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ARTICLE INFO ABSTRACT

Keywords: As pressure retarded osmosis (PRO) is getting more attention for sustainable energy generation, further inves-
Pressure retarded osmosis tigation to enhance its efficiency is required. Applying a multiple-stage PRO scenario is one suggestion to boost
Multistage

the generated energy in the PRO process. This research evaluates the benefit of multiple stages of pressure
retarded osmosis on specific energy generation. Single, dual, ternary, and quaternary pressure retarded osmosis
stages were investigated for power generation using four membrane modules in the PRO process. Eight designs
were proposed to cover the arrangement of the membrane modules in a single, dual, ternary and quaternary PRO
process and estimate the net-specific energy generation of pressure retarded osmosis. For each design, the
variation in the total energy input and the total energy output of single and multistage pressure retarded osmosis
processes were calculated. The water flux and the power density enhanced with the number of stages for the
investigated multistage PRO scenarios. The maximum water flux and power density resulted in four PRO stages
of values equal to 6 L/m?.h and 15 W/m?, respectively. For the Dead Sea-reverse osmosis brine salinity gradient,
a 33.96 % rise in the net specific energy generation is observed in the quaternary-stages pressure retarded
osmosis scenario. The Dead Sea and wastewater salinity gradients produced the highest net specific energy
generation of 0.82 kW.h/m® over the other investigated types of salinity gradients.
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N. Al-Zainati et al.
1. Introduction

In nonideal pressure retarded osmosis (PRO), the energy of mixing a
salinity gradient source is partially converted to hydraulic energy [1,2].
The draw solution gets diluted while the feed solution concentration
intensifies after leaving the PRO unit. The simultaneous decrease and
increase in the draw and feed solutions during the osmotically driven
membrane processes will adversely impact the water flux and process
efficiency [3]. For example, in a single PRO stage (SSPRO), only a part of
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the draw solution's osmotic energy will be harvested due to the increase
in the feed solution concentration caused by freshwater transport
through the PRO membrane [4]. Increasing the salinity of the feed so-
lution will compromise the osmotic driving power, and the permeation
flux enters the turbine unit for energy generation. Therefore, a multi-
stage PRO scenario was suggested to improve the PRO efficiency
compared to the SSPRO [4-6]. The multistage PRO scenario uses a new
feed solution in each stage to eliminate the effect of increased feed so-
lution concentration in the previous stage on the osmotic driving force

High-Pressure

Stream Outlet
Splitter

(@)

-4

High-Saline

Low-Pressure
Stream Inlet

Draw Inlet

Low-Saline Feed Inlet

Low-Pressure
Stream Qutlet

High-Pressure
Stream Inlet

Draw Outlet

Turbine
Feed Outlet

High-Pressure

Stream Outlet
Splitter

(b)

2

Draw Inlet

Feed Inlet o ed Outler

High-

Low-Pressure
Stream Inlet

Low-Pressure
Stream Outlet

High-Pressure
Stream Inlet

Draw Outlet

Turbine

Feed Outlet

Fig. 1. (a) Single-stage PRO (SSPRO) for energy generation, (b) multistage PRO for energy generation, where PRO; represents the first PRO stage, and PRO,
represents the last PRO stage, and (c) the specific energy of the Dead sea-wastewater salinity gradients of Dual-stage PRO (DSPRO) design with the mem-

brane module.
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Fig. 1. (continued).

[7,8]. In the single-stage PRO, the draw solution is pressurized and fed
into the PRO membrane for freshwater extraction from the feed solution
(Fig. 1a). The pressurized flow splits into two parts after leaving the PRO
membrane; the first part goes to a Pressure Exchanger (PX) to pressurize
the seawater feed whereas the second part goes to turbine for power
generation. In the dual PRO, the first stage is similar to the single-stage
PRO process, with the difference that the pressurized draw solution from
the first PRO module goes to a second PRO module to combine with a
new feed solution (Fig. 1b). A considerable freshwater permeation from
the feed to the draw solution is expected in the second PRO stage due to
the osmotic pressure gradient restoration across the membrane (Fig. 1c).
After leaving the second PRO module, the entire seawater flow goes to a
turbine system for power generation. This arrangement will facilitate
harvesting the remaining draw solution osmotic energy in subsequent
PRO stages. Due to the intense concentration polarization at the feed
side, the performance of the multistage PRO scenario becomes more
efficient at high draw solution concentrations. Accordingly, using new
feed water in each stage will alleviate the vestige of concentration po-
larization and the fouling phenomena on the membrane [7]. Besides,
pumping a new feed solution in each stage will regenerate the osmotic
driving power across the membrane and the water flux [6,8].

The dual-stage PRO (DSPRO) system is investigated broadly in the
literature [4,7,9-17] due to the possibility of utilizing the DSPRO system
with a variety of feed solution nature and applying different membrane
types in each stage [11]. Altaee et al. [7] reported an 18 % increase in
energy generation and a 43 % increase in the power density by a DSPRO
compared to an SSPRO. Additionally, the authors noticed a reduction in
the impact of concentration polarization when dealing with DSPRO.
Unfortunately, these studies did not determine net energy generation
[7,11]. Another study implied that the specific energy of the DSPRO
system was 8 % higher than the corresponding one of the SSPRO system
[16]. Nevertheless, the study did not investigate a higher number of PRO
stages. In another study, four different designs of the DSPRO system
were introduced for power generation [18]. The first design was similar
to the SSPRO system, as the feed solution was fed from stage one to stage
two. New feed and draw solutions were sent to the second stage in the
second design. In the third design, a new feed solution was utilized in
stage two, while the less concentrated draw solution leaving stage one
was sent to stage two. The results revealed that the second design's
power density was below the SSPRO systems. It has been suggested that

the mean power density of the first and third designs was elevated at a
higher dimensionless flow rate. Nevertheless, the power density is a
good indicator of the performance of the PRO. Still, it is not the best
factor to describe the net available energy of the PRO system [19]. The
power density relates to the maximum power harvested per membrane
unit area. Nevertheless, the net specific power is the difference between
the energy output and the energy input. Using PRO requires pumping
energy, whereas ignoring this fact would overestimate the efficiency of
the PRO system. Also, utilizing multistage PRO with the exact amount of
pumping energy compared to the single-stage is promising for gener-
ating higher net specific energy. A recent study [20] reported an
extremely high power density of around 90 W/m? however, the study
did not consider the net available energy.

Madsen et al. [21] also reported the advantages of utilizing a dual-
stage PRO system when coupled with a geothermal heat system for
energy generation. Two configurations were suggested; the first used
lower applied pressure for the draw solution of the second PRO stage,
while the second configuration used the same applied pressure for the
draw solution of both PRO stages. The generated energy increased to 46
% when using the first dual-stage PRO configuration. A double energy
generation was noticed when using the second dual-stage PRO config-
uration compared to a single PRO system. However, the study did not
consider optimization to determine the maximum energy generated
through the different PRO systems.

Sarp et al. [22] examined the influence of the variation of the feed
solution pressure of a multistage PRO system on the process perfor-
mance. Four PRO stages were designed in series with fresh feed solutions
for each PRO stage. The optimum power recovery was obtained by
varying the feed solution's hydraulic pressure in each stage of the PRO,
where the draw solution was a hypersaline solution of up to 300 g/L.
Even though the study optimized feed solution hydraulic pressure, the
evaluation of the net energy generation was not included. A multistage
PRO design was investigated in one research [23], where hydro-turbines
were included in each stage for energy production. Single, dual, and
three PRO stages were studied. The results conducted higher net specific
energy generation for the three PRO stages, followed by the DSPRO and
the SSPRO. The driving force represented by the salinity gradient among
the osmotic pressure and the hydraulic pressure was elevated in the
three PRO stages than in dual or single PRO stages. Bharadwaj and co-
workers optimized energy recovery through a multistage PRO system
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[24]. The authors reported that the multistage PRO system could collect
higher energy than the single PRO. The highest energy recovered
occurred when using one membrane module, followed by three mem-
brane modules in DSPRO. The results reported that the enhancement of
the energy recovery was reduced when the number of stages was
increased to more than three PRO stages. Multiple PRO stages were
added in series in another study [25], where a new feed solution was
added in each stage, and the draw solution was sent from one stage to
another. This system configuration was compared to a single PRO stage
with multiple modules, where the final outlet draw solution was
partially circulated to the initial draw solution. The outcomes reported
that the variation of the proportion of the feed outlet flow rate to the
draw inlet flow rate did not influence the specific energy of the multi-
stage PRO system. In contrast, the variation in the flow ratio affected the
specific energy of the single-stage PRO process. A 10.71 % increase in
the generated specific energy was reported when using the multistage
PRO system over the single-stage PRO system.

