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A B S T R A C T   

Recently, constructing a high productive desalination unit with low power consumption has been a challenge. 
Along with that, this study aimed to simulate a new hybrid desalination unit merging two common techniques of 
high freshwater production: humidification-dehumidification (HDH), and reverse osmosis (RO). For low power 
consumption, the hybrid HDH-RO unit was powered with a photovoltaic (PV) systems. The system was provided 
with thermal energy recovery (TER) units, double-pass solar air collectors (SACs), and evacuated tube solar water 
collectors (SWCs). The TER units were parallel connected to the backside of PV panels for dual function: 
enhancing the PV conversion performance by cooling and preheating the seawater before entering the SWC. Both 
SAC and SWC were proposed to improve the evaporation rate inside the humidifier of the HDH unit. For a 
comprehensive analysis of the HDH-RO system, five coupled theoretical models were derived and solved, which 
all were validated by previous experimental data from the literature. All results confirmed that the proposed 
system can be a good choice for producing freshwater with low power consumption. The maximum hourly 
freshwater production of the new hybrid HDH-RO desalination system varied between 192 and 200 L, with a 
water recovery ratio ranged between 48 and 49.8%. Also, its specific power consumption (SPC) ranged between 
1.22 and 1.24 kWh/m3, with an average saving a range between 14.7 and 65% compared to previous techniques 
of RO desalination system.   

1. Introduction 

Based on the sustainable development agenda, having safe and 
accessible water for everyone is an essential part of the world we want to 
live in. Energy and water are important sources because they are linked 
together. The worldwide population explosion and rapid industrial 
growth have increased the demand for clean water. To achieve sus-
tainable development goals, technological development in the field of 
desalination with renewable energies is urgently required. Among the 
various sources of renewable energy (solar, wind, and geothermal en-
ergies), and since solar energy is available in high density in the Middle 
East region, it is therefore used effectively in the field of desalination. 

The humidification-dehumidification (HDH) desalination process 
represents one of the most important and promising desalination tech-
nologies. The freshwater production rate of HDH desalination technol-
ogy is highly dependent on the temperature of the air and water entering 
to the humidifier as well as the water–air flow ratio. Nafey et al. [1] 
theoretically evaluated the influences of operating conditions on HDH 
desalination productivity. They found that the water-mass ratio, cooling 
water flow rate, and intensity of solar radiation had a strong effect on the 
productivity of HDH desalination unit. Lavasani et al. [2] empirically 
studied the productivity of the HDH desalination unit. Zubair [3] 
examined the optimal water–air ratio achieve the highest freshwater 
production rate of the solar HDH desalination system. Rajaseenivasan 
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and Srithar [4] empirically investigated the performance of HDH desa-
lination unit integrated with a dual-purpose solar collector. Ghalavand 
et al. [5] examined the influences of operating conditions of the hu-
midifier on a freshwater production of solar assisted HDH desalination 
unit. 

Photovoltaic (PV) solar panels are nowadays widely used to generate 
electricity [6,7]. A cooling medium such as air or water can be used to 
cool the PV panels, recover heat and improve the conversion efficiency 
[8]. The recovered heat can also be used as a driver for desalination 
processes, providing an excellent option that contributes to a sustainable 
environment. Where electricity and thermal energy can be jointly 
generated through hybrid photovoltaic/thermal (PV/T) units. Wang 
et al. [9] studied the performance of the cooled PV modules integrated 
with HDH desalination (PV-HDH) unit. They also examined the in-
fluences of the convection mode and process temperature on freshwater 
productivity. Giwa et al. [10] conducted the influences of the environ-
mental effect on the performance of PV-HDH system with thermal en-
ergy recovery (TES) technology. Gabrielli et al. [11] studied the impact 
of design and operating conditions on the behavior of HDH desalination 
unit integrated with PV/T modules. To enhance the generating fresh-
water and electricity, simultaneously this was done by utilizing the 
concentrating solar collector [12]. Rafiei et al. [13] theoretically studied 
the influences of operating conditions on the freshwater production of 
the HDH desalination system integrated with solar dish concentrator 

and PV/T system. Mahmoud et al. [14] theoretically assessed the 
behavior of a hybrid solar distiller/HDH desalination system integrated 
with PV panels and solar concentrators. 

