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ARTICLE INFO ABSTRACT

Desalination is a method used to produce water for human consumption and/or industrial use. Seawater
treatment systems powered by renewable sources are regarded as sustainable methods for providing drinking
water for coastal zones and islands where there is no electrical grid. This study evaluated the operations of seven
different (off-grid) power systems (wind-photovoltaic-diesel-battery) used to satisfy the electrical energy de-
mand of a small-scale reverse osmosis system with a capacity of 1 m*/h used on Bozcaada Island, Turkey. The
hybrid optimisation model for electric renewable (HOMER) software was selected to perform techno-economic
analyses of the systems. On the other hand, the reverse osmosis system analysis model (ROSA) was used to
determine the energy requirement of the reverse osmosis system examined in this study. The results of this study
showed that the electricity cost was $0.308/kWh for the optimal system consisting of wind turbines with a rated
power of 10 kW, a 20 kW PV panel, and a diesel generator with a rated power of 8.90 kW, while the water cost
was $2.20/m>. Additionally, the results showed that combining the hybrid power system and reverse osmosis
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system could be a cost-effective method for remote areas with good wind and solar power potential.

1. Introduction

The environment, water, and energy are indispensable shareholders
in the sustainable development of civilisation. One of the major pro-
blems in the world today is the growing potable water demand [1].
Most of the existing water is either present as seawater or icebergs in
the Polar Regions. About 3% of the planet's water is fresh water, while
the remaining 97% is salty seawater [2,3]. Removing the salinity of
seawater using several desalination approaches has the potential to
solve the fresh water supply problem [4].

The two major desalination methods are thermal processes based on
a phase change and membrane processes based on a pressure differ-
ential [4,5]. The principal thermal distillation processes used for ob-
taining fresh water include the multistage flash, multi-effect, and va-
pour compression methods. The most common desalination processes
based on membranes include electrodialysis and reverse osmosis (RO).
Reverse osmosis is a separation process that is driven by a pressure
gradient, in which a salty solution disperses its solutes by diffusion
across a membrane [6,7]. The desalination processes require significant
quantities of energy [1]. Because of industrialisation, the supply of
energy has primarily focused on centralised production based on fossil
fuels. However, the continuation of this style of production has caused
various issues such as energy supply security, environmental pollution,
and the consumption of natural resources. For a sustainable future,
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localised production systems based on locally available resources have
become important [8]. The most current information on desalination
shows that only 1% of the total desalinated water is based on energy
from renewable sources [9]. Thus, an effective integration of desali-
nation and renewable energy technologies for fresh water production is
a viable option to solve the water shortage problems in isolated and dry
districts using local renewable sources (e.g., wind and solar energy)
[2,4]. The use of power systems powered by such energy sources in
desalination processes will help to reduce fossil fuel consumption and
greenhouse gas emissions. Thus, because of the increasing demand for
desalinated water in energy-importing countries and small islands,
there is a large market potential for renewable energy-powered desa-
lination systems worldwide [9].

Modelling an energy generation system before implementing a
project is of paramount importance for decision making and pre-feasi-
bility analysis. Various commercial and free software tools are used by
researchers for assessing the available energy systems, such as the
HOMER and RETScreen software [10-12]. The literature contains few
studies on combinations of desalination and renewable energy tech-
nologies for either small- or large-scale water production. Koreneos
et al. [13] proposed an integrated model for the use of renewable
sources (wind, solar) with the aim of desalinating seawater and com-
pared several alternative renewable energy source-desalination
schemes for a specific case. They concluded that with a greater
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renewable source potential, the cost of the electricity supplied by the
power generation unit will be smaller, and hence, the water production
cost of the desalination unit will be smaller. Hossam-Eldin et al. studied
the use of hybrid renewable energy systems in RO desalination with the
aid of a mathematical model to determine the best power system
combination for economically producing potable water [14]. The re-
sults showed that hybrid systems can be regarded as expensive power
sources when used for remote power applications. Spyrou and Ana-
gnostopoulos [15] conducted a study on the optimal design and op-
eration strategy for wind and solar energy production units and RO
desalination units that could provide potable water for islands or
coastal regions. The typical projected water costs in this study were
1.5-3.0 €/m°. Khalifa [16] studied various power supply systems that
used renewable and conventional energy sources for a RO desalination
unit and simulated the performance of a hybrid power supply system. In
this study, the lowest water cost was found to be 1.8 $/m® for an RO
unit powered by either a diesel generator or hybrid system consisting of
a combination of a diesel generator, wind turbine, and solar panel.
When the power system relied solely on renewable energy, the water
cost was 2.3 $/m° for solar and 2.4 $/m® for wind. Setiawan et al. [17]
studied the design of a small-scale hybrid power system that included
renewable energy sources, a diesel generator, and a desalination plant
based on the RO process for remote areas by considering the economic
and environmental constraints during the project life time. The results
showed that a hybrid power system could deliver better performances
in terms of both the electricity production and water supply, but both
were economically and environmentally viable, based on a stand-alone
diesel system. Mentis et al. [18] conducted a study on the development
of a tool that could design and optimise renewable energy and desali-
nation units, taking into account the resource availability, performance,
and economic data for three islands in the Southern Aegean Sea. The
results of the study showed that the water costs ranged from 1.45 €/m>
to 6 €/m?® for the considered islands. Cherif and Belhadj [19] projected
the energy and water production potential of using a hybrid photo-
voltaic-wind system connected to a RO unit in Tunisia. The analysis
results showed that using a hybrid photovoltaic-wind system to supply
the RO desalination unit used to produce potable from brackish water
was a suitable solution for Tunisia. Based on the literature, it can be
concluded that using desalination systems powered by renewable en-
ergy sources could play a significant role in controlling the growing
load demand, reducing energy and water generation costs, and de-
creasing global warming, which affects climate change. For the purpose
of comparison, Table 1 lists RO desalination systems powered by var-
ious power generation units, along with the plant capacity, specific
energy consumption, and potable water cost.

