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The main aim of this study was to conduct preliminary analysis on the performance of two conceptual designs
that integrate the production of potable water, electricity, and salt. We used reverse osmosis (RO), pressure-re-
tarded osmosis (PRO), and electrodialysis (ED) to produce potable water, electricity, and salt, respectively. The
objective of the analysis is to observe how the relative positions of RO and PRO in the integrated process affect
the five key parameters, i.e. the total dissolved solids (TDS) of potable water, permeate rate, the total energy re-
quirement of the RO and ED units, net delivered power, and salt potential. We simulated each integrated design
using previously validatedmathematical expressions of RO, PRO, and ED.We found that the net delivered power
is higherwhen theROunit is locatedbefore the PROunit. The same sequence also results in lower energy require-
ment for producing potable water, although the permeate rate is smaller than that of the rival sequence. On the
other hand, the salt potential is not affected by the relative positions of the RO and PRO units.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The fast-growing population of earth generates many crises such as
dearth in energy and cleanwater sources. This situation forces us to an-
ticipate smart solutions to solve those problems. The oceans of the earth
may provide the desired solution to these problems. The oceans contain
most substances required for the sustenance of human life. Marine life
of the oceans provides a great source of foods, they are mined for
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lly in this work and are consid-
minerals e.g. NaCl and desalinating seawater using reverse osmosis
(RO) technology has become a common practice to produce potable
water of late [1] desalination process. Moreover, there has been recent
reports that seawater can also be exploited to produce electricity by tak-
ing advantage its high salinity through pressure-retarded osmosis
(PRO) [2–4].

Cleanwater and salt are commonly produced from sea water in sep-
arate plants. Each of these standalone plants produces at least one valu-
able by-product that is wasted. RO can effectively desalinate sea water,
but the remaining concentrated brine, which contains valuable salt ions,
is discharged back into the ocean despite being harmful to marine life
[5]. The solar salt production process utilizes massive areas to facilitate
evaporation of water. On the other hand, producing electricity from
sea water using PRO method is an emerging trend. The first and only
PRO power plant were initiated by Statkraft in 2009, but it recently
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closed due to the economic infeasibility [6]. However, the termination of
this plant does not imply that there is any future for electricity genera-
tion using the PRO technology.

Since clean water, salt, and electricity can all be produced from sea
water, it would be logical to produce them in one plant using a single
source of sea water. Wan and Chung [7] proposed the possibility to in-
tegrate the production of energy and clean water from sea water as
these are interlinked and interdependent. McGovern et al. [8] treated
the concentrated brine from an RO process by integrating it with a salt
production unit i.e. electrodialysis. However, to the best of our knowl-
edge, there is no open literature that investigates the combined produc-
tion of salt, clean water, and electricity in one integrated process.

Herein, we conduct a preliminary analysis of conceptual process de-
signs that integrate the RO, PRO, and ED units to produce potable water,
electricity, and salt, respectively. Themerits and demerits of each design
were analyzed both qualitative and quantitatively. The analysis results
should provide a rough guideline on selecting proper integrated PRO-
RO-ED design under different conditions. However, optimizing the op-
erating conditions for each presented design is beyond the scope of
our study.

Seawater desalination using RO is a technology that is widely used
for overcoming the current and future water scarcity [9]. In this process,
sea water is subjected to pressure high enough to push the water mol-
ecules through a semi-permeable membrane, so that it can be collected
as clean water in the permeate stream.

PRO was first introduced by Loeb [10] and has been a subject of in-
vestigation ever since [11–14]. A low-pressure stream of fresh water is
introduced into a module while seawater is pressurized and sent to
the same module. A semi-permeable membrane separates the two
streams in that module. The sea water draws the fresh water through
the semipermeable membrane due to its higher osmotic pressure. The
volume flow at the high-pressure side of the membrane thus increases.
This high-pressure stream with sufficiently large volume flow is then
used to rotate a hydro-turbine to generate power [15].

