwater.

Freshwater production versus the change of solar irra-
diance at different amounts of water volume flow rate and 

different values of water-to-air flow ratio (LG) for smooth 
tube is presented in Fig. 15a, b, respectively. As shown in 
Fig. 15a, the impact of different amounts of the water vol-
ume flow rate was investigated on freshwater production of 
the desalination system at constant water-to-air ratio of 1.5. 
As seen in Fig. 15a, higher amounts of the water volume 
flow rate and solar irradiance resulted in higher freshwater 
production. On the other side, as shown in Fig. 15b influ-
ence of different amounts of water-to-air ratio was stud-
ied on freshwater production of the desalination system 
at a constant water volume flow rate of 0.28 kg s−1. As 
resulted from Fig. 15b, with increasing water-to-air ratio in 
the desalination system, freshwater production decreases. 
Consequently, a higher amount of water flow and a lower 
value of the water-to-air ratio can be recommended for 
achieving a higher amount of freshwater production. On 
the other hand, the influence of inlet water temperature on 
freshwater production is presented in Fig. 16 for different 
amounts of water volume flow rate. Also, the water-to-air 
ratio was assumed to be equal to 1.5. As seen in Fig. 16, 
increasing water inlet temperature resulted in decreasing 
freshwater production.

Gain output ratio (GOR)

Figure 17 shows the change of the gain output ratio versus 
the solar irradiance change and the oil volume flow rate 
change. The evacuated tube receiver of the PTC system was 
investigated with smooth and corrugated tubes. As under-
stood from Fig. 17a, the gain output ratio decreased with 
the increase in solar irradiance for both types of receiver 
tubes. Moreover, Fig. 17b depicts the change of the oil 
volume flow rate from 5 to 610 mL s−1 and a constant solar 
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irradiance of 800 W m−2. As concluded from Fig. 17b, 
higher values of the gain output ratio were calculated with 
the application of lower amounts of oil volume flow rate for 
both investigated tubes. Also, the smooth tube had resulted 
in a higher gain output ratio than the corrugated tube. It 

could be concluded that for achieving a lower amount of 
the gain output ratio, lower inlet temperature of the solar 
working fluid, the optimum amount of flow rate of the 
working fluid, and higher solar radiation are suggested. 
Also, the application of the corrugated receiver tube is 
more effective for reducing the amount of the gain output 
ratio.

Figure 18a, b presents change of gain output ratio ver-
sus solar irradiance change at different amounts of water 
volume flow rate and different values of water-to-air flow 
ratio (LG), respectively. Figure  18a depicts different 
amounts of the water volume flow rate at constant water-
to-air ratio of 1.5. As resulted from Fig. 18a, the gain 
output ratio improved with increasing solar irradiance 
and increasing water volume flow rate. On the other side, 
Fig. 18b is presented for different values of water-to-air 
ratio at a constant water volume flow rate of 0.28 kg s−1. 
As understood from Fig. 18b, with increasing water-to-
air ratio in the desalination system, the gain output ratio 
decreases. On the other hand, Fig. 19 shows the variations 
in the gain output ratio versus change in inlet water tem-
perature. Different values of water volume flow rate were 
examined with a water-to-air ratio equal to 1.5 times. As 
observed, with increasing the water inlet temperature, gain 
output ratio decreases.

ORC and PV generated power

Change of ORC power generation versus a change of solar 
irradiance and the oil volume flow rate for different organic 
fluids is presented in Fig. 20a, b, respectively. The evacu-
ated receiver tube with the corrugated tube was investi-
gated as the solar PTC absorber. The desalination system 
was investigated at a constant water volume flow rate of 
0.28 kg s−1, and a water-to-air ratio of 1.5. The influence 
of different organic fluids was studied including R134a, 
R245ca, R113, R11, R245fa, R152a, and R141b. The 
ORC system was investigated at a condenser temperature 
of 38 °C, and the ORC fluids were investigated at opti-
mum turbine inlet temperature as reported by Shahverdi 
et al. [59]. The ORC is fed by heat from the PTC and also 
the brine is used for preheating the organic fluid. As seen 
in Fig. 20a, the ORC system had resulted in the highest 
and lowest performance with the application of R113, and 
R134a as the ORC fluids, respectively. Also, it could be 
resulted that with increasing solar irradiance, the ORC net 
work increases. The ORC net work of the ORC system was 
varied between 4.09 kW and 7.57 kW for R113 as the ORC 
fluids and from 2.34 kW to 4.33 kW for R134a as the ORC 
fluids. Figure 20b shows the change of ORC net work versus 
a change of oil volume flow rate. As seen in Fig. 20b, the 
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ORC net work had enhanced with increasing oil volume 
flow rate until a limited amount and after that, values of that 
remained almost constant. Consequently, an optimum value 
of the oil volume flow rate equal to 170 mL s−1 for the cor-
rugated tube can be recommended. Also, the ORC system 
had the highest and lowest ORC net work using R113 and 
R134a, respectively.

