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This study proposes the integration of reverse osmosis desalination with renewable energy

sources and battery storage using energy-efficient power pinch analysis methodology for

three  different scenarios under an energy management strategy considering power supply

and  demand and power losses of the components in the system. The power cascade table

and storage cascade table are introduced as numerical tools of power pinch analysis to

determine the minimum outsourced electricity supply and available excess electricity for

the next day, as well as the waste electricity, needed electricity, and the battery capacity for

the system during a normal operation day. An optimization algorithm was applied based

on  the storage cascade table for a normal operation year to determine the optimal battery

capacity for a dynamic freshwater demand to minimize the outsourced freshwater. Based

on  the energy management strategy, a case study in London, UK, showed scenario one as the

best scenario with an optimum battery capacity of 1170.36 kWh  and freshwater production

of  40,604.5 m3, which can minimize 60,096.9 m3 of outsourced freshwater with a reasonable
lectricity demand total  annual cost of 503,159 $/year.

© 2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
.  Introduction

orld energy demand is expected to increase to several times its cur-

ent level over the next 50 years (Darton, 2003). RES1 are characterized

y a diversity of resources and technologies for power ranging from a

ew Watts to hundreds of Megawatts (Müller-Steinhagen and Nitsch,

005). RES as solar and wind are being considered as promising power

enerating sources due to their availability advantages in local power

eneration. The limitation of solar photovoltaic technology is that it

s dependent on sunlight. The availability of sunlight is geographically
imited and time variant (Mal et al., 2016). Therefore, this source cannot

∗ Corresponding author. Fax: +82 31 202 8854.
E-mail address: ckyoo@khu.ac.kr (C. Yoo).

1 These authors contributed equally to this paper.
1 Renewable energies sources.
ttp://dx.doi.org/10.1016/j.psep.2017.09.009
957-5820/© 2017 Institution of Chemical Engineers. Published by Elsev
provide a continuous supply of energy due to seasonal and periodical

variations (Prasad and Natarajan, 2006). To overcome this limitation, a

battery bank, which acts as a storage device electric power for maxi-

mum utilization of renewable resources can be integrated with RES to

satisfy the load demand (Bajpai and Dash, 2012).

Energy storage is an issue of great importance for the development

of renewable energy. At present, it is one of the greatest technical

and commercial barriers due to the integration of RES, especially for

those off-grid systems powered by intermittent solar or wind energy

(Ma et al., 2014). Studies related to hybrid wind–photovoltaic battery

power generation are mainly focused on modelling, capacity alloca-

tion, optimal design, economic evaluation, among others (Wu et al.,

2015).
ier B.V. All rights reserved.
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Nomenclature

AC Alternating current
AOMC Annual operating and maintenance cost
AEEND Available excess electricity for the next day
AF Amortization factor
ARC Annual replacement cost
BC Battery capacity
BS Battery storage
CH The charging of the battery
DC Direct current
DCH The discharging of the battery
DoD Depth of discharge
DPRO The power delivered to the RO system
EPoPA Extended power pinch analysis
FOE Feasible outsourced electricity
FSC Feasible storage capacity
FWD  Freshwater demand
FWRO Freshwater produced by the RO system
GP RE system-generated electricity
IE Infeasible electricity
IOE Infeasible outsourced electricity
ISC Infeasible storage capacity
MOES Minimum outsourced electricity supply
NE Needed electricity
NetAC The net AC electricity surplus and deficit
OFW Outsourced freshwater
PA Pinch analysis
PoCA Power cascade analysis
PoCT Power cascade table
PoPA Power pinch analysis
PV Photovoltaic
RES Renewable energy sources
RO Reverse osmosis
SCA Storage cascade analysis
SCT Storage cascade table
TAC Total annual cost
ACC Total annual cost
TCC Total capital cost
WE  Wasted electricity

Subscripts
i Number of times
j Number of days

Greek
ı Conversion efficiency
� Transfer efficiency
˛ Self-discharge efficiency
� Specific RO power consumption

inverter, taking into account a lead acid-battery with charge/discharge

3 Battery storage.
4 Photovoltaic.
5

Remote communities are often located in areas with access to sea-

water or brackish groundwater. Therefore, for such communities, RO2

desalination can be a promising solution to provide fresh water. The

goal of integrating of RES with RO systems is to avoid fossil fuel depen-

dency and minimize CO2 emissions (Janghorban Esfahani and Yoo,

2016).

RO systems are known to be a cost-effective solution to produce

drinkable water from underground and seawater. Hence, RO system
requires less energy and maintenance than other desalination pro-

2 Reverse osmosis.
cesses (Wu et al., 2015). A BS3 system must be included to store the

extra energy generated by the renewable sources functioning as a safety

system.

Many researchers have focused their work on the configuration of

“RES–BS” or “RES–RO”. A novel model to optimize the capacity sizes

of different components of hybrid solar and wind power generation

systems employing a battery bank was proposed by Yang et al. (2007).

Similar to Yang’s work, a new methodology for calculating the opti-

mum size of the battery bank and the PV4 array for a standalone hybrid

wind/PV system was developed by Borowy and Salameh (1996). The pro-

posal of a power management strategy that manages the power flows

of energy systems with battery to supply the load demand was con-

ducted by Aissou et al. (2015). The feasibility of providing power and

meeting load requirements of a typical commercial building using a

hybrid solar–wind energy system with battery storage was assessed by

Elhadidy and Shaahid (2004).

The design of reverse osmosis desalination systems with renew-

able energy sources was proposed by Kalogirou (2005) and Elhadidy

and Shaahid (2004). The energy estimation of a stand-alone

photovoltaic–wind hybrid system that is feed a large-scale by reverse

osmosis desalination unit was evaluated by Cherif and Belhadj (2011).