There have been few studies on hybrid renewable en-
ergy—desalination systems that considered both a prediction model and
techno-economic model to enable the integration of renewable energy
sources into the desalination-fresh water production systems. To obtain
the maximum utilisation of energy sources in view of the approaching
fresh water scarcity, a suitable energy—desalination coupling arrange-
ment should be further investigated for water production using pollu-
tion-free and cost-effective electrical energy production methods.

This paper considers the scenarios (diesel generators and combi-
nations of renewable power systems) of the various off-grid power
systems with the aim of supplying electricity for an RO system to meet
the potable water demand on Bozcaada Island, Turkey. The HOMER
software was used to seek the best power system combination. The
energy demand of the RO system was determined using the ROSA
model [23].

2. Methodology
The seawater desalination system proposed in this paper comprises

a power generation subsystem and an RO subsystem. The RO subsystem
consists of a pump, membrane, and storage tank. This system aims at
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Table 1
RO desalination configurations powered by various power generation units.

System Plant Specific energy Fresh water Ref.
configuration capacity consumption production cost
(m®/day)  (kWh/m®) ($/m®)

Wind-RO 24 4.38 0.86-2.84 [4]
Wind-Battery-RO 35 2.33 0.53 [5]
Wind-PV-Battery- 0.57

RO
Wind-Diesel- 0.74

Battery-RO
Wind-PV-Diesel- 0.74

Battery-RO
Wind-Diesel-RO 0.79
PV-RO 0.82
Diesel-RO 1.04
PV-Battery-RO 1.05
PV-Wind-RO 45 2.5 0.49 [6]

5.0 0.85
7.5 1.21

PV-RO 500 n.a 3.75% [13]
Wind-RO 2.01°
Wind-RO 150 7.3 1.6 [14]
Wind-PV-Diesel-lRO 300 4.6 1.25
Wind-RO 50 n.a 2.4 [16]
PV-RO 2.3
Diesel-RO 1.8
Wind-PV-RO 2.2
Wind-Diesel-RO 2.1
PV-Diesel-RO 2.1
Wind-PV-Diesel-RO 1.8
PV-Wind-RO 400 4.0 1.59 [18]
PV-RO 100 2.46
PV-Diesel-RO 20 7.73 7.21 [20]
Diesel-RO 20 7.74 7.64
PV-RO 44 7.33 7.34
PV-RO 10 3.41 5.32° [21]
Diesel-RO 5.47°

@ The cost of water production was recalculated using dollar-euro parity on the date of
publication of the article [22].
® Site specific analysis results for Limassol, Cyprus.

1 m3/h of potable water production using various power generation
units. The UN agencies and World Health Organization (WHO) suggest
that one person in semi-dry conditions needs about 20 L of fresh water a
day [4]. Accordingly, the amount of water obtained from the desali-
nation system investigated in this study could meet the daily demand
for 1200 people. The technical specifications of the RO system con-
sidered in this study are listed in Table 2. The methodology of this study
includes identifying the available resources, estimating the power de-
mand for the RO unit using the ROSA software [23], modelling the
optimal power system using the HOMER software [24], and calculating
the water production cost. The ROSA software is a RO design program

Table 2
Technical specifications of reverse osmosis system considered in this study.

