International Association of
Energy, Environmen t and Economy

Energy Perspectives -
Volume 1, Issue 1, December 2020 L{;\hEEbEherGP
http://globalpublisher.org/journats006/ &

Multi -stage storage optimization based freshwatgvower storage
cascade analysis for renewable energgowered desalination
system

Iman Janghorban Esfahérii

1- Dept. of Plant Engineering, Pyunghwa Engineering Consultantdtd., 454, Gwanakdaero, Dongangu,
Anyang-si, Gyeonggido, South Koreg Tel: +82-31-420-7903 fax: +82-31-420-7916

* Corresponding Authoim.janghorban@gmail.com

ABSTRACT

Freshwateipower pinch analysis (FWaPoPA} a pinch analysis technigteoptimize the
design ofmulti-stagestorage systems fahe off-grid renewable energgoweredreverse
osmosi{RE-RO)systemdas been proposdderein,FWaPoPA isised to integrate the hybrid
water storage tankattery system to the REO system. Th&eshwatetpower storage cascade
tableas the FWaPoPA numerical taslconstructedo determine the optimapacityof the
water storage tank anthe hybrid waer storage tankattery systemrespectively,while
minimizing the need foloutsourced freshwatethe results ofmplementingthe FWaPoPA
tool on three case studies are compared to thd&RREystem without anstorage systerand
with water storage tank designed by freshwater pinch analysesresults shoadthatthe RE-
RO systemwith an integratedwater tankbattery storage systemarm reduce outsourced
freshwaterby 30.61%, 2.85% and 28.55% compared to ReRO system integrated with
water storage tank in case studieg, and 3, respectively.

Keywords: desalination; freshwatepinch analysisfreshwatefpower pinch analysjgeverse
osmosisyenewable energy

1. INTRODUCTION

Due to the exploding global population, rapid growth in industry, inoceased use of
irrigation, the importance and nefed high-quality water has significantipcreasedThe earth
contains a vast amount of water, but athieepercentis low enoughm sdinity to be potable,
andover two thirg of thisthree percens frozen leaving onlyoneperceno f t he eart hos
useablg1-3]. Because 97 percent of the water on earth is salt wigsalination of sea and
brackish water igssential tgrovideto many countries especiallthose in arid regionthat
sufferfrom scarcities of natural freshwatér, p]. The mostcommondesalinatiortechniques
are reverse osmosis (R@)d thermal desalination includimgulti-effect evaporation (MEE)
and multistage flash (MSFMhich process isised is based ohé salinity ofthe water and
available energy sourcBOrequires electric powend thermal desalination systems consume
thermal energy, which is conventionapirovided by fossil fuels [8]. Due to theshortage of
fossil fuek and theadverse environmental impaacktheir usesuch as greenhouse gas (GHG)
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emissions, the need for renewable energy so(RES)as an alternative way of powering
desalination systemis urgent Integration of renewable energpurceswith desalination
systemsas renewable energyowered desalination systems @ can avoid fossil fuel
dependency and the subsequent greenhousergssi@ns as well as ultimately lower energy
andcostsand improve efficiencyg, 10].

The greatest problem faced lytegration ofrenewable energy systemBRES with
desalination systenis matching the intermittence of the energy supply with the dynamic water
demand11]. The best solution to overcome the intermittenceiisaorporateastorage system
into theRE-D systento provide watelon-demand as a higjhreliable stanehlonedesalination
system.Thermalstoragesystems (TSSAnd electricity storage systeESS)as well asvater
storage tank(WST) arethemost conmon storage devices for REsystemslin theintegrated
RE-D systemwith energy storageheenergy storage systestoresheexcessnergyfrom the
desalinatiorsystem, andhendeliversit when the energy demands of the desalination system
exceed the energy supplied by RESthe RED systemintegrated witha water storageank,

a water storage tank sés the frelswater produced bihedesalination systetim excess othe
freshwater demand, arldenafterward delivesit when demands are higiihe RED system
can be integratewith both energy storage systenfthermal and electrical storage systg¢ms
and water storage tantsincrease the reliability of the freshwater suppig. 1 illustrates the
coupling of desalination systenfthermal and membrane systemg}h renewable energy
sourceqsuch as geothermal, biomass, solar, and wand)storageystems(such as thermal
and electrical storage systems)

Recently, sveralstudiesdesigned and evaluatedmbinedRE-D and storage systenis2-

23]. Mokheimeret al. [16] mathematicallynodeled andimulated a hybrid wind/solar powered

RO desalination system with battery storage. They optimized the size of thehsmtaroltaic

(PV) panels, wind turbines and batterfes a constant RO load of-kW by minimizing the

unit product cost of freshwateAlso, Al-Nory and EiBeltagy [19] proposed an energy
management approach based on a mathematigtiinization model for integration of
renewable energy with power and water cogeneration system. They solved itinailel by
minimizing the total costs of gwer and freshwaterSpyrou and Anagnostopould20]
developed a numerical algorithm to investigate and optimize a reverse osmosis desalination
unit powered by hybrid wind/solar power generation and a pumped storage unit as the energy
storage system. They optimized the system based on various objectit@rfsirsuch as
minimization offreshwater production cost and maximization of water demand satisfaction.
Sassi and Mujtab&p] optimized the design and operation conditions of an RO system coupled
with a water storage tank. They used the water storade ttaincrease the operational
flexibility and availability of freshwater with respect to dynamic freshwater load demand.
Elkader R3] designed a three stage mdffect humidificatiordehumidification process with

an energy storage system. They showetlttt@implementation of the energy storage system
can increase the water production by 13.9%us, mathematical modeling and nersual
methods have beemdely used to design and optize storage systems for REsystems.