The RO and PRO processes can be integrated into one plant using a
single source of sea water feed in an interchangeable sequence. In a
PRO-RO sequence, the discharged dilute sea water from the PRO unit
can be reused as the feed for the RO unit. If the sequence is reversed
i.e. in an RO-PRO sequence, the concentrated brine from the RO unit
can be reused as the feed for the draw solution in the PRO unit.

Irrespective of the sequence chosen, the concentrated brine from the
PRO-RO process or the dilute sea water from RO-PRO process retains
valuable ions that can be further processed to produce salt. In this
study, we use electrodialysis (ED), a mature technology that was origi-
nally used to produce potable water from brackish water sources [16].
Nevertheless, from a different perspective, ED can be used to pre-con-
centrate sea water with Na+ and Cl− ions, thereby separating it from
the other salt ions.

There are two possible scenarios for integrating the PRO and ROpro-
cesses. First, we qualitatively examined each scenario to assess its feasi-
bility both from the process and economic points of view. Second, we
simulated the two integrated designs to quantitatively judge how
much potable water, net electricity, and potential salt they can produce.
The results suggest that the selection of properly integrated design
would depend on the desired major product because each design has
its own advantages over the others.

2. Design considerations for integrated potablewater, electricity and
salt production

2.1. Sea water reverse osmosis (SWRO) for clean water production

RO is a relatively newprocess compared to distillation and electrodi-
alysis for desalinating sea water to produce potable water [17]. In this
process, sea water has to be pressurized, high enough to overcome the
natural osmotic pressure of fresh water on the other side of the semi-
permeable membrane. Under this high pressure, the water molecules
in sea water are pushed through the membrane. The sea water that
loses water molecules is discharged from the membrane as the
retentate stream containing concentrated brine. The water molecules
that escape from sea water are collected in the permeate stream. The
process flow diagram of a sea water desalination plant using RO mem-
brane is illustrated in Fig. S1.

The energy consumed in an SWRO plant is mostly for operating the
high-pressure pumps for pressurizing the seawater. Recent advances in
the SWRO technology include the development of an energy recovery
device (ERD) that helps reduce the energy requirement of this plant
[18]. ERD is designed to transfer the pressure energy in the high-pres-
sure concentrated brine to the incoming low-pressure sea water, there-
by decreasing the need for high-pressure pumps. There are two
categories of ERD used in SWRO plants: centrifugal (e.g. hydraulic tur-
bochargers) and isobaric devices (e.g. pressure exchanger) [19]. There
are numerous reports that present comparative studies to determine
themost efficient ERD [18–20]. Pressure exchanger, one of the latest ad-
vancements in ERD is considered the most efficient device for recover-
ing the pressure energy [21]. However, efficiency is not the only
contributing factor because there are several other variables that play
different roles in selecting the most appropriate ERD in SWRO plants
[17].

2.2. Pressure retarded osmosis for generating power from sea water

PRO is themost appropriatemethod for generating power to achieve
process integration. It uses sea water as one of the feed sources and the
discarded stream from a PRO unit can be reused as the feed for the salt
production unit. Thus, sea water utilization can be maximized to pro-
duce power and salt. The schematic for power generation using PRO is
illustrated in Fig. S2.

There are two feed sources for generating power using PRO: high-
pressure sea water and fresh water e.g. river water. Both water streams
are diverted into a chamber separated by a semipermeable membrane
that divides the chamber into a high-pressure side and a low-pressure
side. The fresh water (feed solution) has higher osmotic pressure than
the sea water (draw solution). Consequently, some volume of the
fresh water is drawn through the membrane and mixes with sea
water. This mixing creates a high-pressure solution with a volume
large enough to rotate a hydro turbine that generates power. Some frac-
tion of this mixture flows to a pressure exchanger, an energy recovery
unit where the pressure of the incoming sea water is increased without
using an additional high-pressure pump. Pressure exchangermakes the
PRO unit cost-effective by substantially reducing the power required for
pressurizing sea water [15]. Between the two rejected streams of PRO
unit, the dilute sea water contains valuable components that can be fur-
ther processed to produce salt.

