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a b s t r a c t
The world has currently recognized an essential technical and technological progress that has 
increased the lifespan of human beings and is one of the results of demographic evolution, which 
requires meeting the enormous energy and hydraulic needs of the population, especially in areas 
facing water stress. A novel reverse osmosis membrane desalination system engineering is pre-
sented and evaluated, using a Solar Chimney Power Plant (SCPP) and a Horizontal Wind Turbine 
(HWT). The proposed system is aimed to provide approximately 3,500–10,500 m3/d of freshwater 
from seawater (salinity ratio = 40,000 ppm) and about 10 MWe of electricity. The freshwater pro-
duced is expected to serve around 55,000–100,000 inhabitants in a semi-arid area in Morocco and 
Kingdom of Saudi Arabia (KSA). Horizontal wind turbine and battery bank will be used as a backup 
source of power during the sun off periods. In this work, two different case studies that present 
two different regions are performed (North Africa and the Arabian Gulf regions). The results 
revealed that the specific power consumption is over 6.181 kWh/m3.
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1. Introduction

The water shortage problem is the main cause of many 
deaths and diseases in the last few decades. According 
to UNICEF [1], nearly 9 out of 10 children in the Middle 
East and North Africa (MENA) live in areas of high or 
extremely high-water stress with serious consequences on 
their health, nutrition, cognitive development, and future 
livelihoods. The MENA region is reported to be the most 
water-scarce region in the world. Nearly 66 million people 
in the region lack basic sanitation, and very low propor-
tions of wastewater are adequately treated [1]. Therefore, 
the desalination technology can play an important role 
to solve the water shortage problem in the MENA region. 

Desalination can be classified into two major parts. The 1st 
part is membrane desalination, and the 2nd part is ther-
mal desalination. However, desalination similar to any 
other technology needs power (thermal and/or electrical). 
Remarkably, MENA region has a great potential in energy 
resources especially renewable energy (solar and/or wind). 
For instance, and with respect to the solar energy example, 
the sunshine hours in the MENA region is about 3,600 h/y 
with an average solar radiation of 6–7 kWh/m2 [2]. For that 
reason, desalination should be combined with renewable 
energies, particularly the solar energy. Many efforts have 
been considered in that regard especially in thermal desali-
nation (multi-stage flash, multi effect distillation, and vapor 
compression) with solar energy [3–12]. However, membrane 
desalination such as reverse osmosis (RO) is considered 
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as a vital option compared to thermal desalination while 
combining with renewable energies [13].

For instance, A.M. Soliman et al. [8], A.S. Nafey and 
M.A Sharaf [10], M.A. Sharaf [11], D.T. Agustín and G.R. 
Lourdes [14–16] have investigated the combination of solar 
organic Rankine cycle (ORC) and reverse osmosis desali-
nation plant. Their results showed low specific power con-
sumption and the availability of using solar thermal ORC 
with RO. For direct electrical combination between solar 
photovoltaic (PV), wind and RO, O. Charrouf et al. [17] 
investigated the effect of operating conditions (tempera-
ture, pressure, irradiation, etc.) on the system being stud-
ied. The total water price was about 0.25 $/m3. A.A. Monjezi 
et al. [18] presented a thermal PV as a main power source 
for the RO unit. The specific consumption of the produc-
tion plant energy was 0.12 kWh/m3. W. Delgado et al. [19] 
optimized the solar micro grid for RO desalination process. 
X. Lai et al. [20] studied the use of mechanical and electri-
cal combination between solar dish stirling and RO desali-
nation, where the aim of this study was to improve the 
functional performance of desalination system. B. Martin-
Gorriz et al. [21] presented a reverse osmosis desalination 
system coupled with a photovoltaic solar field where the 
objective was to integrate a new water treatment technique, 
and to reduce the overexploitation of aquifers in the field 
of greenhouse cultivation. A.S. Ibrahim et al. [22] investi-
gated the integration of a photothermal reactor with the 
pre-treatment station. The system managed to reduce the 
total dissolved solids of the brine water from 18 to 70 mg/L, 
with an average rate of elimination of around 99.5% in cli-
matic conditions close to that of standard temperature and 
pressure. S.E. Mohamed et al. [23] investigated technically 
and economically a photovoltaic powered brackish water 
reverse osmosis desalination system. This system was 
designed to produce an amount of 0.35 m3/d with a spe-
cific power consumption of around 4.6 kWh/m3. The main 
reason for the high cost of water production (15–20 €/m3) 
was the need for solar batteries to achieve a constant pres-
sure and flow rate for the membranes [23]. A.M. Helal et al. 
[24] studied the economic feasibility of driving RO by PV 
within low specific power consumption. Three alternative 
configurations of an autonomous PV-RO unit for remote 
areas in the United Arab Emirates (UAE) were investigated. 
They also studied the possibility of using a diesel genera-
tor for a day off periods. The PV-RO was not designed for 
more than 20 m3/d (in 10 h). But they do not investigate the 
effect of diesel emissions on the environment. A. Cipollina 
et al. [25] presented and analyzed the operation of selected 
renewable energy system desalination unit, which demon-
strated a productivity range from 1 to 10 m3/d. Based on 
material effects on PV-RO, M. Freire-Gormaly and A. 
Bilton [26,27] presented an experimental investigation of 
the effect of intermittent operation characteristic of renew-
able powered desalination systems (PV-RO desalination). 
Their work showed a future work to develop robust design 
algorithms for renewable powered desalination systems. 
D. Manolakos et al. [28] presented some technical char-
acteristics as well as an economic comparison of PV-RO 
desalination systems. The PV system was consisted of 18 
arco-solar mono-crystalline PV panels, with total peak 
power of 846 W. Their system has a capacity of 0.1 m3/h and 