Pinch analysigPA), an alternativeto mathematical modelinghas also been usedto
optimize thedesign ofconservation netwoskof resourcesuch as heaH], combined heat
and power 25|, mass P6], water 7], carbon 8], properties 29], hydrogen30], power [31],
and freshwater 82]. Unlike mathematicalmodeling, pinch analysis usdoth visual and
numerical toolsthereby provingpetter insightsnto the models.

Recently, pinch analysis has baesedby researcherfor integration of renewable energy
systems with battery storageor exampleBandyopadhyay33] determined the optimal size
of the battery for awff-grid PV/battery systenbasedon pinch and design sge analyses by
constructing g@rand composite curve. Tpewer pinch analysis (PoPA) walso usedby Alwi
et al. B1]. They introducedpower compositecurves as graphical tool to determine the
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minimum outsourced electricityeeded foran oftgrid hybrid power system with a battery
bank. Later, Rozali et al34] implementedhumerical tools of the PoPA includiragpower
cascade analysis and storage cascade talgdetermine the minimuramount ofoutsourced
electricity neededand optimize thesize of the battery bank for a hybrid power system
Following on Alwiet al. [31]and Rozalet ald [34] researchJanghorban Esfahani et aB5]
extended th€oPAto optimize thedesign ofahydrogen storage system as a secondary storage
systemfor an offgrid hybrid power system with a battery bank. Thesgdgraphicaland
numerical tools to determine the minimuequirements obutsourced electricity anthe
optimal size of the hydrogen storage system compondatghorban Esfahani et aB2Z]
proposed freshwater pinch analysis (FWaPA) for retrofitting thegmdf battery less
photovoltaicpowered reverse osmosis system with water storage tank to minimize the required
outsourced freshwater. They introduced freshwater composite curve andafieysktorage
cascade table as tlyeaphicaland numerical tools of the FWaPA to determine the optimal
delivered electricity to the RO system and water storage tank capdmpether, these studies
show thapinch analysihias been used only to integr®ED systems with water storage tank
andhas not yet been used ittegrate RED systems withmulti-storage system as the most
reliable system to supply freshwater.

This studyutilizesfreshwaterenergypinch analysis (aEPA) to optimize the design of a
waterenergy storage systefor an offgrid RE-D systemPoPA, agpresentedy Alwi et al.
[31], andEPoPAand FWaPAaspresented by Janghorban Esfahani €38, 34 arethe basis
of FWaBEPA. FWaEPA is introduced to stoexcess energy produced by RES that cannot
immediately be used by the desalination systdime energy is then delivered to the
desalination system when outsourced energy is needed. Excess freshwater produced by the
desalination system is then stored in devatorage tank and delivered to consumers when
freshwater is neede@ased on type of the RB system, hie FWaEPA is also known as a
freshwatetheat pinch analysis (FWaHPA) for integration of thermal storage system and known
as a freshwatgoower pinch malysis (FWaPoPA) for integration of an electricity storage
system to the R system. In this study, FWaEPA is implemented as a FWaPoPA to integrate
a water storage tank and an electrical energy storage system to-iesywEm with RO as
the desalinatio system (RERO). The FWaPoPA numerical tool such as freshwptever
storage cascade table (FW&®) is introduced taletermine 1) the minimum outsourced
freshwater needed during the first operation day, 2) available excess freshwater and electricity
for the next day, 3) the minimum outsourced freshwater needed during a normal operation day,
4) wasted electricity, and 5) the optimal size for the water storage tank and battery bank.

This study consists dbur major parts. First, three possible case studre extracted based
on case studies presented by Alwi et al. [Bécond a freshwater storage cascade table
(FWaSCT based on FWaPA3P)], is constructedThird, a freshwatepower sbrage cascade
table (FWaPoSCTis constructed to optimize the sizetbé water tank and battery bank to
minimize the requirements for outsourced freshwdteurth the results of the FWaP[82]
and the FWaPoPA for the three case studies are compared to define the bestgsteaye
configuration for the RERO system.

