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a b s t r a c t
This paper presents a multi-criteria optimization based on parametric sensitivity analysis for the 
sizing of a hybrid renewable production system (photovoltaic-wind) coupled to a water pumping 
and reverse osmosis water desalination unit. A dynamic simulator of the proposed system which 
includes photovoltaic-wind (PV/wind) renewable generators, three motor-pumps (well pumping, 
water storage and desalination), reverse osmosis desalination unit, three water tanks, annual con-
sumption data of freshwater with a sampling step of 10 min, annual data of weather conditions 
(Southern Tunisia), energy management and life cycle analysis indicators is developed. An energy 
management strategy is integrated into a dynamic simulator in order to share the power flow during 
the system operation. A parametric sensitivities-optimization method based on a genetic algorithm 
allows us to find the best configuration between the PV array areas, the wind turbine swept area and 
the capacity of the storage tanks with a reduced process time. The best configuration is predicted 
on the basis of the minimum primary energy requirement (environmental indicator) with an Loss 
of Power Supply Probability equal to 0% (reliability indicator). As a result, optimization based on 
sensitivity analysis is a good way to make the system more effective and run more smoothly.

Keywords:  Renewable energy; Hybrid PV/wind system; Energy management; Optimization; 
Parametric sensitivity; Desalination

1. Introduction

With climate change and the growth of the world pop-
ulation, the need for electricity and freshwater has steadily 
increased and research into non-polluting energy sources 
has become nowadays more and more urgent. In fact, it is 
necessary to use renewable/green energies in global electric-
ity generation, which constitute a viable alternative to fos-
sil fuels especially in dry regions and isolated areas of the 
world [1–4]. Increasing the share of renewable resources for 
electricity generation can reduce the environmental impacts 
in terms of embodied energy and total greenhouse gas emis-
sions and reduce the dependency on fossil fuels. The envi-
ronmental impacts are assessed via the life cycle analysis 

(LCA) method [5]. To meet these challenges, environmen-
tal considerations must be integrated into systems design 
and the use of hybrid systems based on renewable energy 
sources such as wind and solar can play an important role 
in providing electricity and/or matter (water, hydrogen) to 
the billions of people who depend on traditional sources 
of energy [6–10]. Hence, it is more reliable and efficient to 
install a hybrid photovoltaic-wind system in which the com-
plementary characteristics of solar and wind energies are 
combined. Also, for sustainable development, renewable 
energy sources are the solution to supply such water treat-
ment process especially in remote rural areas with low infra-
structure and no grid connection as certain coastal areas, 
islands or isolated areas in large deserts. It is then essential 
to focus on solar and wind energies coupled to desalination 
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(renewable energy-desalination nexus) with the objective to 
reduce environmental impacts.

The sizing of renewable hybrid systems is a complex 
issue, especially coupled with several water pumping and 
desalination processes (hydraulic load), which depend 
on the weather conditions (intermittent renewable energy 
sources). In this regard, Zhou et al. [11] studied the optimal 
operation approach using a multi-objective hydroelectric 
power system equipped with a seawater reverse osmosis 
desalination station. The genetic algorithm is used to effec-
tively reduce the costs of desalinated water. Mehrjerdi [12] 
studied the optimization of a water-energy system powered 
by a hybrid renewable source. The permeate water is pro-
duced by the desalination units. The author discussed the 
optimization problem which is based on homer software in 
order to find minimum costs of the system while guarantees 
a predefined level of supply reliability. Maleki et al. [13] pro-
posed the weather forecasting for optimization of a hybrid 
solar/wind system coupled to a reverse osmosis desalina-
tion unit with battery storage. The optimal capacities for 
the discussed system are investigated in terms of life cycle 
cost and loss of power supply probability via a harmony 
search-based chaotic search algorithm. Zhang et al. [14] 
studied the design optimization method of small reverse 
osmosis (RO) desalination systems powered by wind and 
solar energies. Three configurations are introduced: solar-
wind-RO desalination with battery storage, wind-RO 
desalination with battery storage and solar-RO desalina-
tion with battery storage. The optimization process aims 
to minimize the life cycle cost and reliability. For this aim, 
the simulated annealing-chaotic search algorithm is used.