the specific energy recovery of that system has been exper-
imentally found to be in the range of 3.8–6 kWh/m3. Their 
work estimated the cost at 7.77 €/m3. But their work had 
not investigated the large-scale production based on the 
PV power. A.A. Hossam-Eldin et al. [29] studied a design 
of a PV powered by a small-scale reverse osmosis system. 
It was found that the cost of producing 1 m3 of fresh water 
using the small PV powered RO water desalination sys-
tems is $3.73. E. Tzen et al. [30] studied that the design 
of an autonomous PV-RO system is able to cover potable 
and other water needs of a rural community in Morocco. 
That study was built based on 0.5 m3/h powered by 7.5 kW 
of high-pressure pump power (SPC = 15 kWh/m3) [30]. 
Another work was provided for wind powered RO. C.C.K. 
Liu et al. [31] presented a wind-driven reverse osmosis 
system for aquaculture wastewater treatment and demon-
strated that freshwater can be used as a freshwater supply 
for fish culture [31]. The economic analysis was not inves-
tigated in the study of C.C.K. Liu et al. [31]. Operation of 
an experimental RO plant connected directly to a PV solar 
energy was studied by A. Lilane et al. [32], and the wind 
system without energy storage was studied by I.N. Pestana 
et al. [33]. The system was built to produce an amount of 
3.6 m3/h based on 21 kW of power. D.A. Dehmas et al. [34] 
studied the availability of using the wind power for seawa-
ter reverse osmosis (SWRO) desalination plant. An energy 
yield and economic analysis was performed on a hypothet-
ical wind farm consisting of 5 of 2 MWe bonus wind tur-
bines and determined that wind energy can successfully 
power an SWRO desalination plant. According to the liter-
ature, the majority of solar electrical RO systems operated 
at micro or low capacities and one of the most important 
reasons is the use of PV systems. Therefore, the solar chim-
ney power plant (SCPP) could be another vital option to 
power the RO and to deliver a suitable power for the end 
user. SCPP can provide up to 100 MWe with LEC = 0.1 €/
kWh [35], which is remarkably attractive. It would be a 
remarkable work to combine such solar technology with 
RO desalination process. In fact, there is a minor research 
activity in this regard, where the SCPP was treated as a 
solar still and power generator. For instance, K. Rahbar and 
A. Riasi [36] presented a SCPP for only 120 kW combined 
with PV. The PV produced about 419–420 kW of power. 
The solar chimney worked as a solar still for desalination 
[36]. C. Méndez and Y. Bicer [37] presented a proposal for 
the use of SCPP to produce 80 kW of power beside the 
operation of the multi-stage flash (MSF) for desalination 
purposes. Solar chimney is exploited in the MSF desali-
nation process for high system efficiency and to produce 
about 600 m3/d [37]. A. Alkhalidi and Y.K. Al-Jraba’ah 
[38] presented a solar chimney coupled with a parabolic 
solar concentrator. The solar concentrator was used with 
the objective of vaporizing the sea water. The production 
of distilled water was around 1.25 m3/m²/y. P. Rahdan et 
al. [39] presented a solo solar chimney to produce 0.598–
0.6 m3/d and still effect was used. Méndez and Bicer [40] 
presented a hybrid SCPP/HWT (horizontal wind turbine) 
for MSF and RO desalination. The system used the SCPP 
as a steam generator for the MSF. HWT was used sepa-
rately to serve the RO desalination plant. The total pro-
duction was about 4,500 m3/d with high share percentage 
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(85%) on the RO/HWT side. It is clearly noticeable from 
the literature that the combination between RO and SCPP 
is rarely existed. In this work, a new study is introduced 
regarding to SCPP/HWT for seawater reverse osmosis 
desalination processes. SCPP is used as the main source 
of power instead of using PV or PV/HWT. HWT will be 
used as a backup system for more power generation. It is 
anticipated by the system to serve about 50,000 to 100,000 
inhabitants for their freshwater and power needs (3,500–
10,000 m3/d and 10 MWe). The direct combination between 
SCPP and RO was not investigated before especially for 
large capacity operations. Meteorological data is also pre-
sented. The Mathematical and optimization models are 
performed as well. The system performance will be exam-
ined along the year under different operating conditions.

The objective of this paper is to analyze the potential elec-
tric energy production by SCPPT/RO in Casablanca, Morocco 
and Jeddah, KSA cities operating conditions (MENA and the 
Arabian Gulf regions) and to estimate the produced water. 
This production system can produce a quantity of water that 
can reach up to 13,810 m³/d, with a power that can exceed 
7 MW injected into the electricity grid in the sunniest areas. 
This study also presents an analysis about the influence of 
some geometrical and physical parameters, such as chim-
ney height, collector diameter, ambient temperature, and 
solar radiation, on the power output of solar chimney power 
plants.

