Green Energy and Sustainability
https://doi.org/10.47248/ges2202010001

Original Research

Pivot

= Science Publication Corp.

Development of a computational tool for the design of seawater reverse
osmosis desalination systems powered by photovoltaics for crop

irrigation

Christos-Spyridon Karavas 1,*, Evangelos Dimitriou 1, Athanasios T. Balafoutis 2, Dimitris Manolakos 1,

George Papadakis 1

Received: 30 Sep 2021
Accepted: 29 Nov 2021
Published: 20 Jan 2022

Copyright: © 2022 by the
author(s). This is an Open
Access article distributed
under the terms of the
Creative Commons License
Attribution 4.0 International

(CC BY 4.0), which permits
unrestricted use,
distribution, and
reproduction in any
medium or format,
provided the original work
is correctly credited.

Publisher’s Note: Pivot
Science Publication Corp.
remains neutral with
regard to jurisdictional
claims in published maps
and institutional affiliations.

1 Department of Natural Resources & Agricultural Engineering,

Agricultural University of Athens, Iera Odos 75, 11855, Athens,
Greece; E-Mails: vdimt@aua.gr (ED); dman®@aua.gr (DM);
gpap@aua.gr (GP)

2 Institute for Bio-Economy & Agro-Technology, CERTH, Dimarchou

Georgiadou 118, 38333, Volos, Greece; E-Mail: a.balafoutis@certh.gr

* Correspondence: Christos-Spyridon Karavas; E-Mail: ckarav@aua.gr

Abstract

Access to fresh water is a major human right as mankind existence
depends on it. The balance between fresh water supply and actual
water demand for agricultural purposes (irrigation) relies on the
availability of fresh water in the underground aquifers or surface
water resources. Water resources are under great pressure due to
the high demand for irrigation to sustain crop productivity and cover
domestic use as a result of demographic growth. Desalination of sea
or brackish water is one of the solutions to provide water for
irrigation in remote areas of limited freshwater reserves. In such
areas, if desalination is powered by renewable energy sources, then
it can become a lot more sustainable. This paper presents the
development of an innovative computational tool for the optimal
(economically and technically) design of seawater reverse osmosis
desalination systems for sustainable water production for crop
irrigation. In order to further reduce the cost of water produced, an
energy management and control system was also designed and
included in the computational tool to ensure the optimal operation
of the desalination plant. This system allows the seawater reverse
osmosis unit to operate at variable load and determines its
optimal operation point using computational intelligence techniques
based on fuzzy cognitive maps. According to the results, the
implementation of the computational tool for the design of PV-SWRO
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system presents the lowest cost as compared to the system designed
with the conventional methodology.

Keywords: RO desalination; PV systems, Computational intelligence

1. Introduction

World population, according to United Nations Organization, exceeded
7.4 billion in 2016, while it is projected to reach 11.2 billion until 2100.
Today, about 85% of the available freshwater resources worldwide are
used in agriculture and this percentage is expected to continue
dominating water consumption due to the increase of population [1].
Agriculture in semi-arid and arid regions is highly dependent on
available water for irrigation [2]. The lack of fresh water in these areas
has led to increased use of low quality and brackish groundwater [3].
The salinity of irrigation water is known to adversely affect both crop
growth and vyields [4]. Therefore, appropriate irrigation water
management system is required to maintain the appropriate salinity
level for irrigation, as high salinity leads to osmotic stress that reduces
water intake and suppresses plant growth [5]. The use of desalinated
water is a long-term sustainable irrigation strategy [6]. The replacement
of the high salt water with clean water improves the crop production
efficiencies and at the same time reduces irrigation requirements,
without adverse local environmental impacts [7].