2. METHODOLOGY

2.1 RE-RO-WSTB system description

Fig. 2 showsherenewable energgowered RQlesalination with a water storage tank and
battery system (RIRO-WSTB). This systenctomprises renewable energy sources including
biomass, solar pargland windturbines as well asan RO desalinationsystemwith water
storage tank and battery systerhe electricity is generated by RES d@hdndelivered to the
RO system whereseawateris separated to freshwater and brine. The freshwater is
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subsequentlyglelivered to the freshwater load demand while theebisdepositedbackinto

the seaAs shown in Fig2, the freshwater produced by the R system is stored in the

water storage tank when it is not immediately needed and is then delivered to the consumer

when the RERO freshwater production is less than the freshwater den¥drel.excess

electricity is stord in the batteryhat can not immediately be used by RO sys#sm then

delivered to the RO system when outsourced electricity is ne@tiedefore, the RIRO-

WSTB system can take full advantage of times when the RES generates a large amount of

energy. Enggy storage, in turn, leads to less of a need for outsourced electricity and freshwater.
Three possible case studies for daily operation of the system are presented in Tables 1 and

2. Thesecasestudies were extracted from the case studies presented bgtAdiv[31]. Table

1 presents the power and electricity generated by three renewable energy sources including

solar PV panels, wind turbines, and biomass. Table 2 shows the freshwater demand loads of

five consumers. The KR@0-MCS model RO desalinatioystem manufactured by KROSYS

is cor:;idered. A maximum input power of 75 kW was used with a power consumption of 9

KWh/nr,

2.2 Freshwater pinch analysis (FWaPA)

The freshwater pinch analysis (FWaPA), and its associaederical tool freshwater
storage cascade table (FWaS@Bs used to integrate the waterratie tank into the RRO
systemto calculate the outsourced freshwater and the wasted RE electricity in each time
interval during first operation day and a normal operation day,ta determine the optimal
size of the water storage tank to minimize the need for outsourced freshiegesteps to
construct the FWaSCT for case study 1, presented in Table 3, are described as3d]lows |

Step 1. Calculation of net freshwater sugstieficit
In this step, the freshwater surplus and freshwater deficit are calculated for each time interval
as follow:

1) Definition of time intervals

The time interval numbers are presented in the first column of Table 3. The second column
of Table3pesents the time from 606 to 62406 hour s,
the third column shows the time duration betweertwhteabutting time intervals3p).

2) Calculation ofpower rating and electricity generation
The summation of poweating (kW) and electricity generation (kwWh) by RES in eachtime
interval are calculated by Egs. (1) and[(Z2].

2 3

Power rating, %_ Power ratingg ( kw (1)
Ck=1 e
Electricity generation =Power rating titne imal duration, (kWh (2)

where,n is number of timantervals,kis the number of renewable energy sources including
solar, wind, and biomass. The freshwater demand at eachkintieneals is based on data
presented in Table Eor each time interval, theim of power ratings presented in colunm

and thesum of eleaicity generations presented in colum

3) Calculation of power delivered to RO and wasted electricity

The electricity generated by RES in each time interval, presented in column 5, is delivered
to the RO system to produce freshwater. The electeitybe delivered to the RO system up
to its maximum input power, which is considered to be 75 kW in this study. Therefore, the
delivered power to the RO system is determined by Eq. (3) and is presented in c¢B#nn 6
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Delivered powerto RQ  Pewer rating if Power mg,, 75

Delivered power to RQ = 75 if Power rating 3)

The excess electricity that cannot be delivered to the RO system is wasted. The wasted
electricity in each time interval is calculated by Eq. (4) and is presented in céll88n

Wasted Electricity =Electricity generatipn( {dered powerto RQ timeintetval duratiQ)w
4)

4) Calculation of net freshwater surplus/deficit

The freshwater produced by the RO system in each time interval with respect to the power
delivered to the RO (presented in column 6) is calculated by Eq. (5) and shown in &lumn
[32].

Freshwater production Delivered powerto RO tirdeinterval duratloT )

RO power consumption
The RO power consumption is considered here to b&w.
The freshwater demand in each time interval is determined by H@Z6)t is the sum of
the freshwater demands for all the consumers and is presented in column 9 of Table 2.
2 k ~
Freshwater demand %‘ Freshwater deman% stimeirgkduration, (nY) (6)
Gi=1 0
wherei is an individual consumer arkds the total number of freshwater consumers.
Net freshwater surplus or néteshwater deficit in each time interval is calculated by
subtracting freshwater demand from freshwater production (Eq.34))this is presented in
column 10.

FwaS/ [ = Freshwater productign - Freshwater deman(nt’) )

where FWaS/D is freshwater surplus or deficit in tietime interval. A positive value of
FWaS/D is the freshwater surplus (FWaS) that can be stored in the water storage tank, while a
negative value indicates a freshwater deficit (FWaD) that must be extracted from the water
storage tank or praded by outsowred freshwater.

(6)

Step 2. Calcw@ition of water storage capacity and outsourced freshwater

The optimal capacity of the water storage tah&,volume of water in tank, arige olume
of outsourced freshwateturing each time interval of the first operatiday and a normal
operation day are calculated as follg8g]:

- First operation day
The net freshwater surplus and deficit, presented in column 10, is cumulatively cascaded

down with an assumption of zero freshwater in the water storage tank at timpo8itixe

value for cumulative freshwater is shown as the volume of water in the storage tank (column

11) and the negative values are the outsourced freshwater needed for each time interval

(column 12). It can be seen in column 12 that 23.38utsourcedreshwater is required during

the fourth time interval, with an average flow rate of 2.9thr(calculated by Eq. (§82]) and

presented in column 13

outsourced freshwater

time interva)

Also, the sum of all the outsourced freshwater needed during the first operation day (EQ.
(9)) can be defined as the minimum amount of freshwater that should be available in the water
storage tank at the starp of the system to prevent the need for outsed freshwater on the
first operation day32].

outsourced freshwater flow rate ( °h) (8)
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k
minimum initial freshwater § outsourced fregéte

n=1 (9)
wheren is number of the time interval ardis the number of time intervals in one-Bdur
period.