2. Novel system proposed

This part provides a complete and detailed description 
of the proposed system. Mathematical models, assumptions, 
and operating conditions are presented.

2.1. Process description

The novel system contains solar chimney power plant 
(SCPP) for electric power generation, horizontal wind tur-
bine (HWT) for backup operation and power generation, 
and reverse osmosis (RO) for desalination purpose. Fig. 1 
shows a schematic diagram of the proposed novel system. 
The SCPP or the solar updraft tower (SUT) is a design con-
cept for a renewable-energy power plant for generating 
electricity from low temperature solar heat. Sunshine heats 
the air beneath a very wide greenhouse-like roofed collector 
structure surrounding the central base of a very tall chim-
ney tower. The resulting convection causes a hot air updraft 
in the tower by the chimney effect. This airflow drives wind 
turbines, placed in the chimney updraft or around the chim-
ney base, to produce electricity. The power output depends 
primarily on two factors: collector area and chimney height. 
During the sun off periods, HWT farm will be used to serve 
the loads (RO + user load demands). For RO part, the sea-
water is considered as the main feed to the RO stage. RO 
with basic stage will be considered in this work, that is, 
no energy recovery devices will be used.

2.2. Developed mathematical model

2.2.1. Solar chimney mathematical model

To calculate the performance and energy streams across 
the SCPP [35,41–44], the mean air temperature (°C) is calcu-
lated as follows: where Tamb is the ambient air temperature, 
and Tai is the air temperature entering to the chimney, °C.

T
T T

am
amb ai�

�
2

 (1)

Fig. 1. A schematic diagram of the novel system proposed for seawater desalination (RO) and power generation (SCPP/HWT).



A. Lilane et al. / Desalination and Water Treatment 286 (2023) 1–154

The total solar field area, m2 is calculated based on the 
field diameter, Dcol, m:

A Dcol col�
�
4

2  (2)

The chimney cross sectional area, m2 is calculated 
based on the chimney diameter, m:

A Dch chi�
�
4

2  (3)

Chimney diameter difference, m, where Dcho and Dchi 
are the outlet and inlet chimney diameter, respectively:

d D Dr � �cho chi  (4)

Air velocity at the chimney entrance, m/s, where Hch is 
the chimney height, m:

V H
T T
Tair ch

ai amb

amb

� � � �
�
�

2 9 81
273 5

.
.

 (5)

The mass of air at chimney entrance, kg/s:

M A Vair ch air� � ��  (6)

The mass of air through the collector, kg/s is calculated 
based on the mass balance across all system:

M Mac air=  (7)

Hence, the air velocity through the collector, m/s is cal-
culated based on the air density, area and mass flow rate:

V
M
Aac
ac

col

�
��

 (8)

The pressure difference dp is produced between tower 
base (collector outlet) and the ambient, Pa:

dP T T H� � � � � � �� ��9 81. � �amb air ch  (9)

Then, the chimney power, W can be calculated:

P dP V Ach air col� � �  (10)

Useful air thermal power, W:

Q M C T T Ta � � � �� �� �air pa am air amb  (11)

The chimney efficiency is then calculated based on 
the chimney power and air thermal power:

�ch
ch�
P
Qa

 (12)

For the electric part in the SCPP, the turbine rotor area, 
m2 is calculated based on rotor diameter, m:

D Dr = chi  (13)

A Dr r�
�
4

2  (14)

The air speed through the rotor, m/s is calculated based 
on the rotor area and mass flow rate of the air through 
the rotor, kg/s:

V
M

A Tr
r

�
� �� �

air

am� 273
 (15)

To calculate the collector efficiency, thermal loss should 
be calculated. The radiation lose to the ambient from the 
collector, W/m²·K:

Q E A T Tr a c_ � � � � �� � � �� �� �� col ai amb273 273
4 4

 (16)

The convection heat transfer coefficient from the collec-
tor to the ambient, W/m2·K:

h
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The overall heat transfer coefficients between collector 
and ambient, W/m2·K:

U
h D kcl
c a c

�
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1
1 / /_

 (18)

Another expression of the overall losses can be 
expressed from the overall energy balance of the whole 
system.
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 (19)

The conduction loss from the chimney, W, where kch is 
the thermal conductivity, W/m·K:

Q k A
T T
dr

lch ch ch
ai amb� � �
�

 (20)

The thermal total loss power through the collector and 
chimney tower, W:

Q U A T T Q Ql l r a� � � �� �� � � �col air amb lch _  (21)
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The solar thermal power, W:

Q I As s c� � �col �  (22)

The collector efficiency:

�col �
Q
Q
a

s

 (23)

The total plant efficiency:

� � � �t t� � �col ch  (24)

The net power from the SCPP, W:

P Q Qs l tnet � �� ���  (25)

2.2.2. HWT mathematical model

The HWT mathematical model used in this study is 
given by following equations [45,46]:

Air density kg/m3 at sea level is calculated based on 
air temperature, °C, and site elevation, Hs, m:

T
Hs

air � � �
�

�
�

�

�
�15 5 19 83

3 048
. .

