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Abstract—Water desalination combined with renewable energy
sources (RES) constitutes an environmentally friendly technology
for alleviating the scarcity of potable water. In this article, a new
methodology is presented for calculating the optimal structures of
desalination plants that are power-supplied by RES and cooperate
with smart grids. The proposed technique takes into account the
tradeoff between the three alternative degrees of freedom in the
operation of the overall desalination plant, i.e., battery storage,
water storage, and dynamic exchange of energy with the smart grid.
The design results verify that the economically optimized configu-
rations derived by applying the proposed design tool are capable
to cover the water requirements of the consumers and support the
operation of the electric grid by injecting the RES-generated energy
surplus. Numerical results are also presented, demonstrating that
the application of the proposed methodology enables to reduce the
lifetime cost of the desalination plant by 60% compared with the
exclusive use of electric grid energy. Also, by employing the total
lifetime cost of the grid-connected RES-based desalination plant as
objective function of the optimal design problem, the economical
viability of the desalination system is improved.

Index Terms—Desalination, optimization, renewable energy
sources, smart grid, water supply.

I. INTRODUCTION

MORE than 25% of the world population does not have
access to potable water [1]. Also, significant amounts of

freshwater resources are consumed for the cooling process of
thermal electricity production plants [2]. The total demand for
both water and electricity is expected to be further increased
significantly during the following years due to the population
growth and the continuous economic development. Simultane-
ously, the environmental degradation imposes additional threats
on the security of water supply. This necessitates the application
of appropriate water processing and management technologies
[3], [4]. Among them, water desalination is now considered as
a major technology for alleviating the scarcity of potable water
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[5], [6]. The application of desalination technology is assisted
by the significant reduction of the associated costs during the
last years.

Therefore, the global desalination capacity has been increased
by more than ten times during the last four decades, across more
than 120 countries [7].

Extensive research has been conducted on the deployment of
renewable energy sources (RES) for covering the energy require-
ments of desalination plants. The use of RES in desalination sys-
tems enables to reduce the environmental and economic impacts
of conventional fossil-fuel-based electric energy generators [5],
[8]. The role of such an energy–water nexus becomes espe-
cially important in areas exhibiting both high RES potential and
low resources of potable water (e.g., the Mediterranean region,
middle-east, etc.). Till present, photovoltaics (PV) and wind–
generators (W/Gs) are the most frequently used types of RES
in water desalination applications due to the wide availability of
the corresponding environmental resources across the world.

Desalination plants constitute a system of systems formed
by merging critical infrastructure, such as the electric energy
production and water supply systems. These two systems operate
interdependently, being simultaneously affected by their envi-
ronment [2], [9]. The existing methods developed for designing
RES systems that serve purely electrical loads (for e.g., in
buildings, telecommunication repeaters, etc.) are not suitable for
RES-based desalination applications. The reason is that the wa-
ter storage tank that is typically included in desalination systems
offers an additional degree of freedom in terms of satisfaction of
the consumer’s water demand. Many design techniques for sea-
water and brackish water desalination systems power-supplied
by autonomous RES systems (i.e., not interconnected with an
electric grid) have been developed in the past. They target to
maximize the production of freshwater, or minimize the loss of
power supply probability, or minimize the lifecycle system cost
and simultaneously ensure the satisfaction of the consumer water
demand (e.g., [10]–[14]). However, smart grids, where RES
are also integrated, have been developed during the last years.
In smart grids, both electric energy and data/information are
interchanged between distributed energy producers, consumers,
and energy storage units [15], [16]. Smart grids serve as a
means of enhancing the efficiency, reliability, and quality of
electricity supply and reduce the negative environmental impacts
of electricity generation by thermal power plants [17]–[22]. In
RES-based desalination applications, the smart grid may absorb
any RES energy surplus during the time periods of low water
demand or cover the electric energy deficits for setting the
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desalination units into an operation. Such a dynamic en-
ergy exchange can be implemented through appropriate con-
trol/coordination schemes. Thus, a third degree of freedom is
offered during the design of grid-connected RES-based desalina-
tion systems, in addition to the battery storage and water storage
options [23]. The adoption of a design technique enabling to
optimally exploit such a capability is required.

In this article, a new methodology is presented for the optimal
design of desalination plants that are power-supplied by PVs,
W/Gs, and battery-based energy storage and able to dynamically
exchange electric energy with a smart grid. The novelty of the
proposed technique is that, in contrast to the existing methods
of designing grid-connected RES-based desalination systems
[24]–[30], it encompasses all of the following features in an
integrated design process.

1) It calculates the optimal sizes and optimal structures of
both the energy- (generation and storage) and water-
related subsystems, respectively, of the overall desalina-
tion plant, which are required for satisfying a given water
demand with the minimum lifetime cost. The desalination
system is considered to be installed in a location specified
by the designer, but the installation-site-dependent fluctu-
ation of the RES energy production during the year is also
taken into account in the proposed technique.

2) It derives the optimal tradeoff between the three alterna-
tive degrees of freedom in the operation of the overall
desalination plant (i.e., battery storage, water storage, and
energy exchange with the electric grid).

3) It derives the optimal configuration of the overall RES-
based desalination system. This is implemented by inves-
tigating the concurrent impacts of its location (with respect
to both the electric grid and the water distribution network)
and structures of the electric energy and water production
components that it comprises on the lifetime cost of the
desalination system.

The proposed optimization technique comprises an integrated
design tool that enables the designer to derive the optimal
configuration of grid-connected RES-based desalination plants
prior to their installation. An additional scientific contribution
of this article is that for the first time in the existing literature,
alternative types of objective functions are incorporated in the
design optimization process, and the impact of each of them
on the design results is investigated. Numerical results are also
presented, which 1) verify the capability of the optimized de-
salination plants to support the operation of the electric grid by
injecting significant amounts of RES-generated energy surplus
and 2) demonstrate the impact of the installation location of
the desalination plant on the resulting optimal structure, energy
exchanged with the electric grid, and lifetime cost.