Characteristic Unit Value
Feed pressure Bar 40.23
Pump efficiency - 0.85
Feed flow m®/h 3.333
Fouling factor - 0.85
Permeate flow m3/h 1
Recovery % 30.00
Power requirement kw 4.38
Specific energy consumption kWh/m? 4.38
Membrane - SW30HRLE-370/34i
Total area m? 206.24
Membrane element numbers - 6
Permeate TDS mg/L 433.93
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Calculating water cost
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that reports the water quality, flow rate, and specific energy con-
sumption of a process based on the feed water quality, membrane type,
and vessel structure. HOMER is an optimisation tool for designing
micro-power systems that makes it possible to optimise the size of their
components by performing a techno-economic analysis. In this soft-
ware, a wide range of applications that include PV panels, wind and
small-hydro turbines, fuel cells, batteries, conventional generators, and
boilers can be modelled by considering stand-alone and grid-connected
systems over their life time [25]. In addition, different load types such
as thermal, AC/DC electricity, and hydrogen can be handled, and
hourly simulations can be performed. Fig. 1 shows the detailed steps of
the analysis.

Fig. 2 shows the desalination system powered by the various energy
conversion systems considered in this study. A power generation system
for RO desalination with a capacity of 1 m®/h consists of photovoltaic
panels, wind turbines, diesel generator, battery banks, and a converter.
This power system meets the load demand of the RO desalination
system. It is used to satisfy the power demand, while the excess energy
is used to charge the battery bank.

Diesel generator

PV panel

Wind Turbine

Battery bank

[—>

A

AC DC
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Fig. 1. Detailed steps of the analysis considered in this
study.

Selecting power
generator for hybrid
system

Compenent and resource

data input

2.1. Site description and input parameters

The studied RO system was assumed to be installed on Bozcaada
Island (39°50.2’N, 25°57.8’E) in Turkey. Fig. 3 shows the location in-
vestigated in this study [24]. Bozcaada, which is attached to the city of
Canakkale, is an island located 12 nautical miles south of the Darda-
nelles Strait in the north-eastern part of the Aegean Sea. The island is
generally low and flat. There are no streams except for small rivers
flowing in winter. Its climate reflects the characteristics of the Medi-
terranean climate as a result of its location. The island has summers that
are cool and dry, and winters that are warm and low in precipitation. It
is windy throughout the year, especially in the winter months. It is open
to southern winds and experiences numerous northern winds as a result
of its location at the exit of the Canakkale Strait [26].

In order to estimate the electrical energy generated by the wind
turbines and PV panels added to the hybrid system considered in this
study, data transferred from the NASA surface meteorology and solar
energy database were used [24]. Fig. 4 shows that the wind speed has a
range of 4.78-7.35 m/s at an anemometer height of 50 m. The highest
wind speed occurs in February, and the annual mean wind speed is

Fig. 2. Main components of wind-pv-diesel-bat-
tery & ro systems.

Permeate

=
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Fig. 4. Monthly average wind speed at Bozcaada Island.

5.86 m/s at the site considered.

One of the factors used to evaluate the effect of clouds on extra-
terrestrial radiation is the clearness index, which is a stochastic value
that depends on time. It is used to predict the solar radiation on a
horizontal surface at any site [27]. The solar radiation data and clear-
ness index values for the solar irradiation used as inputs in the HOMER
software are shown in Fig. 5. At the Bozcaada site, the solar radiation
varies from 1.56 kWh/m?/day to 7.80 kWh/m?/day, and its annual
average value is 4.62 kWh/m?/day. The average clearness index is 0.56
according to the monthly values. Bozcaada Island has high solar ra-
diation in the months of April-September.

The compositions of the seawater off Bozcaada Island, Turkey, and
the standards for drinking water quality reported by the World Health
Organization (WHO) are listed in Table 3 [19,28]. The total dissolved
solids (TDS) include inorganic salts (calcium, magnesium, potassium,
etc.) and small amounts of organic matter that are dissolved in water
[29]. The TDS value of the feed water to be desalinated in the current
study was calculated to be 37,864.4 mg/L.

2.2. System description and components

2.2.1. PV array modelling

A PV array was used as part of the hybrid grid-off system for sup-
plying electricity to the RO subsystem in the current study. The power
output of the PV array in HOMER was calculated using Eq. (1) [25,30].