To date, the advantage of utilizing a multistage PRO system for
maximizing net energy generation is not reported. As mentioned earlier,
some studies did not determine the evaluation of net energy generation
[13,22], other studies only compared SSPRO to DSPRO [4,7,18], and
some studies did not consider the variation of the multistage PRO system
parameters for the maximum energy generation [21,23]. The pumping
energy consumed in the multistage PRO should not be ignored.
Increasing the number of PRO stages could boost the total energy gen-
eration and the total energy consumed by the pumps, signifying the
importance of investigating the multistage PRO system by evaluating
the net-specific energy generation, where the total energy used is
considered. The impact of salinity gradient resources on energy gener-
ation should be examined.

Besides the PRO stage configuration, the operating conditions of the
single and multistage PRO, such as the feed and draw flow rates and the
applied pressure on the draw side, are critical in maximizing the net
energy generation and process performance. The study assessed the net
specific energy generation (NSEG) of the multistage PRO compared to a
single-stage PRO. The PRO membranes in the single, dual, ternary, and
quaternary PRO stages (SSPRO, DSPRO, TSPRO, and QSPRO, respec-
tively) were four, arranged in the configurations illustrated in Table 1.
For instance, the TSPRO scenario has three designs for stage configu-
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rations (Table 1). TSPRO [1,2] represents three PRO stages, where one
membrane module is in the first and the second stage, while two
membrane modules are used in the third stage. The NSEG of the best
PRO stage configuration will be evaluated for several salinity gradient
resources. The research questions are i) What is the effect of PRO mul-
tistaging on power generation, and ii) What is the net energy generation
by the single and multistage PRO scenarios? The study hypothesized that
the NSEG of multistage PRO designs (Table 1) is the variation between
the energy generation by the hydro turbine and pump energy con-
sumption, assuming that the feed and draw solution flow rates are equal
and hence the pretreatment energy. The study also hypothesized the
potential for custom-designing the PRO membrane to withstand
elevated feed pressures, given the absence of any existing commercial
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PRO membrane. According to the authors' knowledge, there is no study
yet in the literature that has investigated the net-specific energy gen-
eration of a multistage PRO scenario with different module arrange-
ments and various salinity gradients by studying the operating
parameters' variation on the best multistage PRO model.

2. Methodology

The four PRO designs with the possible membrane modules' config-
urations are shown in Table 1. It's worth noting that the SSPRO and the
QSPRO have one arrangement only, as the SSPRO has four membrane
modules in one stage, while the QSPRO has a single membrane module
for each of its four stages. The suggested model of SSPRO and multistage
PRO scenarios, including the PRO unit/s, pumps, turbines, splitters, and
energy recovery device (ERD), are shown in Fig. 1. The mathematical
models for the pump, splitter, turbine, and energy recovery device were
separately built and designed by Dymola software and discussed in
detail in our previous study [8]. The pumps' efficiency is 80 %, and the
ERD efficiency is 96 %. The PRO system model was built and validated
using the Modelica language through Dymola software, where more
details about it are included in our previous study [8]. The PRO system
has been modeled and simulated through Dymola, and a brief expla-
nation is introduced next.

2.1. The Mathematical model of the PRO

A radial plug flow model is selected to define the flow of the PRO unit
in this study. The feed solution moves in the radial direction, whereas
the draw solution moves in the axial direction. A hollow fiber (HF)
membrane is the used module. The mathematical approach for the HF
membrane module is described in reference [26], where more details
can be found. The solution-diffusion model represents the feed and
draws solutions flowing through the membrane. The internal and
external concentration polarization effects are determined in the PRO
mathematical model [26]. The reverse salt flux (Js) and the pressure
drop in both the radial and the axial directions are also included in the
model. The mass transfer coefficient for the feed solution (kg) and for the
draw solution (kp) is considered through the model [8,26]. The
following equation can find the PRO water flux (Jw).

_ AP (@]

where Ay, is for the water permeability coefficient, n is for the number of
the ions in the salt solution, R is for the universal gas constant, T is for
the temperature, Cp;, and Cg; are for the initial salinity of the draw so-
lution and the feed solution, respectively, Qpi, Qpo, Qri, and g, are for
the initial and outlet flow rates of the draw and feed solutions, respec-
tively, B is for the salt permeability coefficient, K is the solute resistivity
in the membrane support layer, kg is the mass transfer on the feed side,
and AP is for the applied pressure difference of the draw and the feed
solutions. In this study, the draw solution pressure was equal to the
average osmotic pressure difference across the membrane, AP = An/2,
to maximize the power density [11].

The overall mass balance for the draw and the feed solutions is given
below:
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Table 1
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The membrane module arrangement in the various stages of the multistage PRO scenario.

PRO stages Abbreviation Membrane modules in stage one Membrane modules in stage two Membrane modules in stage three Membrane modules in stage four
SSPRO SSPRO 4 0 0 0
DSPRO DSPRO [1,3] 3 1 0 0
DSPRO [1,3] 1 3 0 0
DSPRO [2] 2 2 0 0
TSPRO TSPRO [1,2] 2 1 1 0
TSPRO [1,2] 1 2 1 0
TSPRO [1,2] 1 1 2 0
QSPRO QSPRO 1 1 1 1
Oro = Ori — (Ju*An) (2) average internal concentrative concentration polarization (ICCPy ayg) in
each PRO stage (n) of the multistage PRO scenarios is calculated as
Opo = Opi + (L *Ay) 3 follows.

where A, is the membrane surface area of the PRO membrane. The
solute mass balances for the feed and the draw solutions are given
below:

QF()CFa = QFiCFi - (Jw*Am) (4)

0QpoCpo = OpiCpi + (J*An) %)

Simulation results of a single PRO membrane module using the
suggested model are included in Appendix A.

The power density (W) is calculated from the membrane flux
multiplied (Jy) by the hydraulic pressure difference across the PRO
membrane (AP):

W =J,AP (6)

The permeation rate (Qp) is determined for a single PRO system as
follows.

0p = Jy*An )

where Ay, is the area of a single PRO membrane in m?.

The significance of the internal concentrative concentration polari-
zation (ICCP) with mass transfer on the feed side on the system behav-
iour is also included and explained through the following expression
[26].

ICCP = exp (Jw <K+é> ) (8)

The water flux of each PRO stage (Jwn,avg) in the multistage PRO
scenarios is determined as the average value of the water flux of each
membrane module in that stage, as follows.

Jj=1

Jonavg = p (C)]
where Jwj is the water flux in the j membrane module, m is the number
of the membrane modules in each PRO stage of the multistage PRO
scenarios, and n is the number of the PRO stages.

