
Received May 29, 2021, accepted June 5, 2021, date of publication June 8, 2021, date of current version June 16, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3087540

Carbon-Constrained and Cost Optimal Hybrid
Wind-Based System for Sustainable
Water Desalination
HASAN MEHRJERDI 1, (Senior Member, IEEE), AHMED A. M. ALJABERY1,
HEDAYAT SABOORI2, AND SHAHRAM JADID 2
1Department of Electrical Engineering, Qatar University, Doha, Qatar
2Department of Electrical Engineering, Iran University of Science and Technology, Tehran 16846-13114, Iran

Corresponding author: Hasan Mehrjerdi (hasan.mehrjerdi@qu.edu.qa)

This work was supported by the Qatar National Library.

ABSTRACT Seawater desalination is one of the prominent solutions to cope with the water crisis. Suppling
demanded energy and high investment and operation costs have been the most critical challenges facing
the sustainable development of these plants. Previous studies have shown that renewable resources can be
used as an alternative for sustainable desalination. Wind energy is a renewable resource with good potential,
especially in coastal areas with a severe water crisis. In previous studies of wind-powered desalination units,
typical values have been used for turbines, and also, the desalination unit’s capacity is considered equal to
the peak water demand. In this paper, a new optimization model for wind-powered desalination is presented
wherein the optimal number of turbines will be defined based on the technical specifications of different
commercially available turbine types. Also, simultaneous selection of several different turbines is modeled
and optimized. The proposed mathematical model is implemented on a test case to evaluate its effectiveness.
The simulation results show the proposed model’s functionality to obtain optimal results while considering
available commercial turbine types. The study demonstrates a 2.38 to 35.28 reduction in the net planning
cost resulting from multiple turbine technology selections and optimization concerning the various single
turbine installation cases.

INDEX TERMS Desalination, wind energy, wind turbine selection, optimal sizing.

NOMENCLATURE
A. SETS
SH Day hours
SM Year seasons
ST Wind turbines technologies
B. PARAMETERS
EMCap Yearly system emission cap
EPD Power consumption of desalination

unit (kW/m3)
EPT Power consumption of water tank

pumps (kW/m3)
FCostDG Unit fuel price of the diesel

generator ($/liter)
FEDG Carbon content of diesel generator

fuel (kg/liter)
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Ir Interest rate
ICWT

(t) Investment cost of wind turbine ($)
ICBS Investment cost per kW of battery

power rating ($)
ICDG Investment cost per kW of diesel

power rating ($)
ICWD Investment cost per m3/day of

desalination ($)
ICWS Investment cost per m3 capacity

of water tank ($)
KDG
Fix Fix factor of diesel consumption

(liter /kW)
KDG
Var Variable factor of diesel consumption

(liter /kW)
Lf Life time
MMax
WT Maximum allowable number of turbine types

M Large constant value
Nm Number of the day in each season
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OMWT
(t) Yearly O&M cost of wind turbine ($)

OMBS Yearly O&M cost per kW of battery
power ($)

OMDG Yearly O&M cost per kW of diesel
power ($)

OMWD Yearly O&M cost per m3/day of
desalination ($)

OMWS Yearly O&M cost per m3 of water
tank ($)

PTur(h,m,t) Total power generated by the wind
turbine (kW)

PWTR
(t)

Rated power of wind turbine (kW)
v(h,m) Wind speed (m/s)
vci(t) Cut-in speed of wind turbine (m/s)
vr(t) rated speed of wind turbine (m/s)
vco(t) Cut-off speed of wind turbine (m/s)
WDLoad(h,m) Local potable water demand (m3)
WNS Yearly allowable water not supplied

percentage
ηDis Discharging efficiency of the battery

storage (%)
ηCha Charging efficiency of the battery

storage (%)
ηRecPC Rectifier efficiency of the power

converter (%)
ηInvPC Inverter efficiency of the power

converter (%)
C.VARIABLES
BWT(t) Binary variable for selection of each

turbine type
BBCha(h,m) Binary variable for charging mode of

battery
BBDis(h,m) Binary variable for discharging mode

of battery
BTCha(h,m) Binary variable for charging mode of

tank
BTDis(h,m) Binary variable for discharging mode

of tank
CDG
Fuel Total yearly fuel cost of diesel

generator ($)
EBS(h,m) Energy stored in the battery (kWh)
EMTot Total yearly carbon emitted by the

system (ton)
ERBS Optimal energy capacity of the battery

(kW)
FDG(h,m) Fuel consumed by the diesel generator

(liter)
ICTot

WT Total investment cost of the wind
turbines ($)

ICTot
BS Total investment cost of the battery ($)

ICTot
DG Total investment cost of the diesel

generator ($)
ICTot

WD Total investment cost of the
desalination unit ($)

ICTot
WS Total investment cost of the water

storage tank ($)
NWT
(t) Optimal number of each turbine type

(integer)
NPC Total nep present cost of the system

($)
OMTot

WT Total O&M cost of the wind
turbines ($)

OMTot
BS Total O&M cost of the battery ($)

OMTot
DG Total O&M cost of the diesel

generator ($)
OMTot

WD Total O&M cost of the desalination
unit ($)

OMTot
WS Total O&M cost of the water storage

tank ($)
PCha(h,m) Charging power to the battery (kW)
PDis(h,m) Discharging power from the battery

(kW)
PC In

(h,m) Incoming power to the power
converter (kW)

PCOut
(h,m) Outgoing power from the power

converter (kW)
PDD(h,m) Electric power demand of the

desalination (kW)
PDT(h,m) Electric power demand of the water

pumps (kW)
PGDG Power generated by the diesel

generator (kW)
PGWT(h,m) Power generated by the wind turbines

(kW)
PRBS Optimal power rating of the battery

(kW)
PRDG Optimal power rating of the diesel

generator (kW)
PRPC Optimal power rating of the power

converter (kW)
W T

(h,m) Water stored in the tank (m3)
W TC

(h,m) Water charged to the tank (m3)
W TD

(h,m) Water discharged from the tank (m3)
WCT Optimal water storage capacity of the

tank (m3)
WDNS(h,m) Hourly water demand not supplied (m3)
WGWD(h,m) Hourly water generated by desalination unit