,
 (26)

�air
air
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T
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Hs100
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3048
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 (27)

The HWT rotor swept area m2:

A Dr r� �
�
4

2  (28)

Air mass flow rate kg/s:

M A Vrair air wr� � ��  (29)

Wind speed at the blades, m/s where Vwr is the rated wind 
speed, m/s, and ASR is the air speed ratio (=4 for 3 blades 
type):

V
V

u =
wr

ASR
 (30)

Power coefficient:

C
V
V

V
VP

u u

�
�

� �
�

�
��

�

�
��

4
1

2

2
wr wr  (31)

The required wind power, kW:

HP air wr
w

rA V
�

� � �0 5
1 000

3.
,

�
 (32)

The power delivered by the turbine, kW:

HP HPmec � �w PC  (33)

Rotor speed, RPMr is calculated based on the tip speed 
ratio (TSR) and rated wind speed, m/s:

RPM
TSR wr

r
r

V
D

�
� �60
�

 (34)

Rotor torque N·m:

Tr
r

�
�

�
1 000
2

60

, HP
RPM

mec

�
 (35)

Power outlet from HWT generator, kW:

P ggo mecHP� ��  (36)

Output current, A, where FP is the power factor lag 
and equal to 0.8:

I
P

Vg �
�

�

1 000

3

, go

FP
 (37)

Net power developed, kW:

P Pnd mec goHP RL� � �� �  (38)

where, RL is the rotational loss and equal to 0.11–0.12.
The total wind farm power (TFP), kW:

TFP nd wt� �P N  (39)

where Nwt is the total number of wind turbines.
For the battery in discharging mode, AH should be cal-

culated. For single battery, the AHb is calculated based on 
battery current, Ib, Amp, and the discharging time, td, h.

AHb b dI t� �  (40)

For single battery storage, Wh, the battery voltage Vb is 
multiplied by the AHb.

BSp AH� �b bV  (41)

Single battery power, W:

Bp
BSp DOD
OH NOC

�
� �
�

�b  (42)

where, DOD is the battery depth of discharge and OH is the 
operating hours, h, and NOC is the number of cloudy days. 
The total battery power bank, W can be obtained based on 
the battery power, Bp and the number of batteries, NOB.
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TBP Bp NOB� �  (43)

Load current, Amp can be obtained based on the total 
battery power and the load voltage based on the application.

I
Vl
l

=
TBP  (44)

For charging mode, the same sequence will be consid-
ered, however, the charging time, tc, h, will be assigned for 
the AHb calculation.

Single battery Amp hour, AH.

AHb b cI t� �  (45)

2.2.3. RO mathematical model

In desalination systems, where the reverse osmosis 
membrane is the heart of the whole project, overcoming the 
filtration resistance and the osmotic pressure of the mem-
brane system is very important to force the solid-liquid fil-
tration phenomenon. The fresh water is produced through 
the application of high pressure in the supply side by the 
high-pressure motor pump according to the configuration of 
the RO membrane unit in addition to the quality and quan-
tity of the production [9,11,47]. The following figure (Fig. 2) 
shows the principle of a RO module. The RO model can be 
expressed based on the performance technique of modelling 
where the output productivity should be calculated based 
on the input power to the RO [48–51]. The feed flow rate, 
kg/s is calculated based on power load on the high-pres-
sure pump (HPP, kW), the density, pump efficiency, and the 
pressure difference across the pump.

M
T X

Pf
f p

�
� � ��HPP � �,

�
 (46)

The RO productivity, kg/s is then calculated based on the 
assigned recovery ratio (RR) as follows:

M Mp f� �RR  (47)

The product salt concentration, g/kg is then calcu-
lated based on the feed salinity ratio, Xf, g/kg and the salt 
rejection percentage (SR = ~0.98).

X Xp f� � �� �1 SR  (48)

The rejected brine kg/s is the difference between the 
feed flow rate and the product flow rate as follows:

M M Mb f p� �  (49)

Based on the mass and salt balances, the rejected salt 
concentration g/kg is then calculated.

X
M X M X

Mb
f f p p

b

�
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 (50)

The average salt concentration kg/m3:

X
M X M X

M M
f f b b

f b
av �

� � �

�
 (51)

The temperature correction factor, °C:

TCF � �
�

�
�

�
�

�

�
�

�

�
�

�

�
�exp ,2 700 1

273
1
298T

 (52)

The membrane water permeability kw;

k
X

Tw
b� � �
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�� �

�6 84 10
18 6865 0 177

273
8.

. .
 (53)

The salt permeability ks is:

k

T
s � � � �

� � � � �� �� �� �
�

�

FF TCF 4 72 10

0 06201 5 31 10 273

7

5

.

. .  (54)

where FF is the membrane-fouling factor (FF = 0.8). The 
calculations of osmotic pressure for feed side, brine side, 
and distillate product side are found as follows:

� f fX� �75 84.  (55)

�b bX� �75 84.  (56)

�d dX� �75 84.  (57)

The average and net osmotic pressure are then calculated:

� � �av � � �� �0 5. f b  (58)

�� � �� �av d  (59)

The net pressure difference across the membrane:

� ��P
M
A n N k
d

e e v w

�
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�

�
��

�

�
�� �3 600, TCF FF

 (60)Fig. 2. Simplified basic flow diagram for the RO process.
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where Ae is the element area in m2, ne is number of mem-
brane elements, and Nv is the number of pressure vessels. 
The specific power consumption (SPC, kWh/m3) is then 
calculated based on the high-pressure pump (HPP, kW).

