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ARTICLE INFO ABSTRACT

Utilization of renewable energy sources, as an approach to reduce Greenhouse Gas (GHG) Emissions, has been
globally popular in the last few decades. Among renewable energy sources, pressure retarded Osmosis (PRO) has
been scrutinized by scientists since the mid-70’s. However, even today, the existing PRO systems can only
marginally meet the generally approved criterion of 5W/m? power density, a threshold for an economically
feasible river-sea PRO system. As an approach to increase the performance of PRO systems, multi-staging of PRO
modules is investigated in this paper.

For this purpose, a number of models for scaled up dual stage PRO power plants with different configurations
and target functions are presented and compared to a single stage system with the same membrane area. These
models consider the pressure and flow drop as well as the salinity change along the membrane. The results
indicate that overall performance of the system could be improved by up to 8% with a dual stage PRO in the case
of specific energy. Finally, a thermodynamic analysis addresses the sources for irreversible losses, and the
contribution from each source.
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1. Introduction

Osmotic energy, besides its other applications such as desalination,
food preservation and medicine, is considered as a renewable source of
energy [1]. This form of energy is released when two solutions with
different salt concentrations are mixed in a membrane module at ap-
propriate pressures. The worldwide capacity of osmotic pressure to
generate energy has been estimated to be 2 TW, which is almost 13% of
global energy consumption [2]. The solution with a lower salt con-
centration is called the feed solution, while the higher concentrated
solution is referred to as the draw solution. When draw and feed so-
lutions enter the different sides of the membrane module, there is a
driving force for fresh water to permeate from the feed (diluted) to the
pressurized draw solution (concentrated). The process is continued as
long as the difference in the hydraulic pressure is less than the differ-
ence in the osmotic pressures.

Pressure is applied to the draw solution side to retard water per-
meation from the feed solution to the draw solution through the
membrane. Constant energy generation is obtained by depressurizing
the permeate through the hydroturbine, the method is called Pressure
Retarded Osmosis (PRO) [3]. The hydraulic pressure must not exceed
the osmotic pressure difference in the system which is the driving force
of water permeation. Osmotic pressure is related to the difference in salt
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concentrations of draw and feed solutions. Therefore, the higher this
difference is, the higher the osmotic pressure difference will be. Hence,
sources with higher salt concentrations can be considered as draw so-
lutions, such as the Dead Sea [4], brine of desalination plants [5], or
ammonia-carbon dioxide [6]. A pilot scale power plant, harvesting PRO
energy from sea water was developed in Norway by Statcraft in 2009.
However, mainly due to the inefficiency of the membrane causing low
generation of power per membrane area (0.5 W/m?) [71, but also due to
low osmotic pressure driving force of chosen draw and feed solution
sources [8], this power plant was shut down in 2012.

In order for a PRO power plant to be commercially feasible, it is
estimated that the power density should be above 5W/m? [9]. Re-
cently, there have been improvements in membranes and their para-
meters, especially in laboratory scale power plants [10]. Other factors
also affect the power density such as pressure drop along the mem-
brane, operating condition, and PRO configuration. As the scale of the
system grows, the mentioned factors play a more vital role and become
more important to observe.

In the past few years, PRO was considered as a part of hybrid sys-
tems, mostly to recover energy from other osmotic processes such as
forward osmosis (FO) or reverse osmosis (RO) [11-13]. The waste of
desalination systems, which is concentrated brine, can be used in PRO
systems to create some of the power required for desalination [14]. In
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Fig. 1. Schematic of single and dual stages PRO systems with the same membrane area: (a) Single stage with P-T; (b) single stage with PX; (c) dual stage with P-T; (d)
dual stage with 1PX; (e) dual stage PRO with Qp,in back to PX before the HT1; (f) dual stage with 2PX; (g) dual stage system with 1HT.
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addition, dual stage PRO configurations have been investigated to im-
prove energy generation. He et al. [15,16] introduced dual stage PRO
and studied four configurations, either with continuous or divided flow
of draw and/or feed solution. All configurations utilized energy re-
covery systems and pump-turbine pairs. The hydraulic pressure applied
to the draw solution was constant, and the system was optimized to
maximize the average power density [16]. Another study for dual stage
PRO was conducted by Altaee et al. [17,18] in which two configura-
tions of dual stage PRO are suggested. Both configurations utilize
counter-current flow of draw and feed solutions, pressure exchanger
(PX) and pump-turbine pair. Similar to [15,16], they have the same
applied hydraulic pressure for both modules. Compared to [17], in [18]
the system has been modified such that the required volumetric flow of
draw solution for PX is extracted at the end of the second module in-
stead of the first. With this change, the input flow for the draw solution
in the second module, and subsequently the power density, was in-
creased [18].

In 2016, Straub et al. [19] and O’Toole et al. [20] criticized the
viability of power generation from river-sea PRO power plants in terms
of net work per inlet flow rates of draw and feed solutions (specific
energy, SE), and the net work per drawn fresh water, respectively. They
stated that net positive extractible energy is hard to achieve or even
impossible. With dual stage PRO, the energy output can be improved to
positive numbers [17]. Considering the water quality in British Co-
lumbian rivers, the work required for pretreatment of the feed solution,
which is considerable (estimated around 0.1 —-0.4 kWhm ™2 [19]), can
be ignored or kept at minimum level.

In general, dual stage systems may utilize the advantages of flex-
ibility in selection of membrane types, module configurations, and draw
and feed solution sources. Furthermore, low concentrated fresh water
entering the second module may cause additional water permeation
through the membrane; thereby, increasing power output.

In this paper, large scale dual stage PRO systems in new config-
urations are presented and compared with a single stage system. In
terms of capital cost, dual stage PRO modules may need more mem-
brane area than the single stage PRO and require additional turbo
machinery (Pump-Turbine-Pressure Exchanger). In this paper the same
membrane area is assumed but some additional turbo machinery is
required in the second module. In addition to the other benefits of a
dual system, the effect of using different applied hydraulic pressures for
the two modules is investigated. From a thermodynamic perspective,
reducing hydraulic pressure in the second module reduces entropy
generation and increases power density. The single stage systems use
the membrane unevenly, with most fresh water drawn early close to the
inflow, and only little drawn further downstream.