The reverse osmosis (RO) membrane process is widely used in 
seawater desalination as it is characterized by easy operation in the long 
term as well as low energy consumption [15]. While it is still highly 
required to reduce the energy consumption rates of the RO process and 
make it an available technology for most of the global region [16–19]. 
Recently, in order to reduce the energy consumption of reverse osmosis 
systems, pressure retarded osmosis (PRO) has been used. The PRO can 
recover energy from RO brine to supplement the RO process with the 
aim of reducing the electricity consumption rate in the high-pressure 
pump [20–23]. Karimi et al. [24] empirically studied the behavior of 
RO desalination system driven by PV panels. Bargiacchi et al. [25] 
reduced the power consumption rate in RO desalination plant by 
combining the PRO with RO plant. Ahmad et al. [26] analytically 
studied the performance of hybrid photovoltaic/reverse osmosis (PV/ 
RO) desalination plant driving by PV panels. Cerva et al. [27] utilized 
reverse electrodialysis (RED) in order to reduce the power consumption 
rate in RO desalination plant. Alsarayreh et al. [28] studied the per-
formance of various membranes utilized in RO desalination plants. 
Generally, membrane technologies have been widely used to extract 
important energy elements, such as lithium, via selecting a proper 
membrane like that having 2D subnanometer channel [29]. 

Fig. 1. A schematic diagram of the proposed hybrid HDH-RO desalination system.  
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Based on the literature, developing a new hybrid system to desalinate 
seawater with lower power consumption remains a challenging issue 
and promising way. Along with that, the current work aimed to develop 
a new hybrid system, humidification-dehumidification-reverse osmosis 
(HDH-RO), that can desalinate the seawater at lower energy consump-
tion rates than a separate RO desalination system. That system was 
considered to be a good choice for remote regions. To achieve this 
vision, this new proposed HDH-RO desalination system was suggested to 
be integrated with PV panels, for power generation, with thermal energy 
recovery (TER) system, evacuated tube solar collector (SWC), and solar 
air collector (SAC). For comprehensive performance evaluation of this 
system, five coupled models were derived, and each model was vali-
dated by the previous experimental data. 

2. The proposed hybrid desalination system configuration 

A schematic diagram of the proposed hybrid HDH-RO desalination 
system operated by fixed PV panels with thermal energy recovery (TER) 
system and solar thermal collectors is shown in Fig. 1. In addition, the 
process flow chart within the system is schematically presented in Fig. 2. 
The proposed hybrid HDH-RO system consisted of five sections: PV 
panels, evacuated tube solar water collector (SWC), solar air collector 
(SAC), HDH desalination unit, and RO desalination system. Two PV 
panels was used to obtain the required electricity to drive the air blower 
and high-pressure pump. The panels were attached in parallel with TER 
unit, that was utilized to pre-heat the seawater before feeding into the 
evacuated solar collector besides cooling the panels to enhance their 
conversion performance. Also, the PV system contained the charge 

Fig. 2. Flow chart representation of proposed hybrid HDH-RO desalination system.  

M. Abdelgaied et al.                                                                                                                                                                                                                            



Energy Conversion and Management 239 (2021) 114215

4

controllers, batteries, and DC drive. Two evacuated tube SWCs, con-
nected in parallel, and two SACs (double-pass with v-corrugated 
absorber), connected in parallel, were utilized to heat the seawater, and 
air, respectively, before entering to the humidifier of HDH desalination 
unit, to improve the evaporation rate. The HDH desalination unit is 
comprised of a humidifier and dehumidifier. The outlet brine water, 
leaving the humidifier, was being fed into the RO unit. RO unit consists 
of a high-pressure pump, three spiral wound membrane modules con-
nected in series, and a pressure exchanger as an energy recovery device. 

The specifications and the mathematical model of each component 
are presented below: 

2.1. Modelling of PV panel cooling (seawater preheater) 

A back channel was attached to each PV module, through which cold 
seawater was flowing in order to cool the PV panel, by extracting heat 
from its back face, and at the same time this stage represented the pre- 
heating stage of the seawater. 