2.3. Electrodialysis for salt production

Electrodialysis (ED) is a membrane-based separation that uses ion
exchange with an electrical potential difference as the driving force
[16]. One of the original applications of ED is to produce potable water
from brackish water. The brine or dilute sea water produced as the by-
product of this water purification technique will be more concentrated
with salt ions e.g. Na+ and Cl− and can be further processed to purify
the salt.

The membrane used in ED is a cation- or anion-selective one. In the
ED unit, the cation- and anion-selective membranes are stacked alter-
nately as can be seen from Fig. S3 [22]. If the membrane is cation-selec-
tive, it will let the cations from the solution to penetrate the membrane
and stop the anions from passing through. On the other hand, anion-se-
lective membranes allow the transfer of anions but inhibit the transfer
of cations. As a result, one compartment will contain a stream of dilute
ion concentration (diluate) while the next one will contain a stream
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rich in ion concentration (concentrate) exiting the stack. Anode and
cathode rinse solutions are circulated past the respective electrodes to
maintain the conductivity of the membrane stacks. This stream will
also help prevent potentially corrosive ions from the feed solution
from coming in contact with the electrodes [22].

The purpose of ED in this study is to separate salt ions fromdilute sea
water and to produce a stream concentrated with NaCl. In this case, the
membranes can be tailored to selectively transfer monovalent ions like
Na+, Cl−, and Br− and inhibit the passage of divalent ions, such as SO4

2−,
Ca2+, and Mg2+. Thus, the divalent ions will be washed off with the
diluate and be processed in a different purifying unit. The concentrate
stream then will be evaporated to obtain the NaCl crystal. The rejected
streams after ED and evaporation are collected in separate brine
ponds before being sent to the general salt recovery unit.
2.4. Conceptual designs for integrating RO, PRO and ED process

Fig. 1 shows the flowchart of a plant that produces power, potable
water, and salt separately. The three processes use different sources of
sea water, producing unused waste at the end of each process. This
study focuses on finding the best design to integrate these three pro-
cesses, to maximize the usage of sea water, and to turn it into valuable
products, producing close to zero waste.

Fig. 2 illustrates several possible process scenarios for integratingRO,
PRO, and ED units where S1 to S6 denote the possible routes. To find the
best design, the positions of the RO and PRO units in the integrated pro-
cess should be interchangeable with the salt production unit positioned
at the end. All the liquids entering the ED unit will be processed to ob-
tain the salt while the remaining diluate is discharged back to the
water source, such as river water.

Fig. 2(a) presents the design scenarios where an RO unit is placed at
the starting point of the production line. The retentate stream from the
RO membrane serves as the draw solution for the subsequent PRO unit
to generate power. There are two possible routes, S1 and S2, for produc-
ing salt using the two discharge streams from the PRO unit. However, S2
is not considered feasible because the discharge feed solution does not
contain any traceable Na+ or Cl− ions. Therefore, instead of processing
it in the salt production unit, the discharge feed solutionwill be rejected
back to the water source. The discharge draws solution from the PRO
unit in S1, although in the form of dilute sea water, retains a significant
amount of NaCl to be processed in the salt production unit.
Fig. 1. Conceptual design of separate powe
There are two possible ways for using the permeate stream from the
RO unit. First, it can be used as potable water through S3, assuming that
the RO membrane has performance good enough to produce permeate
with acceptable total dissolved solid (TDS) value for drinking water.
Second, the permeate stream can be used as the feed solution for the
second PRO unit through S4 and S5. Similar to S1, S5 is theoretically un-
feasible because of the permeate stream fromRO, if it indeed exists, con-
tains relatively small TDS or salt ions to be used as the feed for the ED
unit. S4 is theoretically possible but not economically feasible. This
route requires additional costs for the PRO membrane, high-pressure
pump, and another piping system for transporting the sea water.

Fig. 2(b) shows the design scenarios where the PRO unit is placed at
the beginning of the integrated plant. S6 offers a feasible production
route for all the three products. After generating power in the PRO
unit, the discharge draw solution is used as the feed for the RO unit
where both retentate and permeate streams from RO can be used fur-
ther to produce salt and potable water, respectively.