To model the system, mass and momentum balances are formulated.
To illustrate the configurations, sea water is considered as the draw
solution and distilled water as the feed solution, other solutions could
be considered as well. To quantify the system performance, hydraulic
pressures and inlet flows of draw and feed solutions play an important
role. These variables need to be obtained through an optimization
procedure which depends on target functions. For this purpose, several
functions are used: (a) power output per membrane area, (b) power per
inlet draw and feed solutions, and (c) power per amount of fresh water
drawn through the membrane. The functionality and necessity of these
target functions are described, and the optimum values for applied
hydraulic pressures as well as draw and feed inlet flow rates are ob-
tained in order to maximize each work regime. The single and dual
stage systems are compared in terms of target functions for optimiza-
tion and thermodynamic analysis. The variation of some parameters
through the membrane elements is compared between single and dual
stage systems.
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2. Methodology
2.1. General

In the current study, large scale dual stage PRO systems with new
configurations are presented and compared to a single stage system.
Fig. 1 presents several configurations of both single and dual stage PRO
systems. Schematic diagrams of a simple single stage PRO system and a
dual stage PRO both equipped with pumps and turbines are shown in
Fig. 1 (a) and (b), respectively. These simple models are presented to be
compared with PRO systems that employ pressure exchangers (PX) in
order to obtain efficiency improvement, as shown in Fig. 1 (c) to (g).

Two configurations of dual stage PRO systems with PX and two
Hydro-Turbines (HT) are proposed in Fig. 1 (d) and (e). The effects of
applying various hydraulic pressures to each module are investigated
after addition of the second hydro-turbine. Thermodynamically, de-
pressurizing the draw solution before entering the second module may
reduce the entropy generation by more even utilization of membrane
through the channel.

To compare the dual stage systems with single stage ones Fig. 1 (c)
and to find out the effect of adding the second turbine Fig. 1 (g) are
presented. To find out the effect of exchanging the high pressure pump
with the second PX, the configuration of Fig. 1 (f) is also proposed.

Many different configurations for dual stage PRO employing pres-
sure exchangers, pumps and turbines are possible, and a detailed ana-
lysis based on thermodynamic modeling is required to evaluate the
merits and failures of the different configurations. It is noted that more
complex models might increase the capital cost, while providing sav-
ings in operation. For the subsequent analysis, optimization based on
operating cost, not capital cost, is considered.

The length of the membrane for the single stage module is twice the
length for each module in the dual stage system; i.e., L; = Ly = L/2,
where L is membrane length for the single stage module, and L; and L,
are membrane length of first and second modules in a dual stage
system, respectively. In terms of capital cost, dual stage PRO modules
may need more membrane area in comparison with the single stage
PRO systems. However, the same membrane area is used for all con-
figurations presented in the current research.

In the counter-current flow through a module, draw and feed so-
lutions have the opposite flow directions. As elaborated by van der
Zwan et al. [21], the counter-current flow gives an approximately 15%
higher power output compared to co-current flow. The higher pro-
duction of power under counter-current flows in PRO systems is due to
the more even distribution of salinity. Considering this, all suggested
PRO configurations in this research have been studied in the counter-
current flow direction.

The efficiency study of the basic single stage and dual stage PRO
systems (Fig. 1 (a) and (b)) is followed by evaluation of the other
proposed configurations, as shown in Fig. 1 (c) to (g). The proposed
configurations employ high pressure pumps (HP), booster pumps (BP),
PRO membrane modules, hydro-turbines (HT), and in the case of Fig. 1
(c) to (e) pressure exchangers (PX). The efficiencies of these pumps,
turbines and PX play an important role for the overall system perfor-
mance.

For an ideal pump and turbine system, the isentropic efficiencies are
np = nr =1, where 5p and 5 denote pump and turbine efficiencies,
respectively. In practice, these values are typically around 0.9. The
current study is conducted assuming realistic efficiencies for all pumps
and turbines.

For pressure exchangers, as explained by Bharadwaj et al. [22], in
the relevant pressure ranges of PRO systems, pressure losses for high
pressure stream (6Py) and low pressure stream (8P;) are approximately
8Py = 8Py = 8P = 0.5 bar. These pressure losses are atoned by booster
pumps in the configurations of Fig. 1.

In the dual stage system of Fig. 1 (b), the entering volumetric flow of
the draw solution (Qpi,) has environmental pressure at P,. After
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pressurizing to Ppi, the flow runs along a semipermeable membrane
drawing the fresh water flux Qgrawn1 = f Jwr1dLy. In this equation, J,,q
is fresh water drawn through the membrane from feed to draw solution.
The outlet flow from module 1 (Qp;) is equal to Qpin + Qgrawn1- Due to
friction and flow resistance along the membrane, the pressure will drop
from Pp; to Ppy upon exiting the first module. The flow drives the first
turbine (HT1) and depressurizes to Pp,. At this point, the flow enters
the second module at pressure Pp, and volumetric flow Qp;. The same
procedure happens in module 2, resulting in the exiting volumetric flow
QDL,2 = Qp2+ Qirawn2s with Qarawn2 = waerLZ; where Jwrz is defined
for module 2 similar to Jy,;. Similar to the process in module 1, the
pressure will decrease to Pp; 5. The flow will drive the second turbine
(HT2) and discharge to the environmental pressure P,.

A single stage PRO equipped with a PX is shown in Fig. 1 (c). The PX
is added to improve the efficiency of the system. In this configuration, a
PX is used to pressurize the draw solution with the flow rate of Qp
from P, to Pp; - 6P. The internal head loss §P in PX and the frictional
pressure drop in the membrane modules are compensated by booster
pumps (BP) before the flow enters the module and on the way back to
PX, respectively. At the end of the module, the flow splits into Qgrqwn
which runs the HT, and Qp ;», which is sent back to the PX, where it is
depressurized.

A dual stage PRO system equipped with a PX is shown in Fig. 1 (d).
The PX pressurizes the inlet flow from P, to Pp,. Following this stage, an
HP pressurizes the flow to Pp;. Then, the flow enters the first module
and exits with volumetric flow Qp;. The fluid is depressurized to Pp,
following the passage through HT1 and then enters to module 2. The
outlet fluid from module 2 is divided into two parts. The first part re-
turns to PX with volumetric flow Qp ;. The second part enters to HT2
with volumetric flow QDrawn( = QDrawnl + QDrawn2)~

In a dual stage PRO, the flow returning to the PX can be deviated
after the second module or the first module, as shown in Fig. 1 (d) and
(e), respectively. In the latter case (Fig. 1 (e)), a PX pressurizes the draw
solution from Py to Pp; - 8P to enter the first module. The exiting flow
from the first module is divided into Qp;, (back to PX) and Qarawm
(entering to the second module). Qgraun1 runs HT1 while depressurizing
to Pp, and enters the second module. The exiting flow from the second
module Qgqyn runs the HT2 while depressurizing to Po. The booster
pumps compensate the internal head loss 6P in PX and the frictional
pressure drop in the membrane modules.