The main desalination method, which is known and widely used today
is the reverse osmosis (RO) desalination [8]. RO is a process in which the
feed water enters a semipermeable membrane at a pressure greater
than the osmotic and the membrane separates the fresh water from the
concentrate solution. In addition, sea water reverse osmosis (SWRO)
desalination is, by far, the predominant desalination technique today [9].
SWRO desalination is a process of high energy consumption due to the
high pressure required to produce fresh water [10]. The continuing rise
in fossil fuel prices and their impact on the environment, combined with
the advantages of Renewable Energy Sources (RES), makes the use of
RES desalination units as most attractive, reliable, and environmentally
friendly solution for production of fresh water. Therefore, RO
desalination systems combined with RES can lead to the economic and
social development of areas that lack fresh water for both drinking and
irrigation [11]. It is estimated that the countries in the Middle East and
North Africa regions will cover more than 22% of their freshwater
demand through solar powered desalination by 2050 [12].

In the literature, several RO desalination plants powered by RES (such
as photovoltaics or wind turbines) have been studied and proposed
[13,14]. However, the energy production by RES is variable and
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intermittent since the electricity generation is based on the weather
conditions. If we consider that SWRO desalination equipped with energy
recovery and powered by RES, may present lower specific energy
consumption (kWh per m? of produced fresh water) under variable
pressure and flowrate of feed water compared with its operation at
nominal load [15,16], it is vital to achieve optimal design of such
desalination plant, by selecting the optimal size of all individual sub-
systems and components, aiming at minimal cost while preserving the
system reliability.

The design process of desalination systems powered by RES and
specifically Photovoltaics (PVs) is usually carried out in two separate
steps; the first step involves the design of the desalination system,
based on the required water demand profile and an assumption about
the capacity factor of the desalination unit (average number of
operating hours per day), while the second step involves the design of
the PV system, based on the energy needs for the desalination plant
designed in the first step.

In the first step, usually commercial software tools such as ROSA,
IMSDesign or Q+ Projection Software, are used for the design of RO
system. These commercial programs do not allow a flexible design as
they do not allow the user to change the commercial packages that have
been established by the membrane manufacturers. This forces the user
to test different configurations in order to define the system with the
desired realistic operating conditions and this trial and-error approach
results in a waste of time for the designer [17]. Therefore, in the first
step a power profile is created, which is used as an input in the second
step for the design of the RES system. Several commercial software has
been developed for the optimum technical and economical designing
(proper sizing) of renewable energy systems such as HOMER,
RETScreen, Hybrid2 and iHOGA [18]. The above method which includes
the use of two software tools; one commercial tool for the design of RO
system and one for the design of RES system, leads to non-optimized
(over-sized) systems which in most cases makes the installation cost
high [19] and the desalinated water more expensive than water from
other origins [20]. In contrast, taking into consideration that the total
global food production will increase about 70% by 2050 and due to
climate change (water scarcity) and increased agricultural withdrawals,
the irrigation water costs will increase by 66% [21], it turns out that the
RE-based SWRO desalination will offer a steady and cost-effective water
supply [22]. Therefore, the deficiencies in commercial software tools for
the design of RO systems powered by RES, motivate the development
of new ones that allow the flexible design of RE powered SWRO systems
and will incorporate new procedures for the optimum sizing of
these systems.
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The present work aims to intends to overcome the aforementioned
research gaps by designing and proposing an integrated water
management system for irrigation, using SWRO desalination powered by
PVs that is controlled by a computational tool incorporating algorithms
which allow the SWRO unit to operate at variable load and determines its
optimal operation point according to the instantaneous PV power
available using computational intelligence techniques based on Fuzzy
Cognitive Maps, without affecting the crops growth and quality.
Therefore, a new computational tool has been designed and developed,
which make use of the simultaneous optimization of the sizing of the
components of the water management system, and present financial and
operational benefits than the widely conventional used practices. The
results of this study will contribute to viable agricultural development of
semi-arid and arid areas, as it aims to minimize the freshwater production
cost for irrigation in a sustainable and efficient way.

The structure of this paper is consisted of the current section
(Introduction), followed by Section 2, where preliminary experimental
results related to a SWRO desalination unit operating at variable load
conditions and an experimental study of lettuce irrigation under different
salinity levels are presented. Section 3 describes the design of the
computational tool that is used for the optimal design of desalination
systems with PVs for lettuce irrigation purposes. Results from the testing
of the computational tool are reported and discussed in Section 4, while
Section 5 summarizes the conclusions of the present study.