The rest of this article is organized as follows. The proposed
modeling and simulation procedure of a desalination system
that is power-supplied by a grid-connected hybrid PV-W/G
RES system is presented in Section II. The proposed design
optimization process is described in Section III, whereas alter-
native optimization criteria of the overall desalination plant are
described in Section IV. The design optimization results are
analyzed in Section V. Finally, Section VI concludes this article.

Fig. 1. General diagram of the grid-connected RES-based desalination system
under study.

II. MODELING AND SIMULATION OF A GRID-CONNECTED

RES-BASED DESALINATION SYSTEM FOR OPTIMIZATION

The desalination plant under study is power-supplied by a
grid-connected hybrid RES system. Its target is to produce
enough potable water in order to satisfy a predefined demand
of the consumers in a water distribution network. A diagram
of the overall RES-based desalination system is illustrated in
Fig. 1. The RES-based power supply system comprises multiple
PV arrays and W/Gs in order to produce the electric energy
required by the desalination units to operate. A battery bank
is also used in order to store any energy surplus. Multiple dc/ac
inverters are employed for providing the ac power required to the
desalination units. Moreover, the ac bus of the RES-based power
supply system is interconnected with the electric grid for sell-
ing/buying any energy surplus/deficit. The RES/battery devices
and the desalination units can be considered to be installed either
at the same location or at different locations, as described next.
The desalination system also comprises a water tank in order to
store the excess water produced by the desalination units when it
is not needed by the consumer. The mathematical modeling and
simulation of the RES-based desalination system under design
are presented in the following sections.

A. Modeling of the RES-Based Desalination System

Each PV array consists of NS PV modules connected in
series and NP such PV strings that are connected in parallel.
A PV battery charger is connected to the output of each PV
array in order to 1) interface the power produced by the PV
array to the battery bank and 2) maximize the power produced
by the PV array by applying a maximum power point tracking
(MPPT) control technique, thus maximizing the exploitation of
the installed PV capacity [31]. The value of NP is calculated as
follows:

NP = floor[PCH/(NS · VM,STC · IM,STC)] (1)
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where PCH (W) is the nominal power rating of the PV battery
charger and VM,STC (V) and IM,STC (A) are the maximum
power point (MPP) voltage and current, respectively, of each
PV module under standard test conditions (STC). The values of
PCH, VM,STC, and IM,STC are available in the datasheets of the
battery charger and PV module, respectively, which are provided
by their manufacturers.

The battery bank is comprised of multiple parallel-connected
battery strings, Ns,p, each comprising Ns,b batteries connected
in series. The value of Ns,b is given by

Ns,b = ceil (VBUS/VB) (2)

where VBUS (V) is the nominal dc output voltage level of the
PV battery chargers, and VB (V) is the nominal voltage level of
each battery, both provided in their manufacturer’s datasheets.

The total number of battery strings connected in parallel is
calculated as follows:

Ns,p = floor (NBAT/Ns,b) (3)

where NBAT is the total number of batteries comprising the
battery bank.

The total number of dc/ac inverters required to operate the
subsystems of the desalination process is given as

NINV = ceil[(NDU · PU + PT )/PINV] (4)

where NDU is the total number of desalination units, PU (W)
is the ac power required for operation of each desalination unit,
PT (W) is the total power required for pumping seawater from
the sea to the installation point of the desalination system and
brine disposal back to the sea, respectively, and PINV (W) is the
nominal ac power rating of each dc/ac inverter.

When the desalination system is installed along the coastline,
the value of PT in (4) is equal to zero. In this case, the power
required for pumping seawater to the desalination system and
brine disposal back to the sea, respectively, is included in the
value of PU . For locations of the desalination plant away from
the coastline, the value of PT is calculated as follows [32]:

PT = H · PH ·Wd,n ·NDU + E · PE ·Wd,n ·NDU (5)

where H (m) is the shortest horizontal distance of the desalina-
tion system installation point from the coastline, E (m) is the
elevation of the desalination system installation point above the
sea level, Wd,n (L/day) is the daily nominal water production
of each desalination unit, and PH and PE [W/(m · L)] are the
powers of the water pumping system per meter of horizontal dis-
tance and elevation, respectively, and per liter of daily nominal
water production of each desalination unit.

In the proposed design methodology, it is verified that the
water requirements of the consumer are completely covered
during the entire lifetime period of the desalination system (Y in
years). For that purpose, the operation of the grid-connected
RES-based desalination system is simulated for each hour t
of each year of operation (i.e., with a 1-h time-step resulting
in 1 ≤ t ≤ 8760 · Y ). During this simulation procedure, the
following processes are considered: 1) the electric energy flow
from the RES units and the electric grid, respectively, to the
desalination units, and 2) the flow of potable water from the

desalination units and water storage tank to the consumer. For
that purpose, the MPP power [31], PPV(t) (W), produced by each
PV array at hour t (1 ≤ t ≤ 8760 · Y ) is calculated as follows:

PPV (t) = NS ·NP · VOC (t) · ISC (t)

· FF (t) · [1− rd · (y − 1)] (6)

where VOC(t) (V), ISC(t) (A), and FF(t) are the open-circuit
voltage, short-circuit current, and fill factor, respectively, of each
PV array at hour t, rd (%) is the yearly degradation rate of the
PV modules power-production capability due to aging, and y is
the year number (1 ≤ y ≤ Y ). The values of FF(t), VOC(t), and
ISC(t) are calculated according to [33] as a function of

1) the PV modules operational characteristics under STC;
2) the ambient temperature TA(t) (

◦C);
3) the solar irradiance, G(t) (W/m2), that is incident on the

PV modules during hour t.
The value of G(t) depends on the installation tilt angle, β

(o), of the PV modules. Its value is calculated by using the
models described in [33] and the time series of solar irradiance
on the horizontal plane for each hour t during a year which
is input by the designer, as described next. Additionally, the
MPP voltage of each PV array during hour t, VPV(t) (V), is
calculated. If VPV(t)<VMPP,min, where VMPP,min (V) is the
minimum operating MPP voltage of the PV battery charger, then
the power produced by each PV array is set equal to zero during
the corresponding hour. Also, if PPV(t) > PCH then the output
power of the PV arrays is set equal to the maximum operating
power level, PCH (W), of the PV battery charger.