SPC HPP
�

�
�

1 000
3 600
,
, Mp

 (61)

Density, kg/m3 is calculated as presented in the follow-
ing function. This equation is applicable in the salinity range 
of 0 to 160 g/kg and for temperature from 10°C to 180°C.

�w
a a Y a Y

a Y Y
�

� � � � � � �� �
� � � � �� �

�

�

�
�

�

�

�
�
�

0 5 2 1

4 3
1 0000 1 2

2

3
3

.
,

 (62)

where,
a0 = 2.01611 + 0.115313 × σ + 0.000326 × ((2 × (σ2))–1);
a1 = –0.0541 + 0.001571 × σ + 0.000423 × ((2 × (σ2)) – 1)
a2 = –0.006124 + 0.00174 × σ + 0.000009 × ((2 × (σ2)) – 1)
a3 = 0.000346 + 0.00008 × σ + 0.000053 × ((2 × (σ2)) – 1)

Y T S
S�

� �
�

�� � �
�� ��

2 200
160

2 000 150
150

,
,

,� g/kg

Specific heat capacity (J/kg·°C): the specific heat of water 
at constant pressure is:

C a b T c T d Tp p p p p� � � � � � � �� �1
1 000

2 3

,
 (63)

ap = 4,206.8 – 6.6197 × X + 1.2288 × 10–2 × X2;
bp = –1.1262 + 5.4178 × 10–2 × X – 2.2719 × 10–4 × X2;
cp = 1.2026 × 10–2 – 5.3566 × 10–4 × X + 1.8906 × 10–6 × X2;
dp = 6.8774 × 10–7 + 1.517 × 10–6 × X – 4.4268 × 10–9 × X2

2.3. Developed model browser

Engineering process consist of several interactive units, 
generally, to understand the behavior of these processes 
under different operating conditions, a flexible and general 
computer program is needed to simulate and control many 
flow sheeting processes. These processes can mostly be 
divided into two classes: (i) performance processes (current 
work), and (ii) design processes. In the performance prob-
lem, the variables are associated with the feed streams to a 
processing unit and all design parameters (such as solar field 
area, tower height dimensions, etc.) are assumed to be known.

The variables associated with the internal and output 
streams are unknown. To model and simulate the proposed 
system, a software program is quite essential to achieve 
that target. Matlab/Simulink has been used for that pur-
pose. Based on the performance technique of modelling, 
the model will calculate the efficiency and power output 
from the SCPP/HWT/Battery. The power will drive on the 
high-pressure pump of the RO beside the load demand 
from the user (Table 1).

2.4. Description of the sites studied

In this section, Fig. 3 Represents the monthly average 
of solar radiation GHI, W/m² and wind speed, m/s for 

Casablanca, Morocco and Jeddah, KSA locations. According 
to Fig. 3a, the values of the monthly average solar radiation 
GHI of Jeddah, KSA are very important compared to that 
of Casablanca, Morocco, it recognizes an important value 
of the order of 960 W/m² (July), compared to a value of 
850 W/m² which was recorded in Casablanca, Morocco as 
a maximum value mentioned in the same month (July). For 
this reason, it is noticeable that Jeddah, KSA represents a 
more efficient solar field compared to that of Casablanca, 
Morocco. According to Fig. 3b, the values of the monthly 
average wind speed of Casablanca, Morocco and Jeddah, 
KSA variants significantly throughout the year, in the 
periods of January–April, May–August and November–
December the wind speed of Jeddah, KSA is higher than 
that of Casablanca, Morocco, on the other hand in the 
period of April–May and August–November, the average 
wind speed of the city of Casablanca, Morocco is the high-
est compared to that of Jeddah, KSA, the maximum aver-
age value of the wind speed is recorded in Jeddah (4.7 m/s 
in the month of June), this city also recognizes the mini-
mum average value of the wind speed (3.15 m/s) which has 
been recorded in the month of October, it shows that the 
average wind speed in this city is not stable.

3. Results and discussion

Fig. 4 illustrates the performance results of the SCPP 
according to Casablanca and Jeddah locations during the 
whole year; it is the inlet chimney temperature (°C), the 
pressure drop (kPa), the total SCPP efficiency, the tower effi-
ciency, the collector efficiency and the heat transfer losses (W/
m²·K). According to Fig. 4a, the inlet chimney temperature, 
in Jeddah is very high compared to Casablanca throughout 
the year, especially in July with a temperature exceeding 60°C, 
this temperature variation is largely linked to the global irra-
diation of the studied region, practically, they have the same 
variation profile, in fact, the pressure drop in Jeddah is very 
high throughout the year compared to that of Casablanca. The 
total SCPP efficiency, in the periods between June–May and 
July–November, the efficiency in the region of Casablanca 
is very important compared to Jeddah, this efficiency varies 
between 58.5% in June and 61.5% in November (Fig. 4b). In 
other periods (May–July and November–December), the total 
return of SCPP is high in Jeddah, it varies between 58% in June 
and 62% in December. Regarding the tower efficiency, Fig. 4d 
shows perfectly that the tower performance in Casablanca city 
is higher than that of Jeddah throughout the year, especially 
in the period July–December, therefore the tower efficiency in 
Casablanca varies between 76.75% in June–July and 78.80% 
in December, on the other hand the collector efficiency in 
Casablanca and Jeddah represents a very high value, it var-
ies between 90% and 98% (Fig. 4e). From a thermal transfer 
point of view, the SCPP lost thermal energy by convective 
effect, Fig. 4f shows clearly that the heat loss flux is essen-
tially outstripping the wind speed of the studied site (Fig. 3b), 
consequently, a high wind speed, leading to a high heat 
transfer loss and vice versa. For this reason, the heat trans-
fer loss in Jeddah are high compared to that of Casablanca 
because the average wind speed in Jeddah is high.