PA5 is powerful methodology that combines operations within a

process or several process to minimize the consumption of resources

and harmful emissions such as water (Hashim et al., 2013),  mass,

heat (Janghorban Esfahani et al., 2016), and energy (Mohammad Rozali

et al., 2016). The implementation of pinch analysis with a mathemat-

ical model can provide good system design in order to determine the

optimal size of the battery (Janghorban Esfahani et al., 2016), and hybrid

power system (Liu et al., 2016).

The PoPA6 has been used by many researchers who performed

numerical tools of PoPA including a PoCT7 and SCT8 to determine the

minimum amount of outsourced electricity and to optimize the size

of the battery bank for a hybrid power system (Rozali et al., 2013). Ho

et al. (2012) presented a new PoPA method, electric system cascade

analysis, for optimizing non-intermittent power generator and energy

storage in a distributed energy generation system. A novel approach

called stand-alone hybrid system power pinch analysis was proposed

for the design of off-grid distributed energy generation systems (Ho

et al., 2013). The PoPA technique was extended for retrofitting an off-

grid battery-less photovoltaic-powered reverse osmosis system with

a water storage tank to minimize the required outsourced freshwa-

ter (Janghorban Esfahani and Yoo, 2016). Further, Janghorban Esfahani

et al. (2015) extended the PoPA technique as EPoPA9 for the optimal

design of renewable energy systems with battery and hydrogen storage.

Ho et al. (2014) extended the application of the electricity system cas-

cade analysis (ESCA) which consists in an intermittent power source.

The results showed that the ESCA had significant differences in terms

of execution strategy due to intermittent power generation which was

influenced by weather variability. The work also included the sizing of

inverter and the optimization of a solar PV system for an isolated rural

house with daily energy consumption of 5.575 kW/h.

This study modifies the off-grid battery-less PV–RO desalination

system of Janghorban Esfahani and Yoo (2016) study. In order to mod-

ify the system, two renewable energy sources (solar and wind) were

considered to meet the electricity demand of the RO system, while the

study of Janghorban Esfahani and Yoo (2016) was modeled only for solar

energy. PoPA method is applied on the system to reduce the energy

losses as well as minimize outsourced freshwater consumption for

three different scenarios. In order to obtain more accurate results, the

energy losses is assumed to have a 95% efficiency in the converter and
Pinch analysis.
6 Power pinch analysis.
7 Power cascade table.
8 Storage cascade table.
9 Extended power pinch analysis.
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Fig. 1 – Hybrid power system with a battery and RO desalination system (Janghorban Esfahani et al., 2015).

Table 1 – Scenario strategies and the number of PV panel and wind turbine.

Scenario Description Number of PV panel Number of wind turbine

Scenario 1 90% of power demand required from PV panel; 419 15
10% of power demand required from wind turbine

Scenario 2 10% of power demand required from PV panel; 47 135
90% of power demand required from wind turbine

Scenario 3 50% of power demand required from PV panel; 233 75
50% of power demand required from wind turbine
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fficiency of 90% and a self-discharge battery rate of 0.004%/h (Rozali

t al., 2013). A case study in London is carried out for a whole year

peration with RES–BS–RO system to produce freshwater and satisfy

he water demand.

.  Methodology

.1.  System  configuration

s shown in Fig. 1, the PV arrays and wind turbines generate
lectricity and deliver to the RO desalination system to pro-
uce freshwater, whilst the battery is used to store the extra
lectricity and export power to the RO system when is neces-
ary. The RO desalination system can only directly use AC10

lectricity provided by the wind turbine, and the battery bank
an only store DC11 electricity provided by the solar panels.
he AC electricity generated by wind turbine can be delivered
irectly to the RO system without electricity losses through
oute 1 to produce freshwater. The DC electricity generated
y solar panels can be stored in the battery without electric-
ty losses through route 2. The excess AC electricity generated
y the wind turbine can be converted into DC electricity by a
ectifier and can be stored in the battery bank through route
; in this conversion, some AC electricity is lost. The losses
ccur due to charging and discharging of the battery when

xits excess DC electricity and during net electricity conver-
ion to DC. When the electricity generated by wind turbines is

10 Alternating current.
11 Direct current.
not sufficient for delivery to the RO system, electricity can be
provided through routes 4 and 5. The DC electricity generated
by solar panels is converted to AC electricity through route 4,
where a portion of power is lost due to conversion of DC  to AC
by the inverter. Through route 5, the stored electricity in the
battery is converted to AC electricity by the invertor and then
is delivered to the RO system. Therefore, a portion of power is
lost within the invertor.

In order to reduce the power losses in the system, the fol-
lowing energy management strategies are described (Rozali
et al., 2013):

1) The AC electricity generated by the wind turbine is directly
delivered to the RO system.

2) The excess AC electricity is converted to DC electricity and
stored in the battery.

3) If the electricity generated by AC electricity is not suitable
for RO system, then, the DC electricity generated by the PV
array can be converted into AC electricity to deliver to the
RO system.

4) If the electricity generated by PV array is greater than the
required RO electricity, then, the excess DC electricity is
stored in the battery.

5) If the AC electricity generated by the wind turbine and DC
electricity generated by the PV array is not adequate for the
RO system, then, the DC electricity is discharged from the
battery and converted to AC electricity.

6) If the electricity generated by wind turbine and PV panel are

not adequate for the RO system, an outsourced electricity
is purchased from the grid.
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) win

between generated AC electricity and AC electricity demand

12 Power cascade table.
13 Minimum outsourced electricity supply.
14 Available excess electricity for the next day.
15 Waste electricity.
16 Needed electricity.
Fig. 2 – The hourly data of (a) solar radiation, (b

Three different scenarios are introduced based on the
energy management strategy to develop three possible yearly
case study shown in Table 1. The electricity requirement by
the RO desalination system comes from AC form electricity
(wind turbine) and DC form electricity (PV panel). For the first
scenario, 10% of energy required by RO comes from the wind
turbine and 90% from PV panel. For the second scenario, wind
turbine is used to fulfill 90% of the RO power demand and the
10% from PV panel. For the third scenario, it is assumed to have
the same share of PV panel (50%) and wind turbine (50%).