Gr

Pry_outpur = PPV—ratedFPV( )[1 + ap(Te — Tes1c)]

T,STC

@

where Ppy._rateq is the PV array rated capacity (kW), Fpy is the derating
factor (%), Gr is the solar radiation incident on the PV array (W/m?),
Grsrc is 1 kwW/m?, a, (%/°C) is the temperature coefficient, T. (°C) is
the PV cell temperature, and Tcgsrc (°C) is the PV cell temperature
under standard conditions. The power output of the PV modules de-
creases as the temperature increases. For this reason, the temperature
effect was taken into consideration in this study. The PV capacity was
determined using the auto-size mode in HOMER. The panels modelled
with the slope of 40° and have no tracking system.
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Fig. 5. Monthly average daily solar radiation and clearness index
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Table 3
Seawater analysis of the studied site and drinking water standard according to the WHO
[19,28].

Characteristic Unit Value for studied site WHO standard
Conductivity uS/cm 64,340 -

pH - 8.2 > 6.5 and < 9.5
CoD mg/L < 50 -

K* mg/L 600 12

Na* mg/L 11,515 200

Mg*? mg/L 1430 50

Ca*? mg/L 440 < 100

COo;~ 2 mg CaCOs3/L 20 -

HCO3~ mg CaCO5/L 135 -

Cl™ mg/L 21,520 250

S0, 2 mg/L 2205 500

TDS mg/L 37,864.4 < 1000

2.2.2. Electricity production from wind turbine

The electricity output of a wind turbine is calculated in three steps.
First, the logarithmic law is used to calculate the wind speed at the hub
height of the considered wind turbine. Then, the electricity output
generated by the wind turbine is calculated by combining the char-
acteristic power curve of the turbine and the wind speed and standard
air density data at the hub height. Finally, the power output value is
adjusted for the actual air density [30]. The wind speed corresponding
to the hub height is calculated using the logarithmic law as follows:

Z a
Vi = Vanem(z b )

anem

@

where V,nem is the wind speed at the height where the measurement is
made (m/s), and Zapem and Zy,, are the height at which the measure-
ment is made and the hub height of the wind turbine (m), respectively.
a is the exponent used in the logarithmic law. The wind turbine output
is calculated by adjusting to actual conditions by Eq. (3) [25,30].

Pyr = (ﬁ)PWT,STP
Po

(€))

where p (kg/m?) is the air density, po (kg/m?) is the air density under
the standard conditions, and Pyrsrp (kW) is the output of the wind
turbine under the standard conditions calculated using the turbine's
power curve supplied by the turbine manufacturer. In the present study,
a wind turbine with a generic capacity of 10 kW was selected. The
power curve of the wind turbine is illustrated in Fig. 6.

2.2.3. Diesel generator model

Because of the intermittent nature of renewable energy sources, the
use of diesel generators in hybrid power systems is important to ensure
energy continuity. For this reason, diesel generators are widely used

Dec

with renewable resources as a backup power source to increase the
reliability of energy production systems [31]. When there is no suitable
output power with renewable power units and the battery pack is
completely empty, the diesel generator starts to work to meet the load.
The fuel consumption (L/h) of the diesel generator can be calculated by
Eq. (4) as a function of its electric output [25].

FCpg = Fy X Pg + F; X Pg 4

where Pg and Py are the output power and rated power of the diesel
generator, respectively. Fy is the intercept coefficient of the fuel curve,
while F; is the slope of the fuel curve. Typical values for these two
coefficients are Fy, = 0.246 L/kWh and F, = 0.08145 L/kWh, which
were used in this study [31]. The generator capacity was determined
using the auto-size mode in HOMER.

2.2.4. Storage battery

Because of the intermittent nature of renewable resources, batteries
are used for back up. Therefore, when the load need is smaller than the
energy generated by the power unit, the excess energy generated by the
wind and/or PV generator can be used to charge the battery until it is
fully charged [32,33]. In this study, a generic 12V lead acid battery
with 1 kWh of energy storage was selected.

2.2.5. Converter

Converters are devices that convert an electric current from DC to
AC in a process called inversion and/or from AC to DC in a process
called rectification [25]. The converter capacity was determined using
the auto-size mode in HOMER.

2.3. Economic model

Economic analysis is a very vital step to propose an optimal case for
a power generation system. The economic evaluation of a HOMER
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Fig. 6. Power curve of the considered wind turbine.
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simulation was based on the net present cost (NPC) method. The NPC
for a system is the difference between the present value of all the ex-
penses throughout the lifetime of the system and the present value of all
the revenues obtained throughout its lifetime. The NPC can be calcu-
lated using Eq. (5) [25,34].