A considerable improvement in system efficiency is anticipated after
replacing the HP from Fig. 1 (a) and (b) with PX in Fig. 1 (d) and (e). In
Fig. 1 (d) and (e) the difference in the applied pressure between two
modules (Pp; and Ppy) is provided by a HP. If the difference between
Pp; and Pp; is sufficiently large, this HP can also be replaced with a
second PX. In order to investigate the efficiency of adding another PX
instead of the HP, the configuration shown in Fig. 1 (f) is proposed. In
this configuration, the HP is substituted by the second PX. The first PX
pressurizes the flow from P, to Pp,, and the second one pressurizes it
from Pp, to Pp;. The exit flow from module 1 splits into the two streams
Qp,in and Qgrawnm1- The Qp ;, returns to the second PX at pressure of Pp;
and leaves at Pp,. The flow at volumetric rate Qgrawn1 drives the first
turbine. Following the combination with the depressurized flow Qp n,
the flow enters the second module at pressure Pp,. After the second
module, the diluted draw solution is divided into the flows at volu-
metric flow rates Qp ;, and Qgrawn. The former returns to the first PX and
the latter drives the second turbine.

The last configuration is shown in Fig. 1 (g). The effect of having
two counter-current feed flows for each module is investigated. In this
configuration, [18], the draw flow after the first module is not de-
pressurized - i.e., there is no HT1. The draw solution with a volumetric
rate of Qp, at pressure of Py is pressurized by a PX to Pp; and enters
module 1. Then it runs into the second module at the pressure of Ppy, ;.
The exiting flow is split between Qp,i, and Qgrgwn. Qp,in returns to PX.
The remaining flow at Qgyqyn drives the HT.
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Draw solution

|

Membrane

Fig. 2. Volumetric slice of the draw channel with thickness of Ax, height of the
channel (H) and width of the channel (2).

Feed solution

2.2. Mass balances of water and solutes in membrane

The study of flow through a membrane is achieved by application of
conservation laws. Assuming a constant temperature, thermal effects
can be ignored. Therefore, the conservation laws are simplified to mass
and momentum balances.

As shown in Fig. 2, the volume of a slice of salt water with thickness
dx is V= f HZdx, where height of the channel (H) and width of the
channel (Z) are given values. Integration of flow over the volume of a
slice of salt water will have the compact form
dQp _ _dQr

dx = = Jur,

dx @

where J,,, is the water flux passing through the membrane, and dQp and
dQr are the flow rate differential in the draw and feed solutions, re-
spectively. The difference in signs is related to the difference in current
direction.

In an ideal semipermeable membrane, salt does not pass through the
membrane and the water flux passing through is generally described by
Baker [23]

Jor = A(Am — AP) = A(mp — 7ip — AP), 2)

where A is the water permeability, 7tp and tr are bulk osmotic pressures
in draw and feed solutions, respectively, and Ant = mp - sz AP is the
applied hydraulic pressure difference between the two flows. By con-
sidering both feed and draw solutions as incompressible liquids and
sufficiently diluted, the van’t Hoff equation can be used to approximate
the osmotic pressures as

3)

In this expression i is the van’t Hoff factor which represents the degree
of dissociation, ¢ is the molar concentration of salt, R is the universal
gas constant, and T is the thermodynamic temperature of the solution.
In the draw solution, 11 of sea water typically consists of 35g NaCl
which dissociates into Na* and Cl~ ions (i = 2), and 993 g of fresh
water. Hence, the molar concentration of salt in the draw solution is cp
= 600 mol. At a temperature of 298 K, the osmotic pressure of the draw
solution is ;p =29.7 bar [24]. Since the concentration of salt in the
incoming feed solution is considered zero, the osmotic pressure of the
incoming feed solution is stz =0.

Eq. (2) is only valid for an ideal membrane. In practice, the equation
needs to be modified. For this purpose, the following need to be con-
sidered in the equation (see Fig. 3):

7 = icRT.

1. Reverse salt flux (RSF);
2. Internal concentration polarization (ICP); and
3. External concentration polarization (ECP).

RSF occurs due to non-selective behavior of membranes. Hence, salt
permeates from the draw solution to the feed solution in the opposite
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Fig. 3. A schematic of salt concentration profile in a membrane module. The
modeling is forward for both draw and feed solutions.

direction of water permeation. RSF is described by [25]

Js = B(CD,m - CF,m)

@

where J; is the reverse salt flux, B is the salt permeability coefficient,
and cp m and cg,, are the solute concentration right at the membrane in
draw and feed sides, respectively. Mass conservation law for reverse salt
flux (molar flux) is the change of salt flow (d(Q.)) in the element of dx,
where cr and c4 are the concentration of dissolved salt in feed and draw
solutions, respectively:

- d(Qrcr) - _d(QDCD)
dx dx

A ®)

The concept of ICP describes the accumulation of salt in the support
layer facing the feed side. This acts as an unstirred boundary layer and
increases the feed osmotic pressure ;. As a result, the transmembrane
driving force is reduced.

ECP mainly happens on the draw solution side. The fresh water
coming through the membrane needs to be mixed with the more con-
centrated draw solution. The driving force for the fresh water is osmotic
pressure at the membrane where the fresh water arrives. In the absence
of perfect mixing in the draw channel, the local osmotic pressure and,
hence, the driving force will decrease drastically. Therefore, the energy
extraction in this process will attenuate. Solving Fick's first law for J; is
proceeded by introducing the structural parameter (S) as an effective
diffusion coefficient. S is defined as % where D is the diffusion coeffi-
cient of the draw solute in the porous support, ¢ is porosity, and z is
tortuosity [26]. Integration over the support layer thickness yields the
effective salt and water flux [26]

—Jwr JwrS
ipeé k — 7€ D
Jor = A L — AP,
1+ 2D —e JM;:S]
Jr (6)
—Jwr JwrS
Ccpe k — Cp€ D
Js=B{—2 T
1+ 20" -]
Twr @)

Some other models have been developed considering Cr,, = Crp and
kr= kp for flat sheet membranes which include the external salt re-
sistance in feed solution as well as draw solution [27,28]. However, the
ECP effect in feed solution has been ignored in this study since the
selected feed solution concentration is zero and the salt permeability in
the selected membrane is at the low-end. For future studies with a
wider variety in the draw and feed solution sources and membrane
characteristics, the presented model will consider the external salt re-
sistance in feed solution.

Other than being widely used in PRO system modeling [8,29,30],
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this model has been used in evaluating the dual stage system perfor-
mance by other research groups [31,32]. It also has been used for
modeling scaled up PRO systems [20,33,34]. The model is considered
to be relatively accurate and has been validated by experiments for flat
sheet membranes [26,35,36]. As an example, a comparison by Altaee
et al. [36] showed 6% deviation of the model and the experimental data
from [37]. In PRO modules, the model has been validated for both
spiral wound [38] and hollow fiber membrane modules [39,40]. The
model, accepted to be valid, has also been used in experimental studies
to find the structural parameter in spiral wound membrane modules
[41].