The power density of each PRO stage (Wp,ayg) in the multistage PRO
scenarios is determined as the average value of the power density of
each membrane module in that stage, as follows.

m

W
VVn.avg = L (10)

m
where W; is the power density in the j membrane module, m is the
number of the membrane modules in each PRO stage of the multistage
PRO scenarios, and n is the number of the PRO stages.
The internal concentrative concentration polarization, including

mass transfer on the feed side, is determined for each membrane module
in each PRO stage in the multistage PRO scenarios. After that, the

> ICCP;
j=1

ICCP, g :444;;47 an

where ICCP; is the average internal concentrative concentration polar-
ization in the j membrane module in each PRO stage of the multistage
PRO scenarios.

The permeation rate of each PRO stage (Qpy) in the multistage PRO
scenarios is calculated as the summation of the permeation rate in each
membrane module in that stage, as follows.

Qpn = Z Q])j (12)
=

where Qy; is the permeation rate in the j membrane module. This study
used Hagen-Poieseuille and Ergun equations to determine the pressure
drop in the feed and the draw side of the PRO module. More information
about the pressure drop models is found in the literature [8]. Generally,
the pressure drop in the PRO module was insignificant, which agrees
with the findings [8].

The model used in this study is based on the performance of a
commercial Toyobo PRO module instead of a laboratory-made mem-
brane. The water permeability of commercial PRO membrane is about
(1 * 1077 m/bar.s), slightly lower than FO membranes such as Aqua-
porin and Porifera, affecting the power generation by the module.

Furthermore, experimental data validated the PRO model for a
Toyobo HF module utilizing Dymola. The experiments were conducted
in the Water and Energy Nexus Laboratory, Indian Institute of Tech-
nology Guwahati. The effective length of the membrane module is 0.78
m, and 63 m? is the membrane area. The agreement between the
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Fig. 2. The model water flux versus the experimental water flux of the
PRO model.
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modeled and experimental water flux was high, with an error of no >15
% [8]. The evaluated membrane parameters are 3.6 * 10~* m/bar.h for
the water permeability coefficient, 6.2 * 10~° for the salt permeability
coefficient, and 880 pm for the membrane structural parameter. More-
over, the model has been validated by another experimental data for the
Toyoboo hollow fiber membrane module of 70.5 m? area, with tap water
as the feed solution and 1 M NaCl draw solution [27]. The hydraulic
pressure on the draw side ranged between 5 and 30 bar, while the
pressure on the feed side ranged between 3 and 7 bar. The feed and draw
solutions' flow rates were set between 0.48 and 0.72 m>/h. The agree-
ment between the modeling and experimental results is shown in Fig. 2,
where no >14 % error was found.

2.2. The multistage PRO system design

In osmotically driven membrane processes, the osmotic driving force
undergoes attenuation through the module due to the dilution of the
draw solution and the increase in the intensity of the feed solution
concentration. Increased feed solution concentration results from
freshwater transport to the draw solution, compromising the process
efficiency. Previous studies demonstrated the effectiveness of multi-
staging the PRO to reduce the influence of the increase in the feed so-
lution concentration on energy generation [4]. Unlike the SSPRO
process, a new feed solution is fed for each stage of the multistage PRO
process. Combining the initial draw solution with a new feed solution
will partially restore the osmotic gradient through the PRO membrane,
leading to a higher water flux (Fig. 1a).

The SSPRO scenario for energy generation is shown in Fig. 1a. A part
of the less concentrated draw stream leaving the PRO unit is sent to the
ERD. The energy of the less concentrated draw solution is extracted
through the ERD when the pressurized high-saline is used as the low-
pressure feed stream for the ERD. Then, the high-pressure stream leav-
ing the ERD is fed to the PRO system to represent the inlet draw solution.
The low-saline stream is pressurized through a pump (Pump 2) and
utilized as the feed solution of the PRO unit. The other portion of the
diluted draw stream and a limited portion (<0.5 %) of the high-pressure
stream-out from the ERD are sent to turbines for energy generation. The
flow layout of the multistage PRO for energy generation is shown in
Fig. 1b. PRO; represents the first PRO stage, while PRO;, represents the
last PRO stage. PRO;, would be PRO; for DSPRO, PRO3 for TSPRO, and
PROy4 for QSPRO. A similar flow path is noticed for the multistage PRO
scenario compared to the single PRO scenario.

Fig. 1c shows the significance of utilizing a DSPRO scenario
compared to an SSPRO scenario of producing higher specific energy.
Adding fresh feed solution to the second stage in the DSPRO causes a
sudden increase in the specific energy compared to the SSPRO of the
same number of membrane modules, highlighting the advantage of
considering multistage PRO designs for the specific energy rise.

Nevertheless, the multistage PRO consists of more than one PRO
stage. Additionally, pump 3 is used to pressurize the low-saline feed
stream, and then splitter 3 is responsible for dividing the stream equally
into the PRO stages. This proposed design of the multistage PRO sce-
nario is utilized to fix equal flow rates of the draw inlet stream sending to
the first PRO stage and the low-saline stream (Fig. 1).

The multistage PRO would have two, three, or four stages in this
study. The multistage PRO scenario is designed to send the less
concentrated draw solution from the previous stage to present the inlet
draw solution of the following PRO stage. Furthermore, the feed solution
is freshly supplied at each PRO stage (Fig. 1b) to regenerate the osmotic
power gradient among the PRO membrane. At the last PRO stage
(PRO,), the diluted draw solution will be divided and sent to a turbine
and an ERD. The diluted draw stream will exchange energy with a
pressurized high-saline solution in the ERD. After that, >99 % of the
pressurized stream leaving the ERD will present the draw solution inlet
to the first PRO stage, while the rest will be sent to another turbine to
gather the unused left energy.
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The design of the multistage PRO of sending the entire less concen-
trated draw stream to the next stage is preferable to enhance the water
flux in the following PRO stage. Altaee and Hilal [11] reported that
utilizing such a design for DSPRO increased the power density by 17.4 %
compared to splitting the diluted draw stream and sending a portion to
the next stage, sending the rest to an ERD. Additionally, the authors
noticed a reduction in the specific energy consumption while utilizing
the discussed DSPRO design. Recharging the feed solution for each PRO
stage in the multistage PRO causes a boost in the permeation rate and,
consequently, the dilution in the draw side [25].

2.3. The design operating conditions

The power density and net specific energy generation of the SSPRO
and the multistage PRO scenarios were investigated through the use of
Dead Sea water of 292.20 g/L and RO Brine of 70.13 g/L as the high-
saline and low-saline solutions (Fig. 1). It is noteworthy that Dead Sea
has been suggested in many studies as the draw solution in the PRO
system because of its high osmotic pressure and relevance to combine
with myriad feed solutions such as combined with wastewater,
seawater, or even RO brine [4,28]. The draw solution of PRO stage one is
the high-pressure outlet stream from the ERD (Fig. 1b). Each PRO stage
uses a fresh feed solution. The pressure on the draw solution is 90 bar,
while the feed solution pressure is 1 bar. The draw and feed solutions'
total inlet flow rate (Qq) is fixed at 2 m>/h for the SSPRO and the
multistage PRO designs. For instance, in the SSPRO, the draw inlet flow
rate and the feed inlet flow rate are equal (1 m®/h each). In contrast, for
DSPRO, the draw inlet flow rate is equal to 1 m3/h, which is equivalent
to the summation of the feed inlet flow rate to the first and the second
PRO stages, where the feed inlet flow rate of each stage is 0.5 m®/h. The
solution's temperature is assumed to be room temperature (298 K). The
net energy generation (NSEG) (kWh/m®) is the difference between the
energy generated in the turbine and the energy consumed for pumping
the draw and feed solution. NSEG is calculated and compared for each
PRO scenario.