Finally, the change of generated power by PV panels versus 
the change of water inlet temperature at different water vol-
ume velocities and water-to-air ratio equal to 1 is presented in 
Fig. 21. As seen, the generated power by the panels increased 

with decreasing water inlet temperature and increasing water 
volume flow rate. The highest amount of generated power was 
calculated to be nearly 3.29 kW for water inlet temperature of 
27.5 °C and water volume flow rate of 0.28 kg s−1.
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Environmental effects

Table 6 reports the amounts of freshwater production, the 
ORC power generation, and the environmental impacts of 
the suggested solar HDD system with ORC technology ver-
sus a change of the solar irradiance. It could be seen that the 
suggested desalination system with the application of the 
solar system and ORC technology, in addition to produc-
ing freshwater in important amounts, significantly reduced 
amounts of  CO2 emissions in the environment. It should be 
mentioned that reported  CO2 mitigated ( �CO2

 ) and carbon 
credits ( ZCO2

 ) are per annum. Consequently, the application 
of the suggested solar-ORC desalination system is recom-
mended for freshwater production, power generation, and 
environmental protection.

Conclusions

In the present article, a solar humidifier–dehumidifier desali-
nation (HDD) system was analyzed. A solar parabolic trough 
concentrator with smooth and corrugated tubes was applied 
as the desalination heat source. Moreover, there is an organic 
Rankine cycle (ORC) system for generating power. Various 
conditions and operational parameters of the solar PTC, HDD, 
and ORC systems were investigated. Performance of the solar 
PTC and the HDD system was studied based on amounts of 
heat gain, freshwater production, thermal efficiency, gain heat 
ratio, etc. Also, the environmental effects of the suggested solar 
desalination system were investigated based on amounts of car-
bon credits and  CO2 mitigation per annum. The most important 
outcomes of the current study could be summarized as follows:

Fig. 21  Change of generated 
power by PV panels versus the 
change of water inlet tempera-
ture at different water volume 
flow rate and water/air ratio of 1
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Table 6  Freshwater production, 
energy generation, and 
environmental impacts nexus of 
the suggested solar HDD system 
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(
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)
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(
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)
Ẇnet,ORC(W) PTC ORC

�CO2

(
ton CO2

)
ZCO2

(
$
)

�CO2

(
ton CO2

)
ZCO2

(
$
)

600 11.12 4089.37 85.34 1237.46 54.88 795.81
650 11.63 4437.19 92.53 1341.74 59.55 863.50
700 12.14 4785.04 99.73 1446.02 64.22 931.19
750 12.63 5132.92 106.92 1550.29 68.89 998.89
800 13.11 5480.82 114.11 1654.57 73.56 1066.60
850 13.59 5828.75 121.30 1758.85 78.23 1134.31
900 14.05 6176.72 128.49 1863.13 82.90 1202.02
950 14.50 6524.72 135.68 1967.41 87.57 1269.74
1000 14.95 6872.76 142.88 2071.69 92.24 1337.47
1050 15.39 7220.83 150.07 2175.97 96.91 1405.21
1100 15.81 7568.95 157.26 2280.25 101.58 1472.96
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• It was concluded that the solar PTC system thermal effi-
ciency varied between 62.22 and 66.59% for the corru-
gated tube and between 62.41 and 63.11% for the smooth 
tube at constant solar irradiance of 800 W m−2 and con-
stant at an oil volume flow rate of 50 mL s−1.

• The optimum volume flow rate of the solar HTF was 
recommended to be 15  mL  s−1 for the smooth and 
170 mL s−1 for the corrugated tube.

• Freshwater production of the HDD system is enhanced by 
increasing solar irradiance and by increasing the volume 
flow rate of the solar HTF. Also, the produced freshwater 
for the corrugated tube was more than that of for smooth 
one. The average freshwater productions were estimated 
at 13.09 kg  hr−1 and 12.71 kg  hr−1 for the corrugated and 
smooth tubes, respectively.

• It was concluded that higher saline water flow and lower 
value of the saline water-to-air ratio could be recom-
mended for achieving a higher value of freshwater pro-
duction. Also, the production of freshwater decreased 
with increasing water inlet temperature.

• The ORC system resulted in the highest and lowest per-
formance with the application of R113 and R134a as 
the ORC fluids, respectively. Considering the results, 
solar irradiance increases with increasing ORC net 
work. The ORC net work of the ORC system was var-

ied between 4.09 kW and 7.57 kW for R113 as the 
ORC fluid and from 2.34 kW to 4.33 kW for R134a as 
the ORC fluid.

• It was found that the application of the suggested solar 
HDD system produces high amounts of freshwater and 
significantly reduces the equivalent  CO2 emissions to the 
environment. Considering the results and having positive 
environmental impacts, the application of the suggested 
solar-ORC HDD system is recommended for freshwater 
production and power generation.

• In the future, different topologies of the examined sys-
tem can be investigated in order to determine the global 
optimum design. Moreover, different working fluids and 
especially natural refrigerants can be studied in order to 
maximize the ORC efficiency.

Appendix A: Pressure drop

Change of pressure drop with changing oil inlet tempera-
ture and oil volume flow rate for the smooth and corrugated 
tube at Ibeam = 800 W m−2 and  VFoil = 50 mL s−1 is given in 
Fig. 22.

Fig. 22  Change of pressure drop 
with changing oil inlet tempera-
ture, and oil volume flow rate 
for the smooth and corrugated 
tube at Ibeam = 800 W m−2, and 
VFoil = 50 mL s−1
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