2.2.  Data  extraction

In this study, the solar radiation and wind speed data were
extracted from the London air quality network home page, and
dynamic freshwater demand data were extracted from home
office data for energy and water consumption during the year
2013 as a case study in London—UK. The hourly data of solar
radiation, wind speed, and water demand represents one year
operation and are shown in Fig. 2. A case study in London—UK
is carried out for one year operation. PoPA technique is applied
using hourly data during the whole year. For 24 h operation,
the cascade table is used to explain the algorithm.

2.3.  Determination  of  the  number  of  PV  panel  and
wind  turbine

The number of PV panel and wind turbine are determined for
each scenario based on the scenario strategies for each month,
dividing the average monthly power demand by the unit power

generated by RES. The overall quantity of PV panel and wind
turbine is the maximum number among twelve months which
are summarized in Table 1 for all three scenarios.
d speed, and (c) water demand in London, UK.

2.4.  Power  pinch  analysis

The PoCT12 was implemented in this study to determine the
MOES13 and the AEEND14 of each normal operation day. The
SCT was applied in order to determine the WE,15 NE,16 BC,17

and OFW.18

2.4.1.  Power  cascade  table
All the equations of the electricity generated by PV panels,
wind turbines and the electricity required by the RO system
for the case study is given in Appendix A.

The PoCT is shown in Table 2 and the steps for the con-
struction for daily operation are as follows:

Step 1. Determination of time interval
The first column of Table 2 shows the time interval from

‘1’ to ‘24’ h, and the second column shows the time duration
between two time intervals, which is one hour.

Step 2. Calculation of DC source, AC source, and AC demand
Columns 3–5 show the DC source, AC source, and AC elec-

tricity demand of the RO system during each time interval,
which are calculated by Eqs. (A.1)–(A.3), respectively.

Step 3. Summation of electricity generated by AC electricity
Column 6 shows the summation of the conversion of DC

electricity to AC and the electricity generated by AC, consider-
ing losses through the inverter calculated by Eq. (A.4).

Step 4. Calculation of net AC electricity surplus and deficit
Column 7 shows the NetAC,19 which is the difference
17 Battery capacity.
18 Outsourced freshwater.
19 Net electricity of AC surplus and AC deficit.
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Table 2 – Power cascade table for the first operation day.

1 2 3 4 5 6 7 8 9
Time (h) Time

interval
(h)

DC  source
(GPDC)
(kWh)

AC source
(GPAC)
(kWh)

AC demand
(DPRO)
(kWh)

�Electricity
sources
(kWh)

Net electricity
sur/def
(NetAC)
(kWh)

Infeasible
electricity
(IE)  (kWh)

Feasible
electricity
cascade
(kWh)

0 584.09
1 1 0.00 7.72 0.00 7.72 7.72 7.72 591.81
2 1 0.00 3.63 0.00 3.63 3.63 11.35 595.44
3 1 0.00 1.32 33.36 1.32 −32.04 −20.69 563.40
4 1 0.00 2.29 3.75 2.29 −1.46 −22.16 561.94
5 1 0.00 2.29 0.00 2.29 2.29 −19.87 564.22
6 1 0.67 2.29 0.00 2.92 2.92 −16.95 567.14
7 1 7.99 1.32 0.03 8.92 8.89 −8.06 576.03
8 1 16.90 2.29 0.00 18.34 18.34 10.28 594.37
9 1 22.73 2.29 68.88 23.88 −45.00 −34.72 549.37
10 1 24.06 7.72 30.78 30.58 −0.20 −34.92 549.17
11 1 15.99 10.58 75.00 25.77 −49.23 −84.15 499.94
12 1 15.99 7.72 75.00 22.90 −52.10 −136.25 447.84
13 1 15.24 7.72 75.00 22.19 −52.81 −189.06 395.03
14 1 2.83 14.09 75.00 16.78 −58.22 −247.28 336.81
15 1 0.58 5.42 75.00 5.97 −69.03 −316.31 267.78
16 1 0.00 2.29 75.00 2.29 −72.71 −389.02 195.07
17 1 0.00 0.68 75.00 0.68 −74.32 −463.35 120.75
18 1 0.00 0.68 47.31 0.68 −46.63 −509.98 74.11
19 1 0.00 0.68 45.09 0.68 −44.41 −554.39 29.70
20 1 0.00 3.63 33.33 3.63 −29.70 −584.09 0.00
21 1 0.00 10.58 0.06 10.58 10.52 −573.57 10.52
22 1 0.00 10.58 0.03 10.58 10.55 −563.01 21.08
23 1 0.00 29.04 0.00 29.04 29.04 −533.97 50.12
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24 1 0.00 35.72 0.03 

f the RO system at each time interval and is calculated by Eq.
A.5).

Step 5. Determination of pinch point, MOES, and AEEND
Considering the RES–BS–RO system as an off-grid system,

he electricity is not delivered to the RO system at the start
oint of operation. Column 8 shows the infeasible electricity

IE) at each time interval, which is calculated based on column
 using Eq. (A.6).

Table 2 shows that the pinch point is located at 20 h, where
he MOES is 584.09 kWh  and the AEEND is 85.81 kWh, and are
isted in the first and last cells of column 9, respectively. For

 normal operation day AEEND, can be used for the next day,
owever, this amount cannot achieve the demand of one day’s
lectricity consumption (584.09 kWh). Consequently, an extra
98.28 kWh  of electricity is required from another source to
atisfy the load demand. The feasible electricity described in
olumn 9 is calculated by Eq. (A.6) based on the cascade tech-
ique of column 7.