On the other hand, S7 offers no feasible production route. The dis-
charge feed solution from the PRO unit is basically the same fresh
water but with lower volumetric rate because some of it has been lost
to the draw solution. With such low volumetric rate, adding an RO
membrane to process this stream—although the purpose is to produce
potable water—might not be economically beneficial. Thus the best op-
tion is to discard this discharge feed solution to back to the fresh water
reservoir.

To summarize, in Fig. 2(a) there are two feasible production routes,
S2 and S3, which can be combined to produce a complete integrated
process (Fig. 3). Likewise, in Fig. 2(b), S6 is the feasible production
route. Using the route S6 and with the discharge feed solution from S7
rejected back to the fresh water reservoir, we can obtain another com-
plete integrated process (Fig. 4).

Hypothetically, Design 1 will generate higher power than Design 2.
Design 1 uses the retentate, which in this case is the concentrated
brine from the previous RO unit. Thus, it creates a higher salinity gradi-
ent between the draw and feed solutions across the PROmembrane. On
the other hand, Design 2 uses the retentate from the RO unit to produce
salt. Theoretically, Design 1 should produce more salt because the RO
unit will produce concentrated brine with the greater volumetric rate.
However, the ED unit of Design 2 requires less energy because it pro-
cesses a smaller salt feed rate.

Despite the hypothesis from this preliminary analysis, thorough cal-
culations are required to validate the feasibility of the conceptual
r, potable water, and salt production.



Fig. 2. Several possible process scenarios for integrating PRO, RO, and ED.

99Y.A. Husnil et al. / Desalination 409 (2017) 96–107
designs presented in this section. One design might not work under a
particular operating condition butmight be acceptable under other con-
ditions. The simulation results for each conceptual design are presented
in the next section.

3. Process simulation

Fig. 5 illustrates the flowchart for quantitatively analyzing each con-
ceptual integrated process. The sea water intake is fixed at 600 gpm
with three variations of TDS and temperature. The type of sea water
Fig. 3. Combination of routes S2 and S3 (from
used in this study, along with the salt ion composition, was provided
by the Q+ projection software. The sea water TDS values used were
32,000; 37,000; and 42,000 ppm with ~85% NaCl concentration in
each variation. The seawater temperature was used in the range be-
tween 22 and 28 °C as thermodynamically recorded in tropical sea sur-
face [23].

Depending on the design, the information of the sea water feed is
then used for initiating quantitative analysis of the RO or PRO units.
The performance of each integrated design is analyzed by collectively
observing five parameters, i.e. TDS (ppm) and the rate (gpm) of potable
this point will be named as Design 1).



Fig. 4. Route S6 (from this point will be named as Design 2).

100 Y.A. Husnil et al. / Desalination 409 (2017) 96–107
water from RO, total energy requirement of RO and ED (kW), net deliv-
ered power (kW) from PRO and NaCl potential (kg/min) from ED.

3.1. RO model

The calculation for theROunitwas performedusing aQ+projection
software. There are fewothers similar simulation software, e.g. TorayDS
(Design System)2,Winflows, Reverse Osmosis SystemAnalysis (ROSA),
etc.; however, due to its simple yet powerful features, we selected the
Q+ projection software for this study.

We chose LG SW 400 R as the membrane because this membrane is
ideal for high temperatures (max. 45 °C) and high-TDS feed water.
Therefore, with the given parameters and the membrane type, the re-
sults from this simulation are considered applicable for sea water from
any area with a warm climate. In each RO unit, there are 12 pressure
vessels that are constructed from 7 elements of LG SW 400 R. The 3-
psi back pressure is defined in the system to calculate the required pres-
sure of feed water entering the RO unit. The RO process scheme in the
Q+ Projection Software is shown in Fig. 6. For maintaining a sound op-
eration of RO membranes, we defined the maximum flux value to be
32.3 L/m2·h, while the maximum ΔP of the vessel is below 50 psi. We
included the turbo/turbine-type ERD in the simulation of the RO system
with exhaust pressure = 500 psi and efficiency = 75% [24].