In the mentioned literature, sizing optimization is 
always done using optimization algorithms that require a 
high CPU time: some authors use a simulation including 
the physical equations of each element which is done with 
a computing step of several hours or days especially with 
large time scale systems.

Inspired by the aforementioned published work, 
the main contributions of this paper are: (1) a configu-
ration of hybrid photovoltaic-wind system coupled to 
a water pumping and brackish water desalination unit 
with hydraulic storage is introduced, and a dynamic sim-
ulator of the proposed system coupled with an energy 
management loop and its environment (solar irradiation, 
wind speed, consumption profiles, water flow in storage) 
is developed under MATLAB/SIMULINK and exploited; 
(2) a parametric sensitivity study is developed to handle 
the hybrid system design with water desalination in order 
to set the range of optimization parameters and conse-
quently reduce the CPU time; (3) based on the parametric 
sensitivity, the optimum sizing of the hybrid energy sys-
tem with desalination is developed using multi-objective 
optimization (embodied energy for environmental evalua-
tion and loss of power supply probability for the reliabil-
ity) and solved by both the genetic algorithm (GA) and 
Pareto dominance schemes, namely, NSGA-II Algorithm.

The remainder of the paper is organized as follows: 
Section 2, modeling of hydraulic process powered by the 
hybrid renewable system is presented. Section 3 describes 
the energy management strategy. Next, respectively in 
Sections 4 and 5, the parametric sensitivity method and a 

multi-criteria optimization for the sizing of hybrid renewable 
production systems are presented and explained. Section 6 
presents the analysis of the results. Finally, conclusions are 
presented in Section 7.

2. Modeling of hydraulic process powered by 
hybrid PV/wind source

The considered system is a hybrid photovoltaic-wind 
system coupled to, via a DC bus link, a water pumping and 
desalination unit without battery storage (Fig. 1). The absence 
of electrochemical storage is the particularity of this system; 
only hydraulic storage is used to distribute freshwater to 
consumers [15]. The hybrid system is coupled to a DC bus 
through power converters. The hydraulic process is based 
on pumping brackish water from a well by an immersed 
motor-pump P1, high-pressure desalination motor-pump P2 
in order to supply reverse osmosis (desalination unit) and 
pumping freshwater to a higher position (water tower) by 
a motor-pump P3. So, the hydraulic process is composed of 
three motor-pumps, a desalination unit with stages of pres-
sure vessels (FilmTec membrane elements) and three water 
tanks. Infact, FilmTec Corp, a subsidiary of US-based Dow 
Chemical Co, has released version 6.0 of its Reverse Osmosis 
System Analysis (ROSA) design software. The Location 
for this company is:  Dow Corporate Headquarters 2211 
H.H. Dow Way Midland, MI 48674. The applied desalina-
tion technology of the proposed system is a reverse osmo-
sis (RO) process [16,17]. RO technique is characterized by 
lower energy demand, lower cost and improved membrane 
durability compared to other desalination technologies 
as multi-effect distillation and multi-stage flash [18].

2.1. Components of the hybrid power source

2.1.1. Solar module

Output electric power from the photovoltaic generator 
depends on the incident radiation and the cell temperature 
[19,20]. Output electric power is given by:

P A GTPV PV PV= × ×η . (1)

where ηPV is the power conversion efficiency of the PV 
panel, APV is the surface area of the PV panels, GT is the 
solar radiation on tilted surface. The power conversion 
efficiency is given by the study of Hysa [21].

η η αPV mp,STC STC= + −( )( )1 p c cT T , .  (2)

where αp is the temperature coefficient of the power, Tc,STC 
is the PV cell temperature under standard test condi-
tions, ηmp,STC is the maximum power point efficiency of the 
PV module under standard test conditions, Tc is the PV 
cell temperature.