Cann, tot

CRF 5)

Cnpc,ml =

where Cunn ot iS the total annualised cost ($/yr), i is the discount rate
(%), n is the lifetime (yr), and CRF is the capital recovery factor. The
CRF can be calculated using Eq. (6) [35].

CrF = LA+ D"

a1+-1 6)
where i is the real discount rate and is used to convert between the in-
time costs and annualised costs, and n is the project lifetime. The real
discount rate is used to convert between the in-time costs and annual-
ised costs. In HOMER, the real discount rate and discount factors were
used to calculate the annualised costs from the net present costs. The
real discount rate is calculated using the following formula [25,34]:

i=i=f
T1+f )

where i'is the nominal discount rate, and f is the expected inflation rate.
The discount rate and inflation rate in this study were considered to be
8% and 2%, respectively. The levelised cost of energy (LCOE) in
HOMER is defined as the cost per kWh of electrical energy generated by
the power system. To calculate the LCOE, the annual cost of the elec-
tricity produced is divided by the electricity generation. The LCOE can
be calculated by Eq. (8) [25,34].

Cann,tot

Eier (8

where Cypp tor is the sum of the annualised costs of each component in
the hybrid power generation system ($/yr), and Eg, is the electricity
served (kWh/yr). The technical and economic specifications of the
power system used in the simulation are listed in Table 4 [14,34,36,37].

LCOE =

2.4. Cost calculation of desalination process

One of the most important and critical points in water treatment
projects is the cost. The cost of the water produced depends on various
factors, which include the economic parameters, plant capital cost,
local energy costs, and characteristics of the supply system supplying
energy to the facility and treatment plant [38]. The cost of a desali-
nation system based on RO is influenced by the system capacity. The
total cost for these systems consists of the installation costs, intake cost,
and pre- and post-treatment system costs. Table 5 lists the costs of the
system components [21]. The total cost of the RO systems can be cal-
culated using Eq. (9).

Cro = 24IzoQp [$] (C)]

where Io is the specific capital cost for the desalination system, and Qp
is the hourly production in m>. In this study, the value of the specific
capital cost of the system was assumed to be $2400/(m3/d) [21]. The
total annual operational cost can be calculated using Eq. (10) [39].

CROO&M = CRO,chemical + CRO,I + CRO,replaL‘ement [$] (10)

where Cro chemical iS the annual cost of the chemicals used in the
treatment process, Cro, is the annual cost of the labour, and
CRro,replacement i the annual cost of replacement parts. The annual la-
bour cost can be given by Eq. (11) [39].

Cro, = 8760yQp [$] 1)

where y shows the specific labour cost ($/m?>). A value of $0.05/m> was
selected for the specific labour cost in this study [20,40,41]. The costs

Desalination xxx (XxxX) XXX—XXX

Table 4
The techno-economic data for the power system considered [14,34,36,37].

System component

PV unit
Capital cost [$/kW] 2000
Operation and maintenance [$/year] 10
Lifetime [years] 25
Derating factor [%] 90
Ground reflection [%] 20

Wind turbine system

Rated power [kW] 10 kw
Capital cost [$/unit] 20,000
Operation and maintenance cost [$/year] 400
Lifetime [year] 25
Hub height [m] 30
Diesel gen-set
Capital cost [$/kW] 220
Replacement cost [$/kW] 200
Lifetime [hours] 15,000
Operation and maintenance [$/hour] 0.030
Diesel fuel price [$/L] 0.72
Batteries (Generic 1 kWh Lead Acid)
Nominal voltage [V] 12
Nominal capacity [kWh] 1
Maximum capacity [Ah] 83.4
Roundtrip efficiency [$] 85
Maximum charge current [A] 16.7
Minimum state of charge [%)] 40
Cost [$/unit] 110
Operation and maintenance cost [$/year] 10
Replacement cost [$/unit] 100
Lifetime [year] 10
Converter
Capital cost [$/kW] 700
Replacement cost [$/kW] 630
Operation and maintenance [$/year] 10
Lifetime [years] 15
Efficiency [%] 95

associated with chemical processes are also site-specific, because they
depend on the water conditions at the site. The total annual cost of
chemicals used in the treatment process can be calculated Eq. (12) [39].