2.3. Momentum balance

The pressure losses in the membrane modules are determined from
the balance of the momentum. Pressure loss is caused by friction in the
channel and is related to the size of the channel, and the flow rates, and
the friction factor. Similar to mass balance, diffusion due to variation in
composition variation of the solution is ignored and thermal effects are
ignored. Integration over a slice of salty water of volume dV, the mo-
mentum balance equation assumes the form

S ®)

where p is the mass density of the flow, v; is the flow velocity, P is the
pressure, and oy are viscous stresses. Considering V = HZdx (see Fig. 2)
and applying the Gauss theorem

9(pvivi + Py — Uik)dV _
axk

0,

‘/a,v d(pvivk + Py — oy)medA = 0, )

where 0V is the surface of V, and ny is the outward normal. Since there
are no boundry effects along z direction, the longitudinal component
for the momentum equation is

H/2 5 5
Z [, oG+ de, y2 e+ dx. y) = p e, Y (k. y)dyldy

+ HZ[P(x + dx) — P(x)] — j;v OunedA = 0, 10)

In Eq. (10), considering a plug flow condition, the volumetric flow
rate in x direction is Q, = %. By averaging the first term, Eq. (10) turns
to

1 d(pQ)
HZ dx

dAP
dx + HZ=—dv = S, ownida, an
where Q is the average volumetric flow along the membrane. In-
tegrating the above equation over the surface Zdx when side forces are
ignored, gives

1 d(eQ?) dAP
———~ + HZ—— = Zoy,
HZ dx dx e (12)
where oy is the average surface stress at the membrane. The Darcy
friction factor f is defined as
= 8 log |

pv> 13)

so the momentum equation can be written as
d(eQ*) dAP Jonix PQ°
XL 4 (Hz) P = mixE

x T T h (14

fmix 1 the modified friction factor in the presence of spacers [42].
2.4. Mass transfer and frictional pressure drop

For proper operation of the system, it is essential that the freshwater
entering the draw side through the membrane is effectively mixed with
the saltwater. In this way, the salt concentration is homogenous along y
direction at x. Indeed, the driving force for the freshwater is related to
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111

Mean flow direction

Fig. 4. The geometric parameters of a non-woven spacer.

the osmotic pressure at the location where the freshwater passes
through the membrane. If the newly arrived freshwater is not mixed
effectively, the local osmotic pressure and eventually the driving force
are decreased drastically. Hence, successful mixing is imperative for
proper operation.

The effective mixing can be achieved by introducing spacers into the
channel. Indeed, spacers have a dual function of providing mechanical
support for the membranes and being vortex promoters in channels.
Spacers induce more flow resistance due to the increased friction. CFD
studies on flow patterns near obstacles show spiral and erratic motions
[43,44].

In comparison to laminar flow, the existing flow regime has more
flow resistance, due to an additional irreversibility. In this condition,
there is an interaction between the pressure drop due to friction and an
improvement of mass transportation (mixing). The former decreases the
net work, while the latter increases it. To find the best performance, it is
necessary to optimize the spacers' configuration. Schock and Miquel
[45] measured mass transfer and flow resistance in flat channels and
spiral wound modules filled with various commercial spacers. In the
current study, a simple geometry of non-woven net spacers is con-
sidered. The relation between the mass transfer and power dissipation
(in terms of pressure losses) is attained by using the results obtained
from Li et al. [46]. These results have been validated with experiments
in spiral wound membrane modules and as shown in [46], the simu-
lations are in good agreement with the experiments.

The spacer geometrical parameters include the distance between
spacer filaments l; = I, where | = I; + L, angle between the spacer
filaments 3, channel height H, and flow attack angle a as in Fig. 4.

Li et al. [46] found the optimum geometrical values as H/l = 4, a =
30°, and 3 = 120°. They introduced a dimensionless power number P,
which is the normalized value of pressure drop in the channel which is
correlated with Reynolds number (Re). Moreover, it can be related to
the Sherwood number (Sh) which is related to effective diffusion
coefficient (d). Considering the relations between the aforementioned
parameters, it is possible to show the effect of changes in Reynolds
number as a turbulence factor and the trade-off between pressure drop
due to friction and enhancing mass transport.

For a wide channel, where side effects can be ignored (Z > > H),
the hydraulic diameter is Dy = 2H, and the Reynolds number is

_ Dgpv _ 2H,y _ 2Q

Re = = —,

Ui Ui v (15)

where v= 1.57 x 107° m?/s is the kinematic viscosity. In [46], the
following contributions are found,

P, = 5Re2S, (16)
Sh = 2.5P%%, 17)

the Sherwood number is defined as
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Table 1
Parameters used in PRO model.

Model parameters Values

4.86 x 10712 [33]
4.44 x 107® [33]
307 x 107° [33]

Water permeability, A [m's ~'Pa~1]
Salt permeability, B [m s~ ']
Structural parameter, S [m]

Temperature, T[K] 298
Diffusion coefficient of salt, D [m? s~ !] 1.49 x 1077 [33]
Draw solution concentration, ¢p [mol m ™3] 600

Feed solution concentration, ¢y [mol m ™3] 0
Mass transfer coefficient, k [m s™'] 3.85 x 107° [33]
Membrane length, L [m] 15 for single module,

7.5 for dual stage modules
Membrane width, Z [m] 1

Flow channel height, H [m] 0.001
Pump, turbine efficiency 0.9
kH
Sh = —,
d (18)

k is the mass transfer coefficient for the membrane and d is the effective
diffusion coefficient. The friction factor is:

Da

Re3 = 5Re™ 04,
e

Sonie = (19)

Considering Egs. (16) to (19) and Eq. (14) the pressure drop along the
channel is known and the balance of momentum becomes

(eQ?) _ Pn pQ*
dx 8Re3 H

dAP
+ (HZ)?— =
HD = 20)
The improvement in mass transfer is achieved by updating d value
along the module.

2.5. PRO modeling

The inlet volumetric flow of draw (Qp) and feed solutions (Qg), as
well as hydraulic pressures of the first (Pp;) and the second (Ppy)
module are variable parameters which must be optimized in order to
find the maximum power output.

The selection of membrane parameters appropriate for PRO was
studied in detail by Wang et al. [47]. However, most PRO membranes
are on laboratory scale and still need to be tested on larger scales.

The selected parameters in this paper are listed in Table 1. Some of
the selected parameters are based on the values presented by Wei et al.
[33].

The governing equations for counter-current flow are obtained from
Egs. (1) to (7). The mass transfer of water and salt fluxes in Egs. (6) and
(7) needs to be solved for a differential element. Then, the results need
to be related to changes in water flow rates and solute concentrations
based on mass balance in Egs. (1) and (5). Hence, on both, the draw and
feed sides, water flux (J,,,) is expressed in Egs. (1) and (2) and the re-
verse salt flux (J;) equation is expressed in Egs. (4) and (5). The updates
for the pressure drop is obtained from Eq. (20) and the mass transfer
coefficient is updated by updating Egs. (6) and (7) with Eq. (18).

