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Techno-Economic Optimization and New Modeling
Technique of PV-Wind-Reverse Osmosis Desalination
Plant at Variable Load Conditions

Ahmed A. Hossam-Eldin, Kamal A. Abed, Karim H. Youssef, and Hossam Kotb

Abstract—In this paper, a new modeling technique of a
seawater reverse osmosis (RO) desalination plant fed by hybrid
renewable energy sources is provided. The proposed model
consists of five sub-systems including RO plant model,
photovoltaic (PV) model, horizontal wind turbine (HWT) model,
battery model and the control room unit. In the RO model, the
process is optimized to have the lowest specific energy
consumption under different operating conditions and variable
productivity ranging from 100 to 10000 m® per day. However, in
the PV and HWT models, various manufacturing datasheets for
PV panels and wind turbines are stored at different power
ratings. The model allows the selection of appropriate design
specifications based on average solar radiation and average
wind speed at the site. In addition, the total battery storage,
Ampere-hour capacity and other specifications are calculated in
the battery model. The control room unit is responsible for
calculating the total annual costs and the cost of fresh water
production according to the plant productivity, lifetime and
interest rate. It has a splitter control ratio to regulate the load
distribution between PV and wind turbines relative to changes
in climatic conditions. The model is simulated using
Matlab/Simulink and provides good results for model
validation.

Index Terms—Optimization, photovoltaic, reverse osmosis
desalination, system modeling, wind turbine.

. INTRODUCTION

The Middle East and North Africa (MENA) regions have
the lowest per capita resources in the world in terms of water
resources, but also the highest decline in these resources [1].
Fortunately, all countries in the MENA region have ample
renewable energy potential that promotes the application of
solar and/or wind technologies to supply desalination units.
Fresh water production using desalination technologies
driven by renewable energy systems is believed to be a vital
solution to water scarcity in remote areas characterized by
lack of drinking water and traditional energy sources such as
heat and electricity networks [2].

Reverse osmosis (RO) has been developed in direct
competition with distillation processes. Its main advantage is
that it does not require heat energy, but mechanical energy is
required in the form of a high-pressure pump (HPP). In the
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past few years, RO water desalination technology has
undergone remarkable transformation. The number and
capacity of large RO plants have increased significantly.
Systems with a capacity of up to 300,000 m*/d are currently
under construction [3]. At the same time, renewable energy
technologies have been widely distributed over the past few
decades, particularly — with  desalination  processes.
Photovoltaic and/or wind energy are promising methods when
dealing with desalination processes.

Kyriakarakos et al. [4] addressed the variable load energy
management system based on fuzzy cognitive maps on
reverse osmosis desalination. In order to evaluate the variable
loading process, two case studies were studied through
simulations. In both cases, the size of the PV system is
initially determined by optimization for a desalination unit
that operates only at full load. A renewable hybrid system has
been introduced to produce domestic water consisting of a PV
module, a wind turbine, a mechanical vapor compression
desalination plant and a storage unit [5].

One of the main reasons for using RO instead of thermal
distillation is the reliability and ease of combining directly
with renewable energy resources such as solar and wind
energies. Hossam-Eldin et al. [6] investigated the coupling of
hybrid PV/wind energy sources with a reverse 0Smosis
desalination plant to produce 1200 m®d. The water
production unit cost was about 1.25 $/m® for power
consumption of 280 kW. The operation of reverse osmosis
units was widely studied by Laissaoui et al. [7] in
combination with various solar power plants, Concentrating
Solar Power (CSP) and photovoltaic panels. Different
configurations were assessed under variable loading
conditions.

For small applications, Mohamed et al. [8] investigated
technically and economically a photovoltaic system with a
brackish water reverse osmosis desalination plant. The system
was designed to produce an amount of 0.35 m¥d with a
specific energy consumption of about 4.6 KWh/m®. Helal et al.
[9] studied the economic feasibility of driving RO/PV under
low power consumption. Three alternative formulations of an
independent PV-RO unit were tested for remote areas in the
UAE. It studied the possibility of using diesel generators for
day-off periods. The PV-RO system was designed for not
more than 20 m®/day, but the work doesn’t investigate the
effect of diesel emissions on the environment. Manolakos et
al. [10] presented some technical characteristics as well as an
economic comparison of PV-RO desalination systems. The
PV system consisted of 18 PV panels with a total capacity of
846 W. The system had a capacity of 0.1 m*h and the specific
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energy consumption was in the range of 3.8-6 kWh/m®.
However, the work doesn’t investigate the large-scale
production based on the PV power. Ahmed et al. [11], [12]
designed a reverse osmosis desalination system with a small
photovoltaic power scale. The cost of producing 1 m? of fresh
water using small-scale photovoltaic desalination systems
was estimated at about 3.73$.