Similar to case study 1, FWaSCTs are constructed for case stughels?as presented in
Tables Al and A2 of Appendix A. For case study 2, as presented in column 12 of Tahle A
15.33 i of freshwater is needed initially in the water storage tank on the first operation day,
or a freshwater flow rate of 1.92%tn is reaiired from 10 am to 6 pm. Also, for case study 3,
as presented in column 12 of Tabl€Athe initial freshwater required in the water storage tank
is 24.33 m, or a flow rate of 3.04 #h, is needed during the fourth time interval.

-Normal operation day

For the normal operation day, the available freshwater in the water storage tank at the end
of the first operation day is used for the next operation day.

For case study 1, as can be seen in column 11 of Table Bp#ifrashwater is available in
the waer storage tank at the end of the first operation day. The net freshwater surplus/deficit
is cumulatively cascaded downwith8onf f reshwater at time 0240
can be used during the next operation day (positive values are preserolumn 14 and
negative values are presented in column 15). It can be seen that, in the normal operation day,
the system needs 15.33 freshwater during 10 am to 6 pm, and thus an average flow rate of
1.92 ni/h. Based on these data, a water storagk with a capacity of 31.33%is appropriate
to store freshwater.

Similar to case study 1, case studies 2 and 3 required a freshwater storage capacity of 14 m
and 11 m, respectively, at the end of the first operation day (column 14 of TaklesniA-
2). It can be seen that for case studies 2 and 3, outsourced freshwater of dn8313.33
with an average flow rate of 0.172tmand 1.67 rifh, respectively, are required during normal
operation days.

2.3 Freshwateipowerpinch analysis (FVaPoPA)

In this section, the freshwatpower pinch analysis is introduced to optimize the design of
a freshwatepower storage system including a water storage tank and a battery bank fer an off
grid RERO system to minimize the need for outsourced freshwater.flEshwatepower
storage cascade table (FWaPoSCT) is constructed as a numerical tool of the FWaPoPA to
determine 1) the minimum outsourced freshwater needed during the first operation day, 2)
available excess freshwatand electricityfor the next day3) the minimum outsourced
freshwater needed during a normal operation day, 4) wasted electricity, and 5) the optimal size
for the water storage tank and battery bank. The steps to construct of the FWaPoSCT are
described as follows:

2.3.1 Freshwatepowerstorage cascade table (FWaPoSCT)

The FWaPoSCT for case study 1 is presented in Table 4, for case study 2 the results are in
Tables A-3 and A4, and for case study 3 the results are in Tabke Aheconstructions of the
FWaPoSCT for the 3 case studiesexplained as follows:

2.3.1.1 Case study 1

The FWaPoSCT for case study 1 is constructed by the following steps:
Step 1. Calculation of power rating and electricity generation

Columns 1 to 3 of Table 4aresent the timénterval number, the time, and tintgerval
duration. The power rating and electriciggneration by RES in each tiamerval are
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calculated by Egs. (1) and (2) and presented in columns 4 and 5, respectively.

- First operation day
Step 2. Calculation of net freshwater surplus/deficit

The freshwater surplus and deficit during each time interval is calculated with following
steps:

1) Calculation of freshwater production and freshwater demand
Freshwater production by the RO system and the freshwater demand in each time
interval are dtermined as described in section, 212p 1.

2) Calculation of delivered power and electricity to RO and battery

The delivered power from RES to the RO system in each time interval is calculated based
on dep 1 described in section 2Phe surplulectricity that cannot be delivered to the RO
system is stored to the battery bank. The delivered electricity to the battery bank in each time
interval is calculated by Eq. (10) and shown in column 7.
Electricity to battery  Electricity generatiy, (delivered powerto RO timeinterval duratig)n

(10)

3) DETERMINATION OF ELECTRICITY STORED IN BATTERY

In order to determine the amountsdéctricitystored in the battery at each time interval, the
electricity in the battery is cumulatively
delivered power to the RO is increasguto its maximum input power (column 7 of Table 4a).
Therefore, it can be seen in column 9 of Talaéhét during fifth and sixth time intervals, the
delivered power to the RO system is increased from 60 kW to 75 kW. There is 90 kWh
available in the b&try at the end of the fifth interval and 30 kWh electricity available in the
battery athe end of the sixth interval.

3) Calculation of net freshwater deficit/surplus

The freshwater production and freshwater demand in each time interval are caloylated
Egs.(5) and (6) desdved in section 2.2The freshwater surplus and deficit in each time interval
during the first operation day is determined by Eqa{®) presented in column 12.