(m3)
WGTDC Optimal capacity of the desalination unit

(m3/day)
WPCha Optimal power of charging water pump (m3)
WPDis Optimal power of discharging water pump

(m3)

I. INTRODUCTION
The provision of safe drinking water has always been one
of the human societies’ main concerns [1]. Today, with the
increase in population on the one hand and human societies’
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progress, on the other hand, the demand for both quality
and quantity of drinking water has increased significantly.
On the other hand, the available water resources are steadily
declining [2]. The main reasons for the reduction are sur-
face and groundwater pollution, utilizing water resources for
agricultural and industrial production, and the increase in
water evaporation due to rising air temperatures, especially
in coastal, arid and semi-arid regions [3]. In recent years,
various methods have been proposed to increase access to
drinking water, the most important of which are recycling
various urban and industrial effluents, constructing newwater
storage tanks, and consumption management, especially in
production and agriculture seawater desalination [4]. Among
these methods, desalination methods have found a special
place due to their abundant access to saline waters in areas
with severe drinking water problems. Also, if the energy
required for the process is provided, a high drinking water
volume with acceptable quality can be obtained [5]. There
are several ways to desalinate water, the most important of
which are reverse osmosis (RO), multi-stage flash (MSF), and
multi-effect desalination (MED). Among these methods, the
reverse osmosis method has found a special place due to its
numerous advantages. About 70% of the world’s desalination
units currently operate on this method. The reasons for the
high share of RO in the desalination market are the ability
to produce highly pure water by taking out about 99% of
the Total Dissolved Solids (TDS), relatively low investment,
operation, and maintenance cost, low energy consumption
because of the non-phase change separation process, and
modular and compact system offering convenient mainte-
nance and expansion with low space requirements. Besides,
this process’s energy requirement is based only on electric
energy, unlike the other methods with electrical and thermal
energy consumption [6].

Currently, the energy required for desalination plants is
mainly supplied from the utility grid, which has caused some
problems. There is no access to the grid in some coastal areas,
or the grid does not have the extra capacity to supply the
desalination plants. Besides, in areas with access to the grid,
the supply of the desalination units is possible only through
the grid’s expansion at different parts, including production,
transmission and distribution. Even in the absence of the
above problems, the grid integrated desalination units’ high
energy means many work hours of the fossil fuel power
plants, resulting in increased environmental pollutants. As a
result, the energy supply at a reasonable cost and without car-
bon emission has become one of the problems in constructing
and developing desalination plants. One of the solutions in
this regard is the local supply of desalination units using
renewable energy sources [7]. The previous studies have
substantiated these new resources’ economic and technical
feasibility for desalination purpose [8]. Sustainable develop-
ment goals necessitate the cleanness of the energy supply,
which renewable energy resources can achieve. The local
supply of desalination plants by renewable resourceswill help
achieve sustainability goals by creating local jobs, reducing

environmental pollutions, and enhancing supply security by
eliminating long-distance transmission and distribution net-
works. In recent years, many studies have been conducted
to validate this solution’s technical and economic feasibility.
Wind energy is one of the primary renewable sources and
has reliable potential, especially in coastal areas with severe
potable water crisis [9].

As a result, this potential can be practically used to supply
desalination plants [10]. In recent years, various studies have
been conducted in this field. In [11], two wind-powered
desalination plants with andwithout battery are simulated and
evaluated. The desalination plant is of RO type and installed
at Gran Canaria island, Spain. Three machine learning meth-
ods, including random forests, support vector machine, and
neural networks, are used to predict the system’s perfor-
mance. (Spain). The configuration with battery storage is
constant pressure and flow rate, while the other one, with-
out battery, is variable pressure and flow rate. The study
results demonstrate the superiority of the random forest and
support vector machines with respect to the neural networks
in terms of performance prediction. Loutatidou et al. [12]
have been studied a wind-powered Ro desalination plant.
The desalination project Liwa ASR in the United Arab
Emirates (UAE) is used to evaluate the study’s economic
feasibility. The study results denote that wind-driven water
desalination can be completive concerning the current ther-
mal desalination plants in the UAE. Segurado et al. [13]
proposed using a pumped storage plant to minimize wind
curtailment. The research includes an optimal sizing method-
ology in addition to the operation strategy of a wind-pumped
hydro-desalination system. The objectives of the total system
cost, renewable penetration maximization, and wind energy
curtailment minimization are considered. A derivative-free
multi-objective optimization method (Direct Multi-Search)
is utilized to solve the proposed multi-objective model. The
research results denote that higher levels of renewable pene-
tration can be achieved at the expense of the increasing total
system cost. Forstmeier et al. have been demonstrated the
technical feasibility of wind energy to supply desalination
plants [14]. To do this, physics-based system models have
been established for both reverse osmosis and mechanical
vapor compression. The study results verify wind energy
feasibility by showing that wind energy cost is in the range
of conventional desalination plants. An energy manage-
ment paradigm for a microgrid consists of a hybrid wind-
diesel-battery system that supplies a desalination unit [15].
To this end, a real-time energy management strategy based
on the hour ahead wind forecast is proposed. The study’s
objective is to maximize wind energy extraction and environ-
mental pollutant emission by m minimizing diesel generator
operation. In [16], wind energy is hybridized with the solar
chimney for supplying electricity and freshwater. The thermal
and membrane-based desalination systems are considered in
a cascade manner to utilize the heat source of the solar chim-
ney. The authors in [17] have usedDesalinationPlant software
to design an electric-to-water micro-grid system composed
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of inexhaustible distributed energy resources, a decentralized
storage system and a seawater desalination system. In [18],
the HOMER software is used to obtain different topologies
of a hybrid wind-solar system. Then, a decision making pro-
cedure based on integrated Fuzzy-AHP and Fuzzy-VIKOR
decision-making methods is executed to choose the best
design considering ten performance criteria. The HOMER
software in [19] is used for modelling, designing, and opti-
mizing a hybrid wind-PV system supplying domestic electric
energy besides that required for water desalination in a remote
area. Maleki in [20] has designed and modelled various wind
and solar systems supported by battery or hydrogen storage
for desalination purposes. The results indicated that using a
battery as energy storage is more affordable than hydrogen
production and storage. A hybrid renewable system in [21]
was also modelled and compared concerning the technical
and economic performance by modifying various design
options. A reverse-osmosis process was considered as the
desalination technology, and the HOMER software was used
for modelling and optimization. In [22], cutting-edge knowl-
edge regardingwind- and PV-poweredRO-based desalination
was surveyed. For this purpose, technical challenges and
possible solutions for large-scale desalination plants were
identified. Finally, in [23], a hybrid power and water sys-
tem based on water desalination and renewable resources is
designed to supply local demand. The interrelations between
power and water sectors and their interconnection with car-
bon emission are modelled and considered in the planning.
The study results denote the importance of joint planning
of both the power and water sector while considering their
relation with environmental pollutant emissions.