2. Materials and Method
2.1 SWRO Desalination unit

The variable load operation of SWRO units results in lower specific
energy consumption. However, variable operation of a SWRO unit
(variable feed flow rate and pressure) affects the flow rate and the
electrical conductivity (salinity) of the produced fresh water. Particularly,
when the high-pressure pump of a SWRO unit is supplied by lower
power than the nominal one, then the membrane inlet pressure is
decreased and as a result the product flow rate is decreased while the
salinity of the desalinated water is increased [15,16]. In order to
determine the specific energy consumption and the product
conductivity as functions of membrane inlet pressure, a SWRO
desalination unit was initially studied individually identifying its
performance at variable load operation.

The Sea water Reverse Osmosis desalination system (Figure 1) includes a
high-pressure pump equipped with two types of Danfoss pumps, coupled
with a DC electrical motor and a DC driver for the control speed of the
motor responsible for the control speed of the rotational speed of the
motor pump assembly. Additionally, the SWRO system is equipped with



Green Energy and Sustainability, 2022, 2(1), 0001 Page 5 of 22

a feed water pump, a pretreatment system, four membrane modules, a
mixing tank and measurement instruments (flow meters, pressure, and
electrical conductivity transmitters). The SWRO desalination system has
been discussed in detail in [16]. The main technical specifications of the
SWRO desalination unit, are shown in Table 1.

Electrical Conductivity
transmitter

Pressure transmitter

Membrane Modules

"~
>
B - ] v . Ty
7

g

3 : =)
# 3 _— - e 2o 8 High pressure pump
v — A (Danfoss pumps)

Figure 1 Reverse Osmosis desalination unit.

Table 1 Technical specifications of the SWRO system.

Variable Value
Membrane Type Four 25-40 inch spiral wound seawater Filmtec
Pump Type Danfoss APP 1.8/APM 1.2
Maximum pressure 70 bar
Rated flow rate 0.85 m3/h
Permeate flow at 1450 RPM 0.27 m3/h
Motor rated power 1.5 kW
Voltage 48 VDC

2.2 Plant material, growth conditions and treatments

Regarding irrigated fresh vegetables, lettuce (Lactuca sativa) is
categorized as being moderately salt tolerant [23]; on account of this,
an experimental study of lettuce irrigation was executed to study the
growth rate, the quality characteristics, and the yield under six different
salinity levels of irrigation water as would be the case if water is
produced by a desalination plant that operates at variable load. Hence,
the objective of the experimental study is to identify the impact of water
salinity on lettuce yield/quality, in order to determine the SWRO unit
operation limits for the production of adequate water quality, while
operating under variable load conditions with the least energy
consumption for irrigation purposes.
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The experimental study of lettuce irrigation was executed to assess the
response of lettuce under different salinity levels of irrigation water by
evaluating the growth rate, the quality characteristics, and the yield. The
water was stored in six different water tanks according to each water
salinity level (300, 800, 1200, 1700, 2200 and 3000 pS/cm). The crop
irrigation experiment was conducted in spring 2020 in a glasshouse at
the Agricultural University of Athens (N 37°59'10"", E 23°42'29"", altitude
24 m). On February 24", 2020, lettuce (Lactuca sativa) seedlings at the
stage of three true leaves were transplanted in 4 L pots filled with sandy
soil as a substrate. The characteristics of soil are presented in Table 2.

Table 2 Soil characteristics.

Parameter Value

pH (1:5) 7.36
EC (1:5) pS/cm 280

P-Olsen (ug/qg) 0.017

K - available (pg/qg) 289.23
Organic Matter % 0.15
Sand % 92.5
Soil Texture Clay % 4.8
Silt % 2.7

Twelve plants were accommodated in an irrigation channel with the
dimensions of 5.3 m in length, 0.42 m in width, and 0.07 m in height and
supporting on scaffoldings with 4% inclination. The total irrigation
channels were six as the different salinities of the irrigation water
produced by the SWRO system. The plants into the irrigation channels
are presented graphically in Figure 2a. For the identification of the
plants level alphabetic letters were used in each salinity level. Three
from twelve plants in each salinity level were used for the experimental
measurements (height, diameter and dry biomass) and they are
depicted in Figure 2a with green color.