The power injected into the dc bus of the power supply
system at hour t by the power converter connected to each W/G,
PWG(t) (W), is calculated for every hour of the desalination
system lifetime period. The value of PWG(t) is calculated as a
function of the length of its installation tower, lW/G (m), and the
corresponding wind speed, v(t) (m/s), at the target installation
site. For that purpose, the output power versus wind speed,
look-up table of the W/G, provided by its manufacturer, is used
according to Koutroulis et al. [34].

The total power produced by all RES generators of the desali-
nation system during hour t (1 ≤ t ≤ 8760 . Y) is calculated as
follows:

PRE (t) = NPVA · n1 · n2 · PPV (t) +NWG · PWG (t) (7)

whereNPVA is the total number of PV arrays (which is also equal
to the total number of battery chargers NCH), n1 is the power
conversion efficiency of the PV battery chargers connected at
the output of each PV array, n2 is the MPPT efficiency of each
PV battery charger and NWG is the total number of W/Gs with
integrated battery chargers, respectively, which are included in
the RES-based power supply system of the desalination plant.
The MPPT efficiency n2 determines the deviation of the actual
power produced by the PV arrays from the maximum possible
power that can be extracted, which is calculated by (6) [35].

The power that must be provided to the dc inputs of the dc/ac
inverters when the desalination units operate is calculated as
follows:

PL (t) = (NDU · PU + PT )/ni (8)
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where ni (%) is the power conversion efficiency of the dc/ac
inverters.

The charging/discharging current of the battery bank,
IB,C/D (A), depends on the power flow at the dc bus, and its
value is given as follows:

IB,C/D = [PRE(t)− PL(t)]/VBUS (9)

where IB,C/D > 0 during charging and IB,C/D < 0 during
discharging.

In order to protect the batteries from overcharging and
overdischarging, respectively, the actual current of the battery
bank is calculated as follows:

IB (t) =

⎧
⎨

⎩

Ic,max if IB,C/D > Ic,max

IB,C/D if Id,max < IB,C/D < Ic,max

Id,max if IB,C/D < Id,max

(10)

where Ic,max and Id.max (A) are the maximum permissi-
ble values of charging and discharging current, respectively,
which have been set equal to Ic,max = −Id.max = Cn/5h, with
Cn (Ah) being the total nominal capacity of the battery bank.

At each time step, the electric charge stored in the battery
bank, C(t) (Ah), is calculated as follows:

C (t) =

⎧
⎨

⎩

C (t− 1) + nB · IB (t) · 1h if C (t− 1)
+nB · IB (t) · 1h < Ns,p · CB

Ns,p · CB else
(11)

whereCB (Ah) is the nominal capacity of each battery, andnB is
the battery round-trip efficiency (i.e., nB = 0.8 during charging
and nB = 1 during discharging).

The initial state of charge of the battery bank is set equal to

C (0) = (1−DOD/2) · Cn (12)

where DOD (%) is the maximum permissible depth of discharge
of the batteries comprising the battery bank.

If the desalination units operate during hour t (depending on
the energy availability as described next), then the total volume
of water that they produce,WRO(t) (L), is calculated as follows:

WRO (t) = NDU ·WU (13)

where WU (L) is the hourly water production of each desalina-
tion unit, specified by its manufacturer.

The amount of water contained in the water storage tank
during hour t, WT (t) (L), is calculated taking also into account
that if its value exceeds the volume of the water tank, then any
further addition of water in the tank is stopped and the surplus
water is not used. The value of WT (t) is calculated according
to the following equation:

WT (t) =

⎧
⎨

⎩

WT (t− 1) + ΔW (t) if WT (t− 1)
+ΔW (t) < WT,n

WT,n else
(14)

where WT,n (L) is the total volume of the water tank and
ΔW (t) = WRO(t) − WD(t) (L) is the amount of water sup-
plied to [if ΔW(t)>0] or withdrawn from [if ΔW(t)<0] the
water storage tank. The value of ΔW(t) is affected by the water
demand of the consumer, WD(t) (L), during hour t as analyzed
next. The initial value of the volume of water contained in the

water tank is set equal to 50% of the water tank volume, i.e.,
WT (0) = 0.5.WT,n.

B. Simulation of the RES-Based Desalination Plant Operation

In the proposed methodology, the energy/water flows in the
RES-based desalination plant are calculated for every hour t
(1 ≤ t ≤ 8760 . Y) of its lifetime period, as follows.

Case 1: The energy production of the RES generators is
enough to cover the power requirements of the desalination
units [i.e., PRE(t) ≥ PL(t)]. Then, if a battery bank is avail-
able (depending on the system configuration examined by the
optimization algorithm, which will be described in the following
section), it is charged according to (10), and any energy surplus
is sold to the electric grid. The amount of energy sold to the
electric grid, EG(t) (Wh), is calculated as follows:

EG(t) =

⎧
⎨

⎩

[PRE(t)− PL(t)− VBUS · ICH] · ni

100 · 1h
if [PRE(t)− VBUS · ICH] · ni

100 ≤ NINV · PINV

[NINV · PINV − PL(t) · ni

100 ] · 1h else.
(15)

The state of charge of the battery bank is modified according to
(11). If the battery bank becomes fully charged before the end
of hour t, then any energy surplus is also sold to the electric
grid. If batteries are not contained in the RES-based power
supply system, then the surplus energy sold to the electric grid
is calculated by setting ICH = 0 in (15). Also, the amount of the
water stored in the water tank is modified by an amount ofΔW(t)
according to (14). However, if the resulting volume of water
stored in the tank WT (t) is lower than the minimum permissible
limit, WT ,min = 0.1.WT,n (L), then the system operation is
considered to be unsuccessful.