The various temperatures of the PV module can be calculated as 
following [13]: 

Backside surface temperature of PV module is given as: 

Tbs =
hp1(ατ)eff I(t) + UtTTa + hTTw

UtT + hT
(1) 

PV module cell temperature is given as: 

TC =
τG[αCβC + αT(1 − βC)]I(t) − ηCI(t)βC + UtTa + UTTbs

Ut + UT
(2) 

Electrical efficiency of PV module: 

ηC = ηo[1 − 0.0045(TC − 298.15)] (3) 

The outlet temperature of seawater flowing under the PV modules 
can be calculated using: 

Tsw2 =

[hp1hp2(ατ)eff I(t)
UL

+Ta

][

1 − exp
(

−
F’ACUL

mCp

)]

+Tsw1exp
(

−
F’ACUL

mCp

)

(4) 

where; 

(ατ)eff = τG{βC + αT(1 − βC) − ηCβC } (5) 

The coefficient of overall heat transfer from the PV module to the 
surrounding on the backside, W/m2 K. 

UL = Utw +Ub (6) 

The coefficient of overall heat transfer from the front glass of the PV 
module to water, W/m2 K. 

Utw =

[
1
UtT

+
1
hi

]− 1

(7) 

The coefficient of overall heat transfer from water to the surround-
ing, W/m2 K. 

Ub =

[
Li

ki
+

1
hi

]− 1

(8) 

The coefficient of overall heat transfer UtT from glass cover to glass 
plate of PV module, W/m2 K. 

UtT =
(UT × hT)
(UT + hT)

(9) 

The coefficient of conductive heat transfer from PV cells to water 
flows through the glass plate, W/m2 K. 

UT =

[(
Lg

kg

)

+

(
1

ho(i)

)]− 1

(10)  

and, F′ is the view factor; hp1 is the glass cover penalty factor = 0.8772; 
hp2 is the glass plate penalty factor = 0.9841; Lg is the PV module glass 
thickness = 0.003 m; kg is the glass thermal conductivity of PV module 
= 1 W/m K; hi is the heat transfer cofficient of insulation = 5.8 W/m2 K; 
ki insulation thermal conductivity = 0.035 W/m K; Li insulation thick-
ness = 0.05 m; hT is the tedlar heat transfer cofficient from back surface 
to air = 500 W/m2 K; αc is the solar cell absorptivity = 0.9; αg is the glass 
plate absorptivity = 0.8; βc is the solar cell packing factor = 0.83; τg is 
the PV module glass cover transmittivity = 0.95; and ηo is the reference 
PV module efficiency = 15%. 

2.2. Modelling of evacuated tube solar water collector (SWC) 

The total heat absorbed by the evacuated tubes (Q̇total) can be 
calculated as follows [30,31]: 

Q̇total = Q̇u + Q̇loss = Dabs × L× N × αabs × τg × DNI (11) 

The seawater temperature at the outlet from the tubules of the col-
lector can be calculated as follows: 

Tsw,3 = Tsw,2 +
Q̇u

ṁsw × Cp
= Tsw,2 +

Q̇total − Q̇loss

ṁsw × Cp
(12) 

The total heat loss (Q̇loss) from the evacuated tube collector to the 
environment can be written as follows: 

Q̇loss = πDabs × L× N ×
[
habs− g(Tabs − Ta)+ σεabs

(
T4

abs − T4
s
) ]

(13)  

where; DNI is the direct normal solar radiation (W/m2); habs-g is the 
coefficient of convective heat transfer between the absorber and outer 
glass tube = 0.0001115 W/m2 K; σ is the Stefan-Boltzmann constant =
5.67* 10-8 W/m2 K4; εabs is the emissivity of the absorber tube; Ts is the 
sky temperature; L is the tube length = 1.8 m; Dabs is the diameter of 
absorber tube = 0.047 m; N is the number of tube = 14; αabs is the ab-
sorptivity of slective coating = 0.96; and τg is the transmissivity of outer 
glass tube = 0.96. 