The plants treated with a conventional basic nutrient solution (N:12%,
P,05:8%, K;0:16%). The optimum fertilization rate was set to 12 grams
of each pot as reference [24]. The experimental layout is shown
graphically in Figure 2a. Each salinity level was divided in twelve samples.
Alphabetic letters were used for the identifications of the samples in
each salinity level. The samples with green color (sub-samples) were
used for the experimental measurements. Irrigation flow was set at 32
mL/min*pot and irrigation time was set to 3 min/2 times per day
(morning and afternoon). Lettuce plants were grown under natural light
conditions. Inside the glasshouse, the daily air temperature was always
maintained below 25 °C, while the night temperature was always higher
than 12 °C. A perspective of crop irrigation experiment in the glasshouse
is presented in Figure 2b.
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Figure 2 (a) The experimental layout of lettuce cultivation; (b) Lettuce
irrigation experiment in the glasshouse.

2.3 Fuzzy Cognitive Maps

The Fuzzy Cognitive Maps (FCM) constitutes a modeling methodology
based on human knowledge and belongs to the category of
computational intelligence methods. The Fuzzy Cognitive Maps have
been introduced by Kosko [25] and have been widely used in complex
nonlinear systems containing uncertainties [26]. FCMs consist of nodes
(Ci), which can be inputs, outputs, rules or intermediate states and each
concept is characterized by a value (Aj) in the space [0, 1]. Each node can
interact with other nodes. The relationship between the nodes is
expressed by weights which take values in a range between [-1, 1]. The
definition of the model nodes and the degree and type of the interaction
between them can be determined by the knowledge of the experts. The
FCM theory has been discussed in detail in [17, 24].

A typical FCM is depicted in Figure 3 where C; represents the nodes-
concepts and the weights (wj) express their relationships.

Figure 3 Structure of a typical FCM.



Green Energy and Sustainability, 2022, 2(1), 0001 Page 8 of 22

The weights of an FCM can be presented in a matrix form (W;;), as follows:

0 Wi, 0 0 0 Wi

( 0 0 Wy W,, O 0 w
W = 0 0 0 W3 W3z 0
WO Wy 0 Ways 0 Wys 0
k 0 0 0 Wi 0 W
Wege O 0 0 We O

The values of the FCM nodes are calculated according to Eq. 1.

Ak + 1) = £ | 400+ ) Wi | (1)
=1

JE2!
2.4 Particle Swarm Optimization (PSO)

Optimization methods aims to define the optimal solution of an objective
function, considering the constraints and restrictions of the optimization
problem. Several optimization algorithms have been proposed for
engineering problems in the literature [27]. Indicatively, heuristic
techniques such as Genetic Algorithms, Simulated Annealing, Particle
Swarm Optimization (PSO) and Ant Colony Optimization, are used to
solve complex multi-dimensional optimization problems [28]. In the
present paper, the PSO method was used to find the optimum sizing of
the components of the PV-SWRO system. The PSO method is a stochastic
optimization, evolutionary and simulating algorithm and its purpose is to
find the optimum solution of an objective function by performing a
stochastic search based on a population. PSO has been used because of
the good results it has produced in energy systems optimizations
[19,29,30]. The used PSO settings are presented in Table 3 [31].

Table 3 PSO settings.