1 N PN
NSEG = * E urbine E ump (13)
Our Z’b ZP’

where Erurbine and Epump are the energy generated through the turbines
in kW and energy consumed through pumping in kW, TN is the number
of turbines in the PRO scenario, and PN is the pumps' number in the PRO
scenario. Eryrpine is the energy out and is equal to the permeate flow in
the PRO module multiplied by the hydraulic pressure of the draw so-
lution. The energy consumed by the pumps, Epump, presents the input
energy required for feed and draw solution pumping into the PRO sys-
tem, and it is equal to the feed or the draw solution flow rate multiplied
by the feed pressure. Besides, the pump efficiency was assumed to be 0.8
in this study. The pump head loss was accounted for in the model and
calculated as the difference between pressure out and pressure in. Then,
the power consumed was calculated as = (inlet flowrate * head loss)/
efficiency.

Fixing the total feed and the draw solution initial flow rates is critical
for major comprehension of the advantage of the PRO system with the
highest NSEG. Moreover, the total water flux and the total power density
of the multistage PRO scenarios are defined as follows.

oo = > i a4
i=1

i=n

Wia = Wi (1 5)

1

i

Jwi is the water flux in stage i of the multistage PRO scenario, and Wj
is the power density resulting in stage i.
It should be noted that The SSPRO and multistage PRO costs are not
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significantly different since they use the same number of PRO elements.
There may be a slight cost difference between SSPRO and multistage
PRO pressure vessels; however, it will not significantly impact overall
costs since pressure vessels typically last the plant's lifetime.

3. Results and discussion

Four scenarios of PRO systems are investigated in the current study,
with eight PRO designs (Table 1). SSPRO scenario with four membrane
modules is the first scenario. The second and third scenarios of the
DSPRO and the TSPRO have three designs, each to investigate different
membrane module arrangements. The fourth QSPRO scenario has one
design with a single membrane module in each stage. The same type of
high-saline and low-saline solutions were used for all designs but with
different numbers of PRO stages in each design. For the multistage PRO
scenarios, an extra pump is necessary to pump the fresh feed solution to
each stage. However, the multistage PRO scenarios maximize the energy
harvested from the draw solution when paired with a new feed stream in
the subsequent PRO stages. The water flux (Jy,), power density (W), and
NSEG were calculated for each of the eight PRO designs and compared in
this section.

3.1. The comparison of the SSPRO and multistage PRO scenarios

3.1.1. Water flux and power density

The impact of adding more stages to the PRO system compared to the
SSPRO is investigated and discussed here. The hydraulic pressure in the
SSPRO and multistage PRO systems was equal to An/2. Although the
draw solution osmotic pressure changes along the PRO module and from
one PRO module to another, the hydraulic pressure remains constant to
reduce energy losses. Therefore, the designed hydraulic pressure of the
SSPRO and multistage PRO will be carried from the first to the tail PRO
module without modification. The permeation flow is the parameter
influenced by the variation in the number of PRO stages and membrane
module configuration in the stages. Fig. 3a shows the permeation flow at
each PRO stage of the SSPRO and the multistage PRO scenarios. As can
be noticed, the permeation flow increased with the PRO stages in the
multistage PRO scenarios. Increasing the PRO stages, with a new feed at
each stage, enhances the permeation flow. Compared to the SSPRO
configuration, the percentage increase in the total permeation flow in
the DSPRO [2], TSPRO [1,2], and QSPRO designs is 9.96 %, 10.15 %,
and 15.53 %, respectively. The permeation flow varied depending on the
PRO configurations (Fig. 3a); for instance, the DSPRO [2] design pro-
duces 0.37 m®/h permeation flow compared to 0.33 m%/h and 0.34 m%/h
for the DSPRO [1,3] and DSPRO [1,3] designs.

Fig. 3b shows the average water flux at each PRO stage of the SSPRO
and the multistage PRO scenarios. Jw1,avg, Jw2,avgs Jw3,avg, and Ju4,avg is
the water flux at the first, the second, the third, and the fourth PRO
stage, respectively. The figure shows that the amount of water flux
increased with the PRO stages. For instance, the DSPRO scenarios pro-
duce higher water flux than the SSPRO scenario, which agrees with the
literature [7]. The percentage increase in the water flux by using DSPRO
[1,3], DSPRO [1,3], and DSPRO [2] compared to the SSPRO scenario is
124 %, 175 %, and 120 %, respectively. Nevertheless, the water flux of
each DSPRO design varied with the membrane modules' configurations.
The DSPRO [1,3] attained the highest Jy1 avg, and the lowest Jys2 avg
compared to the DSPRO [1,3] and the DSPRO [2] scenarios. The DSPRO
[1,3] exhibited the highest total water flux compared to the DSPRO
[1,3] and [2] due to the highest osmotic pressure difference (Fig. 3c).
The osmotic pressure gradient in stage two of DSPRO [1,3] is 149.3 bar,
while in stage two of DSPRO [1,3] and DSPRO [2] is 139.9 bar and
141.1 bar, respectively. In the PRO stage one of the DSPRO [1,3], the
internal concentrative concentration polarization (ICCPy avg) was more
significant than in the DSPRO [1,3] and DSPRO [2] due to higher water
flux, then decreased in the PRO stage two (ICCP3 avg) of the DSPRO [1,3]
compared to the DSPRO [1,3] and DSPRO [2] (Fig. 3d) as water flux
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decreased.

Interestingly, adding a third PRO stage caused a further improve-
ment in the water flux. For instance, the percentage rise in the water flux
of the TSPRO [1,2], TSPRO [1,2], and TSPRO [1,2] compared to the
SSPRO scenario is 236 %, 260 %, and 280 %, respectively (Fig. 3b). Over
the three TSPRO designs, the TSPRO [1,2] design shows the highest Jy1,
avg, While the TSPRO [1,2] shows the highest Jy2 avg and the TSPRO
[1,2] shows the highest Jy3,avg. The variation in the water flux occurred
due to the change in the membrane configurations of the TRSPRO sce-
nario. For instance, it has been noticed that having one membrane
module in stage one of the TSPRO produced higher Jy1,avg, and having
one membrane module in stage two of the TSPRO produced higher Jy,
avg (Fig. 3b). Additionally, the results present that the highest the water
flux in a PRO stage of the TSPRO of any configuration is the highest the
ICCP,yq of that stage. As shown in Fig. 3e, the ICCP1 4y is higher than the
ICCP2,avg and ICCP3 oy of the TSPRO [1,2], as a result of Juy1 avg is higher
than Jyz avg and Jy3,ayg of the TSPRO [1,2] (Fig. 3b). The TSPRO [1,2]
design is preferable over the TSPRO [1,2], and TSPRO [1,2] designs for
producing greater water flux (Fig. 3b) and having the highest perme-
ation flow (Fig. 3a). The better water flux in the TSPRO [1,2] configu-
ration can be attributed to the greater osmotic pressure difference
compared to the other TSPRO configurations (Fig. 3c), where higher
osmotic pressure difference causes an increase in the PRO water flux
[29]. For instance, the percentage increase in Ams of TSPRO [1,2]
compared to TSPRO [1,2] and TSPRO [1,2] is 1.7 %, and 2.2 %,
respectively.

Finally, the QSPRO shows the highest permeation flow of 0.38 m®/h,
around a 15.53 % greater permeation flow than the SSPRO scenario.
Additionally, it has the highest amount of water flux of 6.01 L/m%h,
around 362 % higher than the water flux from the SSPRO scenario. The
QSPRO design achieved greater water flux due to the higher osmotic
pressure gradient than the other PRO designs. (Fig. 3c). The QSPRO
design shows higher Az, (2.4 %-12.2) and Ang (3.5 %-5.8 %) in com-
parison to the DSPRO designs and the TSPRO designs (Fig. 3c). The
internal concentrative concentration polarization results in the first,
second, third, and fourth PRO stages of the QSPRO are shown in Fig. 3f.
It can be noticed that the internal concentrative concentration polari-
zation values are decreasing gradually from stage one to stage four in the
QSPRO design. The finding points out the advantage of adding more
PRO stages, where each stage will face less ICCP, and it agrees with the
behaviour of the permeation flow and water flux of the QSPRO, where
the permeation flow and the water flux decreased gradually from stage
one to stage four. The higher the water flux, the higher the permeation
from the feed side to the draw side, increasing the concentration at the
membrane's feed side and consequently increasing the ICCP [30].