Ts = 0.0552T3
2a (14)  

εabs = 0.062+ 2 × 10− 7(Tabs − 273.15)2 (15)  

2.3. Modelling of solar air collector (SAC) 

The total heat absorbed by the SAC (Q̇total) can be calculated as fol-
lowings [32–34]: 

Q̇total = Q̇u + Q̇loss = AcFR
(
αpτg

)
DNI (16) 

The energy loss (Q̇loss) from the SAC to the environment is calculated 
as follows: 

Q̇loss = AcFRUloss(Tabs − Ta) (17) 

The useful heat removed by the SAC can be determined as follows: 

Q̇u = ṁaCpa
(
Ta,2 − Ta,1

)
= AcFR[DNI(τα) − Uloss(Tabs − Ta) ] (18) 

The air temperature at the outlet from the SAC is calculated as 
follows: 

Ta,2 = Ta,1 +
AcFR[DNI(τα) − Uloss(Tabs − Ta) ]

ṁaCpa
(19) 

The collector heat removal factor is calculated as follows: 
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FR =
ṁaCpa

AcUloss

⎧
⎨

⎩
1 − exp

⎡

⎣UlossF’Ac

ṁaCpa

⎤

⎦

⎫
⎬

⎭
(20)  

where; Uloss is the total loss coefficient = 4.30 W/m2 K; F’ is the collector 
efficiency factor = 0.984; and ατ = 0.850 

2.4. Modelling of Humidification-Dehumidification (HDH) desalination 
unit 

As generally known, the HDH unit consists of two interconnected 
towers: Humidifier and dehumidifier, as shown in Fig. 1. Inside the 
humidifier or evaporator, the hot water is being sprayed through 
sprayers over a suitable packing material which should have a high 

surface area to volume ratio. The hot dry air is being blown from the 
downside of the evaporator through the packing material to hold as 
much as possible of vapor (i.e., being humidified). Then the humid air 
enters the shell side of the condenser (dehumidifier) rejecting heat to the 
cooling water, that flows in the tube side. Hence, the condensate is being 
collected (as freshwater). For this process, the energy and mass balance 
equations for each component (humidifier and dehumidifier), are given 
as follows [10,13,35]: 

Humidifier: 

ṁswhsw3 + ṁaha2 = ṁbwhbw4 + ṁaha3 (21)  

ṁbw = ṁsw − ṁfw (22) 

Dehumidifier: 

Fig. 3. Schematic of spiral wound membrane module [26].  

Fig. 4. Comparison between the present simulation results of the PV output power and the experimental results reported by Kabeel et al. [36].  
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ṁcw
(
hcw,o − hcw,i

)
+ ṁfwhfw = ṁa(ha3 − ha4) (23)  

ṁfw = ṁda(ωa3 − ωa4) (24)  

ṁda =
ṁa

(1 + ωa2)
(25) 

Air specific enthalpy: 

ha,i = 1.006Ta,i +ωa,i
(
2501+ 1.86Ta,i

)
(26) 

The saturated liquid water specific enthalpy in the temperature 
range (0.01–150 ◦C) is calculated as: 

hw,i = d1 + d2Tw,i + d3T2
w,i + d4T3

w,i + d5T4
w,i + d6T5

w,i (27) 

where; d1 = − 2.844699 × 10-2, d2 = 4.211925, d3 = − 1.017034 ×
10-3, d4 = 1.311054 × 10-5

, d5 = − 6.756469 × 10-8, d6 = 1.724481 ×
10-10. 

Air humidity ratio: 

ωa,i =
0.622 × Ps,i

Pair,i
=

0.622Ps,i

Pa − Ps,i
(28) 

Air vapor pressure: 

Ps,i = RHa,i ×

e
[
(
77.3450 + (0.0057Ta,i)

)
−

(
7235
Ta,i

)]

Ta,i
8.2 (29)  

2.5. Modelling of reverse osmosis (RO) unit 

In the present study, three stages of spiral wound membranes con-
nected in series are proposed in RO desalination system. In the first edge 
of membranes, seawater is forced with high pressure into the feed 
channels. In the second end of the membrane, the brine water feed to the 
second stage of the membrane and so on. During the filtration process, 
the clean water flows within polyamide active layers into the permeate 
channel. The high concentration brine out from the third stage are 
flowing into the pressure exchanger (energy recovery) and rejected after 
this. Fig. 3 shows the schematic of spiral wound membranes.Fig. 4 