Case 2: The energy production of the RES generators is not
adequate to cover the power requirements of the desalination
units [i.e., PRE(t) < PL(t)]. Then, in order to optimally exploit
the available storage capacities of the battery bank and water tank
by importing the minimum possible amount of energy from the
electric grid, the following energy/water management procedure
is applied.

Case 2.1: If a battery bank is available, then the discharging
current of the battery bank is initially calculated according to
(10). The energy available in the battery bank is adequate if its
state of charge does not drop below the minimum permissible
limit, CB,min = (1− DOD).C .

BNs,p (Ah), before the end of
hour t. This condition is considered in order to examine the
constraints of the battery bank operation, as described next. If
|IB(t)| < |Id,max| and adequate energy is available in the battery
bank, then the battery bank is discharged according to (10) in
order to operate the desalination units (priority #1). If adequate
energy is not available in the battery bank for the implementation
of the previous process, or if the value of the discharging current
is higher than |Id,max|, then

1) the battery bank is not discharged;
2) the desalination units do not operate;
3) the water demand of the consumer is covered exclusively

by the water tank (priority #2).
All of the RES-generated energy is used to charge the battery

bank with a limit of the battery charging current equal to Ic,max.
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Simultaneously, any excess RES-generated current above Ic,max

is also sold to the electric grid. The state of charge of the battery
bank is modified according to (11). If the battery bank is fully
charged before the end of hour t, then any surplus energy is also
sold to the electric grid. If the water of the tank is not enough
for the implementation of this process, then the desalination
units are set into operation. Additionally, the battery bank is
discharged by an amount of current equal to IB in (11), till
the battery bank reaches its minimum permitted level of state
of charge, CB,min = (1− DOD) · C .

B Ns,p. In such a case, the
additional energy required to operate the desalination units is
purchased from the electric grid (priority #3). In the cases of
priorities #1 and #3 described above, the amount of water stored
in the water tank is modified by an amount ofΔW(t) according to
(14). If the resulting volume of water stored in the tank is lower
than the minimum permissible limit [i.e., if WT (t) < WT,n],
then the system operation is considered to be unsuccessful.

Case 2.2: If a battery bank is not available, then
1) the water stored in the tank is enough to autonomously

cover the consumer demand without operation of the
desalination units, and a) the amount of the water stored
in the water tank is decreased by WD(t) [i.e., by setting
WRO(t) = 0 in (14)] and b) all of the RES-generated
energy is sold to the electric grid;

2) the water stored in the tank is not enough to autonomously
cover the consumer demand without operation of the de-
salination units, and a) the extra energy required for setting
the desalination units into operation (in combination with
the RES-generated energy) is purchased from the electric
grid and b) the amount of water stored in the water tank
is modified by ΔW(t) according to (14). However, if the
resulting volume of water stored in the tank is lower than
the minimum permissible limit (i.e., if WT (t) > WT,n),
then the system operation is considered to be unsuccessful.

In all cases mentioned above, where the overall system
operation is unsuccessful, the corresponding structure of the
RES-based desalination plant is not considered as a potential
solution of the design optimization problem.

A flushing process of the desalination units (if required by
the desalination technology employed) with a duration of 1 h
is considered to be performed at the end of each week. If this
is not feasible due to unavailability of the required amount of
electric energy or water, it is performed at the first available time
after the end of a week, where all of the following conditions
are satisfied: 1) The required amount of water is available in the
water storage tank for covering both the flushing process and
the consumer demand; and 2) the required amount of power from
the RES generators and/or from the battery bank (with discharg-
ing current less than Cn/5h) is available. If these conditions
cannot be satisfied within 72 h after the end of a week, then the
corresponding structure of the RES-based desalination plant is
not considered as a potential solution of the design optimization
problem. The production of water by the desalination units is
suspended during the operating hours in which a flushing process
is executed. If batteries are available and the flushing process is
performed by also using battery energy, then the battery bank
is discharged. If the RES-generated energy is higher than that

required for flushing, then the remaining energy is used to charge
the battery bank with a limit on the battery charging current
equal toCn/5h. Furthermore, any excess RES-generated current
above Cn/5h is sold to the electric grid. The state of charge of
the battery bank is modified according to (11). If the battery bank
is fully charged before the end of hour t, then any surplus energy
is also sold to the electric grid. If batteries are not available in
the desalination plant, then any excess RES-generated energy
above the amount required for performing the flushing process
is sold to the electric grid. In all of the aforementioned cases, the
water tank supplies both the water required for flushing and the
water required by the consumer. When the flushing process has
been finished, the normal operation of the desalination system
is continued, as described above.

The battery bank state of charge and the volume of water
stored in the water tank at the end of the simulation process
must be higher than their initial values, i.e.

WT (8760 · Y ) ≥ WT (0) = 0.5 ·WT,n (16)

C(8760 · Y ) ≥ C(0) = (1−DOD/2) · Cn. (17)

If (16) and (17) are not met, then the configuration of the grid-
connected RES-based system is considered to be operationally
unsuccessful.

In the proposed design methodology, the values of the pa-
rameters NS , NPVA, NBAT, β, WT,n, NDU, NWG, and lW/G

are calculated by the optimization process as analyzed in the
following section.

III. DESIGN OPTIMIZATION OF THE RES-BASED

DESALINATION SYSTEM

The design optimization of the RES-based desalination plant
requires the calculation of its total lifetime cost and the appli-
cation of the design optimization procedure, as described in the
following section.

A. Calculation of the Total Lifetime Cost

The decision (design) variables of the proposed opti-
mization process are the parameters NS , NPVA, NBAT,
β, WT,n, NDU, NWG, and lW/G, which have been de-
fined in Section II. These parameters correspond to energy-
and water-related subsystems of the overall desalination
plant and synthesize the vector of design variables X =
[NS |NPVA |NBAT |β |WT,n |NDU |NWG | lW/G].