According to the solar radiation GT and the ambient 
temperature Ta (°C), the PV cell temperature can be com-
puted by the following empirical expression [20].

T G Tc T a= + × −( ) + × −( )30 0 0175 300 1 14 25. .   (3)
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2.1.2. Wind turbine

The electrical power output of a wind generator is 
expressed by Layadi et al. [22].

P A C Vp gWT WT= × × × × ×0 5 3. ρ η  (4)

where V is the wind speed (m/s), Cp is the optimal wind 
turbine power coefficient, AWT is the turbine surface 
area (m²) and ρ is air density (kg/m3).

2.2. Components of the hydraulic process

The hydraulic process includes three combinations of 
motor-pumps with different functions: pumping brack-
ish well water, desalination and pumping freshwater 
to the water tower. The motor pumps will be operated 
within a certain range of their input power with high effi-
ciencies (variable frequency). In particular, it is import-
ant to respect pumping power limits to prevent problem-
atic operations which degrade efficiency and which also 
reduce the lifetime of pumps.

2.2.1. Desalination pump

The pump P2 (vertical multi-stage centrifugal pump 
for RO) is rated at 7.5 kW (Grundfos type CRN 10–21 
SF, Grundfos Holding A/S Poul Due Jensens vej 7 8850 
Bjerringbro, Denmark) to increase pressure and deliver fresh-
water from T1 to T2 through the RO module. The operation 
point is the intersection point between the pump character-
istic with the load characteristic. With the help of WinCAPS 
software for pumps [23], Fig. 2 describes the static head vs. 
output flow for different frequencies of pump P2 with the 
hydraulic load. With the “curve fitting tool” of MATLAB, the 
hydraulic load characteristic can be approximated by:

H2 2
250 1 05= + ×. .Q  (5)

where H2 is the static head (m) (total height) and Q2 is the 
output flow (m3/h) of the pump P2.

According to Grundfos manufacturer data (Grundfos 
Holding A/S Poul Due Jensens vej 7 8850 Bjerringbro, 
Denmark) [23], the output flow characteristic vs. mechani-
cal power of the pump P2 for different frequencies (differ-
ent values of rotor speed) is presented in Fig. 3. Note that 
the frequency varies between 50 Hz (16.3 × 105 Pa) and 
32.6 Hz (8 × 105 Pa). The range of frequency variation is lim-
ited by the osmotic pressure of the desalination unit and by 
the fouling factor of the RO FilmTec membrane elements. 
The output flow – mechanical power relation is expressed by:

Q Pm2 2
0 494 08= ×. ..  (6)

where Pm2 is the mechanical power of the pump P2.
In fact, the shared power assigned to P2 has to be bounded 

(maximum input power and minimum input power) by:
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2.2.2. Well pump

Submerged pump P1 is valued at 3.5 kW to supply 
brackish water to tank T1 from the well with a static height 
of 16.5 m (Grundfos SP 14A-10, Grundfos Holding A/S Poul 
Due Jensens vej 7 8850 Bjerringbro, Denmark). With the 
help of WinCAPS software for pumps [23], Fig. 4 presents 
the static head vs. output flow for different frequencies of 
pump P1 with the load characteristic. The hydraulic load 
characteristic is approximated by:

H1 1
216 5 0 15= + ×. . .Q  (8)

where H1 is the static head (m) (total height) and Q1 is 
the output flow (m3/h) of the pump P1.