The permeate flow rate is estimated by Equation [26]: 

Qp = Aperm Se (TCF)(FF)
[(

Pf −
ΔPfc

2
− Pp

)

−
(
CPF

πf + πb
2

− πp
)]

(30)  

where Qp is permeating flow rate (m3/h); Aperm is the clean water 
permeability = 1.086 × 10-5 m3/m2 h bar; Se is the active area of 
membrane = 1.2 m2; FF is the membrane fouling factor; TCF is the 
temperature correction factor; Pf is the seawater feed pressure = 41 bar; 
ΔPfc is the pressure drop = 1 bar; Pp is the permeate pressure = 1 bar; 
CPF is the concentration polarization factor; and π is the osmotic pres-
sure (bar). 

The temperature correction factor (TCF) is estimated by the 
following equation [26]: 

TCF =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

exp
[

2640
(

1
198

−
1

Tsw + 273.15

)]

,Tsw⩾25◦C

exp
[

3020
(

1
198

−
1

Tsw + 273.15

)]

,Tsw < 25◦C

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(31) 

The concentration polarization factor (CPF) is estimated by the 
following equation [26]: 

CPF = e0.7Y (32) 

where; Y is a recovery ratio and is calculated as follows [26]: 

Y =
Permeate flow rate
Feed flow rate

=
Qp

Qf
(33) 

The osmotic pressure (π) is calculated as follows [26]: 

π =

⎧
⎪⎪⎨

⎪⎪⎩

C(Tw + 320)
491000

,C < 20000
mg
l

0.0117C − 34
14.23

.
(T + 320)

345
,C > 20000mg/l

⎫
⎪⎪⎬

⎪⎪⎭

bars (34)  

where; C is the salinity (mg/l or PPM), the salt concentration in the 
permeate water (Cp) is calculated as follows [26]: 

Cp = BsaltSe(TCF)
[

CPF
(
Cfc

Qp

)]

(35) 

where; Bsalt is the salt permeability = 4.65 × 10-7 m3/m2 h, and Cfc is 
the average salt concentration on the concentrate side and is calculated 
as follows [26]: 

Cfc =
Cf + Cc

2
= Cf ln

(
1

1 − Y

)

/Y (36) 

The mass and concentration balance of RO unit is calculated as [26]: 

Qf = Qp +Qc (37)  

CfQf = CpQp +CcQc (38) 

The power consumption in high-pressure pump (ṖHPP) is calculated 
as [26]: 

ṖHPP =
Qf Pf

ηHPP
− QCPcηERD (39)  

where ηHPP is the high-pressure pump efficiency = 75%, and ηERD is the 
efficiency of energy recovery device = 80% [26]. The RO membrane 
model is (SW30-2521); active layer material made from polyamide thin- 
film composite; membrane length 533 mm and diameter 61 mm; and 
maximum operating temperature 55 ◦C. 

The mathematical models of the five components of the proposed 
hybrid were solved by Engineering Equation Solver (EES) which uses the 
iterative numerical procedure for solving the aforementioned set of 
equations. To solve the simulation models, the meteorological data were 
taken from the Meteonorm program for the cairo city, Egypt. 

3. System performance 

3.1. PV panels 

Herein, the proposed system, two PV panels, connected in series, 
were utilized to produced the electricity required to operate the present 
hybrid desalination system. The output power produced from each PV 
panels Pm can be calculated by the following equation [24]: 

Pm = 4 × Pm,STC

(
DNI

DNISTC

)
[
1 − αp

(
Tc − Tc,STC

) ]
(40)  

where; Pm,STC is the peak power at standared test condition = 180 W; 
DNISTC is the direct normal solar radiation at standared test condition =
1000 W/m2; αp is the power temperature coefficient = − 0.38%/K; and 
Tc,STC is the cell temperature at standared test condition = 25 ◦C. 