The target of the proposed optimization process is to derive
the optimal value of X that minimizes the present value of the
total lifetime cost of the RES-based desalination system under
design, Ctotal(X) (€ ), i.e.

minimize
X

{Ctotal(X)} . (18)

The constraints of the design variables values are the
following:
0 ≤ NS ≤ floor(VMPP,max/max[VMPP(t)]|t=8760·Y

t=1 ),
NPVA ≥ 0, NBAT ≥ 0, 0o ≤ β ≤ 90o, WT,n ≥ 0, NDU ≥ 1,
NWG ≥ 0, and 9 < lW/G ≤ 15, where VMPP,max (V) is the
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maximum operating MPP voltage level of the PV battery
charger.

In order to take into account all factors affecting the cost of
grid-connected RES-based desalination systems that cooperate
with smart grids, the value of Ctotal(X) is calculated as the sum
of the following components.

1) The costs of connecting the desalination plant to the dis-
tribution network of potable water and the electric grid,
respectively.

2) The total cost of the pipelines transferring seawater to
the desalination plant and dispose brine back to the sea,
respectively.

3) The total installation and lifetime maintenance costs of the
devices synthesizing the overall desalination plant.

4) The present value of the total cost of buying electric energy
from the electric grid.

5) The replacement costs of the batteries and power elec-
tronic converters due to malfunctions over the entire life-
time period of the desalination plant.

Therefore, in the proposed methodology, the value of Ctotal

in (18) is calculated as follows:

Ctotal(X) = cw + ce + cT +NPV · CPV +NBAT · CBAT

+NCH · CCH +WT,n · CT +NWG · (CWG + (h · Ch))

+NDU · CDU +NINV · CINV

+

Y∑

j=1

⎡

⎣
Ep(j) · cp +NPV ·MPV +WT,n ·MT

+NDU ·MDU +NWG · (MWG + (Mh · h))+
+NBAT ·MBAT +NCH ·MCH +NINV ·MINV

⎤

⎦

· (1 + g)j

(1 + i)j
+RBAT +RCH +RINV (19)

where cw (€) is the total cost of connecting the desalination
plant water production to the water distribution network; ce (€)
is the total cost of the connection with the electric grid; cT (€) is
the total cost of the pipelines (running in parallel) transporting
seawater to the desalination system installation point and dispose
brine back to the sea, respectively; NPV = NS ·NP ·NPVA is
the total number of PV modules of the RES system; CPV, CBAT,
CCH,CDU,CINV, andCWG (€) are the purchase and installation
costs of each PV module, battery, PV battery charger, desali-
nation unit, dc/ac inverter, and W/G, respectively; CT (€/L)
is the construction cost of the water tank per liter of volume;
Ch (€/m) is the purchase and installation cost of the W/Gs
installation tower per meter of height; Y (years) is the lifetime
period of the RES-based desalination system; Ep(j) (kWh) is
the total energy purchased from the electric grid during year j
(1 ≤ j ≤ Y); cp (€/kWh) is the present value of the price of the
electric energy purchased from the electric grid; MPV, MBAT,
MCH, MDU, MINV, and MWG (€) are the present values of the
annual maintenance costs of each PV module, battery, PV battery
charger, desalination unit, dc/ac inverter, and W/G, respectively;
MT (€/L) is the present value of the annual maintenance cost
of the water tank per liter of volume; Mh (€/m) is the present
value of the annual maintenance cost of the W/Gs installation
tower per meter of height; RBAT (€ ) is the present value of

the total cost of replacing the batteries; RCH (€) is the present
value of the total replacement cost of the PV battery chargers;
RINV (€) is the present value of the total replacement cost of
the dc/ac inverters; g (%) is the annual inflation rate, and i (%)
is the interest rate.

The value of cw in (19) is calculated considering the maximum
value of hourly water demand of the consumer during the year,
as follows:

cw = cwnet ·max
{
WD (t)|t=8760

t=1

}
(20)

where cwnet (€/L) is the cost of connecting the desalination
plant water production to the water distribution network per liter
of water transferred hourly.

The RES-based desalination plant is designed such that it is
able to inject the maximum possible power to the electric grid
(if such a surplus is available during system operation). For that
purpose, the value of ce in (19) is calculated according to the
total nominal ac power of the dc/ac inverters included in the
RES-based power supply system, as follows:

ce = cenet ·NINV · PINV (21)

where cenet (€/W) is the cost per watt of connecting with the
electric grid, including the costs of any infrastructure required,
such as the power line and substations.

The value of CDU in (19) also includes the following.
1) The costs of internal constructions related to the desalina-

tion units, such as the seawater filters, the holding tanks
for water pre- and posttreatment, and instrumentation
equipment.

2) The total cost of the pipelines (running in parallel) trans-
porting seawater to the desalination system installation
point and dispose brine back to the sea, respectively, when
the desalination system is installed next to the sea (i.e.,
along the coastline).

If the desalination plant is not installed next to the sea, then
the total cost of the additional pipelines transporting seawater
to the desalination system installation point and dispose brine
back to the sea (brine outfall pipeline), cT (€), is calculated as
follows:

cT = H · cH ·Wd,n ·NDU + E · cE ·Wd,n ·NDU (22)

where cH and cE [€/(m.L)] are the installation costs of the
water transportation system per meter of horizontal distance
and elevation, respectively, and per liter of daily nominal water
production of the desalination units.