Fig. 1. Hybrid renewable production system coupled to a reverse osmosis desalination unit.
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The intersection of the static head (for different fre-
quencies) with the load curve gives the operating points. 
Accordingly, the output flow characteristic vs. mechanical 
power of the pump P1 for different frequencies is presented 
in Fig. 5. The frequency varies between 50 Hz (4.6 × 105 Pa) 
and 39.6 Hz (3 × 105 Pa). With the “curve fitting tool” of 
MATLAB, a custom flow–mechanical power model can 
depict these combinations by:

Q Pm1 1
0 478 35= ×. ..  (9)

where Pm1 is the mechanical power of the pump P1.
In fact, the boundaries of mechanical power variation 

are given by:
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 (10)

Taking into account the power management between 
the three pumps and to avoid overlap between the 
pumps P1 and P3, the power of the pump P1 was limited 
between 3 kW (50 Hz) and 1.5 kW (39.6 Hz). In addition, 
the minimum frequency is limited by the hydraulic pump 
efficiency.

2.2.3. Storage pump

Pump P3 is rated at 2 kW (Grundfos type CRTE-4-
8, Grundfos Holding A/S Poul Due Jensens vej 7 8850 
Bjerringbro, Denmark) to store freshwater in tank T3 
(Water Tower) from tank T2 with a static height of 20 m. 
With the help of WinCAPS software for pumps [23], 
Fig. 6 presents the static head vs. output flow for differ-
ent frequencies of pump P3 with the load characteristic. 
From Fig. 6 and with the help of the “curve fitting tool” 
of MATLAB, the hydraulic load characteristic can be  
approximated by:

H3 3
220 0 83= + ×. .Q  (11)

where H3 is the static head (total height of the pump P3) 
and Q3 is the output flow of the pump P3.

According to Grundfos manufacturer data (Grundfos 
Holding A/S Poul Due Jensens vej 7 8850 Bjerringbro, 
Denmark) [23], the intersection of the static head with 
the load curve gives the mechanical power at different 
frequencies. The output flow characteristic vs. mechan-
ical power of the pump P3 for different frequencies is 
presented in Fig. 7. The frequency varies between 50 Hz 
(5 × 105 Pa) and 33.2 Hz (2.7 × 105 Pa). Using the “curve 
fitting tool” of MATLAB, the flow–mechanical power rela-
tion is expressed by:

Q Pm3 3
0 594 80= ×. ..  (12)

where Pm3 is the mechanical power of the pump P3.
In fact, the boundaries of mechanical power variation 

are given by:
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It is important to note that the minimum frequency 
is limited by the hydraulic pump efficiency.
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2.2.4. Water tank

The water volume stored in tanks (T1, T2 and T2) is 
given by the time integration of the difference between 
input and output flows. In fact, the tank water level l(t) 
can be determined by:

dl t
dt S

Q t Q t
( )

= ( ) − ( )( )1
in out .  (14)

where S is the surface area of a tank.

2.2.5. RO desalination unit

The inflow of the RO membrane module (FilmTec 
type BW 30-400) which passes the pump P2 from the tank 
T1 (feed flow Q2) is converted from the freshwater flow 
(permeate Qp) and the rejected water (concentrate Qc) (Fig. 8). 
As the RO desalination process depends on many variables 
(raw water quality, permeate quality, feed temperature unit 
capacity, etc.), the authors use ROSA software (Reverse 
Osmosis System Analysis) to develop a model of the RO 
desalination unit. ROSA is used to design, sizing and sim-
ulation of the desalination plant equipped with FilmTec RO 
membranes [24]. In our case, compositions of brackish feed 
water in the Djerba Region (Southern Tunisia) were used 
(brackish water with a concentration of 6 g/L). The relation 
between the required electrical energy of the desalination 
pump and the amount of potable water produced is given 
with the help of ROSA software. In fact, the recovery rate 
characteristic vs. feed flow of the desalination process is 
presented in Fig. 9. With the help of ROSA software [24] for 

RO membrane (FilmTec) and using the “curve fitting tool” 
of MATLAB, the recovery–feed flow model can be given by:

τR Q% . . .( ) = × −11 99 55 422  (15)

So, the model of the RO module can be expressed by:

Q Qp R= ×τ 2 .  (16)

where Q2 and Qp are respectively the feed flow from 
the pump P2 and the flow of the freshwater (permeate).