As the above literature survey demonstrates, to maximize
the energy efficiency and the cleanliness of power supplied
to the desalination plants, several points should be consid-
ered, which are described below. The first one is to present
an economic plan for the whole system with the least cost
by properly modelling components and their optimization.
The second issue is calculating and limiting the amount of
carbon emission produced by the system to protect the envi-
ronment and provide sustainable development. The next issue
is to model and calculate the level of water supply reliabil-
ity to maintain acceptable levels. Finally, wind power-based
power supply systems must be supported in various ways
so that both the intermittent wind energy nature and its low
predictability do not affect the quantity and quality of the
water produced. The last point is that besides the number
of wind turbines, the turbine types should also be optimized.
In other words, the planning model should also decide on the
type of turbine. In practice, there are various turbine types
with different parameters and characteristics. Simultaneous
multiple selections of various turbine type should also be
considered. Table 1 presents a summary of the previous
research properties along with the differences with the pro-
posed model.

Accordingly, in this paper, an optimization model for
optimal desalination system design is proposed based on a

TABLE 1. Previous research properties and differences with the proposed
model.

combinedwind-diesel-battery supply system. In the proposed
model, the optimal wind turbine type is defined within a set
of available commercial models besides the optimal number.
Besides, simultaneous multiple different turbine types selec-
tion is modeled and optimized. The battery energy storage
has been used to perform a time-shift on energy production
due to low wind speeds at some hours, t. The diesel generator
will also be used as a system backup during hours with
severe limitations in generated or stored energy. The carbon
emission produced by the diesel generator is calculated and
constrained to a predefined total yearly value. The desali-
nation unit is of the reverse osmosis type, and its capacity
will be optimized simultaneously with the components of the
power supply system based on the variable pattern of the
daily water consumption needs. A water storage reservoir has
also been used to perform arbitrage and leveling of the water
demand profile. The water storage will significantly reduce
the water generation at peak water consumption periods,
resulting in a reduction in the desalination unit capacity and
the system’s overall cost. This cost reduction will be achieved
at the expense of a small cost for the reservoir itself and its
pumps. The proposed model will provide the optimal size and
capacity of each system component to meet the water con-
sumption needs with the desired level of supply reliability and
control of environmental pollutants at the lowest cost. In sum-
mary, the innovations of this research can be enumerated as
follows.

• Novel optimization formulation for water desalination
based on hybrid wind-based system.

• Wind turbine type is optimized besides the number of
turbines.

• Simultaneous selection of the multiple different turbine
types is modeled and optimized
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FIGURE 1. Configuration of the proposed system.

• Optimizing sizing of the desalination plant concurrent
with the power supply equipment

The remainder of the paper is as follows. After this introduc-
tory part and in Section 2, the proposed configuration and
model is introduced. In this section, first, the model layout is
explained by defining the function of each part. Then, math-
ematical formulations of equipment and relations between
them are presented. Then, in Section 3, input parameters
related to the case study are presented. Results of the sim-
ulation, in addition to the relevant discussions, are provided
in Section 4. Finally, the conclusions of the research are given
in Section 5.

II. THE PROPOSED MODEL
The general layout of the proposed system is depicted
in Figure 1. In the figure, black and blue arrows denote power
and water flow, respectively. Besides, acronymsWT, DG, BS,
WD, andWS stand for wind turbines, diesel generator, battery
storage, water desalination, and water storage. The role of
each component in the whole system mission is introduced
in the following.

A. COMPONENTS FUNCTION
As shown in Figure 1, the system’s primary source is energy
produced from thewind. Thewind turbines arranged in a farm
constitute the primary source of energy required for desali-
nation. The power produced by the wind turbines is gathered
and then injected into the main bus of the desalination supply.

The required turbines’ number and technical specifications
will be optimized based on the wind regime and variable
power demand. The hourly fluctuations in the wind speedwill
also result in variations in the generated power. At the hours
with abundant wind speed, the produced power is more than
the required amount, and in the others with low wind speed,
it is not enough. Therefore, it is necessary to shift some of
the energy produced in the hours with high wind speed to the

other critical hours with low wind speeds. This application
is known as renewable energy time-shift and is performed
utilizing battery storage. A part of the excess energy produced
by wind turbines is stored in the battery at high wind speeds.
The excess stored energy is used later to meet demand during
critical hours with low wind speeds. Considering that the
battery packs’ energy is a DC type, a double conversion
AC to DC and DC to AC converter is needed to connect
the battery pack with the main AC power supply bus. The
converter works at rectifier mode in the battery charging state
by converting the main supply AC power to battery DC one.

On the contrary, in the battery discharging mode, the con-
verter works at inverter mode by converting the battery’s DC
output power to the AC supply needed. The optimal power
and energy rating of the battery and the optimal power rating
of the attached converter will be determined through the
proposed formulation. Even with a battery, the wind speed
may not be high enough to produce the required power in
certain critical situations, nor may the battery have enough
storage. In this case, the power supply must not be cut off and
should be continued. A diesel generator unit is therefore used
for this purpose. Due to its fossil fuel consumption and the
resulting environmental pollution production, the diesel gen-
erator is turned on only minimal hours of the year with severe
power shortage. Pollution generated by the diesel generator
fuel consumption will be calculated and limited to ensure the
whole system’s cleanness.