Topology Ibest
Size 3
Particles 20
Generations 100
Cognitive acceleration constant 2.05
Social acceleration constant 2.05
Maximum velocity discrete gain 0.5
Constriction gain 0.729

3. Description of the computational tool
3.1 Introduction

The proposed tool is a computational tool for optimal design of
desalination systems powered by PVs for crop irrigation. The
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computational tool targets at the optimization of both desalination unit
and RES, together with the coordination of the control system. In order
to find the most cost-effective system that meets the demand for
irrigation water at the lowest possible cost, the computational tool
carries out technical and economic optimization of the following
variables:

e Number of membranes connected in series and in parallel.

e Number of membrane cases connected in series and in parallel.

e Technical characteristics of the energy recovery device in the RO unit.
e Choice of control strategy (full load or variable load).

e Number of PV panels.

e Number of batteries connected in series and in parallel.

e Size of the water tank.

The design after the optimization will lead to systems that provide lower
water cost and improved operational efficiency.

3.2 Database of SWRO desalination plants

Initially, a database was created, which includes SWRO desalination
systems for production capacity of 50 m® per day to 300 m? per day. An
important element for the optimal desalination system, according to the
desired water production, is the composition of the feed solution (salt
water). Thus, the optimal desalination system is determined by the
quality of the feed water (total amount of solid particles, in mg per L of
water - Total Dissolved Solids (TDS)). A desalination system, for a specific
water production, can be designed by selecting the type and the
number of membranes, their arrangement, the number of membrane
cases and the number of desalination stages. The optimal desalination
system will be the system with the lowest energy requirements per unit
of amount of desalinated water produced (kWh/m?3). For the creation of
the database the software package SQL Server Management Studio was
used [32].

3.3 Weather forecast algorithms

Weather is an important factor in agricultural production, as it has a
significant impact on crop growth, their water needs, their fertilizer
requirements as well as on their yield. Weather changes can cause
damages to crop, produce soil erosion, and affect crop quality. In
addition, weather conditions are the main factor in predicting the
energy production from PV panels. Therefore, a weather forecasting
algorithm was developed, based on machine learning, with the use of
time series and specifically the ARIMA model [33]. The main variables
that must be forecasted are solar radiation, relative humidity, wind
speed, duration of rainfall and ambient temperature. A short-term (3
days) weather forecast algorithm was developed using the Python
programming language [34].
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3.4 Energy management and control system

An energy management and control system for the desalination unit
was developed to determine the optimal operating point of the
desalination unit, based on techniques of computational intelligence,
particularly on Fuzzy Cognitive Maps. This system was integrated into
the computational tool, providing more flexibility for the designer to
choose between two options:

(a) the system where the desalination plant operates at its rated load
and (b) the system where the desalination plant operates at variable
load [29,30,35].

The logical diagram of the energy management and control system is
presented in Figure 4. The inputs for the energy management and control
system are the water tank level (Wievel(t)), the state of charge the batteries
(SOC) and the energy produced by the photovoltaic panels (PVpower). If the
water tank level is equal to the maximum value (Wmax) or the SOC of the
batteries is less or equal to 20% (minimum SOC for the batteries) then the
operating point of the desalination unit (C4) is set to zero. In all other
cases, the energy management and control system use a fuzzy cognitive
map (FCM) to decide the operating point of the desalination plant (C4),
taking as concepts the stored water in the water tank (C1), the SOC of
batteries (C2), and the energy production by PVs (C3). All concepts are
fuzzified in the space [0, 1]. Using the centroid defuzzification method,
the concept of the operation point of the desalination unit (C4), takes a
numerical value. This value is a percentage of the nominal power of the
desalination unit. The weights Wj; express the relationship between the
concepts and their values in space [0,1]. The design and the
programming of the energy management and control system were
implemented using the MATLAB software package.

PVopowers SOC, Wigei(t) C1: Water in the water tank
) C2:50C

C3: Produced energy by PVs

C4: Desalination unit

SOC<20%
Or
Wlevel(t)=Wma

C4=0 >

Determine the operation point of the
desalination unit

Figure 4 Logical diagram of the energy management and control
system.
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3.5 Optimization parameters

The optimization aims to minimize the net present cost (NPC) of the PV-
SWRO system for a 20-year investment. Hence, a cost function was
formulated, and it is presented in Eq. 2.