CRO,chemical = 8760ka [$] a 2)

where k is the cost of the chemicals used in treatment ($/m>). In this
study, the treatment chemical cost per m?> was $0.03 [21,40]. The an-
nual cost of replacement components may be found as follows:

CRO,rep = CiembRRmemp + CpumpRRpump + Ciotor RRmotor [$] (13)

where C is the RO component cost [$], and RR denotes the annual re-
placement rate for the component under consideration [%] [39]. The
shares of the component costs for the system according to the total
system cost were 40% for membranes, 15% for the pump, and 15% for
the motor. In addition, the annual replacement ratios were 20% for
membranes, 10% for the pump, and 10% for the motor [21]. In water-
treatment systems, when the demand for potable water increases, the
water must be stored to meet this demand. In this study, a 20 m® tank
was used to store the water produced by the desalination system, and

Table 5
Cost percentage breakdown of reverse osmosis system components.

System component Contribution to total capital costs (%)

Intake cost 25
Pre-treatment system 10
Reverse osmosis components 25
Post-treatment 5
Installation & infrastructure 30
Professional costs 5

2W-Jadod
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the cost of the selected tank was $20,000. The levelised cost of water
(LCOW) is defined as the overall project expenditures, including op-
eration and maintenance costs, divided by the amount of potable water
produced [42]. It is an economic model that integrates the cost eva-
luations of the desalination plant and power plant used to power each
desalination process [43]. The LCOW can be found using Eq. (14)
[4,44].

Cm CRF + CtankCRF + Cro—o &m+ CelectEfromhs [$/m3]
Qannual (14)

where C,, is the total cost of the RO system, Ciny is the tank cost ($),
Cro-0&m iS the total cost of operating and maintaining the RO system
($), Celect is the price of the electricity produced by the hybrid system
($/kWh), Egomns is the electricity generated by the power generation
system (kWh), and Qannual is the annual water production of the plant
(m®/year).

LCOW =

3. Results and discussion

In water treatment systems such as RO systems, a main concern is
the consumption of energy. The specific energy consumption of the RO
system with the fresh water capacity of 24 m*®/day studied in this work
was calculated to be 4.38 kWh/m® using the ROSA software. The se-
lection of the capacities for the components used in a power system
greatly affects the total electricity produced, capital cost, operating and
maintenance costs, and cost of the electricity. An optimal wind/PV/
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diesel hybrid power system with battery backup for a small-scale RO
seawater desalination system was modelled in the HOMER software
using numerous hourly simulations. HOMER simulated all of the pos-
sible combinations according to the input parameters and ordered the
optimisation results from the lowest NPC to highest NPC results. This
study examined combinations of seven different power systems for
providing electricity to the desalination unit, with the details given in
Fig. 7. Simulations were performed for diesel system alone (case 1),
wind system alone (case 2), PV system alone (case 3), PV-wind hybrid
system (case 4), PV-diesel hybrid system (case 5), wind-diesel hybrid
system (case 6), and PV-wind-diesel hybrid system (case 7), with a
25 year project lifetime considered. The power generation systems
considered in the simulations included a battery storage element. Fig. 8
shows the NPC results of the optimised simulations for case 1 to case 7.
The diesel system considered in case 1 is a common system used for off-
grid electricity production for an RO system. According to simulation
results, this case had the lowest capital cost ($3240). However, in the
case of the diesel generator alone, the fuel price had a significant effect
on the economy. In this study, it was assumed that the diesel fuel price
was $1.25/L in Bozcaada, Turkey. In case 2, the wind turbine system
was evaluated alone. As clearly shown in Fig. 5, this case has the
highest capital cost compared to other configurations, with $400,056.

Fig. 9 shows the LCOE values for all the scenarios considered. As can
clearly be seen from this figure, the lowest LCOE value of $0.308 was
found in case 7, while the highest LCOE value of $0.975/kWh was
found for case 2 because of the high cost of the wind turbines.
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‘.E =] i ) = - [ A
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Fig. 7. Different scenarios analysed in HOMER.
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Fig. 9. Cost of electricity for the best optimised hybrid system.

The optimised results obtained from the simulation are presented in
Table 6. In case 1, the diesel generator, which has 8.90 kW of power,
produces 38,385 kWh/year, with an average electrical efficiency of
28.6. If only wind turbines (case 2) or PV panels (case 3) were used to
evaluate wind or solar sources for generating power for an RO unit, the
annual electricity energy production was 286,641 kWh/year for wind
turbines and 184,881 kWh/year for solar panels. The optimal system
size in case 2 included 19 wind turbines, 120 kWh LA batteries, and a
9.79 kW converter. On the other hand, the optimal size for case 3 in-
cluded a 117 kW PV array, 120 kWh LA batteries, and a 9.79 kW con-
verter. The PV-wind hybrid system, called case 4, consisted of a 26 kW
PV array and 2 wind turbines, according to the optimised simulation
results. In case 4, 58.33% of the generated electricity is generated by
solar panels, while 41.67% is produced by wind turbines. Case 5, the
PV-diesel system, includes a 26.5 kW PV array, an 8.90 kW diesel
generator, 120 kWh LA batteries, and a 7.56 kW converter, according to
the optimised results. In this configuration, 84% of the annual