The power injected by the wind turbines, battery, and a
diesel generator is used to supply the desalination system.
The desalination system consists of two parts, water desali-
nation (production) and water tank (storage). Potable water
demand is mainly met by using a water desalination unit. The
water storage tank is used to leveling the water demand pro-
file. The water demand profile’s peak shaving helps reduce
water desalination capacity and, consequently, the supply sys-
tem. This reduction in capacity reduces the total system at the
expense of a small water tank’s small cost. Besides the water
tank itself, to account for real-life systems, charging and
discharging pumps are also modeled. The electricity demand
of the tank is related to these pumps. Using the proposed
optimization model, the optimal rating of the desalination
unit, water tank capacity, and power rating of the charging and
discharging pumps will be determined. Finally, the potable
water demand is supplied directly from the desalination unit
or the tank’s discharged water. As it was explained, the sys-
tem possesses various parts and equipment. The optimization
problem aims at finding the optimal size of each part based
on an objective function and a set of constraints. Accordingly,
the system equipment’s technical characteristics, limitations,
and features must be first modeled mathematically. In the fol-
lowing, each component’s mathematical model is introduced
first, and then objective function and system constraints are
explained and mathematically formulated. Since the paper
focuses on modelling and optimizing different wind turbines
types, solar resources have been omitted. The proposedmodel
can be easily transformed into a hybrid wind-solar system
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FIGURE 2. Typical wind turbine power curve.

by adding photovoltaic panels. Accordingly, in addition to
adding solar cells’ cost to the objective function, its output
power must also be added to the battery bus due to its direct
current nature.

B. COMPONENTS MODEL
The mathematical model of the system components is intro-
duced and formulated in the following. The model contains
technical limitations and the cost components related to the
system equipment, including wind turbines, battery storage
and attached converter, diesel generator, water desalination
unit, and water storage reservoir.

1) WIND TURBINES
A wind turbine is a machine capable of converting wind
energy into electricity. The most critical factor in wind-based
energy production is wind speed. The higher the wind speed,
the greater the possibility of producing power. The func-
tion describing the relation between wind speed and pro-
duced power by the turbine is a known turbine power curve.
It should be noted that the original wind power curve is a
third-order function of the wind speed. A linear model is used
commonly in optimization and planning problems to get rid
of non-linearity. The original non-linear model can be defined
based on experimental data, which are not usually accessible
for all commercial wind turbines. The experimental data in
the form of input-output (wind speed-generated power) val-
ues is used to fit a curve with the desired order; usually third-
order, to obtain the turbine power curve. There is a minor
error in calculating generated power using a linear model by
neglecting this effect. This error will consequently cause a
deviation in optimizing the required wind turbines capacity.

A typical linear wind power curve is depicted in Figure 2.
As the figure shows, the curve can be classified into four
regions. The classification is based on wind speed and tech-
nical parameters of the turbine, including rated power in
addition to the cut-in, rated, and cut-off speed. The man-
ufacturer defines the cut-in and cut-off speed (also known
as ’cut-out) to protect the turbine from damage. The cut-in
speed is a point wherein the turbine begins producing power
by rotation. The cut-out point represents the highest rotation
speed the turbine can withstand before damage. The turbine’s

rated speed is the wind speed at which the turbine generates
rated power [24]. Based on the comparison of wind speed
with these speeds, the curve’s area and thus the amount of
electricity generation will be determined. The wind power
curve can be mathematically represented by (1) [24].

PTur(h,m,t) =



0, v(h,m) ≤ vci(t)

PWTR
(t)

(
v(h,m) − vci(t)
vr(t) − v

ci
(t)

)
, vci(t) ≤ v(h,m) ≤ v

r
(t)

PWTR
(t)

, vr(t) ≤ v(h,m) ≤ v
co
(t)

0, vco(t) ≤ v(h,m)
×∀h ∈ SH , m ∈ SS , t ∈ ST (1)

In this representation, for simplicity and without loss of
generality, a linear function is used to express power produc-
tion at Region 2. As the mathematical model denotes, power
production is severely dependent on the turbine parameters
for a certain wind speed and regime. Each manufacturer
produces wind turbines with various power ratings and asso-
ciated speeds (cut-in, rated, and cut-off) [25]. There are some
points in this regard which have to be taken into account.
The first one is that the previous studies do not model a
particular commercial turbine and use general and typical
values for its parameters. This matter makes the study results
differ from reality in practice, as there may not be a turbine
with the specifications used. The next problem is that even if
a particular commercial turbine has been used in the study,
its type has not been optimized according to the problem’s
conditions. In other words, the selection of the turbine type
is made before the optimization process is performed. In this
case, better results may be obtained by changing the turbine’s
selection inside the optimization process.

The third problem is that even if the turbine is selected
during the optimization of the whole problem, due to the sea-
sonal changes in wind speed, the turbine will not have the best
performance in each season because its selection has been
based on a compromise for all seasons. As a result, it is appro-
priate to model the problem so that the optimization process
can select several turbines with different parameters. In this
case, the best results will be obtained in terms of optimization
results. All of the points mentioned above are considered in
the following. In other words, turbine technology is optimized
among several commercial options available in the market as
part of the problem, and besides, it can simultaneously select
and use several different turbines. Accordingly, a binary vari-
able is assigned to ta turbine type. The problem can use a
turbine’s desired number if it has previously switched-on the
relevant binary variable, mathematically modeled in (2).

NWT
(t) ≥ B

WT
(t) ∀ t ∈ ST (2)

The number of selected turbines can be limited to a specific
and predetermined number using the binary variable. This is
performed in (4), where the problem is confined to choose a
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certain number of turbine types.∑
t

BWT(t) ≤ M
Max
WT (3)

The total power produced inside the wind park is equal
to the sum of the power generated by all the selected tur-
bines, as represented by (4). Accordingly, investment and
the operation and maintenance (O&M) of the whole park
are the summation over the utilized turbines multiplied by
the corresponding unit cost. These cost terms, investment
and O&M, for the wind park are denoted by (5) and (6),
respectively.