.4.2.  Storage  cascade  table
ll the equations for the construction of SCT are shown in
able 3. Electricity sources in the forms of DC source (GPDC),
C source (GPAC)and AC demand (DPRO), are calculated using
olar radiation, wind speed, and water demand and are listed
n columns 1–3 of Table 4, respectively.

It is assumed that the RO system first uses the available AC
lectricity and then uses DC electricity directly from the PV
rray or indirectly from the battery. Column 4 describes the
C electricity required for the RO system at each time interval,
hich is calculated by Eq. (1) of Table 3.

Column 5 presents the DC electricity required from the

attery considering losses in the conversion from DC to AC
lectricity, which is calculated by Eq. (2).
35.72 35.69 −498.29 85.81

Columns 4 and 5 show the positive values of the DC
electricity required by the RO system and from the battery,
respectively, at each time interval, as calculated by Eqs. (1) and
(2). The amounts of electricity stored in the battery as surplus
of AC and DC are listed in columns 6 and 7, respectively. Col-
umn  6 shows the positive values of AC surplus that first has
to be converted to DC electricity to store in the battery, and
column 7 shows the positive values of DC surplus that can be
directly stored in the battery. When the AC electricity gener-
ated by the wind turbine and DC electricity generated by solar
panels exceed the demand of the AC and DC load, the electric-
ity is directly transferred from the energy sources to the loads
through routes 1 and 4.

To calculate the WE,  NE, BC, and OFW refers to columns 8
and 9 which show the charging (CH) and discharging (DCH) of
the battery in each time interval, and are calculated by Eqs. (3)
and (4), respectively where CH and DCH shown in Appendix B
are the charging and discharging of the battery (kWh), respec-
tively, and � is the charging & discharging efficiency, which is
90% (Mahmoudi et al., 2008).

Infeasible storage capacity (ISC) and infeasible outsourced
electricity (IOE) both in (kWh) are described in columns 10 and
11, respectively, and are calculated by Eqs. (5) and (6) taking
into account the battery self-discharge rate (˛), charge and dis-
charge efficiency (�). In order to transfer energy from one hour
to another, the energy in battery will be stored for a certain
period (one hour) before it be used (Ho et al., 2016). There-
fore once the energy stored in the battery the self-discharge of
battery need to be considered, and the amount of energy trans-
fer to the next time interval should deduct the self-discharge
energy, which is 0.004%/h (Mahmoudi et al., 2008).

Based on Eqs. (5) and (6), when the battery bank is

completely discharged, the RO system requires outsourced
electricity to generate freshwater.
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Table 3 – Equations used for the construction of SCT.

Description Equation

Electricity surplus & deficit for AC and DC DCelectricityrequiredfromtheROsystem = DPRO − GPAC (1)
DC electricity required from the battery DCelectricityrequiredfromthebattery = DPRO − GPAC − GPDC × ı(2)
CH and DCH of the battery CH = GPAC × � + GPDC (3)

DCH = electricityneededfrombattery/�  (4)
Infeasible storage capacity ISCi+1 = ISCi × (1 − ˛) + CHi+1 × � − DCHi+1/� (5)

IOEi = −ISCi/ (� × ı) (6)
Feasible storage capacity AEEND = ISC24 (7)

MOES =
24∑
i=1

IOEi/(1 − ˛)i (8)

AEEND and MOES assumption IfAEENDj−1 ≥ MOESj,SC0,j = MOESj (9)
else SC0,j = AEENDj

Minimum outsourced freshwater FWRO = (DPRO − FOE)/� (10)
At the 24 h time interval, the electricity stored in the bat-
tery, can be used for the next day representing the AEEND.
This AEEND is used the next day to satisfy the minimum out-
sourced electricity surplus, which is represented by MOES.
MOES and AEEND can be calculated through Eqs. (7) and (8),
respectively where ISC24 is the infeasible storage capacity at
24 h (kWh).

For a normal operation day, if the amount of AEEND at 24 h
is greater or equal than MOES, then the electricity stored in
the battery on the previous day (j − 1) (where j represents the
day) can meet the needed electricity demand of the next day.
If the amount of AEEND at 24 h is less than MOES, the electric-
ity stored in the battery in the previous day cannot meet the
needed electricity demand of the next day. This assumption is
represented by Eq. (9). See Table 3, where SC0,j represents the
amount of electricity that can be used at “0” h (kWh) during a
normal operation day.

Based on the amount of SC0,j, a cascaded technique was
applied with the amounts of CH (column 8) and DCH (column
9) of the battery to obtain the feasible storage capacity (FSC) at
each time interval using Eq. (5), which is listed in column 12,
and the OE, which is listed in column 13 and calculated with
Eq. (6). The value of “0” which is listed in column 12, means
that the battery is discharged at that time interval, in that case,
the RO system needs outsourced electricity to generate fresh
water and can be used to satisfy the water demand.

Based on the SCT, AEEND can be stored in the battery and
is available for use the next day, therefore, WE and NE can be
defined during a normal operation day as follows.

According to the assumption above, if “AEENDj−1 ≥ MOESj,”
consequently NE is zero, and WE  is the difference between
AEENDj−1 and MOESj. If “AEENDj−1 < MOESj,” consequently NE
is the difference between MOESj and AEENDj−1, and WE  is zero.
As presented in Table 4, the AEEND at 24 h is 73.36 kWh, and
the MOES is 531.57 kWh. For this case, MOES is greater than
AEEND, therefore, an amount of 458.21 kWh  represents the NE.
The maximum battery capacity for this study is 83.05 kWh  for
one operation day, which is listed in column 12. This size of the
battery depends on the battery’s charge and discharge require-
ments and the efficiency of the charger and the other system
components.