Fig. 5 represents the performance results through the 
SCPP according to Casablanca and Jeddah locations during 
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the whole year; it is the net power (kW), the thermal power 
(kW), the air velocity at the turbine rotor (m/s), and the air 
mass flow rate (kg/s). According to Fig. 5a, the SCPP net 
power in Jeddah is higher compared to that of Casablanca, 
in fact, the Jeddah site has a net power of the order of 12 MW 
in July the irradiation is maximum. For Casablanca, the site 
has a net power of around 10 MW in June as its maximum 
value throughout the year. This energy production is just the 
results of the thermal power recovered by the SCPP, conse-
quently, the site of Jeddah city represents a very high thermal 
power by contribution to Casablanca (Fig. 5b), a maximum 
value that exceeds 25 MW was recorded in Jeddah in July, 
and a minimum order value of 0.75 MW in December. In 
Casablanca city, the thermal power recovered by the SCPP 
varies between 0.4 MW in December and 2.25 MW in June. 
The power recovered as a contribution to the solar system 
has a perfect influence on the air speed at the level of the 
electric rotor production turbine, where the high thermal 

power (significant irradiations) influences the speed of the 
air that will cross the turbine is also becoming important. 
For this reason, the air speed at Jeddah site is higher than 
that of Casablanca throughout the year, the maximum value 
of this speed was recorded in Jeddah (~20 m/s in July), on 
the other hand, the Casablanca city site recognizes a mini-
mum air speed (~11 m/s in December) throughout the year. 
These results will imperatively influence the air mass flow 
rate of the solar system (Fig. 5d), consequently, the air mass 
flow rate in Jeddah varies between 600 kg/s in December 
and exceeds 900 kg/s in July, for Casablanca, the air mass 
flow rate also varies from 500 kg/s in December to 890 kg/s 
in June, this variation mainly influences the rotation speed 
of the SCPP turbine, and consequently, the net production 
of the global power of SCPP (Fig. 5a).

Fig. 6 represents the performance results of the HWT 
farm according to Casablanca and Jeddah locations during 
the whole year; it is the turbine blades (m/s), the total farm 

Table 1
Assigned data for the proposed system SCPP/HWT/RO

Process Assigned parameters References

RO

- Seawater salinity ratio = 40,000 ppm
- Pressure drop = 4,000–7,000 kPa
- Recovery ratio = 15%–30%
- Number of pressure vessels = 75
- Number of elements per pressure vessel = 7
- Membrane area = 35.3 m2

[9]
[11]
[47]
[48]
[49]

SCPP

SCPP

- Ambient temperature = 15°C–35°C
- Solar radiation = 100–1,000 W/m2 (vary based on the location)
- Collector diameter = 250 m
- Collector cover thickness = 0.02 m
- Collector cover absorptivity = 0.89
- Collector cover emissivity = 0.88
- Collector cover conductivity = 0.03 W/m·K
- Chimney height = 65 m
- Chimney inner/outer diameter = 10/10.2
- Chimney thermal conductivity = 0.28 W/m·K
- Chimney wind turbine and generator efficiency = 0.8
- Efficiency (mechanical) = 95%

[35]
[41]
[42]
[43]
[44]

HWT

HWT

- Ambient pressure = 1.03 bar
- Ambient temperature=15°C–35°C
- Wind speed = 2.5–15 m/s (vary based on the location)
- Site friction factor = 0.2
- Site elevation = 100 m
- Tip speed ratio = 4
- Air speed ratio=0.3–0.5
- Rotor diameter = 65 m
- Number of HWT = 50
- Generator mechanical efficiency = 0.85
- Rotation loss = 0.11
- Power factor lag = 0.8

[45]
[46]
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power (kW), the average generator power/module (kW), 
and current/module (A). According to Fig. 6a, the tur-
bine blades are essentially dependent on the wind speed 
(Fig. 3a), in Jeddah city, it varies between 24 m/s in October 
and 36 m/s in June, with high disturbance throughout year. 
In Casablanca city, the turbine blades vary between 25 m/s 
in January and 34 m/s in July. These results will impact 
the power delivered by the wind farm (Fig. 6b), in fact, the 
maximum power value of the HWT farm was recorded in 
June in Jeddah, this value exceeds 2.7 MW, the same site 
has also a minimum production of the farm throughout the 
year (0.5 MW). In this performance study, the HWT farm 

is made up of 50 wind turbines (in Casablanca and Jeddah 
locations), and it is estimated that all wind turbines operate 
under the same conditions, and produce same elementary 
power during the operating period, according to Fig. 6c, 
each wind turbine in Casablanca produces power that varies 
between 200 and 475 kW throughout the year, and between 
100 and 575 kW in Jeddah during the same period of oper-
ation. Consequently, the current generated by each wind 
turbine also varies according to the variation in the power 
produced (Fig. 6d). Therefore, the elementary current 
generated in Casablanca varies between 680 and 1,580 A, 
and between 560 and 1,920 A in Jeddah.