Wind power is also used for this type of operation. Some of
the literature in this section is provided for wind powered RO
systems. Liu et al. [13] presented a wind-driven reverse
osmosis system for aquaculture wastewater treatment.
However, the economic analysis is not investigated. The
operation of an experimental RO plant directly connected to
the wind system was studied without energy storage by
Pestana et al. [14]. The system was built to produce a quantity
of 3.6 m*/h based on 21 kW power. Dehmas et al. [15] studied
the availability of using the wind power for seawater reverse
osmosis desalination plant.

Actually, different wind/RO plants capacities are ranged
from 4-200 kW of nominal power for about a range of
12-2500 m*/d of desalted water [16], [17]. It is clear from the
literature that the coupling of reverse osmosis plants with
hybrid wind and PV energy sources is considered a promising
solution to the energy crises.

The objective of this work is to provide a new technique for
modeling a seawater RO system, which is fed by both PV and
wind energy sources under variable load conditions ranging
from 100 to 10,000 m®day. The RO model has been
optimized under different operating conditions such as
changing feed salinity and recovery ratio to minimize the total
power consumption and the cost of water production. The
model is provided with various manufacturing manuals for
PV panels and horizontal wind turbines for simple and
accurate simulation of renewable desalination systems. A
control room unit is built in the model for cost analysis,
overall system sizing and power switching between PV and
HWT energy sources. The PV-HWT-RO model is validated
by comparing the simulation results with the actual data of the
desalination plant in Matrouh, Egypt [6] as a case study. The
comparison show good results for power consumption, SEC
and unit product cost.

Il. SYSTEM DESCRIPTION AND MODELING
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Fig. 1. A schematic diagram of the reverse osmosis process fed from the
HRES.

The schematic diagram of the reverse osmosis process is
shown in Fig. 1. The system consists of pre-treatment filters
that remove all suspended solids from the feed water stream to
correspond to membrane conditions. The most important
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phase in this process is the pressure stage. At this stage, the
feed pressure is increased to the appropriate level of
membranes using the high-pressure pump (HPP), which
ranges from 30 to 80 bar in the case of high feed salinity.
Since the power consumption by the HPP is relatively high, an
optimization model will be introduced in the next section to
reduce the specific energy consumption (SEC). The HPP is
fed from a hybrid renewable energy source (HRES) which is
described in Fig. 2. Based on productivity, the plant is
designed with a certain number of pressure vessels containing
membrane elements. The hybrid energy source consists of PV
panels, horizontal wind turbines (HWT), battery bank and
converter. The size of PV panels, wind turbines and batteries
is calculated using the PV-HWT-RO model as well as the
total annual costs of the plant and the cost of producing fresh
water with different plant capacities from 100 to 10000 m® per
day. As shown in Fig. 3, the PV-HWT-RO model consists of
five major sub-systems with the following characteristics:

AC DC
{ i)}‘
@ .-
<= £24
wind turbine - @ - PV panel
- Converter

-~ il

RO plant Battery bank

Fig. 2. A schematic diagram of the hybrid renewable energy source
supplying the RO plant.

Fig. 3. PV-HWT-RO simulation model using Matlab/Simulink.

e RO plant model: In this model, the productivity ranges
from 100 to 10000 m%day. The operating conditions,
salinity, membrane type, recovery ratio, HPP efficiency,
number of pressure vessels, number of membrane
elements per vessel and other design criteria are
determined. The model determines the power
consumption by the HPP, the specific energy consumption
and the required applied pressure across the membranes.

PV model: In this model, various manufacturing manuals
(over 500 datasheets) are stored with different PV power
ratings of 50 W to 320 W. The model allows the selection
of appropriate PV panels and gives the main specifications
based on the average solar radiation such as open circuit
voltage, short circuit current, voltage at maximum power,
current at maximum power, module efficiency and cost.