Fig. 3c shows the advantage of utilizing multistage PRO in increasing
the osmotic pressure gradient. The osmotic pressure difference increases
due to the fresh feed introduced to the additional PRO stages. For
instance, using the DSPRO [1,3] design caused an 81 % rise in the os-
motic pressure gradient compared to the SSPRO. Having TSPRO [1,2]
enhanced the osmotic pressure difference of around 155 % compared to
the SSPRO. The highest increase in the osmotic pressure difference was
for the QSPRO, 228 % compared to the SSPRO. Different membrane
modules' arrangements showed different osmotic pressure differences.
For instance, the osmotic pressure difference of the second stage of the
DSPR [1,3] is lower than that of the other dual-stage configurations
(DSPRO [1,3] and DSPRO [2]), as shown in Fig. 3c. This can be
explained by the further draw solution dilution in the three membrane
modules in the first stage of the DSPRO [1,3] design compared to the
other two PRO configurations (DSPRO [1,3] and DSPRO [2]). Draw
solution dilution in the second stage of the DSPRO [1,3] reduced the
osmotic pressure difference in this stage.

Fig. 3g represents the hydraulic pressure difference in each stage of
the SSPRO and the multistage PRO scenarios. It is worth noting that the
applied pressure difference in each stage is determined by the difference
between the average hydraulic pressure on the draw side and the



N. Al-Zainati et al.

Desalination 573 (2024) 117199

7
*41|oom 2Qp: mQp: FQ (@) 6 & 3ot &)
p: P2 p: BQps S
S N
_ \\ - (- - :\\\\
s N = Nrosy
E 0.32 1 N E S Nz
- = =] sz.n-g
g 2
=3
‘: 0.24 - E 4 O Jyiave M
=
S =
= 2 3
“E’ <
£ 0.16 - =
D
[ 2
0.08 "
0 - 0
SSPRO DSPRO DSPRO DSPRO TSPRO TSPRO TSPRO QSPRO SSPRO DSPRO DSPRO DSPRO TSPRO TSPRO TSPRO QSPRO
13,1] [1,3] 1221 2,111 [1,2,1] [1,1,2] [3,1] [1,3] 12,2] 1,2,1]  [1,1,2]
700 7
= EAms 15 (d)
<
%600 ESATs 6
2
£ 500 {|SAm 5= 13
E A £
a T |
£ 400 4% ~ /
H - T =2 o1l ]
g ) 1} ICCP,
& 300 32 ]
"EE s 09 d
3 200 2 ; I ICCPy 4y
100 1 0.7 /
184.76 § 184.73 B 184.69 § 184.51 §§ 184.53 @ 184.51 J
o I e e e e e e =1 /‘
SSPRO DSPRO DSPRO DSPRO TSPRO TSPRO TSPRO QSPRO 0.5
B 131 1221 2510 (121 [1,12] DSPRO [3,1] DSPRO [1,3] DSPRO [2.2]
15 ®
1.42
13 1.35 /_
d 128 a ©ICCPy,,
& 11 -9
Q g @) /—
c ] O 121 R il ICCP,
| Q1
e 3
0.9 | /_ R -
55 1.14 ICCP,
‘ L
IIIY
y | 7 | " 1ocr...
07 b 1.07 .
/_ E 53
e 1
0.5
TSPRO [2,1,1] TSPRO [1,2,1] TSPRO [1,1,2]
__ 400
H OAP,
£ 350 -
@ OAP:
H
S 300 {1 |@aps
&
-
'E 250 | |2 APs
@
=
Z 200
£
A 150 A
2
s
£ 100 -
&
50 -
SSPRO DSPRO DSPRO DSPRO TSPRO TSPRO TSPRO QSPRO
[3.1] 1,3] 22]  [211] [1,2,1] [1,1.2]

Fig. 3. (a) The permeation flow in the first, second, third, and fourth PRO stages (Qp1, Qp2, Qp3, and Qp4, respectively) in the single-staeg PRO (SSPRO) and the
multistage PRO scenarios, (b) the average water flux in the first, second, third, and fourth PRO stages (Jw1,avg, Jw2,avg> Jw3,avg, @0d Jwa avg, respectively) in the single-
staeg PRO (SSPRO) and the multistage PRO scenarios, (c) the total water flux (Jwior) and the osmotic pressure difference in the first, second, third, and fourth PRO
stages (Amy, Amy, Amz, and Amy, respectively) of the SSPRO and the multistage PRO scenarios, (d) the average internal concentrative concentration polarization in the
first and the second PRO stages (ICCP 4vg and ICCP3 4vg, respectively) in the dual-staeg PRO (DSPRO) scenarios, (e) the average internal concentrative concentration
polarization in the first, the second, and the third PRO stages (ICCP1 avg, ICCP3 avg, and ICCP3 oy, respectively) in the ternery-stage PRO (TSPRO) scenarios, (f) the
average internal concentrative concentration polarization in the first, the second, the third, and the forth PRO stages (ICCP avg, ICCP2 avg, ICCP3 avg, and ICCPy 4vg
respectively) in the quaternary-stage PRO (QSPRO) scenario, and (g) the hydrulic pressure difference in the first, second, third, and fourth PRO stages (AP, AP, AP3,

and AP, respectively) of the SSPRO and the multistage PRO scenarios.
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Fig. 4. (a) The power density in the first, second, third and fourth PRO stages
(W1, Wy, W3, and Wy, respectively) of the single-stage PRO (SSPRO) and the
multistage PRO scenarios, and (b) the total water flux (Jwir) and the total
power density (Wy,) of the single-stage PRO (SSPRO) and the multistage
PRO scenarios.

average hydraulic pressure on the feed side, where the pressure drop on
both sides is considered. It can be noticed that the hydraulic pressure
variation between the multistage scenarios and the SSPRO scenario is
<1.5 % because the applied hydraulic pressure on the draw and the feed
side were fixed for all of the scenarios.

The PRO process operates with consistent hydraulic pressure [22],
yet the freshwater transport causes fluctuations in the driving force
within the PRO module. These fluctuations in draw and feed solution
concentration ultimately impact the power density of the PRO process.
The variation in the number of PRO stages and the membrane modules'
configuration in the stages influence the power density. Fig. 4a displays
the average power density of the first, second, third, and fourth PRO
stages (W1 avg, W2,avg, W3 avg, and Wy ayg, respectively) of the SSPRO and
the multistage PRO scenarios. The power density of the SSPRO scenario
is 3.25 W/m? A higher power density was obtained in the multistage
PRO scenarios. The DSPRO design [1,3] shows the highest W; and the
lowest W5 compared to the DSPRO design [1,3] and the DSPRO design
[2]. The profile of the total power density results follows the total water
flux trend in the PRO designs (Fig. 4b). Generally, the power density is
controlled by the water flux and the difference in the applied pressure
(Eq. (6)).

Furthermore, adding a third PRO stage caused a rise in the power
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density. For instance, the percentage rise in the average power density of
the TSPRO design [1,2], TSPRO design [1,2], and TSPRO design [1,2]
compared to the DSPRO design [1,3] is 22 %, 31 %, and 38 %, respec-
tively (Fig. 4a). The TSPRO [1,2] is preferable over the other TSPRO
designs for producing higher power density. Over the three TSPRO de-
signs, the TSPRO design [1,2] shows the highest Wi sy, while the
TSPRO design [1,2] shows the highest W5 ,y; and the TSPRO design
[1,2] shows the highest W3 av. The variation in the total power density
through the different TRSPRO designs was affected by the variation in
the total water flux (Fig. 4b). It can be noticed (Fig. 4b) that the power
density increases with more PRO stages, which agrees with Chung et al.
[31] study. Finally, the QSPRO shows the highest total power density of
15.02 W/m?, around 362 % more than the power density produced
through the SSPRO scenario.