Fig. 3. Monthly average (a) solar radiation GHI and (b) wind speed for Casablanca, Morocco and Jeddah, KSA locations.

Fig. 4. Performance results of the SCPP according to Casablanca and Jeddah locations: (a) inlet chimney temperature, 
(b) pressure drop, (c) total SCPP efficiency, (d) tower efficiency, collector efficiency, and (f) heat transfer loss.
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Fig. 6. The performance results of the HWT farm according to each location.

Fig. 5. Power and air velocity performance through the SCPP.
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Fig. 7. represents the performance results of RO desali-
nation plant at the locations of operations (Casablanca 
and Jeddah) during the whole year; it is the user power 
(kW), the total RO productivity (m3/d), the feed flow rate 
(m3/d), the product salinity (g/kg), the average brine salinity 
ratio (g/kg).

Fig. 7a perfectly shows that more than 50% of the power 
produced by the solar system has been sent to the end 
user, in the case of Casablanca, this power varies between 
~1.4 kW in January and ~7 MW in June, in the case of 
Jeddah, the user power exceeds 8 MW in July where the 

irradiation is maximum. Concerning freshwater produc-
tion (Fig. 7b), Jeddah site represents a high productivity 
compared to that of Casablanca, in Jeddah, this productiv-
ity varies between ~4,100 and ~13,810 m3/d, and between 
~1,900 and ~12,000 m3/d. For this reason, the unit of RO 
requires a high feed flow rate, this flow rate in Jeddah city 
varies between ~1.2 × 104 and ~3.96 × 104 m3/d, in Casablanca 
the feed flow rate varies also between ~0.52 × 104 and 
~3.45 × 104 m3/d (Fig. 7c). During the production of fresh 
water, their quality changes depending on the irradiation 
of the studied site (Fig. 7d), they are inversely proportional, 

Fig. 7. Performance results for the RO desalination plant at the locations of operations (Casablanca and Jeddah).

Fig. 8. The RO results according to the daily productivity and SPC based on the variation of power and pressure across the RO.
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therefore, in the region that deposits a high irradiation rep-
resents an important quality of freshwater, considering that 
the period when the irradiation is very high in Jeddah and 
Casablanca (April–October), the salinity of the production 
does not exceed 0.1 g/kg, on the other hand this salinity 
can reach a maximum of 0.75 g/kg in January in Casablanca 
and 0.35 g/kg in December in Jeddah. At the level of brine 

salinity ratio, their average value practically varies in a 
negligible way during the period of operating system, and 
their location too (Casablanca and Jeddah) Fig. 7e, this 
average brine salinity ratio is around 48.48 g/kg.

Fig. 8 shows the RO results according to the daily pro-
ductivity and SPC based on the variation of power and pres-
sure across the RO. Fig. 8a shows clearly that the effect of 

Table 2
The performance data results for the SCPP/HWT/RO system

Parameter Casablanca, Morocco Jeddah, KSA

Annual average GHI (W/m²) 520 780
Annual average ambient temperature (°C) 25 25
Annual average wind speed (m/s) 3.9 4.1

SCPP

Air temperature entering the chimney (°C) 52.75 58.48
SCPP net output power (kW) 6,015 9,348
Thermal power to the air collector (kW) 13,780 20,780
Overall heat losses (W/m²·°C) 1.368 1.401
Air mass flow rate (kg/s) 748.4 853
Air velocity at tower entrance (m/s) 8.567 9.853
Wind turbine rotor velocity (m/s) 15.94 18.25
Air pressures drop (Pa) 39.71 51.61
Total SCPP efficiency 0.588 0.586
Tower efficiency 0.7757 0.7689
Collector efficiency 0.9475 0.9526

HWT

Wind speed at the turbine blades (m/s) 32.65 34.33
Air mass flow rate (kg/s) 4.138e4 4.35e4
Rotor swept area (m2) 3,491 3,491
Axial force (kN) 180.2 199.1
Power coefficient 0.252 0.252
Wind power/turbine (kW) 1,986 2,307
Mech power/turbine (kW) 500.4 581.4
Output generator power/turbine (kW) 425.3 494.2
Net developed power/turbine (kW) 453.6 527
Total farm power (kW) 2.268e4 2.635e4
Generator current/turbine (A) 1,395 1,621
Spacing in wind direction (m) 800 800
Spacing cross the wind direction (m) 200 200
Farm total area (km2) 8 8

RO

Input power (kW) 6,804 7,905
User power (kW) 1.588e4 1.845e4
Specific power consumption (kWh/m3) 6.181 6.181
Productivity (m3/d) 2.642e4 3.07e4
Feed water flow rate (m3/d) 7.549e4 8.77e4
Brine flow rate (m3/d) 4.907e4 5.701e4
Brine salinity ratio (g/kg) 61.54 61.54
Product salinity (ppm) 54.45 46.86
Salt rejection 0.99 0.99
Total membranes area (m2) 18,532.5 18,532.5
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varying the power and pressure across the RO unit on the 
daily productivity Mp, m3/d by increasing the power and 
pressure will increase the productivity of the RO unit; in 
fact, this increase influences directly the SCP, kWh/m3, of 
the system (Fig. 8b), which will increase this parameter, in 
fact, it becomes very important to find an optimal operation 
adopted at high production with low specific power con-
sumption, which will minimize the total cost of produced 
water.