3.2. PRO model

On the other hand, PRO technology is still at a developing stage to-
wards becoming commercially viable. The foremost development con-
cern is in the PRO membrane; the membrane used for RO is not
suitable as the PRO membrane because it tends to have concentration
polarization causing a significant reduction in effective concentration
[15].

To the best of our knowledge, there is no available software that can
simultaneously simulate RO and PRO or even analyze a standalone PRO
unit. Therefore, the quantitative analysis of the PRO process was per-
formed manually using a series of mathematical equations that have
been discussed thoroughly in various open literature [13,15]. We used
two different schemes for the PRO model: without and with a pressure
exchanger.

The maximum net power produced from the PRO unit is calculated
using Eq. (1) [15].

PWMAX
NET ¼ PD V þ ΔVð Þ−PDV ¼ PDΔV ð1Þ
where V refers to the volume of the draw solution and PD is the hydrau-
lic pressure, at which the sea water is pumped into the PROmembrane.
ΔV is the volume of the feed solution that is drawn to the high-pressure
side, a product of the water flux, J, and the membrane area, Am.

ΔV ¼ JAm ð2Þ

J is calculated using Eq. (3), where Δπ is the difference in osmotic
pressure,ΔP is the difference in hydrostatic pressure, and A is the intrin-
sic water permeability coefficient of the membrane. The value of A was
experimentally obtained, as has been discussed by Helfer et al. [15].

J ¼ A Δπ−ΔPð Þ ð3Þ

with the difference in osmotic pressure between the two solutions
being calculated by,

Δπ ¼ πD−π F ð4Þ

while the difference in hydrostatic pressure is obtained via Eq. (5)

ΔP ¼ PD−P F ð5Þ

Theoretical maximum power density is achieved when the value of
ΔP=Δπ/2 [25]. However, the real net power density would be less
than that calculated from Eq. (1). Due to the inefficiency e.g. from rotat-
ing equipment inefficiency and friction losses in passages, the power
generation machine in the PRO unit will have efficiency less than
100% [26]. In this study, the efficiency of the PRO unit, η, is fixed at
20% to reflect the expected real plant condition. Thus, the real net
power density is calculated as follows:

PWREAL
NET ¼ PDΔVη ð6Þ

3.2.1. PRO without pressure exchanger
Fig. 7a illustrates the schematic for PROwithout a pressure exchang-

er. The pressure elevating energy for the draw solution comes solely
from the high-pressure pump ( _Wpump). The shaft work required for in-
creasing the pressure of the draw solution from P to PD can be calculated
using the following equation:

_Wpump ¼ PD−Pð ÞV ¼ PDV ð7Þ



Fig. 5. The simulation flowchart for integrating the RO, PRO, and ED processes.
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With pump efficiency being 75% [24], the electricity power required
to operate this pumpwould be 1

0:75 PDV ¼ 1:33PDV. Hydro turbineworks
efficiently in the range of 80 to over 90%. Thus, this work use the mini-
mum efficiency (80%) to ensure the performance of PRO [27]. Since the
high-pressure pump consumes electricity, the net power delivered by
the PRO scheme without pressure exchanger (PWNO−PX

NET ) can be calcu-
lated as follows.

PWNET
NO−PX ¼ 0:8PD V þ ΔVð Þ−1:33PDV ¼ 0:8PDΔV−0:53PDV ð8Þ

3.2.2. PRO with pressure exchanger
In the schemewhere the PRO system is equippedwith a pressure ex-

changer (Fig. 7b), some pressure energy that is contained in the brack-
ish water from the PRO membrane is transferred to the incoming draw
solution. Brackishwaterwith volume V and pressure PD is recycled back
to the pressure exchanger, while the remaining volume ΔV is used to
rotate the turbine. The efficiency of the pressure exchanger in transfer-
ring energy from the brackishwater to the incomingdrawsolution is as-
sumed to be 95% [28], implying that the draw solution, with volume V,
enters the booster pump with pressure equal to 0.95PD. Therefore, it
takes only 0.07PDV of shaft work to increase the pressure to PD. Assum-
ing 80% efficiency of the turbine, the net power delivered from the PRO
scheme with a pressure exchanger can be calculated as follows.