3.1.2. The NSEG results

The single and multistage PRO designs used the same draw and feed
solution flow rates; hence, the required pretreatment energy of the draw
and feed solutions is equal. Fig. 5 represents the energy generated
through the turbines, the energy consumed through pumping, and the
net specific energy generation of the SSPRO and the multistage PRO
scenarios. Eryrpine ranges between 0.63 kW and 0.77 kW for the SSPRO
and the QSPRO scenarios, respectively. As the PRO stages increased, the
amount of energy generated also increased according to the higher
permeation flow and power generation in the PRO process. Further, the
amount of energy consumed through pumping is fixed for the investi-
gated designs because all scenarios utilize the exact amount of the inlet
feed and draw solution flow rates. Accordingly, the NSEG will be
enhanced with adding more PRO stages (Fig. 5). The NSEG for SSPRO,
DSPRO design [1,3], DSPRO design [1,3], DSPRO design [2], TSPRO
design [1,2], TSPRO design [1,2], TSPRO design [1,2], and QSPRO
design are 0.209, 0.230, 0.235, 0.257, 0.258, 0.261, 0.263, and 0.279
kW.h/m?, respectively. Presenting two membrane modules in each PRO
stage of the DSPRO scenario caused a 23.41 % rise in the NSEG
compared to the NSEG of the SSPRO (Table 2). The NSEG increase in the
DSPRO compared to an SSPRO ranged from 10 % to 23 %. A similar
result is reported in the literature [4], where the authors reported that
around 12 % to 16 % was the increase in the specific energy due to using
a DSPRO scenario. It is worth pointing out that the PRO module
configuration of the DSPRO directly affected the NSEG. For instance,
using the DSPRO design [1,3] instead of the DSPRO design [2] reduces
the NSEG by around 11.98 %. As mentioned above, different membrane
modules' configurations affected the permeation flow in the PRO stages
(Fig. 3a). For instance, it was noticed that the DSPRO design [2]

1.0 0.4
] |_| ETurbine (kW)
- EPump (kW)
0.8 4 |—+— NSEG (kW.h/m3)
0.3
Z 0.6 —‘ _J, =N =
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Fig. 5. The energy generated by the turbines (Erysbine), the energy consumed
by the pumps (Epump), and the net specific energy generation (NSEG) of the
single-stage PRO (SSPRO) and the multistage PRO scenarios.
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Table 2
The percentage increase in the NSEG using the multistage PRO scenarios
compared to the single-stage PRO (SSPRO) scenario.

Multistage PRO scenario % Increase in the NSEG

Dual-stage PRO DSPRO [3,1] 10.20
DSPRO [1,3] 12.51
DSPRO [2,2] 23.41
Ternery-stage PRO TSPRO [2,1,1] 23.69
TSPRO [1,2,1] 25.12
TSPRO [1,1,2] 26.10
Quaternery-stage PRO QSPRO 33.96

produced the highest permeation compared to the DSPRO design [1,3]
and the DSPRO design [1,3] (Fig. 3a), explaining why the DSPRO design
[2] produced higher NSEG.

Additionally, the same trend is noticed for the TSPRO designs, where
a 26.10 % increase in the NSEG (Table 2) was achieved in the TSPRO
design [1,2] compared to the SSPRO (Fig. 5). Results showed that having
two membrane modules in PRO;, one membrane module in PRO,, and
one membrane module in PRO3 (i.e., TSPRO design [1,2]) is the less
favourable configuration over the other two TSPRO designs (Fig. 5). By
changing the modules' configuration to TSPRO design [1,2], higher
water flux, power density (Fig. 4b), and permeation rate (Fig. 3a) was
achieved, causing an increase in the NSEG. Furthermore, it has been
noticed that the water flux and the membrane area govern the perme-
ation flow along the PRO system. For instance, having more membrane
modules in one PRO stage increases the permeation flow of that stage
(Fig. 3a). The best-performance membrane configuration was in the
QSPRO; a 33.96 % increase in the NSEG was attained compared to the
SSPRO (Table 2).

Permeation flow, water flux, and internal concentrative concentra-
tion polarization are the key parameters that impact the amount of
NSEG produced in the PRO. These parameters are affected by the
number of PRO stages in the system and the membrane modules'
configuration. For instance, although the power density in the DSPRO
design [2] was not the best-performing PRO design, it produced the
highest NSEG in the DSPRO scenario. The situation differed for the three
TSPRO designs, where the TSPRO design [1,2] showed the highest
permeation flow, water flux, and internal concentrative concentration
polarization than the other two TSPRO designs. That explains why the
TSPRO design [1,2] has the highest NSEG than the two TSPRO designs.

It is worth noting that the membrane cost will be equal for all of the
investigated multistage PRO scenarios, as they all contain four mem-
brane modules. The HF membrane module (HP5230SI) PRO's price, as
Toyoboo gave and mentioned in our previous study [8], equals $ 5193
US/membrane element. Then, the cost of the four membranes will be $
20,772 US.

Besides the advantages of employing multistage PRO systems, it is
essential to consider their main limitations. For instance, a balance be-
tween the number of the PRO stages and the feed and the draw initial
flow rates should be investigated. Adding more than four PRO stages
would require increasing the feed and drawing solutions' initial flow
rates. On the other hand, increasing the flow rates would increase the
total consumed energy, impacting the net-specific energy generation.
Moreover, the capital cost of the multistage PRO systems would vary
based on the number of used PRO units. For instance, the cost of the PRO

Table 3
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membrane module's pressure vessel will impact the system's cost anal-
ysis. The QSPRO will be more expensive than the TSPRO, the DSPRO,
and the SSPRO systems. Therefore, a critical cost analysis should
determine the capital and operational costs before choosing how many
PRO stages would be used. A power plant of a multistage PRO system
would have turbines, pumps, pressure vessels, and water tanks.
Accordingly, the availability of empty land should also be considered
based on the number of PRO stages that would be used. Accordingly, a
commercial power plant with PRO technology is not available yet, and
further optimization and cost analysis of a full-scale plant are required
[32,33].

After comparing the PRO designs' permeation flow, water flux, in-
ternal concentrative concentration polarization, and power density, the
QSPRO scenario is the best-performance scenario for NSEG (Table 2).
Consequently, this scenario will be further investigated with different
salinity gradients.

3.2. Impact of the salinity gradient resource

The salinity gradient resource is one of the significant parameters
that dominate the process efficiency of the PRO system [28,34]. It pre-
sents the driving force behind the water flow from the feed solution to
the draw solution in the PRO according to the osmotic pressure gradient
between the two solutions. Accordingly, this section studies the influ-
ence of the salinity gradient resource on the NSEG in the QSPRO sce-
nario. Five salinity gradient resources were considered: Dead Sea-
wastewater (DS-WW), Dead Sea-seawater (DS-SW), RO brine-
wastewater (ROB-WW), seawater-wastewater (SW-WW), and Dead Sea
with RO brine (DS-ROB). The selected feed and draw solutions represent
the most available water bodies for energy generation by the PRO pro-
cess [35-38]. The inlet feed and the draw solutions' flow rates were 1
m®/h, the applied pressure on the feed side (1 bar) and the solutions'
temperature (298 K) were the same as the used ones for the DS-ROB
(Subsection 2.3). Table 3 shows the salinity gradient resources, the re-
sources' salinity concentration, and the applied pressure on the draw
side. The applied pressure on the draw side for the DS-WW is half the
osmotic pressure of the salinity gradient resource [39].

As the salinity gradient resources change, the performance of the
QSPRO scenario changes.