HWT model: The horizontal wind turbine model design is
similar to the PV model design. The model is provided
with  more than 400 datasheets from different
manufactures worldwide. The user can adjust the unit
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power from 1 kW to 50 kW and the average wind speed,
then the model determines the main specifications of the
selected wind turbine. These specifications include cut-in
wind speed, rated speed, rotor diameter, rotor speed, hub
height, rated voltage and unit cost.

Batteries bank: This model calculates the battery Wh
storage, the battery Ah capacity and the number of
batteries according to the battery voltage, efficiency,
depth of discharge and battery cost.

Control room unit: This unit is responsible for calculating
the total annual costs of RO plant, PV panels, wind
turbines and batteries according to the productivity, plant
life time and interest rate. It also calculates the unit
product cost in $/m of fresh water and regulates the load
distribution between PV and wind turbines. It has a splitter
ratio from 0 to 1 while 0 means full loaded on PV and 1
means full loaded on WT. The splitter ratio can be
controlled to show the load power fluctuations on both PV
and WT relative to weather conditions variation. The
PV-HWT-RO model is built and simulated using
Matlab/Simulink.

A. Reverse Osmosis Mathematical Model [2], [7]

The feed flow rate to reverse osmosis membranes can be
expressed by the following equation

1)

where M;, M, and RR are the feed flow rate, permeate flow
rate and recovery ratio, respectively. The fresh water
(permeate) salinity is expressed by

M, =M, /RR.

()

where X, ks, A; and X, are the permeate salinity, salt
permeability, total membrane area and average salinity,
respectively. The salt permeability is given by

Xy = (K, x A xX,,)I M, .

K, =4.72x10"" x FF xTCF x(0.062— (5.3x10™° 3)
X (Teea +273))).

where k;, FF, TCF, Ts, are the salt permeability, the
membrane fouling factor, the temperature correction factor
and seawater temperature, respectively. The temperature
correction factor TCF is calculated by

TCF =exp(3020x (1/(273+T,,,) —1/298)). 4)
The concentrate (brine) flow rate can be calculated as
M,=M,-M,. (®)

where M, is the brine flow rate. The rejected salt
concentration can be determined by

X, =(Mx X, =M, xX,)/M,. (6)

where X, X; are the concentrate and feed salt concentration,
respectively. The membrane water permeability k, is
calculated by

K, =6.84x107°x(18.685—(0.177x X_)/
(T, +273)).

sea

()
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The net pressure difference across the membrane AP is
expressed by

(®)

where A., N, N, and Az are the membrane element area,
number of membrane elements per vessel, number of pressure
vessels and the net osmotic pressure across the membrane,
respectively. The required power input for the RO
high-pressure pump Pgo is given by

AP =M /(TCF xK,xFF xA, xN,xN,)+Ax.

©)

where p and 7nn, are the feed water density and the
high-pressure pump efficiency, respectively. Finally, the
specific energy consumption of the RO plant is calculated by

SEC = (Pro x24)/ M. (10)

Peo = (0.2777x M x AP) /(o X 77,,)-

B. RO Optimization Model Formula

The objective of the RO optimization model shown in Fig.
4 is to minimize the total power consumption by the RO
high-pressure pump and the specific energy consumption of
the plant which in turn will reduce the overall costs and fresh
water production cost.

Minimize B, and SEC = function(M ;,AP, (11)
RR,N,, N, X, X AL FF T, 207700)-

Subject to

100< M, <10000 (12)

30000< X, < 45000 (13)

0.15<RR<0.5 (14)

1< N, <300 (15)

50< X, <300 (16)

30<AP <60 17)

The following design variables are supposed to be fixed as
following

N, = 6, A, =35mm?, FF = 0.85,7,, = 0.85,
p =1030kg/m*and T, =20C

(18)

C. Proposed PV-HWT Model

The proposed PV model is provided through various
manufacturing manuals (over 500 datasheets) with a different
module power rating of 50 W to 320 W. As shown in Fig. 5,
the user can assign the required PV power rating P, and the
average solar irradiance g, then the model will determine the
main characteristics of the specified panel such as open circuit
voltage Voc, short circuit current Iy, voltage at maximum
power Vp,, current at maximum power I, module efficiency
nm and cost C,,. In addition, the total number of PV modules

Nm can be calculated as
N, =P, /P,. (19)

where Ppy and Py, are the total PV power and module power,
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respectively.