Step 3. Calculation of water storagggpacityand requirements fautsourced freshwater

In this step, the volume of water in the storage tank and the volume of outsourced freshwater
are determined during the first operation day for each time interval. The net freshwater surplus
and deficit is cumulatively cascaded dowithvihe assumption that there is zero freshwater at
time 606 in the water storage tank (col umn
column 13 as the volume of water in the storage tank and a negative value in column 14
indicates the volume ofdéshwater that needs to be outsourced for each time interval.

As presented in column 14, 23.33 af outsourced freshwater is required during the peak
usage time (from 10 am to 6 pm), with an average flow rate of 2382 (oalculated by Eq.
(8)). Alternatively, one can supply 23.33 of freshwater initially in the water storage tank for
the first operation day to avoid the need for outsourced water (Eq. (9)).

-Normaloperation day
The available electricity in the battery and the available freshwater in the water storage tank
at the end of the first operation day can be used the next day.
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For case study 1, as presented in column 8 of Table 4a, 30 kWh electricity is available in
thebattery at the end of the first day. This amount of electricity is cumulatively cascaded down
in the next operation day and shown in column 16 of Table 4b, where the delivered power to
the RO (column 17) is maximized. The freshwater production, freshwateand, and net
freshwater surplus/deficit at each time interval are calculated by Egs. (5), (6), and (7) and
shown in columns 18, 19, and 20, respectively. The net freshwater surplus/deficit is
cumulatively cascaded down with 18 freshwater available ithe water storage tank at time
0 (column 20). Positive values in column 21 indicate the volume of water in the storage tank
and negative values in column 22 indicate the requirement for outsourced freshwater. It can be
seen that, in a normal operation dthe system needs 2rineshwater during 10 am to 6 pm,
with an average flow rate of 0.25%n. The maximum battery usage was calculated to be 120
kWh (column 16) and the maximum volume of water in the storage tank was 44 .Bfius,
these values definthe appropriate minimum capacities of the battery and water storage tank
to minimize the need for outsourced freshwater.

2.3.1.2 Case study 2

The FW#&0SCT for case study 2 is shown in TableAlt is constructed with steps 1 to 3
presented in sectidh3.1.1. It can be seen in Table3a that, in the first operation day, 15.33
m? of outsourced freshwater is needed with an average flow rate of #92luning 10 am to
6 pm. If 15.33 M can be in the water storage tank for the first operation day, diticacl
freshwater would be required.

For a normal operation day, 30 kWh electricity is available in the battery at the end of the
first operation day (column 16 of Table3®). This electricity is cumulatively cascaded down
to the next operation day (conn 16) with the maximum power delivered to the RO system
(column 17). The net freshwater surplus/deficit at each time interval (column 20) is calculated
similar to case study 1. The net freshwater surplus/deficit is cumulatively cascaded down,
accountingor the 24 i freshwater available in the water storage tank at the end of the first
operation day. Positive values of cumulative water in the water storage tank are shown in
column 21 and negative values in column 22 indicate the need for outsourtedafess In
this case, there is no need for any outsourced freshwater, as the values of column 22 are zero.
It can be seen in column 21 that the volume of stored freshwater at the end of the normal
operation day (36 & is greater than the volume of storfegshwater at the beginning of the
day (24 m). Thus, 12 riof excess freshwater was produced by the RO system and stored in
the tank. Because RO consumes 9 kWipgower to the produce 12%axcess freshwater, the
RO system consumes 108 kWh of electri¢ttal from the battery or directly from the RES.
Therefore, the excess freshwater production leads to increased capacity requirements for the
battery and increased operating costs, leading to an overall increase in the freshwater
production cost. To lessemaste, the amount of electricity delivered to the battery can be
decreased. One can calculate how much energy and water needs to be available at the beginning
of a normal operation day to prevent the need for outsourced water, and then eliminate excess
freshwater production. Specifically, the FWaPoSCT is modified by reducing the amount of
energy stored in battery to 12 kWh. The modified FWaPoSCT for case study 2 is shown in
Table A4. Due to reduced amount of energy stored in the battery (only 12 kWig diein
second time interval), there more RES electricity waste during other time intervals. The
wasted electricity in each time interval is calculated by Eq. (11) and shown in column 23 of
Table A4b.

Power ratin Delivered powerto RO Powerto
Wasted electricity = 9 ¢ P teart),

timeinterval duratiop
(11)
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The sum of the wasteglectricity during all time intervals is 33 kW. The maximum water
storage of 46.67 #(column 21) and the maximum battery requirements of 12 kWh (column
16) are defined as the minimum capacities for the water storage tank and the battery to
minimize the eed for outsourced freshwater.

2.3.1.3 Case study 3

FWaPoSCT of case study 3 is constructed and presented in Falidased on steps 1 to 3
described in section 2.3.1.1. For the first operation day (column 14 of Tdg, e initial
freshwater requéd in the water storage tank is 24.33 or an average flow rate of 3.04/m
of freshwater is needed during the fourth time interval. For a normal operation day, similar to
case study 1, the 30 kWh of electricity stored in the battery and 21 fnreshwater stored in
the water storage tank at the end of the first operation day is used during the next operation
day. Columns 16 to 23 of Table-3b are constructed based on the steps described in section
2.3.1.1 (similar of columns 16 to 23 of Table 4a). As shown in column 13 of TabdethAere
is no need for any outsourced freshwater and there is no excess freshwater production. The
largest volumen the water storage tank (51.67,ncolumn 22) and the largest amount of
electricityin the battery (120 kWh, column 16) define the minimum recommended capacities
for the water storage tank and the battery bank.