PGWT(h,m) =
∑
t

NWT
(t) P

Tur
(h,m,t) ∀ h ∈ SH , m ∈ SM (4)

ICTot
WT =

∑
t

NWT
(t) IC

WT
(t) (5)

OMTot
WT =

∑
t

NWT
(t) OMWT

(t) (6)

2) BATTERY AND POWER CONVERTER
As it was stated earlier, the battery is used for renewable
energy time-shift. Relations (7) and (8) indicated that the
battery’s charging and discharging power have to be lower
than the rated power. This limitation is also the case for the
battery’s energy, as denoted by (9) [26].

PCha(h,m) ≤ PRBS ∀ h ∈ SH , m ∈ SM (7)

PDis(h,m) ≤ PRBS ∀ h ∈ SH , m ∈ SM (8)

EBS(h,m) ≤ ERBS ∀ h ∈ SH , m ∈ SM (9)

The stored energy in the battery at any time is a function of
the previously stored value and the net charging and discharg-
ing values at the present period, as shown by (10). It should
be noted that the battery cannot charge and discharge simul-
taneously [26]. This is modeled using an indicator binary
variable for each of the charging and discharging actions [27].
The problem is then forced to use only one of these binary
variables at each time period, as denoted by (11). Based
on (12) and (13), the battery can charge or discharge if the
relevant binary variable is turned-on [28].

EBS(h,m) = EBS(h−1,m) + P
Cha
(h,m)η

Cha
−
PDis(h,m)

ηDis

×∀ h ∈ SH , m ∈ SM (10)

BCha(h,m) + B
Dis
(h,m) ≤ 1 ∀ h ∈ SH , m ∈ SM (11)

PCha(h,m) ≤ BCha(h,m)M ∀ h ∈ SH , m ∈ SM (12)

PDis(h,m) ≤ BDis(h,m)M ∀ h ∈ SH , m ∈ SM (13)

Considering that the battery cells work with and store DC
power, a power converter is required to communicate with the
main AC supply. The power converter will work at one of the
following conversion modes. In the battery’s charging state,
the converter works at the AC to DC conversion mode, also
known as rectifier mode. In this case, the relation between the
battery’s DC charging power and the AC power drawn from

the converter system is based on (14). On the contrary, when
the battery is discharging, the converter works at the DC to
AC conversionmode, also known as inverter mode. In this sit-
uation, the relation between the battery’s DC discharge power
and the AC power injected into the system by the converter is
based on (15). As presented by (16) and (17), the converter’s
input and output power should respect rating value. Finally,
the whole battery system’s cost can be calculated by summing
up costs related to the battery system itself and the converter.
Accordingly, the whole battery system’s total investment cost
is presented by (18), while (19) presented operation and
maintenance cost.

PC In
(h,m) = PCha(h,m)/η

Rec
PC ∀ h ∈ SH , m ∈ SM (14)

PCOut
(t,s) = PDis(h,m)η

Inv
PC ∀ h ∈ SH , m ∈ SM (15)

PCOut
(h,m) ≤ PRPC ∀ h ∈ SH , m ∈ SM (16)

PC In
(h,m) ≤ PRPC ∀ h ∈ SH , m ∈ SM (17)

ICTot
BS = PRBS ICPBS + ERBS ICEBS + PRPC ICPC (18)

OMTot
BS = PRBSOMPBS + ERBSOMEBS + PRPCOMPC

(19)

3) DIESEL GENERATOR
The diesel generator is the only conventional power source
of the system. Also, it is the only fuel consumer component
of the system. The produced power by the diesel generator,
as denoted by (20), can be at most as large as the rated
power. The fuel consumption rate is a function of the power
rating and the generated power, as denoted by (21). The total
cost of the fuel consumed by the diesel generator can be
calculated by multiplying unit fuel price by the total hours
the generator consumed power, which is shown by (22). The
diesel generator’s investment cost is only a function of the
unit price and the rated power, modeled by (23). Finally,
as shown by (24), yearly operation and maintenance cost has
to be considered as the cost of the generator itself and also the
fuel cost [29].

PGDG(h,m) ≤ PRDG ∀ h ∈ SH , m ∈ SM (20)

FDG(h,m) = KFix
DGPR

DG
+ KVar

DG P
DG
(h,m) ∀ h ∈ SH , m ∈ SM

(21)

CFuel
DG = FCostDG ∗

∑
h

∑
m

NmFDG(h,m) (22)

OMTot
DG = PRDGOMDG

+ CFuel
DG (23)

ICTot
DG = PRDGICDG (24)

4) WATER DESALINATION UNIT
The water desalination unit is the primary water source of
the system. The capacity of this unit is publicly announced
in liters per day. However, it will be operated hourly based
on the water demand changes. Therefore, hourly water pro-
duction capacity can be calculated based on (25). The power
consumed by the water desalination unit is a function of
the produced water and used process. In general, hourly

VOLUME 9, 2021 84085



H. Mehrjerdi et al.: Carbon-Constrained and Cost Optimal Hybrid Wind-Based System

required power can be calculated by multiplying the hourly
generated water and power consumption factor (PCF) of the
process. Several factors affect the energy consumption of
the desalination unit. The first and most important factor is
the type of technology used for desalination. The two main
methods are in the field of thermal methods and membranes.
Thermal methods require both thermal and electrical energy.
In contrast, membrane methods, the most important of which
is reverse osmosis, require electrical energy. Accordingly,
the reverse osmosis method has the lowest energy consump-
tion among all desalination technologies. The second factor
is the desalination unit’s size, which is generally divided into
three categories: small, medium and large. As the size of
the unit increases, its energy consumption per unit of water
produced will decrease. The third factor is the salt content
as well as the temperature of the incoming water. The next
influential factor is the quality of water produced in terms of
purity and the percentage of compounds. The water desalina-
tion unit’s investment and operation and maintenance costs
are straightforward linear functions of the unit cost and the
daily water production capacity, as represented by (27) and
(28), in turn.