During the desalination plant lifetime period, the batteries
should be replaced due to their limited lifetime because of
aging, which affects the total system cost in (18) and (19). The
lifetime of the battery bank depends on its charge/discharge
profile versus time. In order to calculate the associated cost [i.e.,
parameter RBAT in (19)], the total ampere-hour capacity that
the battery bank is capable to provide during its entire lifetime
period (Qbat,total) is calculated initially as follows:

Qbat,total = DOD · CB ·NB,p ·NC (23)

where NC is the number of lifetime charging/discharging cycles
with the permitted DOD specified by the battery manufacturer.
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The ampere-hour throughput of the battery bank during the
system operation, QAh,t (Ah), is also calculated during the
simulation of the RES system operation described in Section II.
This is performed by using the computed values of the battery
bank discharging current as follows:

QAh,t =

1≤t≤8760·Y∑

t=1

IB(t) · S (IB(t)) · 1h (24)

where the function S(x) is defined as

S(x) = 0 if x ≥ 0, else S(x) = +1. (25)

The batteries are replaced at hour t (1 ≤ t ≤ 8760 . Y), where
the value of QAh,t at that hour has become equal to the value of
Qbat,total, which has been calculated by (23). The present value
of the batteries replacement cost during the desalination system
lifetime period, RBAT (€ ), is calculated as follows:

RBAT = NBAT · CBAT ·
⎡

⎣
∑

∀ j=Y ∗
1

(1 + g)j

(1 + i)j

⎤

⎦ . (26)

The sum in (26) is calculated only for the specific values of
year numbers, Y ∗

1 , that the battery bank replacement is required
[36]. During the simulation of the RES-based desalination sys-
tem operation, after the replacement of the batteries, their state
of charge is considered to be equal to its last value before the
replacement. Through this process, the distortion of the power
supply system energy balance and the deterioration of the energy
flow calculations are avoided. Therefore, the replacement of the
batteries affects only the total lifetime cost of the desalination
system [i.e., the value of Ctotal(X) in (19)].

The present values of the PV battery chargers and dc/ac
inverters replacement costs, RCH and RINV (€), respectively,
in (19), are calculated according to the following equations:

RCH = NCH · CCH ·
⎡

⎣
∑

∀ j=Y ∗
2

(1 + g)j

(1 + i)j

⎤

⎦ (27)

RINV = NINV · CINV ·
⎡

⎣
∑

∀ j=Y ∗
3

(1 + g)j

(1 + i)j

⎤

⎦ . (28)

The values of Y ∗
2 and Y ∗

3 depend on the total number of
operating hours of the PV battery chargers and dc/ac inverters
during the desalination system lifetime period and their mean
time between failures, MTBFCH and MTBFINV (in hours),
which are specified by their manufacturers

Y ∗
2 = Y · 365 · 24/MTBFCH (29)

Y ∗
3 = Y · 365 · 24/MTBFINV. (30)

B. Optimization Procedure

A flowchart of the optimization procedure for calculating the
optimal configuration of the grid-connected RES-based desali-
nation system is shown in Fig. 2. Initially, the designer provides
the input data required for the execution of the optimal design
process given as follows.

Fig. 2. Flowchart of the proposed design optimization algorithm of the grid-
connected RES-based desalination system.

1) the operational specifications of the energy- and water-
related devices that will be used for synthesizing the RES-
based desalination system under study;

2) the installation location of the desalination plant;
3) the values of power- and cost-related parameters required

for simulating the desalination plant operation (as ana-
lyzed in Section II) and for calculating the total system
cost;

4) the desired operational characteristics of the desalination
plant, i.e., lifetime period and hourly values of water
demand of the consumer during the year;

5) the hourly values of solar irradiance on horizontal plane,
ambient temperature, and wind speed at a reference height
(lref in meters), which prevail at the desired installation
location during the year.

The optimal value of Ctotal(X) in (18) is derived by using
the particle swarm optimization (PSO) algorithm. Compared
with other evolutionary optimization techniques (e.g., genetic
algorithms, firefly algorithm, etc.), the PSO algorithm exhibits
relative implementation simplicity and is effective in solving
complex nonlinear optimization problems [37]. During the exe-
cution of the optimization process (see Fig. 2), multiple alterna-
tive values of X are generated by the PSO algorithm. For each
one of them, the desalination plant operation is simulated for
each hour of its entire lifetime period, as analyzed in Section II.
Additionally, the corresponding lifetime system cost, Ctotal(X),
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is calculated according to (19). Among the alternative values
of X evaluated through this process, the vector X that 1) does
not lead to unsuccessful operation during any hour of the de-
salination system lifetime period according to Sections II and 2)
results in the minimum value of Ctotal(X) is considered as the
optimal design solution.

IV. ALTERNATIVE OPTIMIZATION CRITERIA

In order to investigate the impact of the objective function
type on the design optimization results, modifications of (19),
which express different optimization objectives, have alterna-
tively been employed in the optimization process for comparison
purposes.

1) The minimization of the net lifetime cost of the grid-
connected RES-based desalination plant, Cnet(X) (€ ).
The value of Cnet(X) is calculated by subtracting from
Ctotal(X) the lifetime revenues obtained by selling energy
to the electric grid, and can be written as follows:

Cnet(X) = Ctotal(X)−
Y∑

j=1

Es(j) · cs · (1 + g)j

(1 + i)j

(31)
where Es(j) (kWh) is the total energy sold to the electric grid
during year j (1 ≤ j ≤ Y) and cs (€/kWh) is the present value of
the price of the electric energy sold to the electric grid that has
been specified by the designer.

2) The maximization of the total revenues obtained by selling
the excess energy to the electric grid during the desalina-
tion plant lifetime period, Crev(X) (€ ), which is calculated
as follows:

Crev(X) =

Y∑

j=1

Es(j) · cs · (1 + g)j

(1 + i)j
. (32)

In this case, the total nominal power rating of the RES units has
been constrained to be less than three times that of the optimized
configuration derived by employing the optimization objective
described by (18) and (19).

3) The minimization of the lifetime cost of a desalination
plant without RES and energy storage devices, which
operates by buying energy from the electric grid. In this
case, the vector of design variables is X1 = [WT,n|NDU].
Also, the optimization process is performed by minimiz-
ing the corresponding total lifetime cost objective function
Ceg(X1) (€ ), which is given as

Ceg(X1) = cw + ce + cT +WT,n · CT +NDU · CDU

+

Y∑

j=1

[Ep(j) · cp +WT,n ·MT +NDU

·MDU+] · (1 + g)j

(1 + i)j
. (33)

By setting the values of cp and/or cs equal to zero enables to
investigate configurations of the RES-based desalination system
where energy can only be sold to or purchased from the electric

grid. Also, it is observed that the objective functions given by
(19), (32), and (33) are parts of the objective function (31).