2.4 Comparisons of FWaPA and FWaPoPA

Table 5 shows the results obtained by implementation of FWaPA and FWaPoPA with an
RE-RO system without any storage for the three case studies. As shown in Table 5Re RE
system needs a total of 46.7 of freshwater for case studies 1 and 2 and 52.#feshwater
for case study 3 during the first and normal operation days. Also, tRORE/stengenerates
101, 137, and 119 kW excess power for case studies 1, 2, and 3, respectively, during both the
first and normal operation days.

It can be seen in Tabfethat the RERO system with the water storage tank {R&WST),
designed with FwaPA, would require 23.33, 15.33, and 24 3&eshwater in the water
storage tank for case studies 1, 2, and 3, respectively, at the start of the first operation day. The
use of a water storage tank that has a capacity of at least 31.33, 45.33, and>3&:88:a5es
the need for outsourced freshwater for case studies 1, 2, and 3, respectively, during a normal
operation day. As presented in Table 5, 35 kW of power is wast@tgdhe first operation
day and normal operation days in all three case studies.

For the RERO-WSTB system designed by FWaPoPA, 23.33, 15.33, and 24%36fm
outsourced freshwater is required for case studies 1, 2, and 3, respectively, during both the first
operation day and normal operation days. Water storage tanks of 44.67, 46.67, and®51.67 m
and battery banks with capacities of 120, 12, and 120 &&teterminedor case stdies 1,

2, and 3, respectivelit can be seen that 33 kW of power is wasted in case study 1, while there
is not any wasted power in case studies 2 and 3.

Fig. 3 showsthe requirements for outsourced freshwater ofREWST and RORE-

WSTB systems during the first operation day and normal operation days compared te the RE
RO system without any water electricity storage. It can be seen that both systems decrease
the need for outsourced freshwater by 50.04%, 67.17%, and 47.9% during the first operation
day for case studies 1, 2, and 3, respectively. This means that, for the three case studies, the
battery bank haso effect on the need for outsourced freshwater during the first operation day.
For a normal operation day, the water storage tank reduces the need for outsourced freshwater
by 67.1%, 9715, and 7145% for case studies 1, 2, and 3, respectively, compgartte base

system. At the same time, using a battery in addition to the water storage tank reduces the need
for outsourced freshwater byp.91% for case study 1 and eliminates it for case studies 2 and
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3 compared to the RRO system. Thus, the battery cestduce the need for outsourced
freshwater during normal operation days in some cases.

Fig. 4 shows the wasted power of the RE-WST, REERO-WSTB compared to th®E-
RO systems. The RRO-WST system can save 65.34, 74.45, and 70.59% power in case
studies 12, and 3, respectively, compared to theRE system during the first operation day
and normal operation dayAs presented in Figd the wasted power is more decreased by
adding battery to the RRO-WST system as the RRO-WSTB system can save 67.32% in
case study 2 compared to the base system and there is no any wasted power for case studied 1
and 3 during first and normal operation days.

3. CONCLUSIONS

In this study, the freshwat@ower pinch analysis (FWaPoPAyasused to optimize the
design oimulti-stagestorage systems for a renewable engrgyered RO desalination system.
The freshwater storage cascade table (FWaSCT) and frestpoater $orage cascade table,
based on FWaPA, and (FWaPoSCT), based on FWaPRweé¥, constructed to numerically
determine the optimal size of the water storage tank and battery bank so that the need for
outsourced freshwater is minimdlhe system designday FWaPAtechniquecan reduce the
need foroutsourced freshwater by 67.1, 97.4bd 71.45% for case studies 1, 2, and 3, while
the system designed biFWaPoPA technique careduce 95.71% for case study 1 and
completely eliminate the need for outsourced freshwatesise studies 2 and Bnhe proposed
FWaPoPA not only offer an importamethod for integratingiulti-storage systems into the
RE-RO system, but also provide a robust tool for integrating any storage system (e.g., a thermal
storage system) with renewable enepgyvered desalination systems.

Appendix A

Table A1 Freshwater storagemscade table (FWaSCT) for case study 2

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16
First operation day Normal operation day
Outsourced
ime- i Fresh Fresh Ni
1ims " Time Sum Sur.n. ZolTT Wasted res s et Volume of | freshwater | Outsourced | Volume of | Outsourced | Outsourced
Interval | Time Power | electricity | power to . water water | freshwater > A “
Interval R electricity waterin | (m’)=initial | freshwater | waterin freshwater | freshwater
Number | (h) () rating | generation | the RO (KWh) production | demand | surplus/ K l® . p 3 K (m® i 3
) (kw) (kwh) (kw) (mg) (m’) deficit (m’) tank (m’) |value of water (m’/h) tank (m’) (m7) (m°/h)
storage tank
3 0 14.00
1 5 2 60 120 60 0.00 13 8.0 533 5.33 0.00 0.00 19.33 0.00 0.00
2 8 6 80 480 75 30.00 50 24.0 26.00 31.33 0.00 0.00 | 4533 | 0.00 0.00
3 10 2 100 200 75 50.00 17 26.0 -9.33 22.00 0.00 0.00 36.00 0.00 0.00
4 i3 8 80 640 75 40.00 67 104.0 -37.33 0.00 -15.33 -1.92 0.00 -1.33 -0.17
5 30 2 60 120 60 0.00 13 10.0 3.33 3.33 0.00 0.00 3.33 0.00 0.00
6 24 4 60 240 60 0.00 27 16.0 10.67 14.00 0.00 0.00 14.00 0.00 0.00