Table 2 represents the results and performance data 
of the SCPP/HWT/RO system in Casablanca, Morocco and 
Jeddah, KSA locations, at the same operating temperature 
(25°C), generally, the Jeddah site represents an important 
solar field and wind compared to that of Casablanca with an 
annual monthly average irradiation of the order of 780 W/
m2 (520 W/m2 in Casablanca site), and an average monthly 
wind speed of 4.1 m/s (3.9 m/s in Casablanca site), for this 
reason, the overall operating performance of the whole sys-
tems (RO/SCPP/HWT) in the Jeddah city is very high com-
pared to that of Casablanca, regarding the specific power 
consumption, the two sites require the same specific power 
value (6.181 kWh/m3), with the production of two sites, this 
specific power consumption is still very high.

4. Conclusions

The aim of this study that has been executed is the com-
bination of seawater desalination system, it is about the 
reverse osmosis desalination system assisted by solar chim-
ney power plant and horizontal wind turbine (RO/SCPP/
HWT), with the objective of producing electricity and 
freshwater. This energy is not only directed to the reverse 
osmosis unit but also to the users via their injection into 
the local electricity network. A comparative study between 
the two cities which are geographically different was car-
ried out, that recognize a very important water stress; on 
the other hand, they are characterized by a very important 
renewable energy potential on a global scale (solar energy/
wind energy). Casablanca, Morocco is a city in North Africa, 
and the other in the Arabian Gulf region is Jeddah, KSA.

This study demonstrates that the functional perfor-
mance of the RO/SCPP/HWT system for a production of 
3,500–10,500 m3/d of freshwater and 10 MW e of electricity 
in the city of Jeddah, KSA are very high compared to that 
of Casablanca, Morocco. This difference is largely propor-
tional to the methodological conditions of the two stud-
ied regions. Therefore, Jeddah, KSA has a very important 
energy and wind deposit than Casablanca, the thing that 
influences the production of freshwater and electricity to 
users. In this production system, the specific power con-
sumption is high proportionally (6.181 kWh/m3), and conse-
quently the production cost will also be high, which requires 
optimization, and this will be the subject of the next work 
“the performance optimization of RO/SCPP/HWT system”.

Symbols

A — Area, m2

ASR — Air speed ratio
BS — Battery storage, Wh
cp — Power coefficient, #

Cpa —  Specific heat capacity, kJ/kg·°C at constant 
pressure

D — Diameter, m
d — Difference, #
DOD — Battery depth of discharge
Ec —  Radiation to the ambient from the collec-

tor, W/m²·K
Fx — Axial force, N
H — Height, m, elevation, m
hcr —  Convection from the collector to the 

ambient, W/m²·K
HHP — High pressure pump, kW
HP — Power, kW
I — Current, A
IF — Ideality factor
Is — Solar radiation, W/m2

LF — Load factor, %
M — Mass flow rate, m3/h, kg/s
N, n — Number, #
NOB — Number of batteries, #
NOC — Number of cloudy ds
NOM — Number of modules, #
OH — Operating h, h
P — Power, kW, or pressure, bar
ppm — Parts per million
Q — Useful air power, W
Qrr, Ql — Thermal losses, W
Qs — Solar thermal power, W
RO — Reverse osmosis
RPM — Rotor speed, tr/s
RR — Recovery ratio
SPC — Specific power consumption, kWh/m3

SR — Salt rejection
SW — Seawater
T — Temperature, °C
t — Time, h
TBP — Total battery bank power, kW
TCF — Temperature correction factor, °C
TFP — Total Farm power, kW
Torg — Generator torque, N·m
Tort — Rotor torque, N·m
TSR — Tip speed ratio, #
Ul — Heat transfer coefficients, W/m2·°C
V —  Wind speed, m/s, voltage, V, air velocity, 

m/s
W — Rotor speed, rd/s
X — Salinity ratio, g/kg (ppm)
Xs — Optimum spacing in the wind direction, m
Y — Extraction percentage, %
Ys —  Optimum spacing in cross wind direction, 

m

Subscripts

a, air — Air
am — Ambient
av — Average
b — Brine, battery
ch — Chimney
col, ac, c — Collector
d — Distillate product, discharge
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e — Element
f — Feed
go, g — generator
l — Load
mec — Mechanical
nd, net — Net
p — Product or pump
r — Rotor
s — Site, solar
th — Thermal
Total, t — Total
u — Blades
v — pressure vessels
w — Water, wind
wt — Wind turbine

Greek

Δ	 —	 Difference
η — Efficiency, %
ρ — Density, kg/m3

π — Osmotic pressure, kPa, number, #
α — Optical collector performance
σ —  Stefan-Boltzmann constant (=5.67 × 10–8 W/

m2·k4)
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