— SECin

RO model
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Fig. 4. RO model block diagram.

Moreover, the wind turbine model design is similar to the
PV model design. The model is stored with more than 400
datasheets from different manufactures worldwide. The user
can adjust the unit power P, from 1 kW to 50 kW and the
average wind speed in the site v,, as shown in Fig. 6, then the
model sets the main specifications of the selected wind
turbine. These specifications include cut-in wind speed, rated
wind speed, rotor diameter, rotor speed, hub height, rated
voltage and unit cost. The total number of wind turbines N,
can be calculated from

Nu =R, /P,. (20)

where Py and P, are the total wind power and turbine unit
power, respectively. Regarding the battery design, the total
battery storage BS; can be calculated by

BS, = (P, xOH x N,)/(DOD x 7, ). (21)

where P, OH, N, DOD and #, are the total power
consumption, operating hours per day, number of autonomy
days and battery efficiency, respectively. The total batteries
Ampere-hour Ah, can be calculated by

Ah, = BS, /V,. (22)

where V,, is the battery voltage. Then, the total number of
batteries N, can be calculated by

N, = Ah, / Ah,. (23)

where Ah, is the battery Ampere-hour capacity. Finally, the
power distribution on PV and WT can be expressed as
Py =(@—sph)xPR. (24)

Ryt =spIxR. (25)

where spl is the splitter ratio which ranges from 0 to 1. When
(spl=0), this means that the RO plant is fully supplied by PV

and when (spl=1), this means that full wind power is provided.

The splitter ratio can be controlled to show the load variation
on both PV and WT relative to weather conditions variation.
D. Cost Analysis of the PV-HWT-RO System [18]
The direct capital cost of the RO plant Cp, can be estimated
by the following equation

C, =(500~1000)xM . (26)
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The cost of membrane elements purchase Cy, can be estimated

by
C,, = (50% ~60%) xC,,. (27)

The annual replacement cost of membrane elements Cyr
can be estimated by

PV model

71

Fig. 5. PV model block diagram.

——— Cut-in wind speed
—— Rated wind speed
— Rotor diameter

WT model ——— Rotor speed

1T

— Hub height

— Rated voltage

—— Unit cost

Fig. 6. Wind turbine model block diagram.

Cwr = (10% =~ 30%)xC,,. (28)
The amortization factor AF is calculated by
AF =(ix@+i)")/(@+)"-1). (29)

where i and n are the interest rate and the plant life time,
respectively. The annual fixed charges Cr can be estimated by

C: = AF xC,,. (30)
The annual PV costs Cpy can be calculated by
Cpy =C, xN_  xAF. (31)

where C,, and N,, are the PV module cost and the number of
PV modules, respectively. The annual WT costs Cyr can be
calculated by

Cur =C, x N, x AF, (32)

where C, and N, are the cost of wind turbine unit and the
number of wind turbines, respectively. The annual total
batteries cost Cqg is calculated by

Crs =C, x N, x AF. (33)

where C, and N, are the battery unit cost and number of
batteries, respectively. The annual total costs of the plant C;
can be calculated by
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C,=Cyr +Cr +Cpy +Cyr +Crg +Cpgm - (34)
where Cogu is the annual operation and maintenance cost of
the plant. Finally, the unit water product cost C, can be
calculated by

Cw =C, /(M x LF x365). (35)
where LF is the load factor of the plant. All the above cost
equations can be simulated in the control room subsystem at
different plant capacities from 100 to 10000 m*/day. The
system is designed and simulated using Matlab/Simulink
assuming LF=0.85, i=0.05 and n=20 years.

I11.  SIMULATION RESULTS AND DISCUSSIONS

A. Effect of Varying the Recovery Ratio

By increasing the recovery ratio from 0.15 to 0.5, the SEC
decreases from 7.6 to 3.2 kWh/m? as shown in Fig. 7(a) and
the power consumed by RO-HPP is reduced from 32 to 14 kW
as shown in Fig. 7(b) at M, = 100 m%d, N, = 2 and feed
salinity of 30000 ppm. While the net pressure across
membranes increases from 36 to 51 bar as described in Fig.
7(c), and the fresh water salinity also increases from 220 to
265 ppm. Therefore, the recovery ratio should not be
significantly increased to keep AP and X, within limits.