The value shown in box presented in column 14 is selected as the optimal volume of water storage tank
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Table A2 Freshwater storage cascade table (FWaSCT) for case study 3

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16
First operation day Normal operation day
. ) Outsourced
Uity " Time =1 sur.n. b wasted Fieshs Fiesti ol Volume of | freshwater | Outsourced | Volume of | Outsourced | Outsourced
Interval | Time Power | electricity | power to water water | freshwater , s
Interval ) A electricity ) waterin | (m’)=initial | freshwater | waterin freshwater | freshwater
Number | (h) ) rating | generation | the RO (kWh) production | demand | Surplus/ S e h N 5 h
(n) kW) | (kwh) | (kw) m) | (mY) | deficit, (m?) | k(M) |value of water| - (m'/h) | tank (m) | (m) (m°/h)
storage tank
o 0 11.00
1 > 2 60 120 60 0.00 13 2.0 4.33 433 0.00 0.00 15.33 0.00 0.00
2 . 6 80 480 75 30.00 50 27.0 23.00 27.33 0.00 000 [—3833 ] 000 0.00
3 i0 2 100 200 75 50.00 17 27.0 -10.33 17.00 0.00 0.00 28.00 0.00 0.00
4 18 8 80 640 75 40.00 67 108.0 -41.33 0.00 -24.33 -3.04 0.00 -13.33 -1.67
5 25 2 60 120 60 0.00 13 110 233 233 0.00 0.00 233 0.00 0.00
6 2% 4 60 240 60 0.00 27 18.0 8.67 11.00 0.00 0.00 11.00 0.00 0.00

The value shown in box presented in column 14 is selected as the optimal capacity of water storage tank

Table A3a Freshwateipower storage cascade table (FWaPoSCT) for case study 2 (First
operation day)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
First operation day
e 5 g EiSaieR B d Fresh Net Outsourced
e ) Time um ur.n. Delivered | Electricity N ru:|. 4 e Fresh water Volume of | freshwater |Outsourced
Interval | Time Power | electricity stored in | power to the = water | freshwater . 2
Interval i 3 power to | to battery % production waterin | (m?)zinitial | freshwater
Number| (h) () rating [generation the RO (kW)| (kKWh) battery RO with battery 3 demand | Surplus/ i */h
(n) kW) | (kwh) (kWh) (kw) {m} (m?) | deficit (m?) | k()| valueof | (m'/h)
water storage
” ] 0
1 5 2 60 120 60 0 0 60 13 8.0 5.33 5.33 0.00 0.00
2 B 6 80 480 75 30 30 75 50 24.0 26.00 31.33 0.00 0.00
3 10 2 100 200 75 50 80 75 17 26.0 -9.33 22.00 0.00 0.00
4 ié 8 80 640 75 40 120 75 67 104.0 -37.33 0.00 -15.33 -1.92
5 ) 2 60 120 60 0 90 75 17 10.0 6.67 6.67 0.00 0.00
6 4 60 240 60 o 30 75 33 16.0 17.33 24.00 0.00 0.00
24

Table A3b Freshwateipowerstorage cascade table (FWaPoSCT) for case study 2 (Normal
operation day)

16 17 18 19 20 21 22
Normal operation day
ici Fresh Fresh Net
Elsctriolty Delivered power s s g Volume of |Outsourced
stored in water water | freshwater :
to the RO with X water in | freshwater
battery battery (kW) production| demand Surplus/ -t 5
(kWh) g (m?) o) |demomgnd)| EUEOT) | )
30 24.00
0 75 16.67 8.0 8.67 32.67 0.00
30 75 50.00 24.0 26.00 58.67 0.00
80 75 16.67 26.0 -9.33 49.33 0.00
120 75 66.67 104.0 -37.33 12.00 0.00
90 75 16.67 10.0 6.67 18.67 0.00
30 75 33.33 16.0 17.33 36.00 0.00