Table 6
Optimised results for different cases considered in simulations.

the diesel generator produces 16%, and the excess electricity is 12.1%.
Case 6, the wind-diesel system, includes 3 wind turbines (10 kW each)
and the 8.90 kW diesel generator, 100 kWh LA batteries, and 7.61 kW
converter, according to the optimised results. In this configuration,
77.38% of the annual electricity production (58,487 kWh) comes from
the wind turbines, while the diesel generator accounts for 22.62%, as
well as excess electricity in the amount of 28%. In cases 5 and 6, the
majority of the electricity is produced by renewable power generators,
with renewable fractions of 79.2% and 65.5%, respectively. Finally, in
case 7, the optimised configuration consists of 20 kW PV panels, a
10 kW wind turbine, the 8.90 kW diesel generator, 120 kWh LA bat-
teries, and the 7.35 kW converter. In this case, the annual electricity
production is 15,086 kWh for the wind turbine, 31,686 kWh for the PV
panels, and 3838 kWh for the diesel generator. Among the considered
cases, case 7 was found to be the best choice because of the consider-
able utilisation of renewable sources and levelised cost of electricity,
with a value of $0.308/kWh.

If renewable sources are unavailable at the site, the diesel generator
in the hybrid power system will operate and pollutants (CO,, CO, SO,
NOx, unburned hydrocarbons, and particulate matter) will be emitted
by burning diesel fuel. This study evaluated the operational emissions
of the hybrid power system, and not the emissions associated with the
production of the equipment used. Pollutants emissions for the cases
considered in this system are listed in Table 7. When the cases con-
sidered are evaluated in terms of the pollutant emissions, case 1, with
the diesel system alone, is the worst choice because of its high pollutant
emissions. On the other hand, although the proposed hybrid config-
uration (case 7) has pollutant emissions, the amount is the least among
the systems using the diesel generator. It can be seen that as the hours
of operation for the diesel generator in the power system decrease, the
pollution emissions released to the environment decrease.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
PV (kW) - - 117 26.7 26.5 - 20
WT (number) - 19 - 2 - 3 1
Diesel Generator (kW) 8.90 - - - 8.90 8.90 8.90
Battery (1 kWh LA) 10 120 120 110 120 100 120
Converter (kW) 0.260 9.79 7.90 6.78 7.56 7.61 7.35
PV electricity - - 184,881 42,240 41,941 - 31,686
WT electricity - 286,641 - 30,177 - 45,259 15,086
Diesel Generator electricity 38,385 - - - 7986 13,228 3838
Excess electricity (%) 14.2 85.6 76.5 42.1 12.1 28 14.1
Renewable fraction (%) 0 100 100 100 79,2 65,5 90
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Table 7
Pollutants emission of power generation systems assisted by diesel generator.

Pollutant Case 1 Case 5 Case 6 Case 7
(kg/year) (kg/year) (kg/year) (kg/year)

Carbon dioxide 35,693.28 7887.00 13,165.54 3925.87
Carbon monoxide 224.99 49.72 82.99 24.75
Unburned hydrocarbons 9.82 2.17 3.62 1.08
Particulate matter 1.36 0.3 0.5 0.15
Sulfur dioxide 87.4 19.31 32.24 9.61
Nitrogen oxides 211.35 46.7 77.96 23.25
Total emission 36,228.20 8005.20 13,362.85 3984.71

Fig. 10 shows the monthly electrical energy generated by each
component in case 7, which is the optimised system. The main dis-
advantage of renewable energy systems is the intermittent and uneven
nature of renewable sources. For this reason, there may be major
changes in the power generation throughout the year. According to the
results for case 7, the wind turbines make the highest contribution
during the winter season. The electricity generated by the wind turbines
as a result of the high wind speed at the site is more than that produced
by the PV panels over all of the seasons. On the other hand, the con-
tribution of the diesel generator to the power system is low as a result of
the contributions of the renewable sources. The minimum value of
electricity production by the diesel generator is found in February.
Additionally, the excess electricity in the optimal system is 7130 kWh/
year (14.1%). In general, the hybrid power system always generates
excess electricity, which could be used for dump loads in the form of
heating or cooling loads in household applications, which could im-
prove the system reliability [45].