20

Cinw = Z[(nPV * Ppy COStPV) + (Epat - COStbat) + (Cdes ' COStdes) + COStele]

1
' R] + [[(Cins,PV + Cmain) + (Cchem,des ' Pi)] ' (i +j)i_1] (2)

where npy is the number of the installed PV modules, Ppy is the rated
power of the PV modules (W), Costpy is the price of the PV modules (€/W),
Evat is the battery bank’s rated energy capacity, Costpat is the price of the
battery bank (€/kWh), Cqes is the capacity of the desalination unit (m?3/h),
Costqes is the cost of the desalination unit (€), Costee is the cost of
electronics (€), R is the annuity factor equal to 8%, Cinsev is the insurance
cost of the PVs (€), Cmain is the maintenance costs (€), Cchem,des iS the
chemicals costs (€/m?3), j is the annual increase of prices at 1%, Pi is the
annual fresh water production (m?), and i is the interest rate was equal
to 5%.

The overall system cost analysis of the 20-year investment is presented
in Table 4. The prices of the equipment are in accordance with the
market prices [19].

Table 4 Costs and lifetime of the PV-SWRO components.

Parameter Value Lifetime (years)
Cost of PV modules 1€/W 20
Battery cost 130 €/kWh 7
Electronics cost 2400 € 20
Desalination cost 3.8€/m? 20
Membrane module 425 €/module 4
Water tank 65.25€/ m3 30

3.6 Modelling and Simulation framework of the computational tool

The environment of the computational tool was modelled and
implemented using three existing software packages. The main software
used is TRNSYS. TRNSYS is a flexible software environment used to
simulate the behavior of transient systems and is a dynamic simulation
software for energy systems. In addition to TRNSYS library, which
includes various subroutines for photovoltaics, and batteries, the user
can include tailored made subroutines (e.g., desalination system,
controllers, etc.) in FORTRAN. Based on its modular structure, it can solve
large groups of equations described by the various subroutines. GenOpt
is open-source optimization software that allows multidimensional
optimization of an objective function calculated by a simulation program.
It is a standalone platform written in java that can minimize a cost
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function evaluated by an external simulation program such as TRNSYS
and can be successfully connected with TRNSYS. GenOpt has been
developed for optimization problems where the cost function is
computationally accurate, and its derivatives are not available or may be
not yet exist. TRNOPT software was used to connect GenOpt to TRNSYS.
The TRNOPT transmits data from TRNSYS to GenOpt and vice versa
without any interaction from the user. Finally, Matlab software was used
for the development of the energy management system and control
system. MATLAB is a high-level language and an interactive environment
for arithmetic calculations and programming. The structure of the
modelling and simulation framework of the computational tool is shown
in Figure 5.

Nominal Load Variable Load

Energy Management and
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Desalination Units - Database

I
v v

Il S —

GeOpt
PSO Algorithms

Trnsys Environment

Weather Forecast Salinity of the
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| (Python) produced water
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Figure 5 Schematic of the computational tool.

4. Results and Discussion
4.1 SWRO desalination unit experimental results

The SWRO desalination unit was initially studied to identify its
performance at variable load conditions (variable pressure and variable
feed water supply) by varying the power input, in order to determine its
optimum operational window with the lowest specific energy
consumption. The specific energy consumption and the electrical
conductivity of the produced water as a function of the membrane inlet
pressure of the desalination unit, are presented in Figure 6. The specific
energy consumption (kWh/m?) is calculated as the ratio of the energy



Green Energy and Sustainability, 2022, 2(1), 0001 Page 13 of 22

consumed by the SWRO motor (kWh) to the freshwater production (m?).
The experimental results showed that the SWRO desalination unit can
operate in a range of conductivity within the optimum operational
window in which the SEC is around 5 kWh/m?.

16 2500
—e—Specific Energy Consumption

14 —8—Product Conductivity

2000
12

1500

1000
J 500

35 40 45 50 55 60 65 70

optimum operational window

Specific Energy Consumtiom (kWh/m?3)
Product Conductivity (uS/cm)

Membrane inlet Pressure (bar)

Figure 6 Specific energy consumption and electrical conductivity as a
function of the membrane inlet pressure.