3.2. HDH desalination unit 

The freshwater productivity ṁfw of HDH desalination unit is defined 
as: 

ṁfw = ṁda(ωa3 − ωa4) (41) 

The recovery ratio of the HDH desalination unit RRHDH is defined as 
the ratio between mass flow rate of freshwater produced to the mass 
flow rate of feed seawater which is given by following equation: 
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RRHDH =
ṁfw

ṁsw
(42)  

3.3. RO water desalination system 

The permeate flow rate of the RO water desalination system Qp is 
estimated by the following equation [26]: 

Qp = Aperm Se (TCF)(FF)
[(

Pf −
ΔPfc

2
− Pp

)

−
(
CPF

πf + πb
2

− πp
)]

(43) 

The recovery ratio of the RO water desalination system RRRO is 
calculated as follows [26]: 

RRRO =
Permeateflowrate
Feedflowrate

=
Qp

Qf
(44)  

3.4. Hybrid system of HDH-RO water desalination system 

The total freshwater productivity from the hybrid HDH-RO desali-
nation system Qt,fw is defined as; 

Qt,fw =

(

ṁfw × νfw
)

+Qp (45) 

The recovery ratio of the hybrid HDH-RO desalination system 
RRHDH-RO is defined as; 

RRHDH− RO =
ṁfw + Qp × ρp

ṁsw
(46) 

Specific power consumption of the proposed hybrid HDH-RO desa-
lination system (SPCHDH-RO) is defined as: 

Fig. 5. Comparison between the hot water temperature predicted from the theoretical model with the experimental results reported by Kabeel et al. [37].  

Fig. 6. Comparison the outlet hot air temperature predicted from the theoretical model with the experimental data recorded by Kabeel and Abdelgaied [38].  
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SPCHDH− RO =
Powerconsumption

Qt,fw
, kWh/m3 (47)  

4. Validation of the developed model 

To demonstrate the accuracy of the developed numerical model, it 
was validated by previous experimental data. 

4.1. Photovoltaic (PV) modeling 

The results predicted from the theoretical model of the PV modules 
was validated through a comparison with the experimental results of 
Kabeel et al. [36]. Fig. 4 shows that the experimental results for 
generated power are well in agreement with that was expected from the 
model under the same climate operating conditions, with an average 

deviation of 1.83%. 

4.2. Evacuated tube solar water collector (SWC) modeling 

The results of hot water temperature predicted from the theoretical 
model of the evacuated tube solar collector was validated through a 
comparison with the experimental results of Kabeel et al. [37]. The 
model results showed good agreement with that of the experiments, as 
shown in Fig. 5, with an average deviation reached 2.23%. 

4.3. Solar air collector (SAC) modeling 

The temperature of hot outlet air from the solar air collector pre-
dicted from the theoretical model was validated through a comparison 
with the experimental results of Kabeel et al. [38]. The model resulted 

Fig. 7. Comparison the hourly productivity predicted from the theoretical model of HDH desalination unit with the experimental data recorded by Kabeel et al. [39].  

Fig. 8. Permeate flow rate of the spiral wound membranes predicted from the theoretical model and experimental results recorded by Ahmed et al. [26].  
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from data were in a good agreement with the experimental data recor-
ded under the same operating conditions, as shown in Fig. 6, with an 
average deviation of 1.85% . 

4.4. Humidification-Dehumidification (HDH) desalination modeling 

The hourly productivity predicted from the theoretical model of the 
HDH desalination unit was validated through a comparison with the 
experimental data recorded by Kabeel et al. [39]. The theoretical data 
were in a good agreement with the experimental data recorded at the 
same operating conditions, as presented in Fig. 7, with an average de-
viation reached 2.86%. 

4.5. Reverse osmosis (RO) modelling 

Fig. 8 shows the permeate flow rate through the spiral wound 
membranes predicted from the current theoretical model of the RO 
water desalination system and experimental data recorded by Ahmed 
et al. [26]. Regarding the same operating conditions, the figure shows a 
good agreement between the theoretical and experimental data with an 
average deviation of 3.37%. 

5. Results and discussion 

To analyze the output power produced from the PV panels, their 
performances were theoretically studied for three different days (21 
June, 20 July, and 10 August, under the Egyptian climate conditions, 
with the solar radiation intensities shown in Fig. 9. The radiation 

Fig. 9. Instantaneous irradiation for the three different days of the year under the Egyptian climate conditions.  