WGWD(h,m) ≤ WGTDC/24 ∀ h ∈ SH , m ∈ SM (25)

PDD(h,m) = EPDWGWD(h,m) ∀ h ∈ SH , m ∈ SM (26)

ICTot
WD = WGTDC ICWD (27)

OMTot
WD = WGTDCOMWD (28)

5) WATER STORAGE TANK
The water storage tank is used to relieve stress on the water
desalination unit and the power supply system at the hours
with peak water demand. The tank is filled during hours
with abundant power production or low water demand. Two
water pumps are used for charging and discharging the
tank. As shown by (29) and (30), charging and discharging
water cannot exceed the water pump’s corresponding rating.
Besides, to prevent the consumption of additional energy in
both pumps’ simultaneous operation, the tank is allowed to
be in only one of the charging and discharging modes at any
time. Similar to the battery storage, this limitation is also
modeled by using binary variables as in (31) and (32) and
then the tank is enforced to choose one based on (33).

W TC
(h,m) ≤ WPCha ∀ h ∈ SH , m ∈ SM (29)

W TD
(h,m) ≤ WPDis ∀ h ∈ SH , m ∈ SM (30)

W TC
(h,m) ≤ BTCha(h,m)M ∀ h ∈ SH , m ∈ SM

(31)

W TD
(h,m) ≤ BTDis(h,m)M ∀ h ∈ SH , m ∈ SM

(32)

BTCha(h,m) + BT
Dis
(h,m) ≤ 1 ∀ h ∈ SH , m ∈ SM (33)

The water stored at the tank at any time period is equal
to the remained water from the previous time period and the
water added and minus water released at the present time

period as modeled by (34). The water stored in the tank can be
at most as large as the tank capacity, which is shown by (35).
Also, to respect the health issues related to water quality,
the water stored each day should be used on the same day.
This issue is mathematically modeled in (36).

W T
(h,m) = W T

(h−1,m) +W
TC
(h,m) −W

TD
(h,m)

×∀ h ∈ SH , m ∈ SM (34)

W T
(h,m) ≤ WCT

∀ h ∈ SH , m ∈ SM (35)∑
h

WDTC(h,m) =
∑
h

WGTD(h,m)∀m ∈ SM (36)

The power demanded by the tank is related to the water
pumps used for charging and discharging. As explained
and modeled previously, at most, one of the charging and
discharging pumps work at any time period. Therefore,
the power demanded by the pumps can be modeled by (37),
wherein it is a function of the power consumption ratio of
the pump as well as the pumped water. Finally, the tank’s
investment and operation and maintenance costs are related
to the tank capacity itself and power raring of the attached
pumps presented by (38) and (39), respectively.

PDT(h,m) = EPT
(
WDTC(h,m) +WG

TD
(h,m)

)
∀h ∈ SH ,m ∈ SM

(37)

ICTot
WS = WCT ICWS

+ (WPCha +WPDis)ICWP (38)

OMTot
WS = WCTOMWS

+ (WPCha +WPDis)OMWP (39)

C. OBJECTIVE FUNCTION AND SYSTEM CONSTRAINTS
The fitness function or equivalently objective function of the
formulated optimization problem is defined and explained
in the following. The whole system’s general constraints,
including water balance, electric power balance, and limita-
tion on the reliability level and emission, are described and
modeled.

1) POWER BALANCE
There is a main power bus in the system which works with
AC power. The balance of the incoming and outgoing powers
to this bus should be kept. The power balance for this bus
is shown in (40). As in the equality, inputs to the bus are
power generated by the diesel generator, wind turbines, and
AC power output of the converter at the inverter mode. On the
contrary, outputs from the bus comprise input power to the
converter at rectifier mode in addition to the power demand of
the desalination unit and water tank charging and discharging
pimps.

PGDG(h,m)+PC
Out
(h,m)+PG

WT
(h,m)=PC

In
(h,m) + PD

D
(h,m) + PD

T
(h,m)

×∀ h ∈ SH , m ∈ SM (40)

2) WATER BALANCE
Similar to the power, the balance between the generated
and the consumed water should also be maintained in the
system. This balance necessitates a water balance equation
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as denoted by (41). Accordingly, positive flows are water
generated by the desalination unit and the discharged water
from the tank, while negative ones are charging water to the
tank and net supplied water demand. The net supplied water
demand is equal to the real water demand minus not supplied
water, as declared in the equation. It should be noted that
not supplied water demand is a positive value lower than the
hourly water demand. In other words, this item cannot act
as a water source and can only reduce hourly water demand,
as shown by (42)

W TC
(h,m)+WD

Load
(h,m)−WD

NS
(h,m) = W TD

(h,m) +WG
WD
(h,m)

×∀ h ∈ SH , m ∈ SM (41)

0 ≤ WDNS(h,m) ≤ WD
Load
(h,m)

×∀ h ∈ SH , m ∈ SM (42)

3) RELIABILITY AND CARBON EMISSION LIMIT
The unmet water demand level has to be controlled based on
the designer preferences to ensure a reliable supply of the
demanded water. In (43), the total yearly unmet water value
with respect to the total demanded water is calculated and
limited to the water not-supplied index defied by the project
designer. Also, to ensure the system’s environmental friend-
liness, the total yearly emitted carbon of the whole system is
limited to a predefined cap, as modeled in (44). It should be
noted that the only pollutant emitter component of the system
is the diesel generator because of the fuel consumption. Its
carbon emission is calculated in (45), a function of the fuel
consumed and the fuel carbon content.∑
(h,m)

(
WDNS(h,m)/WD

Load
(h,m)

)
≤ WNS (43)

EMTot
≤ EMCap (44)

EMTot
= FEDG

∑
(h,m)

NmFDG(h,m)

 (45)

4) OBJECTIVE FUNCTION
The optimization process has to be based on achieving a
predefined fitness or objective function. As shown in (46),
the problem’s objective function is the total net present
cost (NPC). There are two points behind using the NPC for
economic evaluation instead cost of energy. The first one is
that the cost of energy is usually used to compare various
energy production systems with each other. Here, we have
a hybrid system. Accordingly, we have modeled all sources
and let the optimization problem to decide on optimal share of
each one. The second and more important note here is that we
have not an energy-only system. In other word, minimizing
only cost of energy did not make sense while a consider-
able share of the system cost is related to the water sector
equipment. Accordingly, we have used NPC which reflects
cost of the all system equipment regardless of their nature
and role. The NPC is equal to the total investment cost and
the converted total yearly operation and maintenance cost of
the whole system. The value of NPC should be minimized to

FIGURE 3. Seasonal hourly wind speed.