PWNET
PX ¼ 0:8PDΔV−0:07PDV ð9Þ

In this scheme, the turbine will be rotated by the brackish water
with the smaller volumetric rate. However, the net electricity gener-
ated from the PRO scheme with pressure exchanger will still be
higher because the booster pump requires much less energy than
the high-pressure pump.
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Fig. 6. Process scheme of RO in Q+ Projection Software.
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3.3. ED model

The key parameters in the quantitative analysis of the ED unit will be
the salt feed rate, the composition of Na+ and Cl− in the concentrate so-
lution (salt potential), and the energy required for operating this unit.
The salt feed rate (gpm) is the volumetric rate of the discharge stream
from RO or PRO, which is then fed to the ED unit. The salt potential is
the amount of NaCl in that discharge stream measured in kg/min. To
evaluate the energy required for producing salt, particularly in ED,
here we used ΔG as the parameter. ΔG used in this study is calculated
Fig. 7. PRO scheme without pressure exchang
from the following equation [29]:

ΔG
Vd

¼ vdRT C f
s−Cd

s

� � ln
C f
s

Cc
s

C f
s

Cc
s
−1

−

ln
C f
s

Cd
s

C f
s

Cd
s

−1

0
BBBB@

1
CCCCA

ð10Þ

ΔG is the Gibbs free energy required to generate diluate and concen-
trate solutions from a given feed solution. The larger the ΔG value,
er (a) and with pressure exchanger (b).
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greater is the energy needed to produce salt.ΔG value in this calculation
is theoretical, implying that more energy is needed in a real plant. Nev-
ertheless, it can give us a background onwhich to compare each design.
To solve Eq. (10), we assumed that the volumetric rate of the diluate, Vd,
is 90% of the feed volumetric rate. It is also assumed that 90% of total
NaCl in the feed solution is drawn into the concentrate solution to ex-
amine the amount of ΔG or the energy consumption of the electrodial-
ysis unit.

4. Discussion

The comparison between Designs 1 and 2 was conducted in two
steps. First, we analyzed the performances of the RO, PRO, and ED
units in each design. The objective is to determine how the position of
each unit in the integrated process can affect its ability to produce the
desired product. Second, we analyzed the performance of each design
as an integrated process to determine the impact of the process se-
quence on total energy consumption.

4.1. Potable water production

The performance of a standalone RO unit is defined by the TDS of the
produced potable water and the amount of energy needed for pressur-
izing the feed water. Fig. 8a shows that for any variation in seawater
temperature and TDS, when the RO unit is positioned after the PRO
unit (Design 2), the resulting potable water will contain lower TDS.
Fig. 8. Effect of seawater temperature and sea water TDS on the potable water TDS (a), energy
10,000-ppm TDS feed solution, and in Design 2 for (A) 1000-ppm and (B) 10,000-ppm TDS fee
This is because, in Design 2, the incoming feed to the RO membrane is
the diluted brine from the PRO unit, which has lower salt concentration
than sea water. Higher salt concentration means higher osmotic pres-
sure. At the same operating pressure, the RO system in Design 1 will
have the lower driving force to push salt ions through the membrane,
resulting in lower salt rejection. As for the sea water temperature,
both designs show that the TDS of the obtained potable water is lower
at higher temperatures. Fig. 8a also shows that higher sea water TDS in-
creases the concentration of solute in potable water.

A key factor that distinguishes Designs 1 and 2 is the volume rate of
the incoming feed to the ROmembrane. In Design 2, the feed water en-
ters the membrane at (V+ΔV)m3/s, while in Design 1, the volume rate
is V m3/s. This additional volume rate in Design 2will reduce the TDS of
the feed water, reducing the osmotic pressure difference between two
sides of the RO membrane. Theoretically, this will reduce the pumping
power required because the hydraulic pressure needed to overcome
the osmotic pressure differencewill be smaller. However, the additional
volume ΔV will increase the volumetric rate of feed water to the RO
membrane by a greater percentage. Therefore, Design 2 will require
higher energy to operate the RO unit (Fig. 8b) than Design 1. Further,
it also can be observed from Fig. 8b that the energy requirement for
the RO unit in Design 2 will be higher when the feed solution has
lower TDS; lower feed solution TDS will create larger osmotic pressure
difference across the PRO membrane, thereby increasing ΔV. Despite
that, Design 2 requiredmore energy for operating the ROunit; it is com-
pensated by the larger flow rate of potable water (Fig. 8c). Higher
requirement of the RO (b), and permeate flowrate (c) in Design 1, for both 1000-ppm and
d solution.