4.2 Statistical analysis of variance

The height and diameter of canopy were measured every three days
during the growing period, in order to identify the impact of irrigation
water salinity on lettuce yield/quality. The experimental results with
regard to lettuce height and diameter, under different salinity levels are
presented in Figures 7 and 8, respectively. The experimental
measurements showed that the maximum height was noticed for the
salinity of 300 yS/cm at 25 cm whereas the minimum height was for the
salinity of 2200 puS/cm at 19 cm (Figure 6). The same situation was
observed in the experimental results of diameter with the maximum
rate at 27 cm for the salinity of 1700 pS/cm and the minimum at 25.3cm
for the salinity of 2200 uS/cm (Figure 7).

The experimental measurements showed that, the lettuce height under
the salinity levels of 800-3000 pS/cm was lower than the lettuce height
under the reference salinity point of 273 uS/cm and the best height was
noticed in the salinities 800, 1200 and 1700 pS/cm (Figure 7). The
opposite situation was observed in the experimental results of diameter
(Figure 8) where the lettuce leaves at the reference salinity point of 273
uS/cm had lower dimensions than the lettuce leaves at the salinity levels
of 800-3000 pS/cm while the best dimeter was noticed in the salinities
800, 1200 and 1700 pS/cm. Additionally, the dry biomass of lettuce
leaves was also measured, the results of which, are presented in
Figure 9. Specifically, Figure 9 shows the weight of dry biomass of lettuce
canopy in different salinity levels. It was observed that the maximum
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weight of dry biomass of lettuce canopy was for the salinity of 300 uS/cm
and the rest salinities had approximately the same weight of dry
biomass with the reference salinity point (273 uS/cm). However, as it can
be noticed in Figures 6-8 there aren’t any significant difference during
the lettuce growth between the 6 salinity levels. This was validated
through the analysis of variance (one way-ANOVA) which was caried out
using the software package Statistica for Windows 9.0 (Tulsa, OK, USA).
Hence, the best salinities level for lettuce irrigation purposes and
simultaneously with the least energy consumption for the desalinated
water by a PV-SWRO system are 300, 800 and 1200 uS/cm with specific
energy consumption of around 5 kWh/m?,

1200,0 1700,0

29,0

24,0

19,0
Significance:

p>0.05
14,0

Height (cm)

9,0

4,0

N
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Figure 7 The growing rate of lettuce height in different salinity levels.
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Figure 8 The growing rate of lettuce diameter in different salinity
levels.
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Figure 9 The weight of dry biomass of lettuce canopy in different
salinity.

4.3 Simulation and optimization results
4.3.1 Case study scenario

In order to evaluate the computational tool, a case study was conducted
that includes a SWRO desalination system powered by PVs for lettuce
irrigation. The PV-SWRO desalination system was considered to be
installed in an Aegean Island, namely Naxos, at Cyclades complex, to
irrigate a 0.1 ha lettuce farm. Given that the Aegean islands are
characterized by high solar and wind potential, the combination of RES
with SWRO desalination units is the most appropriate way to address
water issues for crop irrigation on these islands. Specifically, lettuce is a
cool-season crop and the optimal temperatures for its growth are
23 °C during day and 7 °C at night [36]. The solar radiation and the
temperature per month for the selected area is presented in Figure 10.

The amount of irrigation water depends on biotic (fungi etc.) and abiotic
factors (temperature, type of soil, its season year and soil moisture). The
water requirements of a lettuce crop are usually 340 to 750 m? per ha
and the growing season is from September to April [36,37]. This high
range of irrigation rate, together with the irrigation experience in Naxos
Island (private communication with farmers) were used to identify the
average consumption presented in Figure 11 for the 0.1 ha land under
consideration. In this case study scenario, the water requirement is
presented on a monthly basis in Figure 11 [38,39] in order to prevent
water stress. In addition, it was considered that a drip irrigation system
was installed for lettuce irrigation as drip irrigation transfers small
amounts of water to the periphery of the roots of plants and as a
result it can save water and increase crop production [40,41]. The rest
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of the period, the PV-SWRO unit can be used to produce water for
other purposes.
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Figure 10 The solar radiation and temperature per month
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Figure 11 Daily water consumption for irrigation per month.
4.3.2 Optimization constraints