The volumetric flow rates, osmotic and hydraulic pressures, salt
concentrations and mass transfer in both draw and feed solutions are
updated by marching along the membrane with Ax = 5 where n is the
number of grid points. The marching is at the same direction in both
draw and feed channels. Considering the counter-current flow in the
channels, the boundary conditions are different in each channel. For
module 1, the initial values for volumetric flow rates are Qp(0)= Qpin,
Q(0) = Qp,n, Where Qp ;, and Qg;, are the selected inlet volume flow
rates of draw and feed solutions, respectively. The initial salt con-
centrations in draw and feed solutions are cp(0) = cp in, c/(0) = 0. For
module 2, the inflow conditions become Qp(0) = Qp,1, Qx(0) = Qr2,in
where Qp, is the exiting flow rate from module 1 and Qg , is the se-
lected inlet volume flow rate of feed solution in module 2. For solute
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concentration the inflow conditions are cp(0) = cp 1, ¢(0)=0, where
cp,. is the concentration of salt at the end of module 1 in the draw
solution.

2.6. Quantifying the system performance

For the system with pump and turbine, the general power equations
for pump and turbine are
Wp = iQ(P— —Pu) <0
P 1}P n out. 3 (21)

Wr = 0,Q(Pn — Puy) > 0, (22)

where W, and W; are the power required to pressurize or obtained from
depressurizing in pump and turbine, respectively, and Q is the volu-
metric flow rate. P;, and P,, are input and output pressures, respec-
tively. Net power output is the sum of pump and turbine powers,

Waer = W + Wp. (23)
As shown in Fig. 1, seven different configurations are suggested.
Power outputs corresponding to each configuration are presented in
Egs. (24) to (31).
For the single stage system equipped with pump and turbine (Fig. 1
(a)), the power output is

. 1
Waet = 197 Qpr(Por, — Bo) = —Qp,in[(Po1 — Por) + Qrin(Pr1 — Ry)l,
Mp (24)
For the dual stage system equipped with pump and turbine (Fig. 1
(b)), the power output is

. 1
Whe= 17 [Qpr(Por — Ppa) + Qpr2(Por2 — Po)l — —[Qp,in(Po1 — Py
P

+ Qrvin(Pr1 — Bo) + Qp2,in(Pra — R,
(25)

In the presence of PX, the required work for booster pumps to
compensate the pressure loss of PX (6Wpx) is

Wox = Qp,in(6Py + 8P,) = 2Qp 6P, (26)

For the single stage system with the pressure exchanger (Fig. 1 (c)),
the power output is

. 1
u/ne[ = nTerawn (PDL - PO) - 77_ [QD,in (26P + (PDl - PO))
P

+ Qr,in(Pr — Ry)), 27)

For the dual stage system with 1 pressure exchanger (1PX) shown in
Fig. 1 (d), the power output is

Whe= 17 [Qpr(Por — Pp2) + Qarawn(Ppr,2 — PO)]
- WL[QD,M((PDI — Ppro)

P

+ 26P) + Qr1in(Pr1 — Po) + Qpz,in(Pra — P, (28)

For the dual stage system with (1PX) that drives back to the PX
before the first HT (Fig. 1 (e)), the power output is

I’Vnet= Nr [Qmenl (PDL - PDZ) + erawn (PDL,Z - PO)]
1
— —[Qp,in((Por — Ppr)
P
+ 26P) + Qp1,in(Pr1 — Po) + Qpz,in(Pr2 — Py)l, (29)

For the dual stage system with 2 pressure exchangers (2PX) showed
in Fig. 1 (f), the power output is

34
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I/‘Vnet= UT [QDrawnl(PDL - PDZ) + erawn (PDL,Z - PO)]

1
— —[Qp,in(Pp1 = Po
p

+ Ppy — Pprp + 40P) + +Qp1,in(Pr1 — By) + Qpz,in(Pr2 — R)l,
(30)

Finally, for the dual stage system with 1PX and 1HT (Fig. 1 (g)), the
power output is

. 1
Wher= 17 [Qprawn (Por2 — Po)l — 77_ [Qp,in((Pp1 — Ppr2)
P

+ 20P) + Qr1in(Pr1 — By) + Qrz,in(Pr2 — P, (31)

2.7. Target functions for optimization

Considering Egs. (21) and (22), power output depends on pressures
and volumetric flow rates. Therefore, they have to be chosen in order to
achieve an optimum system performance. Based on the application,
there are several methods to optimize the system performance. Note
that the goal of all these methods is to make PRO economically feasible.
To achieve this goal, most previous research has focused on optimizing
for power density (PD) or specific energy (SE).

Power density is defined as the extractable work per membrane area
[8l,

PD = %,

Ap (32)

where W, is the system power output and A,, is the total membrane
area. Power density reflects the importance of membranes in PRO
systems. Consideration of capital cost for the membrane and its partial
maintenance cost is the rationale behind the consideration of the PD.
Hence, the efficiency and utilization of membrane area are of great
importance. Optimizing the PD results in smaller membrane area and
obtaining higher power output per membrane area.

The second target function is specific energy (SE) which is defined
as extracted energy per inlet flow rates of draw and feed solutions.

Whet

SE=— ‘et
Qr.in + Qp,in

(33)
Qr,in and Qp i, are inlet volumetric flow rates of feed and draw solutions,
respectively. For dual stage PRO systems, Qgin = Qr1,in + Qro,in, Where
Qr1,in and Qg in are inlet flow rates of feed solutions in the first and
second module, respectively. Specific energy should be considered
when the energetic costs of pumping and water pretreatment are im-
portant or the accessible amounts of draw and fresh water are re-
stricted. The cost of pretreatment and pumping will increase with in-
creasing the flow of water on each side of the membrane. SE can be
used as an indicator of energy efficiency for the system.

Since optimization is based on the availability of fresh water rather
than salt water, the optimization process can also be conducted based
on drawn freshwater along the module. Hence, the extracted work per
liter of drawn fresh water is defined as

W W
drawn = s

drawn

34

Each of the above descriptions is used as a target function for op-
timization, while Ppy, Ppy, Qp1,in and Qgsin are variable parameters.