The fresh water produced by the RO system is calculated
based on the power delivered to the RO system (DPRO) and the
feasible outsourced electricity (FOE) which is determined by
Eq. (10), and is listed in column 14 where FWRO is the produc-
tion freshwater by the RO system (m3) and OFW is the dynamic
OFW = FWD − FWRO (11)

hourly freshwater demand (m3) (FWD), which is listed in col-
umn  15. The OFW is described in column 16 using Eq. (11).

The total freshwater produced by the RO system (FWRO)
is 85.47 m3, and the minimum outsourced freshwater is
191.23 m3 on a normal operation day. The total freshwater pro-
duced by the RO system is less than the minimum outsourced
freshwater. This deficiency of freshwater during a normal day
indicates a lack of water for use on the next day, which sug-
gests a need to increase the RO system size.

3.  Optimization  algorithm  of  the
RES–BS–RO  system

Fig. 3 shows the algorithm divided into three parts. Part one,
the algorithm was designed for 1 year operation from the SCT
steps to determine the MOES and AEEND using Eqs. (7) and
(8), respectively. Part two, AEEND was calculated for each day
of operation according to the assumption described in Section
2.4.2. Part three, the feasible storage cascade was calculated
for one day of operation, using the cascading technique, taking
into account the amount of electricity delivered from the pre-
vious day, to calculate the maximum battery capacity in one
year of operation based on the description in Section 2.5. The
minimum outsourced freshwater was calculated considering
365 days, based on Eq. (17), taking into account the produced
fresh water by the RO system and the dynamic hourly water
demand.

3.1.  Analysis  of  the  RES–BS–RO  system

Fig. 4 shows daily data of the NE and WE  respectively, dur-
ing one year of operation. For the first scenario, the WE
and NE in Fig. 4a shows the maximum WE  exited in March
with 5184 kWh  of wasted electricity. The maximum average
monthly WE  appeared in March with 660.22 kWh/day and the
minimum average monthly WE  occurred in November with
4 kWh/day. The NE follow the same tendency as the water
demand, showing high amounts during the last six months
of year and low amounts during the first six months of the
year. The average NE for the whole year is 427.04 kWh/day. The
WE  and NE for scenarios two and three are shown in Fig. 4b
and c, respectively. In these two scenarios, the WE  are much
higher than the NE in terms of the average value during the
year operation. Comparing the two scenarios the WE  have the
highest value of the same day in March with 51,839 kWh  and

28,511 kWh, respectively. Compared with scenario one, a high
fraction of energy demand from wind power result in high
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Table 4 – Storage cascade table for the first operation day .

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Time
(h)

Interval
(h)

DC
source
GPDC

(kWh)

AC
source
GPAC

(kWh)

AC
demand
DPRO

(kWh)

DPRO

need
from
GPDC

(kWh)

DPRO need
from
Battery
(kWh)

AC
surplus
(kWh)

DC
sur-
plus
(kWh)

Charging
CH
(kWh)

Discharging
DCH
(kWh)

Infeasible
storage
capacity
ISC  (kWh)

Infeasible
outsource
electricity
IOE (kWh)

Feasible
storage
capacity
FSC (kWh)

Feasible
outsource
electricity
FOE (kWh)

Freshwater
produce
by RO (m3)

Freshwater
demand
FWD (m3)

Outsource
Fresh
Water
OFW (m3)

0.00 73.36 531.57 85.47 276.70 191.23
1 1 0.00 7.72 0.00 0.00 0.00 7.72 0.00 7.33 0.00 6.60 0.00 79.95 0.00 0.00 0.00 0.00
2 1 0.00 3.63 0.00 0.00 0.00 3.63 0.00 3.45 0.00 9.70 0.00 83.05 0.00 0.00 0.00 0.00
3 1 0.00 1.32 33.36 32.04 32.04 0.00 0.00 0.00 33.72 0.00 23.74 45.58 0.00 11.12 11.12 0.00
4 1 0.00 2.29 3.75 1.46 1.46 0.00 0.00 0.00 1.54 0.00 1.46 43.87 0.00 1.25 1.25 0.00
5 1 0.00 2.29 0.00 0.00 0.00 2.29 0.00 2.17 0.00 1.95 0.00 45.82 0.00 0.00 0.00 0.00
6 1 0.67 2.29 0.00 0.00 0.00 2.29 0.67 2.84 0.00 4.51 0.00 48.37 0.00 0.00 0.00 0.00
7 1 7.99 1.32 0.03 0.00 0.00 1.29 7.99 9.22 0.00 12.81 0.00 56.67 0.00 0.01 0.01 0.00
8 1 16.90 2.29 0.00 0.00 0.00 2.29 16.90 19.07 0.00 29.97 0.00 73.83 0.00 0.00 0.00 0.00
9 1 22.73 2.29 68.88 66.59 45.00 0.00 0.00 0.00 47.37 0.00 19.37 21.20 0.00 22.96 22.96 0.00
10 1 24.06 7.72 30.78 23.06 0.20 0.00 0.00 0.00 0.21 0.00 0.20 20.96 0.00 10.26 10.26 0.00
11 1 15.99 10.58 75.00 64.42 49.23 0.00 0.00 0.00 51.82 0.00 49.23 0.00 31.32 14.56 27.01 12.45
12 1 15.99 7.72 75.00 67.28 52.10 0.00 0.00 0.00 54.84 0.00 52.10 0.00 52.12 7.63 25.95 18.32
13 1 15.24 7.72 75.00 67.28 52.81 0.00 0.00 0.00 55.59 0.00 52.81 0.00 52.84 7.40 26.05 18.65
14 1 2.83 14.09 75.00 60.91 58.22 0.00 0.00 0.00 61.29 0.00 58.22 0.00 58.26 5.59 25.41 19.82
15 1 0.58 5.42 75.00 69.58 69.03 0.00 0.00 0.00 72.66 0.00 69.03 0.00 69.07 1.99 29.22 27.23
16 1 0.00 2.29 75.00 72.71 72.71 0.00 0.00 0.00 76.54 0.00 72.71 0.00 72.76 0.76 29.00 28.24
17 1 0.00 0.68 75.00 74.32 74.32 0.00 0.00 0.00 78.23 0.00 74.32 0.00 74.37 0.23 26.51 26.28
18 1 0.00 0.68 47.31 46.63 46.63 0.00 0.00 0.00 49.09 0.00 46.63 0.00 46.67 0.23 15.77 15.54
19 1 0.00 0.68 45.09 44.41 44.41 0.00 0.00 0.00 46.75 0.00 44.41 0.00 44.45 0.23 15.03 14.80
20 1 0.00 3.63 33.33 29.70 29.70 0.00 0.00 0.00 31.26 0.00 29.70 0.00 29.72 1.21 11.11 9.90
21 1 0.00 10.58 0.06 0.00 0.00 10.52 0.00 10.00 0.00 9.00 0.00 9.00 0.00 0.02 0.02 0.00
22 1 0.00 10.58 0.03 0.00 0.00 10.55 0.00 10.03 0.00 18.02 0.00 18.02 0.00 0.01 0.01 0.00
23 1 0.00 29.04 0.00 0.00 0.00 29.04 0.00 27.59 0.00 42.85 0.00 42.85 0.00 0.00 0.00 0.00
24 1 0.00 35.72 0.03 0.00 0.00 35.69 0.00 33.90 0.00 73.36 0.00 73.36 0.00 0.01 0.01 0.00
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Fig. 3 – Optimization algorithm-based storage cascade analysis.