Fig. 10. The instantaneous output power produced from the PV panels during three different days.  
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recorded values during each day followed the ordinary trend, i.e., 
increasing from sunrise till peak at noon and further declination till zero 
at sunset. The peak values of solar radiation intensities were 1010, 1040, 
and 1030 W/m2 at solar noon for 21 June, 20 July, and 10 August, 
respectively. The results of the simulation study of the PV output power 
on those days are shown in Fig. 10. As noticed, the output power values 
followed the same of the radiation intensity variation, with the peak of 
325, 340, 350 W for 21 June, 20 July, and 10 August, respectively. These 
values were sufficient to drive the high-pressure pump and air blower of 
the HDH-RO hybrid system. The DC drive was utilized to control the 
speed of the high-pressure pump and air blower. In this study, the 
Pearson pump was being used to adjusted the working pressure to 
change the feed flow rate. 

Fig. 11 demonstrates the instantaneous variations of freshwater 
production from the HDH desalination unit during three different days. 
Two SACs and two evacuated tube SWCs was utilized as the thermal 
energy sources (water to air flow rate ratio = 0.5) in the HDH desali-
nation unit to improve the evaporation rate inside the humidifier. The 
feed seawater was preheated first in the PV channel and the evacuated 
tube solar collector before entering the humidifier to increase the 
evaporation rate. Besides, the air was preheated in the SACs before 
entering the humidifier to improve its ability to hold more vapor. As 
seen in Fig. 10, freshwater production from the HDH desalination unit 
began at the sunrise from zero and increased gradually, reaching peak 
values of 30.6, 31.2, and 31.9 L/h at solar noon for 21 June, 20 July, and 
10 August, respectively, and then gradually declined to zero at sunset. 

Fig. 11. The instantaneous hourly freshwater production from the HDH desalination unit for three different days.  

Fig. 12. The recovery ratio of the HDH desalination unit for the three different days.  
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As shown in Fig. 12, the recovery ratio of the HDH desalination unit 
reached to 7.7, 7.8, and 8% at solar noon for 21 June, 20 July, and 10 
August, respectively. 

Fig. 13 demonstrates the instantaneous temperature variations of 
seawater leaving the humidifier and entering to the RO desalination unit 
during three different days. As seen, the temperatures varied, similar to 
solar intensities, from the sunrise with ambient seawater temperature, 
reaching peak values of 47, 48, 50 ◦C at solar noon for 21 June, 20 July, 
and 10 August, respectively, and then declined to same as ambient 
seawater at sunset. 

The permeate flow rates of the RO desalination unit driving by PV 
panels for three different days are presented in Fig. 14. The presented 
profiles of the permeate flow rate had the same trend of the corre-
sponding PV power presented within Fig. 9. The maximum permeate 
flow rate reached to 162.7, 165.4, and 168.8 L/h for 21 June, 20 July, 

and 10 August, respectively. These results reveal that the permeate flow 
rate is linearly proportional to PV available power. Fig. 15 shows the 
recovery ratio of RO desalination unit. As shown, it reached to 40.7, 
41.3, and 42.2% at solar noon for 21 June, 20 July, and 10 August, 
respectively. 

Fig. 16 demonstrates the instantaneous variations of freshwater 
production of the proposed hybrid HDH-RO desalination system. The 
maximum freshwater produced from the proposed hybrid HDH-RO 
desalination system reached 192, 195.4, and 200 L/h for 21 June, 20 
July, and 10 August, respectively, at noon. These results show that the 
freshwater produced from the proposed hybrid HDH-RO desalination 
system is linearly proportional to the PV available power. These results 
presented that the proposed hybrid HDH-RO desalination system can be 
a good choice for achieving the highest freshwater production rate 
compared to the case where both the RO desalination system or the HDH 

Fig. 13. Instantaneous variations of seawater temperature leaving the humidifier and entering the RO desalination unit.  

Fig. 14. The instantaneous permeate flow rate of the RO desalination unit for three different days.  
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desalination system are operated separately. On average, the accumu-
lated productivity reached 1284 L/day. Fig. 17 shows the instantaneous 
variations of the recovery ratio of the proposed hybrid HDH-RO desa-
lination system for the three days. The recovery ratio of the proposed 
hybrid HDH-RO desalination system had peak values of 48, 48.8, and 
49.8% at solar noon for 21 June, 20 July, and 10 August, respectively, at 
noon. 