3. Integrated energy management

Energy management plays an important role to 
share the power flow during the system operation. The 
integrated power management is based on a set of con-
ditions related to the produced hybrid power profile 
from renewable sources (Phyb), the water level in tanks 
(li) and the electrical power range of the three motor-
pumps (Pei_min, Pei_max). The system’s operation is classified 
according to three main features: pumping, desalina-
tion and storage. Subsequently, these three features are 
divided into eight possible modes as shown in Fig. 10. 
Thereafter, in terms of input power (Phyb) delivered by the 
hybrid source, the power range of different pumps and 
on the basis of eight modes selected, twelve operating 
regions (Zi(i = 0,…,11)) were generated as shown in Fig. 11.

The choice of operation mode depends on the oper-
ating region (the power consumed by the motor-pumps) 
and the water level (l1, l2, l3) in each tank. The water level 
is measured by different level sensors: low-level sen-
sor (SL), medium level sensor (SM) and high-level sensor 
(SH). The medium-level sensor is defined by a hyster-
esis band: SMH (higher level for the medium-level sen-
sor) and SML (lower level for the medium-level sensor). 
A hysteresis band allows the prevention of ripple effects 
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(rapid and frequent start/stop) of pumps during the sys-
tem operation. The operating zones are listed in Fig. 11 
which Z1 is defined by Pe3_min <= Phyb < Pe3_max, Z2 is defined 
by Pe1_min (or Pe3_max) <= Phyb < Pe2_min (or Pe1_min + Pe3_min), etc.

Based on the different operating modes, the input power 
(Phyb) is dispatched between pumps according to different 
power-sharing factors. For example, according to M3, if the 
pumps P1 and P3 are switched on, the power sharing factors 
are defined as:

α

β
M e e e

M e e e

P P P
P P P

3 1 1 3

3 3 1 3

= +

= +




_min _min _min

_min _min _min

( )
( )




.  (17)

where Pe1_min is the minimum electrical power of moto-
pump P1, Pe3_min is the minimum electrical power of moto-
pump P3.

The input power (Phyb) is similarly shared in the other 
modes. The input electrical power (Pei) absorbed by the 
electric motor is derived from the mechanical power 
(Pmi), taking into account the motor and pump efficiency 
(ηmi and ηpi respectively).

4. Parametric sensitivity procedure

In this section, we present an approach to meet an 
Loss of Power Supply Probability (LPSP) = 0 of freshwater 
demand with the lowest primary energy requirement based 
on a sensitivity algorithm for sizing hydraulic process 
supplied by hybrid PV/wind system. In order to reduce 
environmental impact, primary energy requirement (PER) 
is presented as a criterion. APV (m²), AWT (m²) and VRi (m3) 
will be the decision variables for sizing the studied sys-
tem (VR1 is the BW tank (T1) capacity, VR2 is the permeate 
tank (T2) capacity and VR3 is the water tower (T3) capac-
ity). In fact, the objective of the parametric sensitivity is 
to find the best configuration for the studied system (PV 
array area (APV), wind turbine (WT) swept area (AWT) and 
tank storage capacity (VRi)) with a minimum of embod-
ied energy. Using the dynamic simulator, each combina-
tion of elements, once simulated, has been evaluated in 
terms of PER and LPSP thus making it possible to select  
the best one.

4.1. LCA indicators

4.1.1. Embodied energy of the PV-wind system

Primary energy requirement or embodied energy (EE) 
is the environmental indicator used to evaluate the envi-
ronmental impacts of the proposed system [25,26]. The 
objective is to minimize the primary energy requirement 
cost (PERPV/WT) of the hybrid source. The embodied energy 
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criterion of the hybrid source (PV/wind) as a function of 
PV size (APV) and WT swept area (AWT) is presented by 
Cherif et al. [27].