Fig. 4 – The daily wasted and needed electricity of three scenarios (a) scenario one, (b) scenario two, (c) scenario three.
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system and OFW to determine the TAC of each subsystem.
lectricity waste during the first semester of the year, in which
he wind speed are higher in these month compared with the
ower wind speed in the second semester (Fig. 2b).

Fig. 5 shows the battery capacities by each day during one
ear of operation, calculated using the algorithm. For sce-
ario one, the maximum battery capacity is 936.29 kWh  during
ecember. The lead–acid battery life is significantly shortened
hen it is discharged very rapidly or during the frequent deep

ycles. In order to have a better use of the battery, the DoD20

f the battery bank is assumed to be 80% of its maximum
apacity (Rozali et al., 2013). Therefore, in this study, the actual
attery capacity is 1170.36 kWh  during the year 2013. This
nergy stored in the battery can be used directly to power DC
oads or it can be sent to the inverter to power AC loads. This
mount of battery capacity is sufficient to provide electricity
ithout running additional generators. For scenario two, the
aximum battery capacity is 579.28 kWh  appears on August
onth. And for scenario three, the maximum battery capacity

s 784.63 kWh  in October. The battery capacity has correlation
ith the NE for each scenario, when the NE increase, the bat-

ery capacity also increase, and when the NE decreases, the
attery capacity also decrease. The large NE indicated that the
ower demand of RO system is greater than the power gen-
rated by the RES, therefore in this case the power stored in
attery should satisfy as much as possible the power demand.

For each scenario, the hourly freshwater production was
alculated and is shown in Fig. 6. For the first scenario, com-
aring the first half of the year with the second, the gap
etween needed freshwater and the produced freshwater,

s slightly less in the second half of the year, which indi-
ates that the RO system cannot supply sufficient electricity
o satisfy the load for those months, therefore an OFW, is
eeded to overcome this limitation. The total freshwater pro-
uced by the RES–BS–RO system during one year of operation

s 47,941.87 m3 considering energy losses through electricity
ransfer and the RO maximum input power and the amount
f the minimum outsourced freshwater (52,759.55 m3) in one
ear of operation. In order to generate more  freshwater to sat-
sfy the requirements of FWD,  there are two possible solutions:
ncrease the size of the RO system or include another source of
torage such as a hydrogen storage system to store the amount
f wasted electricity generated by the battery. For the sec-
nd and third scenarios, the freshwater produced by RO are
8,111.76 m3 and 79,021.23 m3, respectively. Whilst, the out-
ourced freshwater for water consumer are much less than in
cenario one.

.  Economic  model  of  the  RES–-BS–RO
ystem

he economic model for renewable energies sources consid-
red in this system (solar and wind) are carried out for the
hree scenarios with assuming that the size of the RES in each
cenario is fixed. The subsystems considered in the economic
nalysis were the RO system, BS system, and OFW, which
aries according to the RO size. In addition, the income of
reshwater was also considered in order to reduce the cost
f the freshwater generation system. The economic model of
he RES–BS–RO system and OFW was developed to define the

AC21 of the system. The TAC of the combined RES, RO, BS,

20 Depth of discharge.
21 Total annual cost.
and OFW is given in Eq. (1) as follows:

TACRES-RO−BS−OFW = TACPV + TACWT

+TACRO + TACBS + TACOFW − InFW (1)

where the subscript RES–RO–BS–OFW is the combination of
PV panel, wind turbine, reverse osmosis desalination system,
battery storage, and outsourced freshwater.

The TAC of the RO system considers the RO fresh water
production (m3) in one year of operation and the cost of desali-
nation ($/m3) using Eq. (2).

TACRO = (CRO + Cmem,RO + Cchem,RO + Cpre,RO

+Cint,RO + Cman,RO + Cmain,RO) × ROprod (2)

The TAC of PV panel, wind turbine, and BS is calculated as
the sum of ACC,22 AOMC,23 and ARC24 using Eq. (3).

TAC = ACC + AOMC + ARC (3)

The ACC can be calculated by multiplying TCC25 with the
AF,26 which shown in Eq. (4).

AF = ir · (1 + ir)LCsys

(1 + ir)LCsys−1
(4)

where the ir interest rate is assumed to be 15%, and LCsys is
the life time of the system, which is considered to be 20 years.