Fig. 6a shows the permeation flow of the investigated salinity
gradient resources' PRO1, PRO2, PRO3, and PRO4 designs. The DS-WW
salinity gradient shows the highest Qp1, Qp2, Qp3, and Q4 compared to
the other salinity resources (Fig. 6a). Compared to the DS-WW, the
percentage drop in the permeation flow is 29.66 %, 46.03 %, 19.41 %,
and 43.55 % for the DS-SW, DS-ROB, ROB-WW, and SW-WW salinity
gradient resources. Additionally, the DS-WW has the highest water flux
(Fig. 6b) and the highest osmotic pressure difference (Fig. 6¢), poten-
tially maximizing the energy output.

Fig. 6b displays the water fluxes (Jy1, Jw2, Jw3, and Jy4) for the PRO;,
PRO,, PRO3, and PRO4 for the investigated salinity gradient resources.
The highest total water flux is for the DS-WW, followed by ROB-WW, DS-
SW, SW-WW, and DS-ROB. The DS-WW shows the highest Jy1, Jw2, Jws,
and Jy4 compared to the other salinity resources (Fig. 6b) because of its
highest osmotic pressure-driven force (Fig. 6¢). The highest osmotic
pressure gradient across the membrane, the highest water flux [4,7].
Compared to the DS-WW, the percentage drop in the total water flux is

The salinity and the applied pressure on the draw side of the investigated salinity gradient resources.

Salinity gradient resources Abbreviation Resources' salinity (g/L) Applied pressure on the draw side (bar)
Dead Sea-Wastewater DS-WW 292.20-1.16 121
Dead Sea- Seawater DS-SW 292.20-35.06 108
Dead Sea-RO Brine DS-ROB 292.20-70.13 90
RO Brine-Wastewater ROB-WW 70.13-1.16 29
Sea Water-Wastewater SW-WW 35.06-1.16 16
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Fig. 6. (a) The permeation flow in the first, second, third, and fourth PRO stages (Qp1, Qp2, Qp3, and Qp4, respectively) in the quaternary-stage PRO (QSPRO) scenario
for DS-WW, DS-SW, DS-ROB, ROB-WW, and SW-WW salinity resources, (b) the water flux in the first, second, third and fourth PRO stages (Jw1, Jw2, Jws, and Juys,
respectively) in the quaternary-stage PRO (QSPRO) scenario for DS-WW, DS-SW, DS-ROB, ROB-WW, and SW-WW salinity resources, (c) the osmotic pressure dif-
ference in the first, second, third and fourth PRO stages (An;, Any, Ang, and Ay, respectively) of the quaternary-stage PRO (QSPRO) scenario for DS-WW, DS-SW, DS-
ROB, ROB-WW, and SW-WW salinity resources, and (d) the internal concentrative concentration polarization in the first, second, third and fourth PRO stages (ICCP,
ICCP,, ICCP3, and ICCP4, respectively) of the quaternary-stage PRO (QSPRO) scenario for DS-WW, DS-SW, DS-ROB, ROB-WW, and SW-WW salinity resources.

29.91 %, 46.22 %, 19.69 %, and 43.75 % for the DS-SW, DS-ROB, ROB-
WW, and SW-WW salinity gradient resources. At the same time, the
internal concentrative concentration polarization is also affected by the
permeation flow across the membrane. For instance, as shown in Fig. 6b,
the ROB-WW shows the second-highest water flux compared to the DS-
SW, DS-ROB, and SW-WW, which is responsible for the severe ICCP of
ROB-WW compared to DS-SW, DS-ROB, and SW-WW salinity gradients
(Fig. 6d).

The PRO system's osmotic pressure gradient across the membrane
significantly impacts the produced energy. Fig. 7a displays the osmotic
pressure gradient across the membrane of the QSPRO scenario for the
five salinity gradient resources. The highest osmotic pressure gradient is
for the DS-WW resource, while the lowest is for the SW-WW resources.
The variance between the osmotic pressure of the feed and the draw
solution explains the results in Fig. 7a. The energy generated, consumed
by the pumps, and the NSEG of the QSPRO scenario for the investigated
salinity gradient resources are shown in Fig. 7b. The energy consumed
by the pumps depends on the salinity gradients. It ranges between 0.269
kW for the DS-WW and 0.205 kW for the SW-WW salinity gradient. The
maximum energy generated through turbines is 1.91 kW for the DS-WW
salinity gradient resources. The highest osmotic pressure gradient
(Fig. 7a) and the highest applied pressure on the draw side (Table 2)
resulted in the highest NSEG. Around 0.82 kWh/m? is the NSEG pro-
duced in the QSPRO scenario using the DS-WW salinity gradient
(Fig. 7b). The NSEG decreased by 41.73 %, 65.97 %, 86.44 %, and 99.15
% when DS-SW, DS-ROB, ROB-WW, and SW-WW salinity gradients were
used instead of the DS-WW salinity gradient.
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3.3. Impact of operating parameters on DS-WW QSPRO performance

According to section 3.2, the QSPRO scenario with DS-WW showed
the highest NSEG of around 0.82 kWh/m®. To further enhance the
QSPRO system performance, this subsection investigated the influence
of the feed and the draw solutions flow rates and the applied draw so-
lution pressure (Fig. 1b) on the energy generated by the turbines (Ery;-
bine), the energy consumed in the pumps (Epymp), and the NSEG. The feed
and draw solutions flow rates and the applied draw solution pressure
govern the energy generation and consumption in the PRO process
[40-42].

Fig. 8a shows the Etyrbine; Epump, and NSEG of the QSPRO scenario at
different feed solution (WW) flow rates. Increasing the feed solution
flow rate from 0.93 to 1.14 m®/h caused an increase in the energy
generated by the turbines from 1.88 kW to 1.96 kW, about 5 %.
Increasing the feed flow rate in the QSPRO scenario was responsible for
the rise in the water flux at each PRO stage since water flux in the PRO
system rises with the feed solution flow rate [27] as more water would
be available for the permeation. Therefore, increasing the feed flow rate
explains the boost in the water flux and, consequently, the increase in
the energy generated by the turbines.

Besides, Epymp increased by 2 % due to the feed flow rate increase
from 0.93 to 1.14 m>/h, since the higher the flow rate, the higher the
energy consumed through pumping [43]. Even though the energy
consumed through pumping was increased, the net energy, Eq. (13),
increased due to the considerable increase in the energy generated
compared to the energy consumed. Fig. 8a shows that the NSEG dropped
due to the increased feed solution flow rate. The decrease in the NSEG
can be explained by Eq. (13) since the NSEG is inversely related to the
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Fig. 7. (a) The osmotic pressure difference at PRO;, PRO3, PRO3, and PRO4 of
the quaternary-stage PRO (QSPRO) scenario for DS-WW, DS-SW, DS-ROB, ROB-
WW, and SW-WW salinity resources, and (b) the energy generated by the tur-
bines (Eturbine), the energy consumed by the pumps (Epump), and the net specific
energy generation (NSEG) of the quaternary-stage PRO (QSPRO) scenario for
DS-WW, DS-SW, DS-ROB, ROB-WW, and SW-WW salinity resources.

total feed and draw flow rates (Qo). There was a 22 % increase in the
feed solution flow rate when the feed solution flow rate increased from
0.93 to 1.14 m3/h. Thus, the lower the feed solution flow rate is, the
higher the NSEG (Table 4).

The profile of NSEG followed the same trend when the draw solution
flow rate increased from 0.93 to 1.14 m®/h. The Eryrbine and the Epump
increased with the draw solution flow rate (Fig. 8b). A 22 % rise in the
draw solution flow rate caused a 10 % increase in the Etyrbine and a 19 %
increase in the Epymp. The higher the draw solution flow rate, the lower
the impact of the draw dilution effect on the water flux [44]. The
increased water flux improved the Etyrbine generated in the PRO process.
Previous research reported a direct relation between the draw solution
flow rate and the water flux of the PRO system [27,30,45,46]. However,
the NSEG decreased from 0.824 kWh/m? to 0.806 kWh/m® (Fig. 8b) due
to the increase in the total draw solution flow rate, as shown in Eq. (13).
Enhancing the net specific energy harvested by the PRO required less
draw solution flow rate (Table 4).