PERPV/WT PV WT PV

WT

A A A

A

, .

.
( ) = × −( )

+ × +( )
3863 47 26

2360 49 34  (18)

4.1.2. Embodied energy of the hydraulic process

The objective is to minimize the primary energy require-
ment cost (PERHYD) of the hydraulic process. The model of 
the hydraulic process is presented as a function of perme-
ate flow rate (Qp), the storage capacity of tanks (VR1, VR2, 
VR3) and the size of the three motor-pumps. The embodied 
energy criterion of the hydraulic process is presented by 
Cherif et al. [27].

PERHyP p R R R e e e e SCV pQ V V V P P P P Q, , , , , , , .

.
_1 2 3 1 2 3 5224 7

371 61
( ) = ×

+ ×× +( ) + ×

+ × + × + × +

V V V
P P P

R R R

e e e

1 2 3

1 2 3

1520
283 35 684 87 679 20 2200. . . ×× Pe _ SCV

 (19)

4.1.3. Loss of power supply probability

The LPSP presents the system reliability and defines the 
probability that system demand will exceed the generating 
capacity during a given period. The reliability can be defined 
by Abbes et al. [28].

LPSP
product demand

demand

=
( ) − ( ) ⋅

( ) ⋅
=

=

∑

∑

Q t Q t t

Q t t

t

T

t

T
1

1

∆

∆
 (20)

where Qproduct is the permeate flow product in the water 
tower, Qdemand is the permeate flow consumption (load 
demand to feed consumers). Note that LPSP is also consid-
ered if l3 ≤ 0: it is the hydraulic failure when the tank T3 is  
empty.

4.2. Dynamic simulator presentation

A dynamic simulator of a water pumping and desali-
nation process supplied with a hybrid solar-wind produc-
tion system as shown in Fig. 1 is developed. The dynamic 
simulator is based on a hybrid PV-wind power generator, 
reverse osmosis desalination unit, three motor-pumps 
(pump P1 for water pumping, pump P2 for water desali-
nation process and pump P3 for water storage), three water 
tanks, integrated power management, energy calculator, the 
decision variables (PV array area, wind turbine swept area 
and capacity of storage tanks) and LCA indicators. Annual 
data of wind speed, solar irradiance and temperature from 
Southern Tunisia are used [29]. The meteorological data 
are programmed with a 10 min (sampling step) acquisition 
period for the full year of 2010 (52,560 points). In addi-
tion, real consumption data of freshwater were acquired in 
the month of November. The real profile of the freshwater 

demands was extrapolated for a full year considering 
seasonal variations using correction factors. 5,000 m3/y 
is the amount of annual water consumed.

4.3. Sensitivity assessment algorithm

Based on the decision variables (APV, AWT, VR1, VR2 and 
VR3), the parametric sensitivity algorithm search to find the 
best compromise between two criteria: life cycle primary 
energy cost (PERPV/WT, PERHYD) and LPSP. The developed 
algorithm is based on a dynamic simulator: each combi-
nation of elements, once simulated, has been evaluated in 
terms of embodied energy and LPSP thus making it pos-
sible to select the best one. The best configuration is pre-
dicted on the basis of the minimum of embodied energy 
with an LPSP equal to 0.

The ranges of decision variables are summarized in 
Table 1. Fig. 12 shows the LPSP as a function of PV array 
area (APV (m²)) and WT swept area (AWT (m²)): it shows that 
the LPSP function is non-linear. The embodied energy of the 
PV/wind source vs. APV (m²) and AWT (m²) is presented in 
Fig. 13. Fig. 14 shows a 3D representation of the embod-
ied energy of the PV/wind source limited to LPSP = 0 as a 
function of APV (m²) and AWT (m²). Fig. 15 shows a 4D repre-
sentation of the embodied energy of the hydraulic process 
(PERHYD) limited to LPSP = 0 as a function of VR1 (m3), VR2 
(m3) and VR3 (m3). In order to give a clear curve, we limit 
the embodied energy (PERHYD) of Fig. 15 to 1.95 × 105 MJ. 
The embodied energy limited to 1.95 × 105 MJ as a func-
tion of VR1 (m3), VR2 (m3) and VR3 (m3) with LPSP = 0 is 
presented in Fig. 16.