Considering the life time of several components in the over-
all system, the replacement of those components is needed
during the life cycle of the system. The annual replacement
cost (ARC) is calculated by Eq. (5).

ARC = CR ×
(

LCsys

LT
− 1

)
× AF (5)

where the CR is the cost of replacement for each component of
the system. Table 5, shows the calculation of TAC of PV panel,
wind turbine, and BS in detail.

The TAC of the OFW can be calculated by multiplying the
unit cost of water ($/m3) and the total of outsourced freshwa-
ter (m3) during one year of operation as presented in Eq. (6).

TACOFW = Total outsourced freshwater (m3)

×unit cost of water ($/m3) (6)

The income of the freshwater produced by the RO system
can be calculated by Eq. (7).

INFW = Total freshwater (m3) × unit price of water ($/m3) (7)

Table 5 shows the economic parameters of RES–RO–BS
22 Annual capital cost.
23 Annual operating and maintenance cost.
24 Annual replacement cost.
25 Total capital cost.
26 Amortization factor.
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Fig. 5 – The daily battery capacity for three scenarios (a) scenario one, (b) scenario two, (c) scenario three.

Fig. 6 – The hourly fresh water produced by the RO system of three scenarios (a) scenario one, (b) scenario two, (c) scenario

three.

According to the table, the parameter considered for the RO
system is the cost of water desalination, based on reference
(Karagiannis and Soldatos, 2008). The RES, BS, CC, lifetime,
battery replacement, and OAMC were considered based on ref-
erence (Janghorban Esfahani. 2015). For OFW, the unit cost of

water was considered based on reference (Atikol and Aybar,
2005). The unit price of the freshwater generated by RO was
extracted from (). Table 6 shows the calculation of TAC of PV
panel, wind turbine, and BS in detail.

4.1.  Sensitivity  analysis  of  the  RES–BS–RO  system
The sensitivity analysis based on the economic model is
conducted to define the appropriate size of the BS system,
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Table 5 – Economic parameters of the RES-RO-BS and outsourced freshwater system.

Subsystem Parameters Symbol Value Unit Reference

RO Capital cost CRO 0.11 $/m3 Atikol and Aybar (2005)
Maintenance and spares Cmain,RO 0.061 $/m3

Chemicals cost Cchem,RO 0.035 $/m3

Membrane replacement cost Cmem,RO 0.052 $/m3

Pre-treatment cost Cpre,RO 0.035 $/m3

Manpower cost Cman,RO 0.05 $/m3

Interest cost Cint,RO 0.199 $/m3

PV Capital cost Cpv 350 $/module Janghorban Esfahani (2015)
Replacement cost CR,pv 350 $/module
Lifetime LTpv 20 Year
Operating and maintenance cost (% of capital cost) CO&M,pv 0 %

Wind turbine Capital cost Cwt 150,000 $/unit Janghorban Esfahani (2015)
Replacement cost CR,wt 130,000 $/unit
Lifetime LTwt 15 Year
Operating and maintenance cost CO&M,wt 2500 $/year

BS Capital cost Cb 120 $/kWh Mahmoudi et al. (2008)
Replacement cost CR,b 120 $/kWh
Lifetime LTb 4 Years
Operating and maintenance cost (% of capital cost) CO&M,b 1 %

OFW Unit cost of outsourced fresh water COFW 0.7 $/m3 Janghorban Esfahani et al. (2016)

Income Income of RO produce freshwater IN

Table 6 – Annual capital cost, annual operating and
maintenance cost, and annual replacement cost of PV
panel, wind turbine, and battery.

Subsystem Equation

PV panel ACCpv = TCCPV × AF = Cpv × npv × AF

AOMCpv = CO&M,pv × TCCPV = CO&M,pv × Cpv × npv

ARCpv = CR,pv ×
(

LCsys

LTpv
− 1

)
× AF

Wind turbine ACCwt = TCCwt × AF = Cwt × nwt × AF

AOMCwt = CO&M,wt × TCCwt = CO&M,wt × Cwt × nwt

ARCwt = CR,wt ×
(

LCsys

LTwt
− 1

)
× AF

Battery ACCb = TCCb × AF = Cb × Bcapacity × AF

AOMCb = CO&M,b × TCCb = CO&M,b × Cb × Bcapacity

ARCb = CR,b ×
(

LCsys

LTb
− 1

)
× AF
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inimizing the outsourced fresh water. In this study, the size
f the RES is assumed to be fixed; for this reason, the sensi-
ivity analysis was carried out considering the RO system, BS,
nd the OFW for optimization of the system.

The analysis compared different sizes of RO system to
etermine which one is the best for optimization of the system
ith a reasonable total annual cost. The sizes of RO system

onsidered were between 10 m3/h and 120 m3/h.
According to Fig. 7 the freshwater produced by the RO sys-

em is directly proportional to the size of the RO system.
y increasing the RO system size, the freshwater production

ncreases while the OE decreases. For these three scenarios,
he freshwater production doesn’t show a significant change
hen the size of RO is greater than 80 m3/h. The BC are raised
ith the increase of RO size as shown in Fig. 8. For scenario
ne, the actual BC is increased and is stable when the RO size

s greater than 80 m3/h with a constant value of 1170.36 kWh.
or scenario two, the maximum actual BC is 724.10 kWh  when
O size is equal to 110 m3/h. For scenario three, the actual BC is

ncreased and stable when RO size is more  than 90 m3/h with

he constant value 980.79 kWh. Considering the income of the
reshwater produced by RO system, the TAC of overall sys-
FW 2.5 $/m3 Standard water supply charges, UK

tem for the three scenarios are shown in Fig. 9. The minimum
TAC for scenario 1 is 503,159 $/year with a RO size of 40 m3/h.
For scenario two, the minimum TAC is 4,033,578 $/year when
the RO size is 100 m3/h. For scenario three, is 2,244,208 $/year
when the RO size is 120 m3/h. The TAC of scenarios two  and
three are much higher than scenario one, because of the
large fraction of power required from wind turbine and the
large capacity of wind turbine to adjust the variance of power
demand at each month during the operation year.