2.8. Thermodynamic analysis of PRO system

The Gibbs free energy of mixing is the thermodynamic upper bound
of the energy. The maximum extractable energy of mixing two solutions
with different salinities can be attained via a thermodynamically re-
versible process. A thermodynamically reversible process in the PRO
system can be conducted by keeping the applied hydraulic pressure
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infinitesimally below the osmotic pressure.
In general, the work supplied to the plant can be obtained from the
Gibbs free energy of mixing, AG,

W = —TSgn — AG, (35)

where T is temperature, S, is entropy generation, and AG is the Gibbs
free energy per unit time. Any generation of entropy due to irreversible
process reduces the work output.
Assuming an ideal mixture, the Gibbs free energy of mixing is

AG = RT ) g XaIn(Xe) — ) haXeln(X,),

out in (36)
where R is the universal gas constant, 7, is the mole flow of component
a, X, is the corresponding mole fraction. For reversible work, S'gen =0
and considering draw and feed solution Eq. (35) gives

Wyw= — AG = RT[ARXTIn(X5) + A (1 — X)In(1 — X&)

+ XX = (R X B In (X5)

+ A (1 — X)) In(1 — X3

+ AP X I (XEY) + gt (1 — XE)In(1 — XE)], 37)
where D and F indicate draw and feed solutions, respectively. Since X
= X = 1, and assuming a dilute solution at both the draw and feed
sides, Eq. (37) can be simplified to
Wiey = —AG = iRT [ pin X5 In (XE) — fipou X3 In(X5)

— Apou X In (X)), (38)

Assuming negligible contribution of solute to the volume of the

solution and dividing Eq. (38) to the volume of mixed solution, the
Gibbs free energy per volume of total mixed solution is achieved. The
resulting quantity is obtained as a function of molar concentrations of
the draw and feed solutions (cp and cg), as well as volumetric flow of
salt and water in the draw and feed solutions (Qp and Qp)
AG = lRT [QD,in Cp,in In (CD,in) - QD,outCD,oul In (CD,out)

- QF,ou[cF,nutln(cF,ou[)]7 (39)
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Work loss of water transfer in the module is

i rwater swater

Wiess = TSgcn P (41)

where T is the temperature and S;Zter is the entropy generation due to

water transfer. The entropy generation is
s water _ water
Sgen - f Ugen dA’ (42)

where A is the membrane area and ¢/%¢"

zn 1S the entropy generation per
membrane area, as

water _ ﬂ 7D _ 5 F
Ggen - T (ﬂv #v ), (43)

n, is mole flow of water, ,L_LVD and vF are chemical potential of water at
draw and feed side, respectively.

@P - aF) = V,(ap — A7), (44)
and,
ny = [ hda, (45)

where J,, is the mole flux which has the relation of J, = % Considering
w
the Egs. (41)-(45) the work loss for water is

i rwater

n
Wiess = Z Jwr (AP — Ar)Ax.
im1 (46)

For the salt transfer through the membrane
n
W = 3 KRIn(“2)Ax.
i=1 F 47)
Work loss of pressure exchanger
Wigss = Q,in26P. (48)

Work loss of pressure drop in the membrane considering both draw and
feed solutions

P QF in T QF out QD in + QD out
Wt = 2ot - <o (p . — Py) + ~2 2% (b — Ppowt)-
The total work loss then can be expressed as loss 2 (Prin = Fo) (Pb.in = Pb.out)
. . . 49
Wioss = Wrew — Woer- (40) (49)
. . . . Work loss of pum
The sources for irreversible energy loss in a PRO system with PX, pump pump
and turbine can be listed as follows: . p P .p 1 . p
"Vloss = "Virr - Wrev =[{—-1 Wreu'
np (50)
1. Water and salt transfer through the membrane;
2. Pressure drop in pressure exchanger; b 1
3. Pressure drop along the membrane in both sides; Wioss = P 11[Qp,in(26p + (Pp,in — Pp,our)) + Qr,in(Pr,in — Ro)l. 5D
4. In pump; and !
5. In turbine. Work loss of turbine
. T
Wigss = (1 — 77T)Qdmwn(PD,ou.t - Ry). (52)
Table 2
Optimization results for single and dual stage modules for maximum power density (PD).
Single stage Dual stage Single stage Dual stage Dual stage
(with 2 HT) (with 1 HT)
1PT 2PT 1PX 1PX 1PX 2PX 1PX
(@) (b) ©) @ (e) (before T1) ® ®
PD (Wm™?) 2.19 2.22 2.87 2.96 2.78 2.56 2.98
SE (KJ Lit™ ") 0.25 1.12 0.27 0.15 0.15 0.14 0.15
Wrawn (KJ Lit™) 0.65 0.59 0.96 0.92 0.87 0.79 0.94
Ppy (bar)* 12 12.5 15 15 15 17.5 15
Ppy (bar) — 11.5 — 14.5 11 12 —
Qpin X 107% (m%s™1) 0.6 0.8 0.8 0.9 0.9 0.8 0.9
Qrin X 1074 (m%™h) 0.7 1 0.7 1 1.2 1 1.1
Qrin X 1074 (m?* ™1 - 1 — 1 0.7 1 0.1

* The presented Ppy, Pp2, Qp,in, Qr,in and Qg i, are the optimized values for PD.
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Table 3
Optimization results for single and dual stage modules for maximum specific energy (SE).
Single stage Dual stage Single stage Dual stage Dual stage
(with 2 HT) (with 1 HT)
1PT 2PT 1PX 1PX 1PX 2PX 1PX
(@ (b) © (d) (e) (before T1) ® ®
PD (Wm™3?) 1.06 0.82 1.15 0.84 0.87 0.96 1.13
SE (KJ Lit™ ") 0.44 0.49 0.51 0.53 0.55 0.52 0.46
Warawn (KJ Lit™1) 0.88 0.95 1.14 1.04 1.09 1.02 1.14
Pp; (bar)* 13.0 16.5 15.0 17.5 16.0 18.5 15.0
Pp, (bar) — 11.0 — 11.5 10.5 11 —
Qpyin X 1074 (m*™h) 0.14 0.08 0.15 0.08 0.09 0.09 0.15
Qpin X 107* (m%™ 1) 0.22 0.08 0.19 0.07 0.09 0.07 0.15
Qr,in X 107% (m%s™1) — 0.09 — 0.09 0.06 0.11 0.07

* The presented Ppy, Ppa, Qp,in, Qr,in and Qg i, are the optimized values for SE.

Total work loss is the sum of all work losses

i rsalt

+ MOSS

. . CPX . p T
Wioss = Wiess + Wigss + Wigse + Wiags + Wiess: (53)
Egs. (35) to (53) will be used in Section 3.1.4 for thermodynamic

analysis of the system performance.

3. Results and discussions
3.1. Single stage versus dual stage PRO system

Some dual stage PRO configurations have been studied previously
[15,18]. However, to the best knowledge of the authors, none of them
has considered the effect of changing hydraulic pressures after each
module. Tables 2—4 compare maximum work values for target func-
tions with their inlet draw and feed solution pressures and flow rates.
The values for the applied hydraulic pressures (Pp; and Pp,) and inlet
draw and feed flow rates (Qp,in, Qr,in, and Qpz,in) Were changed so that
the maximum value for each target function is obtained.