In order to denote the installation of the desalination units
next to the sea, the designer should input the values cH = cE =
PE = PH = 0 to the optimization algorithm. This affects the
values calculated by (5) and (22), (31), or (33). If the RES devices
should be installed at a different location from the desalination
units (e.g., at a point that exhibits significant RES potential),
then the installation point specified initially by the designer
corresponds to the location of the RES devices. In such a case,
the ac output power of the dc/ac inverters can be transferred to
the desalination units through the electric grid (e.g., by applying
a net-metering scheme). By appropriately setting the values of
cp and/or cs in the proposed optimization process facilitates the
investigation of such configurations too.

The values of cwnet and cenet in (20) and (21) are specified by
the designer taking into account the distances of the desalination
plant from the water distribution network and the electric grid,
respectively. Therefore, the value of cw in (20) depends on the
water demand and the location of the desalination units with
respect to the water distribution network. Also, the values of
ce and cT in (21) and (22), respectively, are determined by the
location of the desalination system and its configuration. The
latter is incorporated in (21) and (22) through the values of the
decision variables NINV and NDU, which are derived by the
optimization algorithm. Finally, the value of PT in (5), which
is also determined by the location of the desalination plant,
affects the power flow during the operation of the desalination
system. In turn, this affects the design results for optimizing
the corresponding objective function given by (19), (31), (32),
or (33), respectively. Through the aforementioned approach of
selecting the design parameters values, the impact of alternative
installation locations on the structure and lifetime cost of the
RES-based desalination plant under design can be explored.

In case that the alternative objective functions (31)–(33) are
employed in the design optimization process, the desalination
plant operational constraints remain the same as described in
Sections II and III. The design optimization results for alter-
native optimization criteria of the overall desalination plant are
presented in the following section.

V. DESIGN OPTIMIZATION RESULTS

A software program has been developed in the MATLAB
platform according to the proposed methodology that has been
described in Sections II–IV. Due to the computational com-
plexity of the optimization problem, the PSO algorithm has
been set to operate with a swarm size of 500 particles, and it
is executed for a maximum of 600 generations. However, the
optimization process is ended when the relative change of the
objective function is less than 10−6 for 40 generations.

In order to evaluate its performance, the proposed methodol-
ogy has been applied for the optimal design of a grid-connected
hybrid RES-based desalination system installed in a location
of the island of Crete (Greece) with latitude = 35.517o and
longitude= 23.856o. The desalination plant is designed to cover
the water requirements of a small community for a lifetime
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Fig. 3. Hourly variation of the consumers water demand during the year in
the water distribution network under study.

TABLE I
OPERATIONAL CHARACTERISTICS AND COSTS OF THE DEVICES USED TO

SYNTHESIZE THE DESALINATION PLANT UNDER DESIGN

period of Y= 20 years. The corresponding water demand during
the year is illustrated in Fig. 3.

The hybrid RES-based power supply system of the desali-
nation plant is synthesized by commercially available devices,
which feature the operational characteristics and costs presented
in Table I. The proposed methodology has been applied consid-
ering three alternative types of commercially available lead–acid
batteries, with different values of CBAT, NC , and CB (see
Table I), as analyzed next. The yearly maintenance costs of the
dc/ac inverters and desalination units have been set equal to 10%
of the corresponding purchase and installation costs. For the
rest devices, the corresponding percentage has been set to 1%.

TABLE II
CONFIGURATION PARAMETERS OF THE DESALINATION PLANT UNDER DESIGN

The values of the configuration parameters of the desalination
plant, which are used in the energy-/water-flow and lifetime-cost
calculation models described in Sections II–IV, are shown in
Table II.

Initially, the proposed methodology was applied considering
battery type 1 (see Table I), as well as (19) and (31)–(33),
respectively, as alternative objective functions. The resulting
optimized configurations of both the energy- (generation and
storage) and water-related subsystems of desalination plants
are presented in Table III. In these configurations, the costs of
connecting to the water and electric energy distribution networks
have been set equal to cw = 1.2835€/m3 and ce = 425€/kW.
These values correspond to a 500-m distance of the water
and electric energy distribution networks from the desalina-
tion plant. The electric energy buying and selling prices have
been set equal to cp = cs = 0.10€/kWh. The corresponding
values of Ctotal, Cnet, Crev, and Ceg, respectively, for each of
the optimized configurations #1–4 presented in Table III, are
depicted in Table IV. The resulting optimal capacities of the RES
devices, battery bank, and desalination units for configurations
#1–4 are also displayed in Table IV. The optimal values of
X for configurations #1 and #2, as well as the corresponding
values of Ctotal, Cnet, and Crev, are equal. This is due to the
fact that the desalination plant power management process (see
Section II-B) directs the RES-generated energy primarily for
covering its operational requirements and only any energy sur-
plus is sold to the electric grid. Hence, the revenues obtained
by selling energy to the electric grid (i.e., Crev) are only 1.61%
of Ctotal for configurations #1 and #2 in Table IV. Therefore,
the incorporation of Crev in the objective function (31) does
not affect the optimal design results compared with (19). Also,
it is observed in Table IV that the desalination plant that has
been optimized for maximum revenues by selling the excess
energy to the electric grid (i.e., configuration #3) consists only
of W/Gs. The value of Crev for configuration #3 is approximately
34 times higher than in configurations #1 and #2. However,
the corresponding lifetime cost of that desalination plant [i.e
Ctotal in (19)] is disproportionally higher by approximately 30
times since the optimization objective described by (32) does
not consider the resulting system cost. The application of the
proposed methodology for deriving the optimal configurations
#1 and #2 enabled to reduce the lifetime cost of the desalination
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TABLE III
DESIGN OPTIMIZATION RESULTS FOR ALTERNATIVE CONFIGURATIONS AND OPTIMIZATION OBJECTIVES OF THE DESALINATION PLANT

TABLE IV
OPTIMAL CAPACITIES OF DEVICES AND THE ECONOMIC PERFORMANCE

INDICES FOR EACH OF THE OPTIMIZED CONFIGURATIONS #1–4 IN TABLE III

plant by 60.04% compared with that of a desalination plant
operating only with electric grid energy without using any RES
units (i.e., configuration #4 in Tables III and IV). This is due to
the capability of the proposed technique to explore the optimal
tradeoff between the RES types/capacities and the amounts of
battery storage, water storage, and energy exchanged with the
electric grid, respectively.