In fact, the chosen solution is given by the follow-
ing configuration: photovoltaic modules’ installed area 
APV = 96 m², WT swept area AWT = 38 m², tanks’ storage 
capacity VR1 = 20 m3, tanks storage capacity VR2 = 20 m3 and 
tanks storage capacity VR3 = 50 m3. This solution (for an 
entire life cycle) provides the lowest primary energy cost 
of the PV/wind source (462,400 MJ) and the lowest primary 
energy cost of the hydraulic process (192,710 MJ) for an 
LPSP equal to 0%.

This study allows us to determine the parameter’s evo-
lution range in order to limit them in the optimization 
process and consequently reduce the computation time.

5. GA optimization

In this section, a multi-objective optimization using 
genetic algorithm (GA) is investigated taking advantage 
of the parametric sensitivity study, in order to minimize 

Table 1
Range of decision variables for parametric sensitivity

Parameter Minimum values Maximum values

APV (m²) 40 150
AWT (m²) 10 40
VR1 (m3) 5 150
VR2 (m3) 5 150
VR3 (m3) 20 300
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two objective functions: life cycle primary energy cost 
(MJ) and LPSP with five decision variables: PV array area 
(APV (m²)), wind turbine swept area (AWT (m²)), the capac-
ity of tank storage T1 (VR1 (m3)), the capacity of tank stor-
age T2 (VR2 (m3)) and capacity of tank storage T3 (VR3 
(m3)). NSGA-II (that is based on GA and Pareto domi-
nance schemes) is an improved version of NSGA which 
overcomes many problems as the high computational 
complexity, limited elitism, and the need for parame-
ter sharing. In our case, the multi-objective GA opti-
mization is presented to satisfy the load demand LPSP 
and to reduce the environmental impacts (the invest-
ment energetic cost). The formulation of the optimization 
problem is given by El-Hana Bouchekara et al. [30].

min x
F x

F xi
i

i

1

2

( ) =
( ) =







PER

LPSP
 (21)

The bounds of the decision variables set by the 
parametric sensibility study are presented in Table 2. 
As optimization results, the Pareto front of PER (MJ) and 
LPSP (%) is shown in Fig. 17. The simulation results show 

that the parametric sensitivities-optimization method 
has proved very effective for the eco-design of the stud-
ied system in order to satisfy energy requirements from 
the hydraulic load with reduced environmental impacts. 
According to the evolution of the decision variables as a 
function of PER and LPSP, the new hybrid system con-
figuration for an LPSP = 0% is composed of:

• PV modules’ installed area APV = 89 m² (PPVmax = 9.8 kW);
• Wind turbine swept area AWT = 37 (PWTmax = 8.85 kW) m²;
• Storage tanks capacity VR1 = VR2 = 26 m3 and water tower 

capacity VR3 = 48 m3.

6. Results analysis

The hybrid system provides 100% of yearly freshwa-
ter needs. The amount of freshwater consumed for a year 
is about 5,000 m3/y. The average daily freshwater pro-
duction is about 13.5 m3/d (brackish water has a salinity 
of 6 g/L). The water concentration range before (brackish 
water) and after (permeate water) the desalination process 

Fig. 12. LPSP of the hydraulic process vs. APV (m²) and AWT (m²).
Fig. 14. Embodied energy of the PV/wind source with LPSP = 0.

Fig. 15. Embodied energy of the hydraulic process with LPSP = 0 
vs. VR1 (m3), VR2 (m3) and VR3 (m3).