Fig. 9. Effect of seawater temperature and sea water TDS on power generation (a) for 1000-ppm TDS feed solution without pressure exchanger; (b) for 10,000-ppm TDS feed solution
without pressure exchanger; (c) for 1000-ppm TDS feed solution with pressure exchanger; (d) for 10,000-ppm TDS feed solution with pressure exchanger.
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energy requirement is directly related to the expenses while larger
flowrate of potable water is associated with the income. Therefore,
cost evaluation to estimate the expenses and income from the RO unit
in both designs is necessary in the further work.
4.2. Electricity production

Fig. 9 shows that for any variation in seawater temperature and TDS,
the position of the PRO unit in the integrated process affects the net de-
livered electricity. The amount of energy dissipated from the mixing of
the draw solution and the feed solution is determined by the salinity
gradient between the two solutions. In Design 1, the incoming draw so-
lution to the PRO unit is the retentate stream from the RO membrane,
which contains concentrated brine, creating a large salinity difference
across the PROmembrane. These Figs also emphasize that ΔV is the de-
fining factor in electricity production despite the PRO unit in Design 1
using lesser volumetric rate of draw solution than that in Design 2. De-
sign 1 allows higher osmotic pressure difference between the two sides
of the PROmembrane, which increases thewater flux J and consequent-
ly, according to Eq. (2), increases theΔV. In addition, at the higher tem-
perature and higher TDS seawater, greater osmotic powers were
obtained in both designs. This trend is likely caused by higher salt fluxes
due to the increased in salt diffusivity. With higher diffusivity, the salt
will be likely occurred in the permeate side of the PRO membrane [30].

Further, as can be seen from the results shown in Fig. 9, the PRO sys-
temwith a pressure exchanger produces higher net delivered electricity
than the system where high pressure is achieved solely using the high-
pressure pump. These results conform to the mathematical expressions
(Eqs. (8) and (9)) that hypothetically compare the net delivered power
between Designs 1 and 2. These results also coherent with the experi-
mental work of integrated RO-PRO-PX systems that showed the seawa-
ter desalination will become muchmore energy-efficient with the help
of pressure exchangers [31,32]. Thus, including a pressure exchanger
device in the PRO system should be considered.
4.3. Salt production

The order of the RO and PRO units in the integrated process affects
the salt feed flowrate to the ED process (Fig. 10). The sequence of
PRO-RO in Design 2 permits lower salt feed because most of the water
in thediluted brine from the PROunit is rejected as thepermeate stream
from the ROmembrane, thereby reducing the retentate stream flowing
to the ED unit. On the other hand, Design 1 supplies higher salt feed rate
because the RO unit discards larger retentate flow rate. Moreover, the



Fig. 10. Effect of seawater temperature and seawater TDS on salt feed (concentrate to salt production)flow rate (a) for 1000-ppmTDS feed solution; (b) for 10,000-ppmTDS feed solution.
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high salinity gradient across the PRO membrane in Design 1 draws
feed solution with a bigger volume, further increasing the salt feed
rate. In spite of the difference in salt feed rate, the potential NaCl pro-
duction by Designs 1 and 2 remains the same (Fig. 11a) because both
designs use the same seawater feed. Therefore, even though the ED
unit uses diluted draw solution in Design 1 and concentrated brine
in Design 2 as the feed, the amount of NaCl in the two streams are
equal.