The total electric energy purchased from the electric grid and
sold to the electric grid, respectively, during the operational
lifetime period of each of the optimized configurations #1–#4
presented in Table III, is displayed in Fig. 4. In configurations
#1 and #2, the amount of energy purchased from the electric
grid is 0.017% of the corresponding energy sold to the electric
grid. This percentage increases to 28.85% in configuration #3,
since the cost of energy purchased from the electric grid for
covering the operational requirements of the desalination units
is not considered in the objective function given by (32). The
energy purchased from the electric grid in configurations #1
and #2 is equal to 1.42 · 10−3% of the corresponding amount in
configuration #4. Therefore, the use of RES for power supplying

Fig. 4. Lifetime electric energy exchanged with the electric grid for each of
the optimized configurations #1–#4 in Table III.

the desalination plant in both configurations #1 and #2 aimed
to reduce the energy purchased from the electric grid. How-
ever, the resulting optimized configurations #1 and #2 are not
fully autonomous. The application of the proposed optimization
method enabled to derive the optimal capacities of the energy-
and water-related subsystems such that a significant amount of
electric energy (8.4% of the electric grid energy purchased by
configuration #4) is sold to the electric grid. Thus, the economic
viability of the desalination plant is improved and, simultane-
ously, the electric grid operation is supported.

As an example, the performance of the RES devices, battery
bank, and water tank during the first year of operation of configu-
ration #1 in Tables III and IV is illustrated in Fig. 5. It is observed
that the daily energy sold to the electric grid is less than 18.29%
of the corresponding RES-generated energy. Simultaneously,
the battery bank state of charge and the amount of water in
the tank vary over a wide range. These features enabled the
optimal exploitation of the RES-generated energy for covering
the consumer water demand with the minimum possible value
of the Ctotal objective function.

The proposed design optimization process for minimizing
Ctotal(X) in (19) was also performed for multiple alternative
values of cw and ce, in case type 1 batteries (see Table I) are
used. The resulting variation of the optimal values of Ctotal for
different sets of values of cw and ce (corresponding to 0–1000 m
distances of the water and electric energy distribution networks
from the desalination plant) when cp = 0.1€/kWh is depicted in
Fig. 6. For each value of cw, the optimized lifetime cost of the de-
salination plant increases with ce by 1.08–2.16% compared with
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Fig. 5. Performance of the RES devices, battery bank, and water tank during
the first year of operation of an optimized desalination system (configuration
#1 in Tables III and IV). (a) Total daily RES-generated energy and daily energy
sold to the electric grid. (b) Minimum and maximum values of charge stored in
the battery bank. (c) Minimum and maximum values of water stored in the tank.

Fig. 6. Design optimization results for various values of cwand ce when cp =
0.10€/kWh and Ctotal(X) is minimized.

the corresponding optimal values of Ctotal when ce = 0€/kW.
Also, for each value of ce, the value of Ctotal increases with cw
by 1.49 · 10−3 − 0.55% compared with the corresponding case
with cw = 0 €/m3. Thus, the optimized lifetime system cost of
the RES-based desalination plant is affected by the distances
of the desalination plant from the electric grid and the water
distribution network, respectively.

Fig. 7. Design optimization results for various battery types. (a) Optimal
values of the objective functions (19), (31), and (32). (b) Number of battery
replacements during the lifetime period of the desalination plant.

In order to investigate the impact of the batteries operational
characteristics, the proposed methodology was also applied for
the three alternative types of batteries included in Table I. The
resulting optimal values of objective functions (19), (31), and
(32), corresponding to configurations 1, 2, and 3, respectively,
are illustrated in Fig. 7(a). The corresponding numbers of battery
replacements during the 20 years lifetime period of the desalina-
tion plant are presented in Fig. 7(b). For all objective functions,
using battery type 2 results in the highest values of Ctotal and
Cnet (i.e., configurations # 1 and #2 in Fig. 7) and number of
replacements, due to the lower value of Qbat,total in (23) that it
provides. Using battery type 3 resulted in zero replacements
due to the high value of NC that it features (see Table I).
Also, the battery type 3 exhibits the lowest value of the ratio
CBAT/Qbat,total, which enabled to reduce the values of Ctotal

and Cnet by 8.21–12.44%. Also, in case of configuration #3, the
value of Crev is increased by 57.04% when this type of battery
is employed. Therefore, by reducing the cost and increasing the
service lifetime period of the batteries improve the economic
viability of the grid-connected RES-based desalination plant.

VI. CONCLUSION

In this article, a new design methodology has been presented,
which takes into account the tradeoff between the three alterna-
tive degrees of freedom in the operation of the overall desalina-
tion plant, i.e., battery storage, water storage, and exchange of
energy with the electric grid. The design optimization results
indicated that the application of the proposed methodology
enabled to reduce the lifetime cost of the desalination plant by
60% compared with that of a desalination plant operating only
with electric grid energy without using any RES units. Also, it
was demonstrated that by 1) employing the total lifetime cost
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of the grid-connected RES-based desalination plant as objective
function of the optimal design problem and 2) reducing the cost
and increasing the service lifetime period of the batteries im-
proves the economical viability of the resulting configurations.

The proposed methodology has been focused on PVs and
W/Gs due to their higher level of industrial maturity. Current
and future work include the extension of the design technique
presented in this article to include wave energy conversion
RES technologies [6], [7], as well as the optimization of the
desalination plant location.
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