The PV-SWRO system must cover specific technical constraints in order
to ensure its stability and safe operation. The technical constraints used
are:

e The water needs for irrigation should be covered at 100%
throughout the year.
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e The water tank size should never get empty, and the minimum
stored water should be sufficient to cover the water needs for 2 days
of irrigation.

e The amount of stored water in the water tank at the end of the year,
must be equal or more than its initial value, so that the continuous
operation of the system will be ensured annually.

e The minimum SOC of the batteries is set at 20 % and hence, the SOC
should not drop under this limit at any time.

e The salinity of the produced water should not exceed 1200 pS/cm,
since the experimental results of the SWRO unit in Subsection 4.1
and the statistical analysis in Subsection 4.2, showed that there is
non-statistical difference between salinities on the lettuce growth
for salinities below 1200 pS/cm while the SWRO unit presents low
specific energy consumption in this operational window.

4.3.3 Simulation results

The results of the application of the computational tool are presented
in Table 5. It can be observed that a PV powered SWRO desalination
system that operates at variable load and combined with a small
capacity battery bank and an energy management and control system
based on fuzzy cognitive maps, is the optimum system since this system
can ensure the required water production for irrigation needs at lowest
cost compared with the system that computed with the conventional
way of design, covering in parallel all the technical set constraints.

Table 5 Computational tool results compared with a conventional design.

Variables Conventional Computation Computation
Design tool/Nominal load tool/Variable
operation of SWRO |load operation of
unit SWRO unit
Capacity of the desalination unit 2.09 m3/h 1.50 m3/h 1.25 m3/h
Number of typical PV modules, each rated at 180 20 15 g
Wp connected in series.
Capacity rating of each of the 2 V batteries. 8
_ 150 100 60
batteries are used for a bank of 16 V DC bus (Wh)
Potable Water Tank Volume (m?3) 5 5 10
NPC (€) 57,530 43,096 35,194

In addition, the operation of the PV-SWRO desalination unit under
variable load can further reduce the NPC. Specifically, the PV-SWRO
desalination system, operating only at nominal load, designed by the
computational tool presented lower NPC by almost 25% compared to
the conventional way of designing, and the PV-SWRO desalination
system that operated at variable load presented lower NPC by almost
39% compared to the conventional method of designing.
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5. Conclusions

The design process followed to date for a SWRO desalination system
powered by RES, is complex and time consuming and often leads to non-
optimized high-cost systems. The software programs for the design of
SWRO desalination systems, which are commercially available from
various membrane manufacturers, are used only for sizing the
desalination units, while for the design of the RES system a different
calculation tool is usually used, taking as input data the results from the
design tool of the RO unit.

The present paper presents the development of a new innovative
software tool for the optimum design of integrated SWRO systems
powered by PVs able to meet water requirements for crop irrigation
(production of suitable water salinity for crop irrigation). The new
computational tool presents significant advantages over existing
commercially available software programs, as the optimal design
results from the simultaneous optimization of the sizes of both the
desalination unit and the PV system. The innovative computational tool
also includes an advanced system for the energy management and the
control of the PV-SWRO desalination plant, based on Fuzzy Cognitive
Maps, and a prediction algorithm based on machine learning
techniques in order to maximize the performance of the designed
system and to ensure the optimal operation of the desalination unit. The
results showed that the system calculated by the innovative
computational tool utilizes the available devices better, which in turn led
to considerably lower cost than the widely conventional used practices
for the design of PV-SWRO systems.

The innovative tool is expected to create additional positive effects on
the economy and society as it offers an interconnection between the
water and energy sector, increases farmers' participation in the water
management and energy saving, and provides satisfaction to farmers
due to lower cost of irrigation water.
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