3.1.1. Power density(PD)

Optimization for the maximum amount of power density (PD) for
each configuration, results in the optimal values for pressures and flow
rates shown in Table 2. The dual stage system with pump and turbine
(2PT) has slightly higher PD compared to single stage 1PT. However,
this amount is less than PD in single stage system with PX, since the
lower efficiency of the pump has canceled the advantage of dual stage
system. The dual stage system with 1HT and 1PX configuration has the
maximum PD and shows a 36% improvement compared to the single
stage PT, 34% over dual stage 2PT, and 3.8% over single stage PX. The
improvement from the dual stage to the single stage systems derives
from separated feed flows which maximize the difference in salt con-
centration. However, adding the second HT and depressurizing the

draw flow after the first module is not effective and the system tends to
minimize the pressure difference between two modules. The 0.5 bar
difference in the applied pressure between two modules is due to the
selected pressure discretization step in the model. When this step size
vanishes, as in the dual stage with 1HT, PD value improves. To in-
vestigate the losses and their effects on the system performance, a
thermodynamic analysis of the system is presented in Section 3.1.4, see
Table 5.

Looking at flow rates for dual stage systems, the feed flow rates have
been optimized separately for each stream. For PD, Qg is almost
equally distributed between the two modules and Qp ;, is equal or less
than Qg,. For all dual stage systems with 1PX, the optimum applied
hydraulic pressure approaches the value at A%.

3.1.2. Specific energy(SE)

As shown in Table 3, maximum specific energy (SE) is found for the
dual stage 1PX design (e). This configuration shows an improvement of
about 8% with respect to the single stage 1PX, 12% to the dual stage
2PT and 25% to the single stage 1PT. Generally, in the dual stage PRO
systems, the optimum pressure for the first module is above AT” and for

the second module is below %. This means that the maximum SE is
obtained for individual optimum pressures for each module. It implies
that depressurizing before the second module is helpful and reduces the
irreversibility. This will be proved by thermodynamic analysis provided
for SE as shown in Section 3.1.4, see Table 6.

3.1.3. Work per fresh water drawn(W grqun)

As shown in Table 4, in the case of the dual stage system with 1PX,
work per fresh water drawn shows a 61% improvement with respect to
the single stage PT, 47% compared to dual stage 2PT, and 2% compared
to single stage PX. Similar to PD, depressurizing the flow after the first
module does not have any benefit and the improvement is only related

Table 4
Optimization results for single and dual stage modules for maximum work per drawn water (Wgqwn)-
Single stage Dual stage Single stage Dual stage Dual stage
(with 2 HT) (with 1 HT)
1PT 2PT 1PX 1PX 1PX 2PX 1PX
(@) (b) ©) @ (e) (before T1) ® ®
PD (Wm™?) 0.73 0.63 0.72 0.69 1.36 0.65 0.74
SE (KJ Lit™1) 0.32 0.18 0.22 0.96 0.19 0.95 0.11
Warawn (KJ Lit™1) 1.0 1.1 1.59 1.61 1.49 1.44 1.62
Pp; (bar)* 17.0 19.5 24.0 24.0 22.0 24.5 24.0
Pp, (bar) — 11.0 — 11.5 10.5 11 —
Qpin X 107% (m%s™1) 0.14 0.1 0.27 0.23 0.33 0.15 0.27
Qrin X 1074 (m%™h) 0.2 0.23 0.22 0.36 0.64 0.44 0.31
Qrz,in X 107 % (m%™1) — 0.23 — 0.46 0.06 0.44 0.42

* The presented Ppy, Pp2, Qp,in, Qr,in and Qg i are the optimized values for Wrqun.
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Table 5
Thermodynamic analysis for single and dual stage modules for net work and losses percentages for PD.
Single stage Dual stage Single stage Dual stage Dual stage
(with 2 HT) (with 1 HT)
1PT 2PT 1PX 1PX 1PX 2PX 1PX
(a) (b) (© (d) (e) (before T1) ® (®
Net work % 29.61 25.33 39.6 37.16 35.22 33 38.01
Total work loss % 70.39 74.66 60.4 62.84 64.78 66.97 61.99
Water and salt transfer % 50.71 52.26 42.88 44.25 44.04 43.86 44.03
Pressure exchanger % — — 8.2 8.38 8.43 14.51 8.51
Turbine % 10.72 11.46 5.78 5.87 4.99 5.62 5.51
Membrane module % 2.33 3.16 3.55 3.91 3.93 2.98 3.94
Pump % 6.63 7.78 — 0.42 3.37 — —

to the individual feed flows for each module.

It is worthwhile to note that using multi stage systems with addi-
tional stages will facilitate more energy recovery as discussed in [19].
However, it may not be economically feasible. As shown in Tables 2—4,
achieving one optimized target function requires sacrificing the other.
Therefore, the designer should be precisely aware of what the most
important issue in each power plant is. For instance, the optimization
for Wyrawn requires high applied pressures which are far from the op-
timum values for PD or SE. Hence, the results for these target functions
are very low, and might not be acceptable.

For all target functions, the values for dual stage 1PX 2HT are higher
than the single stage. In the presence of incoming fresh water drawn
through the membrane, the osmotic pressure in draw solution (stp)
decreases. Hence, according to Eq. (3), J,,, decreases along the module.
One advantage of dual stage configurations is that by dropping the
hydraulic pressure to a specific value half way, the pressure difference
(Ax - AP) will remain almost the same and the flux across the membrane
(Jwr) will not change drastically. Another advantage of dual stage sys-
tems is that two separate fresh water streams for each module are used
instead of one long stream. According to Eq. (3), the osmotic pressure of
the feed solution (my) will decrease along the module due to con-
tamination with the salt flow (J;). Therefore, the fresh water inlet in the
second module will increase the osmotic pressure difference. This in-
crease in driving force helps to take more water in and may also in-
crease the power output. This effect is more tangible with longer
modules, where the fresh water is more concentrated at the terminal
part of module.

In Fig. 1 (c) to (g), all configurations with PX produce more work
than PT configurations which is predictable due to the higher efficiency
of PX. However, for all target functions, the power produced with 2PX
is equal or even less than the single stage PRO with 1PX. This means the
addition of the second PX in Fig. 1 (e), does not improve efficiency. As
discussed in [19], the best operation condition for PX is when it works
for higher pressure differences. For smaller pressure differences similar
to the case of dual stage PRO systems, pressure exchangers lose the
advantage against pump-turbine pairs. Therefore, in the configuration

of Fig. 1 (e) the pressure increase from Pp,; to Pp, is not high enough to
take advantage of the second PX. The pressure difference can better be
obtained by a booster pump.

Interestingly, in cases where the difference between Pp, and Pp, is
significant, the optimum applied hydraulic pressures for all target
functions in single stage systems lie between the two optimum values of
pressures in dual stage systems. This implies that in the dual stage
systems, the application of optimal conditions of single stage module in
the operation conditions will not meet the global maximum of the dual
stage system.