Table AdaModified freshwatefpower storage cascade table for case study 2 (First operation
day)
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1 2 3 4 5 7 8 9 10 11 12 13 14 15
First operation day
= & o Elaciiaie Eresh Net Outsourced
e . Time um ur.n. Electricity ec "ﬂ_ Y |pelivered power|Fresh water Volume of | freshwater |Outsourced
Interval | Time Power | electricity stored in , . water | freshwater . n
Interval 3 . | to battery to the RO with | production water in (m®)=initial | freshwater
Number| (h) (h) rating (generation (kWh) battery battery (kW) 3 demand Surplus/ —— i " 3/h
(n) (kw) | (kwh) (kWh) Y, (m) @) |dencngay | k) | alig Lzl
water storage
» 0 o
1 5 2 60 120 0 0 60 13 8.0 5.33 5.33 0.00 0.00
2 s 6 80 480 12 12 75 50 24.0 26.00 31.33 0.00 0.00
3 D 2 100 200 0 12 75 17 26.0 -9.33 22.00 0.00 0.00
4 4% 8 80 640 0 12 75 67 104.0 -37.33 0.00 -15.33 -1.92
5 40 Z 60 120 o 0 66 15 10.0 4.67 4.67 0.00 0.00
6 4 60 240 0 0 60 27 16.0 10.67 15.33 0.00 0.00
24

Table A4b Modified Freshwatepower storage cascade

operation day)
16

table for case studidngal

17 18 19 20 21 22 23
Normal operation day
ici Fresh Fresh Net
E|=Cte'.'lc'tY Delivered power Valume of |Outsourced | Wasted
stored in the water water | freshwater .
to the RO with g water in | freshwater | electricity
battery battery (kW) production| demand Surplus/ N 5 (kW)
(kWh) £ (m?) (m)) | deficit (m?) | 2Ok(m) | (m)
0 15.33
0 60 13.33 8.0 5.33 20.67 0.00 0.00
12 75 50.00 24.0 26.00 | 4667 | 0.00 3.00
12 75 16.67 26.0 -9.33 37.33 0.00 25.00
12 75 66.67 104.0 -37.33 0.00 0.00 5.00
66 14.67 10.0 4.67 4.67 0.00 0.00
60 26.67 16.0 10.67 15.33 0.00 0.00

The values shown in the boxes are selected as the optimal capacity of the battery and water tank

Table Ab5a Freshwatepower storage cascade table (FWaPoSCT) for case study 3 (First

operation day)

2 4 5 6 7 8 9 10 11 12 13 14 15
First operation day
Outsourced
ime- ici Fresh Net Volume
flirme . Time Sum Sur-n. Delivered | Electricity Electrlclhty Delivered power| Fresh water freshwater |Outsourced
Interval | Time Power | electricity stored in 5 . water | freshwater | of water
Interval 3 . | power to the | to battery to the RO with | production s (m3)=initial freshwater
Number| (h) () rating [generation RO (kW) (kwh) battery battery (kW) 3 demand Surplus/ in tank 3/h
(n) (kw) (kWh) (kWh) ry (m7) (m?) deficit (m?) (m?) value of water| (m’/h)
storage tank
] 0
0
1 5 2 60 120 60 0 ] 60 13 9.0 4.33 4.33 0.00 0.00
2 5 6 80 480 75 5 30 75 50 27.0 23.00 27.33 0.00 0.00
3 a0 2 100 200 75 25 80 75 17 27.0 -10.33 17.00 0.00 0.00
4 15 8 80 640 75 5 120 75 67 108.0 -41.33 0.00 -24.33 -3.04
5 55 2 60 120 60 o S0 75 17 11.0 5.67 5.67 0.00 0.00
6 4 60 240 60 0 30 75 33 18.0 15.33 21.00 0.00 0.00
24

Table A5b Freshwateipower storage cascade table (FWaPoSCT) for case studgrhdl

operation day)
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16 17 19 20 21 22 23
Normal operation day
ici Fresh Net
Electricity Delivered power |Fresh water Volume of |Outsourced
stored in . water | freshwater .
to the RO with |production water in | freshwater
battery battery (kW) £ demand Surplus/ — A
atte
(KWh) ¥ (m) (m%) | deficit (m?) | t2mkim) ()
30 21.00
0 75 16.67 S.0 7.67 28.67 0.00
30 75 50.00 27.0 23.00 5167 0.00
80 75 16.67 27.0 -10.33 41.33 0.00
120 75 66.67 108.0 -41.33 0.00 0.00
S0 75 16.67 11.0 5.67 5.67 0.00
30 75 33.33 18.0 15.33 21.00 0.00

The values shown in boxes are selected as optimal capacties of battery and water tank
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TABLES

Table 1 Power sources fitlustrative case studies 1 to 3

Power rating generated, Electricity

Power Time, (h) ;I;]ltrg reval (kW) generation,(kWh)

source E:n To (h) Casel Case2 Case3 Casel Case2 Case3
Solar 8 18 10 20 20 20 200 200 200
Wind 2 10 8 20 20 20 160 160 160
Biomass O 24 24 60 60 60 1440 1440 1440

Table 2 Freshwater demands for illustrative case studies 1 to 3

Freshwater demand Time, h Time Freshwater demand (ni/h)
appliances From To interval, h  Casel Case2 Case3
Consumer 1 0 24 24 2 1 1.5
Consumer 2 8 18 10 4 5 5
Consumer 3 0 24 24 3 3 3
Consumer 4 8 18 10 3 3 3
Consumer 5 8 20 12 1 1 1

Table 3Freshwater storage cascade table (FWaSCT) for case study 1
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