Based on the results, this study concluded that the first
scenario with 10% of power demand required from wind tur-
bine and 90% of power required from PV panel is shown as the
best scenario. The results show that the optimal battery capac-
ity is 1170.36 kWh  with a reasonable TAC of 503,159 $/year,
which the amount of OFW at 60,096.9 m3/year can produce
40,604.5 m3/year of fresh water using 40 m3/h of the RO system
capacity.

5.  Conclusions

In this study, the integration of reverse osmosis desalina-
tion and hybrid renewable energy (solar and wind) systems
with battery storage for the three different scenarios under an
energy management strategy has been proposed in order to
reduce the power losses of the components in the system as
well as reduce the outsourced freshwater using power pinch
analysis as a case study in London, UK. The main conclusions
are as follows.

1. The proposed energy management strategy showed sce-
nario 1 as the best scenario with an optimum battery
capacity of 1170.36 kWh  and freshwater production of
40,604.5 m3, which can minimize 60,096.9 m3 of out-
sourced freshwater with a reasonable total annual cost of
503,159 $/year.

2. A PoCT and SCT were constructed based on the energy

management strategy using numerical PoPA to determine,
the MOES, AEEND, WE,  NE, maximum battery capacity, and
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Fig. 7 – Fresh water production by the RO system and outsourced fresh water based on the size of RO system. (a) Scenario
one, (b) scenario two, (c) scenario three.

Fig. 8 – Battery capacities for one year of operation based on the RO size. (a) Scenario one, (b) scenario two, (c) scenario three.
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Fig. 9 – TAC of each subsystem in one year of operation based on RO size. (a) Scenario one, (b) scenario two, (c) scenario
t

3

4

A

T
o
(

hree.

minimum outsourced freshwater for a normal operation
day.

. PoPA was applied based on the SCT to determine the max-
imum battery capacity, minimum outsourced freshwater,
WE,  and NE during a normal operation year; a sensitivity
analysis based on an economic model was conducted to
determine the TAC of the system for a case study in London,
UK.

. The analysis of the system suggests that the RES–BS–RO
system for the case study has enough potential for inte-
grate a second storage system as a long-term solution to
increase the reliability of the system.

cknowledgement

his work was supported by a National Research Foundation

f Korea (NRF) grant funded by the Korean government (MSIP)

No. 2015R1A2A2A11001120)

Table A1 – PV array, wind turbines, and RO characteristics.

Parameter Symbol Unit 

DC source
Area of PV panel APV m2

Module reference efficiency �PV – 

Packing factor Pf – 

Power conditioning efficiency �pc – 

Solar radiation I W/m2

AC source
Power coefficient of turbine Cp – 

Air density � kg/m3

Rotor radius r m 

Wind speed v m/s 

AD demand
RO-specific power consumption � kWh/m
Appendix  A.

(A.1)  Power  cascade  table  calculations

(A.1)  Calculation  for  generated  DC  electricity
The DC electricity generated by the PV panel was expressed
by Hocaoğlu et al. (2009) in the form of Eq. (A.1):

GPDC = APV × �PV × Pf × �pc × I × nPV (A.1)

where GPDC is the generation of DC electricity (kWh), APV is
the area of the PV panel (m2), �PV is the reference module effi-
ciency, Pf is the packing factor, �pc is the power conditioning

efficiency, I is the hourly solar radiation in Wm−2, and nPV is
the number of PV panels, which is 600 for the case study.

Value Reference

1.63 Janghorban Esfahani et al. (2015)
0.11 Hocaoğlu et al. (2009)
0.9 Hocaoğlu et al. (2009)
0.86 Hocaoğlu et al. (2009)
–

0.5 Tyagi (2012)
1.225 Tyagi (2012)
21 Tyagi (2012)
–

3 3 Dashtpour and Al-Zubaidy (2012)
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(A.2)  Calculation  of  generated  AC  electricity
The AC electricity generated by wind turbine was proposed by
Tyagi (2012) in the form of Eq. (A.2):

GPAC = 0.5 × Cp × � × AWT × v3 × nWT (A.2)

where GPAC is the generation of AC electricity (kWh); Cp is the
power coefficient of the turbine; � is the air density (kg/m3);
AWT is the area of the spread of the blade, which is calculated
with rotor radius (r) using the equation AWT = � × r2; v is the
wind speed in each hour (m/s); and nWT is the number of wind
turbines, which is 110 for the case study.

(A.3)  Calculation  of  required  AC  electricity  for  RO  system
The demand power delivered to the RO system based on water
demand and the maximum RO input power (75 kW)  can be
calculated by Eq. (A.3) (Dashtpour and Al-Zubaidy, 2012).

DPRO = Hourly freshwater demand × �

time interval duration
(A.3)

where DPRO, is the demand power delivered to the RO system
(kWh), and � is the specific RO power consumption (kWh/m3).

The parameters of Eqs. (A.1)–(A.3) are summarized in
Table A1.

(A.4)  Electricity  generated  by  AC
�Electricity source = GPAC + (GPDC × ı) (A.4)

where ı, is the convert efficiency.

(A.5)  Net  AC  electricity  surplus  and  deficit
NetAC = ˙Generated AC Electricity − DPRO (A.5)

where NetAC,  is the net electricity of surplus and deficit of AC
(kWh).

(A.6)  Pinch  point,  MOES,  and  AEEND
IEi = IEi−1 + NetACi (A.6)

where IE, is the infeasible electricity at each time interval
(kWh).
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