Fig. 13. Embodied energy of the PV/wind source vs. APV (m²) and 
AWT (m²).
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and the water concentration range is given by the World 
Health Organization (WHO) are presented in Table 3. 
A post-treatment phase must be used to regulate pH and 
total dissolved solids of the permeate water.

The optimal configuration can not only guarantee reli-
ability (LPSP) but also reduce the investment energetic 
cost (PER). The results analysis has contributed to reduc-
ing the size of each element using a minimum of embod-
ied energy with a better service for the user of water. 
The results showed that this sizing depends essentially 
on the volume of the water produced and not on the size 
of the water tanks. GA optimization-sensibility analy-
sis nexus has shown good sizing efficiency using a mini-
mum of primary energy cost with a better service for the 
user of water (LPSP equal to 0%). The results also show 
that the new modeling based on sensitivity analysis saves 
CPU time and accelerates the system simulation.

The embodied energy evaluation of the global sys-
tem is summarized in Table 4. It is important to note that 
the total embodied energy for a life cycle period of 20 y 
of this hybrid system configuration is about 605,710 MJ 
(168,250 kWh). The total embodied energy is divided by 
14% for wind turbine parts, 30% for hydraulic process 
and 56% for solar system components. The results showed 
that the embodied energy of 1 m3 of freshwater is around 
6 MJ. The authors give the last value with some reserva-
tion due that the embodied energy of 1 m3 of freshwater is 
infrequently discussed in the literature.

As for recommendations, reduction of the total embod-
ied energy of desalination processes may be achieved by 
the construction of plants near populated areas in order to 
eliminate the need for transportation of the product waters 

Table 2
Range of decision variables for optimization

Parameter Minimum values Maximum values

APV (m²) 85 110
AWT (m²) 32 45
VR1 (m3) 15 40
VR2 (m3) 15 40
VR3 (m3) 25 75

Table 3
Water properties of brackish water permeate water and WHO requirement

Component Brackish water  
(Southern Tunisia)

Permeate  
water

WHO 
requirements

pH 7.8 6.57 ≥6.5 and ≤9.5
Total dissolved solids (mg/L) 5,401 187.58 <1,000
Sodium (mg/L) 1,430 61.34 200
Potassium (mg/L) 25.6 1.2 12
Calcium (mg/L) 320 4.17 <100
Magnesium (mg/L) 106 1.59 50
Ammonium (mg/L) – – –
Strontium (mg/L) – – –
Barium (mg/L) – – –
Bicarbonate (mg/L) 167 – –
Chloride (mg/L) 1,900 85.26 250
Sulfate (mg/L) 1,450 25.27 500
Fluoride (mg/L) 0 0 1.5
Nitrate (mg/L) – – –
Silica (mg/L) 0 0 –
Boron (mg/L) 0 0 0.5
Iron and manganese (mg/L) – – –

WHO: World Health Organization

Fig. 16. Zoom on the embodied energy limited to 1.95 × 105 MJ 
vs. VR1 (m3), VR2 (m3) and VR3 (m3) with LPSP = 0.
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for long distances and given priority to the development of 
desalination based on the use of renewable energy sources.

7. Conclusion

This paper presents a design methodology by GA opti-
mization based on environmental life cycle analysis for 
sizing water pumping and desalination process coupled to 
renewable energy sources (PV/wind). The generated renew-
able energy is used to produce potable water by means of 
a reverse osmosis desalination unit. The dynamic simu-
lator was developed using meteorological data (Southern 
Tunisia) for one year. To find the best configuration 
between PV array areas (APV), WT swept area (AWT) and 
storage capacity of tanks (VRi), two criteria were used in 
optimization: primary energy requirement and LPSP. The 
approach consists of developing a parametric sensitivity 
study that has been integrated into optimization in order 
to determine the optimal operating zones which affect the 
optimization computation time. This approach provides 
good results and has shown good sizing efficiency for this 
type of system (water/energy) using a minimum of pri-
mary energy cost with a better service for the user of water  
(LPSP equal to 0%).
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