8
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Fig. 7. Effect of varying RR on (a) SEC (b) Pro (c) AP and (d) X, at Mp =100
m®/d, Ny = 2 and X; = 30000 ppm.
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Fig. 8. Effect of varying Ny on (&) SEC (b) Pro (c) AP and (d) X, at M, =500
m®/d, RR = 0.4 and X = 30000 ppm.
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Fig. 9. Effect of varying X on (a) SEC (b) Pro (c) AP and (d) Xp at M, =100
m%d, Ny =2 and RR = 0.4.

B. Effect of Varying the Number of Pressure Vessels

By increasing the number of pressure vessels, both SEC
and power consumption are reduced to 3.5 kwh/m® and 70
kW, respectively as shown in Fig. 8(a) and Fig. 8(b). This is
due to the reduction in feed pressure with the increase of
vessels as shown in Fig. 8(c). However, it can be observed
that the permeate salinity X, increases by increasing N, as
shown in Fig. 8(d). So, the optimum number of vessels will be
obtained from the optimization model design of the RO at
different plant capacities in order to maintain salinity within
the limits (less than 300 ppm) and have the lowest SEC.

C. Effect of Varying the Feed Salinity

Fig. 9(a) and 9(b) show the effect of increasing seawater
salinity from 30,000 ppm to 50,000 ppm on SEC and HPP
power consumption at 100 m*d productivity. The SEC
increases from 3.5 kwh/m® at X; = 30000 ppm to 6.7 kwh/m®
at 50000 ppm of feed salinity. The power consumption also
increases from 15 kW to 30 kW, where HPP requires high
pressure to drive the highest salt water through membranes.

Fig. 9(c) and 9(d) illustrate that feed pressure and permeate
salinity have a significant increase at higher feed salinity.
Moreover, the SEC can be reduced by increasing N, or
decreasing RR. So, optimum values for N, and RR are
calculated at different feed salinities.

D. Optimization Results of RO Model

The results of the optimum values of number of pressure
vessels N,, power consumption by RO-HPP and SEC are
shown in Fig. 10 based on the constraints of 100 < M, < 1000
m%d, 0.15 < RR< 0.5 and X; = 30000 ppm. The optimum
number of pressure vessels ranges from 2 to 28 as shown in
Fig. 10(a) of a plant capacity ranging from 100 to 1000
m3/day. It can be observed that by increasing the recovery
ratio at a certain productivity, the number of vessels will be
reduced to maintain pressure and permeate salinity within the
required limits. With the increase in RR, a slight decrease in
both power consumption and SEC occurs at small capacity,
while a relative decrease occurs at high capacity as shown in
Fig. 10(b) and Fig. 10(c). Finally, Pgro ranges from 13 to 300
kW and the SEC ranges from 3.12 to 7.6 kWh/m°. By
considering the variation of feed water salinity X; from 30000
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to 45000 ppm. The results of optimum values for N,, Pro and
the SEC are illustrated in Fig. 11 at RR = 0.3 and variable
productivity up to 10000 m%d. Fig. 11(a) shows that N,
ranges from 2 to 230 and from 2 to 160 when salinity is 30000
and 45000 ppm, respectively. This means that high salt
concentration plants require less number of vessels to produce
the same amount of fresh water. However, both Pro and SEC
are relatively increased by increasing feed salinity due to
increased pressure. As shown in Fig. 11(b), the power ranges
from 18 to 1490 kW and 25 to 2480 kW at 30000 and 45000
ppm of feed salinity, respectively. While, the SEC is between
4 and 6.7 kWh/m?® at 30000 and 45000 ppm, respectively, as
shown in Fig. 12(c).
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Fig. 10. Results of the optimum values for (a) Ny (b) Pro and (c) SEC at X; =
30000 ppm, 0.15 < RR< 0.5 and 100 < Mj < 1000 m*/d.

E. PV-HWT Model Results

The results of PV panel, wind turbine and battery
specifications are summarized in Table I.