However, the salt feed rate difference affects the energy consump-
tion of the ED unit. Fig. 11b shows that the operation of the ED unit in
Design 1 will require higher energy than Design 2 for any variation in
seawater temperature and TDS. This result is rather obvious because
the salt feed rate to the ED unit in Design 1 is higher than that in Design
2. Moreover, this result has similar phenomena with the experimental
work [33] which showed that the higher temperature and fewer flow
rate is offered more effective process once we used electrodialysis in
the desalination process. In the previous section, we assumed that 90%
of salt feed are rejected from the ED unit as the diluate; therefore, the
diluate volume, and consequently the Gibbs energy, increases with in-
creasing salt feed rate.
Fig. 11. Effect of seawater temperature and seawater TDS on potential NaCl for Designs 1 and 2
the ED unit in Design 1 for 1000-ppm and 10,000-ppm TDS feed solutions (b); and in Design 2
4.4. General comparison

Fig. 12 presents a comparison between Designs 1 and 2 based on 5
key parameters at particular conditions. The graph was constructed
using data at 22 °C, where sea water and fresh water have
32,000 ppmand 1000ppmof TDS, respectively. The choice betweenDe-
signs 1 and 2 will depend on the important parameters or the main ob-
jective that one wants to achieve from the process. For instance, if the
main objective is energy, then one should select Design 1 because it
can reduce the energy requirement for the RO and ED units. Moreover,
the process sequence in Design 1 allows the PRO unit to produce higher
net delivered power; therefore, the energy consumption for the RO and
ED units can be further reduced. Not only delivered greater power os-
motic energy, Chung et al. also expect that placing PRO after RO unit
(Design 1) can save some of the pre-treatment costs since it has been
well pre-treated in the previous process [34]. Another reason for choos-
ing Design 1 is that it produces NaCl at a higher rate. However, if the
main objective is a large production rate of potable water, then Design
2 is more suitable. In addition, placing the RO unit in the middle of the
process sequence produces permeate with lower TDS. This result
for both 1000-ppm and 10,000-ppm TDS feed solutions (a), and on the energy demand for
for (A) 1000-ppm and (B) 10,000-ppm TDS feed solutions.
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might not be the reason to select Design 2 because the TDS of permeate
from Design 1 is also below the maximum allowable value (300 ppm).
Detailed simulation results of each design and results comparison are
provided in Tables S1, S2, and S3 (Supplementary materials).

5. Conclusions

This study compared two conceptual designs of process sequence in-
tegrating the production of potable water, electricity, and salt. The rela-
tive positions of the RO and PRO units in the sequence significantly
affect most of the key parameters observed in this study. Design 1 ex-
hibits better result thanDesign 2, especially in terms of the net delivered
power from the PRO unit and the total energy consumption of the RO
and ED units. The net electricity from the PRO unit in Design 1 can be
used to support the operation of the RO and ED units, further reducing
the need for an external source of electricity. Design 1 produces much
lower permeate rate than Design 2, but the TDS of the potable water
from Design 1 is also within the permitted range. This paper presents
a preliminary study to gain insights into the conceptual designs for inte-
grating the production of potable water, electricity, and salt. A more ad-
vanced analysis is required to finally decide between Designs 1 and 2.

Nomenclature
J water permeate flux, L/m2·h
A intrinsic water permeability coefficient of the membrane, L/

m2·h·bar
Δπ the difference in osmotic pressure between the two solutions,

bar
ΔP the difference in hydrostatic pressure, bar
πD the osmotic pressure of the draw solution, bar
πF the osmotic pressure of the feed solution, bar
PD the hydrostatic pressure of the draw solution, bar
PF the hydrostatic pressure of the feed solution, bar
PWNET

MAX the maximum net power that could be produced under ideal
PRO scheme, kW

PWNET
REAL net power expected in reality, kW

V volumetric rate of the draw solution, m3/s
ΔV volumetric rate of the feed solution that permeates themem-

brane from the less concentrated side to themore concentrat-
ed side, m3/s

Am membrane area, m2

η the efficiency of the system, unitless
ΔG Gibbs free energy required for the production of the diluate,

Joule/mol
Cs
f the salt concentration of the feed, mol/m3

Cs
d the salt concentration of the concentrate mol/m3

Vd the volume of the diluate, m3/s
vd stoichiometric dissociation coefficient of the salt, unitless
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