FIGURE 4. Seasonal hourly water demand.

ensure minimum cost system design.

NPC = ICTot
WT + IC

Tot
DG + IC

Tot
BS + IC

Tot
WD + IC

Tot
WS

+
(1+ Ir )Lf − 1

Ir (1+ Ir )Lf

(
OMTot

WT + OM
Tot
DG + OM

Tot
BS

+OMTot
WD + OM

Tot
WS

)
(46)

The proposed model’s limitations are the deterministic
treatment of the input data, not considering reactive power
demand, and not considering wind turbine control methods.

III. CASE STUDY
The optimization problem introduced and modeled in the
previous section is tested in this section. The wind speed
and water consumption data are for Doha, Qatar. The rep-
resentative wind speed, measured at 10 m height, of the
studied location is depicted in Figure 3. Also, Figure 4 shows
representative hourly water demand for seasons of the year
wherein peak water demand is 5000 m3/h. An RO-based
desalination unit is used with 3.5 kW/m3 energy consump-
tion. The pumps used for water tank charging and discharging
consume 0.4 kW/m3 electric energy.
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TABLE 2. Investment and O$M cost for system components.

TABLE 3. Data for the commercial wind turbines [35].

The project lifetime is 15 years, and the interest rate is
equal to 0.05. The efficiency of the power converter and the
battery are, in turn, 96 and 95 % [30]–[32]. The fuel price,
constant, and variable fuel consumption coefficient for the
diesel generator are also 0.8 $/liter, 0.16 4/kW, and 0.25
$/kWh, respectively [32]. The yearly carbon emission cap
for the system is set to 2500 tons. Table 2 demonstrates cost
data related to the system equipment, including investment
and O&M costs [33], [34]. Finally, Table 3 offers data related
to the considered commercial wind turbine technologies [35].
The hub height for the considered turbine is 50 m.

It should be noted that a maximum number of 3 turbine
types are allowed for installation. The proposed mathemat-
ical model is implemented in GAMS optimization software
and solved using the CPLEX solver. The case study’ model
possesses 91 blocks of equations and 8301 single equations.
Also, it has 75 blocks of variables and 8929 single variables.
It should be noted that the GAMS software calls internal
Solvers for solving the optimization problem. Each Solver is

TABLE 4. Optimal sizing results for system components.

itself composed of various solve procedures for specific types
of optimization problems. The CPLEX Solver within the
GAMS is used for solving the problem. The CPLEX optimiz-
ers are designed to solve large, difficult problems quickly and
withminimal user intervention. Access is provided to CPLEX
solution algorithms for linear, quadratically constrained and
mixed-integer programming problems. This Solver is one of
the most powerful tools for solving Mixed Integer Linear
Programming (MILP) models like our proposed one. The
CPLEX uses a Branch and Cut algorithm, which solves a
series of LP sub-problems. There are many details beyond
the Branch and Cut method, out of this paper scope, which
can be found in the literature [36], [37].

IV. RESULTS AND DISCUSSIONS
The optimal sizing results of the simulation are shown
in Table 4. As the results denote, the optimal desalination unit
size is calculated as 68,000 m3/day. This value indicates a
maximum of 2833 m3/h (daily desalination capacity divided
by day hours) water production capacity, compared with the
peak water demanded. Considering the value of 5000 m3/h
peak water demand, if the model with water and energy
storage had not been used, a desalination unit with a capacity
of 120,000 m3/day (day hours multiplied by the peak water
demand) would have been built. This value is comparable
with the capacity found by the proposed model as the optimal
size. As a result, the desalination unit’s size is decreased by
more than 43 %, which is a notable figure. This reduction
is achieved by simultaneous sizing and optimising storage
devices, namely battery energy storage and water storage
tank.

The water storage tank should have a capacity of 8,100 m3

to achieve this reduction in the water desalination unit. Also,
two pumps with 2,100 and 2,200 m3/h water pumping capac-
ity are needed to charge and discharge the tank. By comparing
the tank’s capacity with the water pumps, it can be concluded
that the water pumps work about 4 hours to charge or dis-
charge the tank entirely. The total optimal capacity of all wind
turbines should be equal to 17,800 kW. This figure is related
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TABLE 5. Investment, O&M, and NPC cost for system components ($).

TABLE 6. Optimal sizing results for wind turbine optimization.

to all turbine types installed, which will be analyzed in the
following. Besides, a diesel generator with a power rating
of 3,800 kW is needed to support the system. As the power
converter communicates only with the battery, its optimal
power rating is obtained equal to the battery’s power rating,
i.e., 2,100 kW. Finally, the battery’s optimal energy capacity
is equal to 6,200 kWh, which indicates 4 hours charging and
discharging period.

Table 5 demonstrates the breakdown of the system costs for
the whole system. The table presents investment cost in addi-
tion to the operation and maintenance cost of each part of the
system and the whole system. As the results show, the whole
system requires a 204 M$ net present cost, wherein 113 M$
should be paid at the beginning of the project. The remained
value is related to the yearly O$M cost. By analyzing the
results, it can be seen that the desalination unit and wind
turbines impose the highest initial investment costs on the
system. The share of the desalination unit is almost four times
that of wind turbines. On the contrary, the highest O&M
cost share is related to the desalination unit. After that, wind
turbines and diesel generator place at the second rank with
almost equal values. The high share of the diesel generator
O&M cost is due to fuel consumption and, consequently, fuel
payment.