Based on the 250 W PV panel and 1000 W/m? solar
irradiance, the model gives the main characteristics of the
panel, its life time and cost. With respect to average wind
speed of 11 m/s in the site and 10 kW wind turbine power
rating, the model provides the most suitable unit, its
specifications, life time and cost. By simulating the model
using these specified units under variable load conditions, it
can calculate number of PV modules, number of wind
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turbines, total annual costs and the unit cost of fresh water.
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Fig. 11. Results of the optimum values for (a) Ny (b) Pro and (c) SEC at RR =
0.3, 30000 < Xt < 45000 ppm and M, < 10000 m*/d.
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Fig. 12. Results of (a) number of wind turbines, (b) number of PV modules,
(c) unit product cost and (d) total annual costs at variable load conditions and
splitter ratio ranging from 0 to 1 when X; = 30000 ppm and RR = 0.5.

TABLE I: SPECIFICATION RESULTS OF THE PV-WT MODEL

design, the splitter ratio should be chosen between 0 and 1
(hybrid PV and WT source) according to the weather
conditions in the site and the land area available for PV
modules and wind turbines.

IV. MODEL VALIDATION

The developed model is validated by comparing the
simulation results with the actual data of the desalination plant
[6] in Matrouh, Egypt as a case study. The comparison show
good results for power consumption, SEC and unit product
cost as shown in Table II.

TABLE II: COMPARISON RESULTS OF THE DEVELOPED MODEL WITH
MATROUH PLANT

PV module specifications

Variable Matrouh plant De;gl;epled
Plant capacity, m*/day 1200
Feed salinity, ppm 34000
Recovery ratio 0.45
Number of pressure vessels 5 6
Number of elements/vessel 4 5
Pressure, bar 35 37
Power consumption, kW 280 284
Specific enlf\r/s%//trﬁgsumptlon, 47 465
Unit product cost, $/m* 1.25 1.13

Current
Modul (_)per_1 S_hor_t Voltage at at Module | Unit | Life
e circuit | circuit - - -
maximum | avimu efficien | cost | time
power | voltag | current power (V) oy ) | ®) | o)
(W) e (V) (A) m FIJtA)\\Ner
250 37.7 8.85 30.5 8.2 153 | 250| 20
WT unit specifications
. Cut-in| Max. . .
Unit wind | wind | Rated AC H_ub Rotor | Unit ITlfe
power speed | speed | voltage (V) height speed | cost| time
W) |t | o) m | em) | ®) | o)
10 3 11 220 9 0 -400 | 3000| 20
Battery unit specifications
Battery | Battery| Depth of| Battery Batte
voltage| capacit| discharg| efficiency cost (g) Life time (yr)
(V) | y(Ah)| e (%) (%)
12 100 80 75 110 5

By varying the splitter control ratio (spl) from 0 to 1, the
load power fluctuates between the PV panels and the wind
turbines. The economic results are shown in Fig. 12 under
variable load capacity ranging from 100 to 10000 m*/d. When
spl = 0 (full PV loaded), the number of PV modules ranges
from 55 to 4600 panels with total annual costs ranging from
2.7e+04 to 2.4e+06 $/yr, and the unit product cost is about
0.86 $/m®. However, at spl = 1 (full WT loaded), the number
of wind turbines ranges from 2 to 120 unit with total annual
costs ranging from 3e+04 to 2.5e+06 $/yr, and the unit
product cost is about 0.93 $/m®. It can be seen from Fig. 12(c),
that the unit product cost is very close to 0.86 and 0.93 $/m*
for any amount of water production and different loading
percentage. Also, the total annual costs are almost constant at
constant capacity whether the load fluctuates between PV
panels and wind turbines as shown in Fig. 12(d). For a reliable

V. CONCLUSIONS

A techno-economic study of a seawater reverse osmosis
desalination plant fed by hybrid renewable PV and wind
energy sources is presented. The main conclusions of this
work are
e Studying the effect of different operating conditions such

as feed salinity, recovery ratio and the number of pressure
vessels on the specific energy consumption of the plant.

e Designing an optimization model which gives the
optimum SEC based on the number of vessels and
recovery ratio for a wide range of productivity from 100 to
10000 m3/day and different feed salts concentration.

e Designing a new model for PV panels and wind turbines
based on the storage of various manufacturing datasheets
of different PV panels and WT power ratings. The model
calculates the total annual costs under variable load
conditions and the cost of fresh water production.

e Regulating the power distribution between PV and WT
sources using the splitter control ratio.

e Validating the model by comparing the simulation results
with the actual data of Matrouh desalination plant.
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