8000
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The amount of fuel consumed by the diesel generator for case 7 is
shown in Fig. 11. A great reduction in the fuel burned can be noticed
with the introduction of the renewable energy sources. The fuel con-
sumption by the diesel generator is 1498.34 L/year. As can be seen in
Figs. 10 and 11, as the renewable power generation availability at the
considered site decreases, the fuel consumption increases, especially in
the winter.

The economics of desalination processes driven by renewable
sources depends on the cost of the renewable electricity. The levelised
cost method is the most important approach for estimating the cost of
the energy and water generated in many projects, and is widely used to
generate benchmarks to determine the economic viability of different
electricity generation technologies [46]. Table 7 lists the LCOW for the
RO system powered by the power systems with the different config-
urations considered in the simulations. As can be seen from Table 8, the
lowest LCOW value is $2.20/m® for the wind-PV-diesel hybrid system
with the battery backup system, called case 7.

To evaluate the effect of the price of diesel fuel on the water pro-
duction cost, a sensitivity study was carried out. Fig. 12 shows the
LCOW values with variations in the price of diesel fuel for case 7. It can
clearly be seen from this figure that an increase in the price of diesel
fuel from 0.5 to $1.5/L causes an increase in the LCOW value from 1.92
to $2.26/m>.

Table 8
Levelised cost of water for different configurations of power system.

Casel Case2 Case3 Case4 Case5 Case6 Case7

LCOW ($/m®)  3.22 5.11 3.75 2.27 241 2.69 2.20
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Fig. 10. Monthly average electricity production for system con-
sidered in case 7.
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Fig. 12. LCOW values according to variations of diesel fuel price.
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4. Conclusions

The Aegean Islands are expected to experience more serious water
shortages in the near future as a result of global warming and climate
changes. Filling this water demand by transportation from the mainland
has deteriorating sustainability. Seawater desalination technologies are
appropriate solutions to this problem. Concurrently, the renewable
energy potential of the islands can be utilised to provide clean energy
for water treatment systems. This study systematically evaluated dif-
ferent power generation systems (wind turbine/PV/diesel generator/
battery) for an RO system with a capacity of 24 m®/day for use on
Bozcaada Island, Turkey, with the aim of utilising the available local
energy resources such as solar and wind energy. The studied power
generation systems included a diesel system alone, wind system alone,
PV system alone, PV-wind hybrid system, PV-diesel hybrid system,
wind-diesel hybrid system, and PV-wind-diesel hybrid system with a
battery. The HOMER simulation software was used to determine the
technical and economic feasibility of each system. The following con-
clusions were drawn from this study:

® The optimised hybrid power system for driving the RO system ac-
cording to the simulation results was the wind-PV-diesel hybrid
system with a battery (case 7), which was comprised of 20 kW PV
panels, 1 wind turbine (10 kW rated power), a 8.90 kW diesel gen-
erator, a 7.35 kW converter, and a 120 kWh LA battery.

e The cost of the electricity generated by the proposed optimised

hybrid system was found to be $0.308/kWh. The NPC and RF values

of the optimised hybrid system were $152,672 and 90%, respec-

tively.

The LCOE value for the wind system with the battery defined as case

2 was calculated to be $0.975/kWh because of the high cost of the

wind turbines.

® The inclusion of renewable resources in a power generation system

resulted in minimising the fossil fuel consumption and harmful

emissions.

The diesel system alone (case 1) was the worst choice because of its

high pollutant emissions. The carbon dioxide emissions released by

this system were 35,693.28 kg/year, while those of the optimised

system (case 7) were 3925.87 kg/year. It was found that the use of a

hybrid power system instead of a diesel generator reduced the an-

nual CO, emissions by 90%.

e The LCOW was calculated to be $2.20/m?> for the wind-PV-diesel
hybrid system with the battery backup system.

e The LCOW increased by 32% when the price of diesel fuel increased
from $0.5/L to 1.5 for the optimised system (case 7).

Based on the economic analysis, it is clear that the bulk of the NPC
comes from the PV panels and batteries, while the smallest amount
comes from the converters. The cost of electricity and cost of water
found in this study were in good agreement with those in the existing

10

literature. In addition, it was also found that for the viability of projects,
techno-economic parameters such as the availability of renewable re-
sources, cost of generators, and environmental effects are very im-
portant parameters when installing desalination projects powered by
renewable resources. The results of the analyses indicated that potable
water production with the proposed hybrid power system is econom-
ically feasible for the site.
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