Table 1 shows the comparison between the specific power con-
sumption (SPC) and freshwater production of the proposed hybrid HDH- 
RO desalination system in present study with the previous techniques of 
the RO desalination system. As noticed, the hybrid HDH-RO desalination 
system proposed in this study is an excellent choice to achieve high 
freshwater productivity and low SPC compared to previous studies. The 
specific power consumption (SPC) of the proposed hybrid HDH-RO 
desalination system ranged between 1.22 and 1.24 kWh/m3, with an 
average saving a range between 14.7 and 65% compared to the previous 

techniques of RO desalination system. 

6. Conclusions 

In the present study, a comprehensive performance modeling of a 
new PV-driven hybrid humidification-dehumidification-reverse osmosis 
(HDH-RO) desalination system was conducted. The system was provided 
with thermal energy recovery unit attached to the backside of the PV 
panels to cool the panels and simultaneously preheat the seawater. In 
addition, to enhance the evaporation rate within the humidifier, double- 
pass solar air collectors, and evacuated tube solar water collectors were 
utilized. For a full analytical assessment of the performance of the pro-
posed unit, five coupled models were suggested, solved, and validated 
by previously conducted experiments from the literature. The main 
conclusions of the present simulation study can be reported as follows: 

Fig. 15. The recovery ratio of the RO desalination unit for the three different days.  

Fig. 16. The instantenous variations of freshwater production of the proposed hybrid HDH-RO desalination system.  
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• Freshwater production from the HDH desalination unit varied be-
tween 30.6 and 31.9 L/h, with a water recovery ratio ranged be-
tween 7.7 and 8%.  

• The permeate flow rate of RO desalination system ranged between 
162.7 and 168.8 L/h, with a water recovery ratio range of 
40.7–42.2%.  

• The new hybrid HDH-RO desalination system is a good choice for 
freshwater production with low power consumption. 

• The freshwater production of the proposed system varied be-
tween192 and 200 L/h, with the water recovery ratio ranged be-
tween 48 and 49.8%.  

• The specific power consumption (SPC) of this system ranged between 
1.22 and 1.24 kWh/m3, with an average saving a range between 14.7 
and 65% compared to the previous techniques of RO desalination 
system. 
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Fig. 17. The recovery ratio of the proposed hybrid HDH-RO desalination system.  

Table 1 
Comparison between the specific power consumption of the proposed hybrid 
HDH-RO system and previous studies.  

Reference Membrane types Specific power consumption 
(SPC), kWh/m3   

Value Saving ratio 
in current 
work (%) 

Present work Hybrid HDH-RO with three stage 
of spiral wound membranes 

1.22–1.24 – 

Wang et al.  
[23] 

RO-PRO hybrid system with 
double ERD 

1.27–1.57 15.4 

Bargiacchi 
et al. [25] 

hybrid RO-Pressure Retarded 
Osmosis desalination plants 

1.831–2.227 65 

Ahmad et al. 
[26] 

Spiral wound membrane (Dow 
chemical, SW30-4040) in the RO 
system. 

2–2.14 68.3 

Cerva et al.  
[27] 

Spiral wound membrane 
(SW30XHR-440i) in the RO 
system. 

1.8 46.3 

Alsarayreh 
et al. [28] 

Spiral wound membrane 
(Filmtec8I“SW30HR380) in the 
RO system. 

1.4–2.2 46.3 

Du et al.  
[40] 

Spiral wound membrane 
(SW30XLE-400) in the RO system 

1.4107 14.7 

Avlonitis 
et al. [41] 

Spiral wound membrane 
(Filmtec8I′ ′SW30HR380) in the 
RO system 

1.9419 57.9 

Geraldes 
et al. [42] 

Spiral wound membrane (FilmTec 
SW30HR-380) in the RO system. 

1.8966 54.4 

Kaghazchi 
et al. [43] 

Spiral wound membrane 
(FILMTEC SW30HR-380) in the 
RO system. 

1.5706 27.7  
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