Fig. 8c displays the impact of varying the applied pressure on the
draw side (Pump 2, Fig. 1b) on the QSPRO system performance.
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Fig. 8. (a), (b), and (c) the impact of the variation of the feed solution flow
rate, the draw solution flow rate, and the applied pressure on the draw side on
the energy generated by the turbines (Etubine), the energy consumed by the
pumps (Epump), and the net specific energy generation (NSEG) of the

quaternary-stage PRO (QSPRO) scenario for DS-WW salinity resources,
respectively.

Undoubtedly, increased Epump was noticed with the increased applied
pressure. A 37 % increase in the applied pressure caused a rise in Epymp
from 0.258 kW to 0.330 kW (Fig. 8c). In contrast, the results showed a
16 % drop in the Erypine with the increase in the applied pressure
(Table 4) due to the drop in the water flux in the PRO stages of the
QSPRO [47-49]. Additionally, the higher the applied pressure on the
PRO membrane, the greater the membrane fouling [50,51], impacting
the PRO water flux. Approximately 23 % reduction in the NSEG
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Table 4
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The percentage change in the Erubine, Epump, Net energy, and NSEG as the quaternary-stage PRO (QSPRO) scenario parameters changed.

Parameter changed Range % Change in the Etysbine % Change in the Epymp %Change in the net energy % Change in the NSEG
Feed flow rate 1> Qri < 0.93 -1.75 —0.79 -1.91 1.53
Qpi
1@ 114 2.82 1.58 3.03 -3.51
Qpi
Draw flow rate 1> Qoi 50093 -3.41 —6.00 —2.98 0.44
Qri
1.1, 5.87 11.99 4.86 -1.82
Qri
Hydraulic pressure on the draw side A?n' S AP 095*% 0.65 —3.84 1.39 1.39
An —15.79 23.04 —22.14 —22.14

Anm
AP < 1.30*——
5 < < 1.30 5

occurred with increased draw solution pressure. It can be noticed that
the variation of the applied pressure on the draw side has the highest
impact on the QSPRO system performance compared to the feed and
draw solutions flow rates.

Generally, multistage PRO scenarios are more efficient than single-
stage PRO due to the lower ICCP on the feed side in the additional
stages. Dividing the feed solution into the PRO stages attenuates the
impact of ICCP, improving water flux and, eventually, energy genera-
tion. The QSPRO configuration achieved the highest energy generation
due to the greater permeation flow caused by using a fresh feed solution
in each stage (Fig. 3). Dead Sea-wastewater salinity gradients exhibited
the highest osmotic pressure driving force and NSEG compared to other
salinity gradients. Table 4 shows the results of the variation of the
operating conditions on the QSPRO system using Dead Sea-wastewater
as the salinity gradient resource. Varying the feed and draw solution
flow rates and draw solution pressure led to an insignificant drop in the
NSEG. Therefore, using a feed-to-draw flow rate ratio of <1 and a draw
solution pressure slightly lower than the average osmotic pressure dif-
ference of the salinity gradient offers the best operating condition in the
multistage PRO process (Table 4). For instance, reducing % from 1 to

0.93 (reducing the feed flow rate and using a draw flow rate was 1 m3/h)
caused a 1.53 % increase in the NSEG. A similar trend was noticed when

% was reduced from 1 to 0.93 by reducing the draw flow rate and using
1 m%/h feed flow rate caused a 0.44 % increase in the NSEG. In contrast,
a 1.39 % increase in the NSEG occurred when the applied hydraulic
pressure was 0.95 of the average osmotic pressure difference (Table 4).
However, the highest impact on the NSEG was noticed when the applied
pressure increased from 4 to 1.30*5%, causing a 22.14 % drop in the
NSEG. Accordingly, the applied hydraulic pressure is the most influen-
tial parameter on the NSEG, and it is preferred to be equal to or slightly
less than An/2.

4. Conclusion

This study focuses on determining the NSEG of SSPRO, DSPRO,
TSPRO, and QSPRO of DS-ROB as salinity gradients. The results showed
that the NSEG of the QSPRO scenario is 33.96 % higher than its corre-
sponding SSPRO scenario. Moreover, it has been noticed that the water
flux and the power density are increasing by adding more PRO stages to
the system. For instance, the QSPRO scenario will produce 362 % higher
water flux than the SSPRO scenario. Adding more PRO stages reduces
the inverse effect of the internal concentration polarization on the
multistage PRO performance. It will enhance the multistage PRO sys-
tems' water flux, power density, and NSEG.

Five salinity gradients are investigated using the QSPRO scenario.
The DS-WW salinity gradients of the QSPRO scenario presented the
highest produced water flux over the DS-SW, DS-ROB, ROB-WW, and
SW-WW. Additionally, the DS-WW has the highest osmotic pressure
gradient and the highest applied pressure on the draw side. These results
clarify that the DS-WW of the QSPRO scenario produced the highest
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NSEG of about 0.82 kW.h/m?>.

The variation of the feed solution flow rate, the draw solution flow
rate, and the applied pressure on the QSPRO system productivity are
also evaluated. The results show that the applied pressure has the most
dominant impact on the behaviour of the QSPRO scenario compared to
the feed solution and the draw solution flow rates. A 37 % increase in the
applied pressure caused a 23 % drop in the NSEG. On the other hand, the
reduction in the NSEG was 5 % and 2 %, with a 22 % rise in the feed
solution flow rate and the draw solution flow rate, respectively, indi-
cating the significance of choosing the best parameters for maximizing
the NSEG of the QSPRO scenario. It has been concluded that the highest
impact on the NSEG was noticed when the applied pressure increased
from 4 to 1.30*47, causing a 22.14 % drop in the NSEG. Accordingly, the
applied hydraulic pressure is the most influential parameter on the
NSEG, and it is preferred to be equal to or slightly less than half of the
osmotic pressure difference. The outcomes of this study aim to enhance
comprehension among researchers and scientists regarding the merits of
employing a multistage PRO instead of a single-stage PRO in water
treatment. Conducting a pilot plant investigation is essential for inter-
preting the advantages associated with the multistage PRO process, and
it is strongly advised that such studies be undertaken to verify the
findings of this study.
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The following table represents the results of the simulation of the suggested PRO model used in this study.

Table A.1

The outputs and the parameters of the PRO process simulation.

Input

Value

Feed inlet flow rate, Qg (m>/h)

Feed inlet concentration, Cr; (g/L)

Feed inlet pressure, Pg; (bar)

Draw inlet flow rate, Qp; (m®/h)

Draw inlet concentration, Cp; (g/L)

Draw inlet pressure, Pp; (bar)

Parameter

Area of the single membrane, Am (m?)
Vont's Hoff factor, i

Universal gas constant, R (m°.bar/(mol.K)

The molecular weight of NaCl, Mwt (g/mol)
Constant in mass transfer coefficient relation, x (bar.s/m%)

Constant in mass transfer coefficient relation, y
Membrane water permeability, Aw (m/(bar.s))

Membrane salt permeability, B (m/s)
Membrane structural parameter S (m)
Output

Feed outlet flow rate, Qp, (m>/h)
Feed outlet concentration, Cg, (g/L)
Draw outlet flow rate, Qp, (m>/h)
Draw outlet concentration, Cp, (g/L)
Feed outlet pressure, Py, (bar)

Draw outlet pressure, Pp, (bar)

70.13

292.20

90

Value

63

2
0.00008314
58.5
0.002068
0.501
1*1077
6.235 * 10~°
880 * 10°°
Value

0.76

880.01

1.24
243.116
0.81

89.89
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