Simulation results related to the optimal turbine type selec-
tion are presented in Table 6. The results demonstrate that due
to the conditions of the problem, wind pattern, and parameters
related to the turbines’ types, an optimal result cannot be
achieved with one type of turbine. As a result, the optimal
sizing result is a combination of 3 different types, including

TABLE 7. Simulation results for different maximum number of turbine
types.

TABLE 8. Conventional single turbine results versus proposed model.

60, 40, and 39 turbines of t1, t2, and t10 type. The result
means a 6000, 4000, and 7800 kW of investment on these
turbine types. Table 7 displays how the results would have
changed if the problem had allowed selecting more or fewer
turbine types. As the results show, enforcing the problem to
choose fewer turbine types will result in higher total system
costs.

Also, by increasing the allowable number of turbine types
to more than 3, the optimal results will not change. For
comparison purposes, the results of the proposed model are
evaluated with respect to the previous model. To this end,
the model is executed similarly to the previous models.
In this case, the typical data for a single turbine type is
used. The results are then compared to the proposed model
ones. Table 8 presents the comparison results by showing the
optimal number of the input turbinemodels, total wind power,
and total cost. As can be seen, the proposed model’s total cost
is considerably lower than the single turbine models. This
cost reduction is achieved by less installation of the wind
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FIGURE 5. Seasonal hourly power produced by the wind turbines.

FIGURE 6. Hourly power produced by the diesel generator (summer).

turbines, namely 17,800 kW. The total system planning cost
will be at least 209,426 M$ using a single turbine model,
meaning 2.382 % higher NPC than the proposed model.

Figure 5 presents the hourly power produced by the wind
turbines for each season. Also, Figure 6 demonstrates the
power generated by the diesel generator. It should be noted
that the diesel generator contributes in the power generation
only in summer, when wind speed and generated power has
the minimum values. As in the figures, power generation by
the wind turbines in the winter is considerable. Although
wind power production is lowest in the autumn, water demand
is also relatively low at this season. As a result, diesel power is
not required. According to the figures, the power generation
by wind turbines is lower than the demand for water desalina-
tion and therefore, water desalination energy consumption in
the summer is not entirely met by renewable energy. This has
led to the diesel generator’s power production during critical
hours, namely 6 to 13 and 16 to 19. This power production
by the diesel generator has been led to 2227 tons of carbon
emissions in the whole year.

Figure 7 depicts the share of each resource for all seasons
of the year. As the figure shows, the diesel generator pro-
duces power, with about 12 % of the total generated power
only in the summer. The other seasons of the year clean
energy produced from the wind are used to supply water

FIGURE 7. Share of power production from wind and diesel generator [%].

FIGURE 8. Total yearly power generated by each turbine type.

desalination unit and water tank pumps. Figure 8 demon-
strates the total power produced by each turbine type for each
season. As the figure denotes, the power produced by the
turbines is different for various seasons. This is due to the
wind speed variability and also turbine parameters. In this
regard, in the spring, turbine type t1 generates the highest
power in the wind park. Conversely, in autumn and winter,
the turbine type t10 constitutes the most generated power.

Last but not least, Table 9 presents the status of the water
balance in the system. In other words, the amount of water
generated, demanded, charged, and discharged for each sea-
son is tabulated. As the results denote, the water demand
profile peak is shaved for all seasons by utilizing and opti-
mizing water storage. This, in turn, helps to level the water
production profile. Also, the figures indicate that three cycles
of water charging and discharging are used. The first cycle,
which is the most important one, is performed to supply
water at the first peak water initial hours of the morning.
Accordingly, the required water is charged previously during
the initial hours of the day. After that, two smaller water
charging and discharging cycles are performed. The first one
is to supply at the noon hours’ water demand, and the second
one is for the initial hours of the night. This cyclic water
storage operation is optimized to achieve the minimum cost
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TABLE 9. Seasonal hourly generated, demanded, charged, and
discharged water (1000 m3).

of water desalination and storage requirements. The simula-
tion results show that commercial wind turbines’ modeling
and optimization will reduce the system’s total cost. Also,
variable consideration of the desalination unit’s size and its
optimization has significantly reduced the entire system’s
cost.

Reduction of the size of the desalination with respect to
the peak demand for water consumption has been achieved
by modeling and optimal sizing of the water storage tank
as well as the energy storage battery. The use of these two
storage devices, battery energy storage andwater storage, will
also increase water supply security. Because in cases when
the desalination plant cannot produce water for any reason,
part of the water demand can be met from the water storage
tank. Also, if components related to energy production such
as wind turbines and diesel generator cannot produce the
required energy, the battery can provide the required energy
up to the stored value. As a result, previously stored freshwa-
ter and electrical energy are available for emergency cases.

V. CONCLUSION
Utilizing desalination plants can be a fundamental solution
to overcome the global crisis of water. Using renewable
resources to supply these units can also solve the problems of
providing cheap and clean energy. Accordingly, in this paper,
an optimal installation model of a wind-powered desalination
unit is presented. In addition to the number of wind turbines,
the optimal type will also be selected from a predetermined
list of commercial models with different technical and eco-
nomic factors. A diesel generator and a battery energy storage
are also used to support wind turbines in critical hours in
terms of power production shortage.

Furthermore, a water storage tank is integrated with the
water desalination unit to flatten the water production pattern.
The reliability of water supply and carbon emission have been
modeled and limited. The simulation results of the proposed
model on a case study show that considering the variety of
turbines reduces the system’s total cost. The diesel generator
works at a limited hour of the day, resulting in lower carbon
emissions.

The desalination plant’s size will be reduced by 43%
concerning the peak water demand based on the simulation
results. This reduction in the desalination capacity will be
achieved by the joint water and energy storage for a duration
of about 4 hours. Additionally, a combination of three differ-
ent commercial wind turbines is optimal with respect to the
cost and technical performance. Using the proposed multi-
turbine model has resulted in a 2.38 to 35.28 % reduction in
the conventional single turbine model’s total cost concerning
the employed turbine type. The limitation of this study in
terms of uncertainty management can be addressed as future
work. Besides, the effect of selecting other new types of
turbines, namely invelox turbine, can be addressed.
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