3.1.4. Thermodynamic analysis of the PRO systems

Thermodynamic analysis is conducted based on the equations pre-
sented in Section 2.8. For each target function, the percentage of net
work and total work loss is presented in Tables 5 to 7. As observed in
the tables, except for PD, the percentile of the net work for the dual
stage systems is more than for single stage systems. The reversible work
in a dual stage system is expected to be more than a single stage system.
For this reason, even though the amount of net work or power density
in a dual stage system is more than a single stage in the case of PD, the
losses of dual stage system exceed the improvement in net work. This
results in decrease of percentile of net work in dual stage systems.

The maximum net work percentage of all target functions belongs to
SE in the dual stage 1PX system where Qp;, is drawn back to PX before
the first turbine Fig. 1 (e). This system also has the maximum im-
provement with respect to the single stage system. In this case, the
pressure drop is significant and confirms that depressurizing the draw
solution before the second module is beneficial. Drawing the Qp;, back
to the PX after the first module causes more net work percentage in SE
and Wg,qwn target functions. This is expected since Qp;, will eventually
be send back to the PX and does not contribute to power production.
The unnecessary losses resulting from Qp;, flow into the second module
are avoided. However, the amount of Wqy, is larger in dual stage 1PX
Fig. 1 (e) and Table 4) rather than the single stage 1PX system where
Qpin is drawn back to PX after the first module. This can be explained by
the fact that, by the definition of Wy, the division of the amount of

Table 6
Thermodynamic analysis for single and dual stage modules for net work and losses percentages for SE.
Single stage Dual stage Single stage Dual stage Dual stage
(with 2 HT) (with 1 HT)
1PT 2PT 1PX 1PX 1PX 2PX 1PX
@ (b) (© (d () (before T1) ® ®)
Net work % 44.96 51.67 53.77 55.45 56.70 56.08 52.85
Total work loss % 55.04 48.33 46.23 44.55 43.30 43.92 47.15
Water and salt transfer % 38.67 30.27 34.15 29.01 29.72 29.31 35.18
Pressure exchanger % — — 5.19 3.89 4.3 7.39 5.19
Turbine % 10.72 11.46 5.78 5.87 4.99 5.62 5.51
Membrane module % 10.82 12.17 6.58 9.20 6.78 7.1 6.47
Pump % 0.32 0.11 0.31 0.1 0.11 0.12 0.3
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Table 7
Thermodynamic analysis for single and dual stage modules for net work and losses percentages for Wp,gun.
Single stage Dual stage Single stage Dual stage Dual stage
(with 2 HT) (with 1 HT)
1PT 2PT 1PX 1PX 1PX 2PX 1PX
(@ (b) © (d) (e) (before T1) ® @
Net work % 42.1 4 44.1 51.15 48.08 53.14 46.96 48.60
Total work loss % 57.86 55.90 48.85 51.92 46.59 53.04 51.04
Water and salt transfer % 32.59 30.71 26.32 31.36 24.69 30.53 30.52
Pressure exchanger % — — 14.22 11.94 9.67 15.22 13.18
Turbine % 15.35 15.49 7.38 7.39 7.05 7.02 6.93
Membrane module % 0.33 0.18 0.93 0.63 0.35 0.27 0.76
Pump % 9.59 9.52 — 0.6 4.83 — —

x(m) x(m)

Fig. 5. Osmotic pressure of draw and feed solutions (a) and (b)(7tp,nx); (c) and (d) volumetric flow rate of draw and feed solutions (Qp,Qy); (e) permeated water flux
(Jur) and (f) reverse salt flux (Jy), in the case of optimal power production in single and dual stage systems configuration (e) (blue line for module 1, and red line for
module 2 ) and a dual stage system with 1HT (blue dashed line for module 1, and black dashed line for module 2) for the counter-current optimum values obtained
for specific energy (SE).
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net work to the inlet flow rate (which is more in the latter case) does not
compensate the excess amount of net work in configuration (e).

As expected, the losses of pump and turbine in 1PT and 2PT systems
are more than the sum of pump, turbine and PX in PX systems, which
makes the use of PX advantagous. However, adding the second PX to
the system, despite eliminating the pump loss, makes the 2PX system
less efficient. That is because the sum of pump and PX losses in the dual
stage system with 1PX is less than PX losses in a 2PX system. This is in
accordance with our previous findings, as discussed before.

As shown in Tables 5—7, the addition of the second hydro turbine
between the modules does not increase the PD and Wgyq,, target
functions. Addition of the second turbine and depressurizing the draw
flow between modules only adds to work loss rather than net work.
However, in all dual stage systems, net work for SE with 2HT is more
than 1HT.

3.1.5. Internal performance of modules for single and dual stages systems

To better understand what takes place in membrane modules and
where the improvements occur in dual stage system, changes in some
parameters along the membrane are investigated and illustrated in
Fig. 5. As indicated earlier, membrane length in the single stage module
is the same as the total membrane length in dual stage PRO. The input
values for pressures and flow rates are chosen such that maximum
specific energy (SE) is obtained and the comparison is illustrated be-
tween single stage 1PX (c), dual stage with two hydro turbine - 1PX
configuration (e), and dual stage with 1HT configuration (g), as shown
in Table 3.

Fig. 5 shows the change of osmotic pressures in draw and feed so-
lutions (;p and ) (Fig. 5 (a) and (b)) and volumetric flow rates of
draw and feed solutions (Qp and Q) along the membrane coordinate
(Fig. 5 () and (d)). It also illustrates the local water (J,,) and salt
transfer flow through the membrane Fig. 5 (e) and (f). All diagrams
show the difference between the single stage system with PX (solid
line), the dual stage system with 1PX configuration (e) (blue line for
module 1, and red line for module 2) and the dual stage system with
1HT configuration (g) (blue dashed line for module 1, and black dashed
line for module 2).

The osmotic pressure difference between the draw and feed solu-
tions along with hydraulic pressure difference (stp - 5tz - AP) induces the
driving force of fresh water passing through the membrane, see Eq. (3).
At the upstream, the osmotic pressure for the draw solution (stp) is at its
highest value. As the drawn fresh water is added to the draw solution,
the concentration of salt in the bulk reduces; hence, the osmotic pres-
sure drops along the membrane. As illustrated in Fig. 5 (a), the osmotic
pressure in the draw solution (stp) for single stage and dual stage with
1HT, are almost the same. However, for dual stage system configuration
(e), the mp is less than others, specifically at the second module since
the drawn fresh water added to the second module in this system is
more than the others. This means that the draw solution is more diluted
which results in less 5tp.

On the feed side, osmotic pressure 5y increases along the membrane
due to the loss of some fresh water passing through the membrane, as
well as, salt being added due to reverse salt flux (notice that the flow is
counter current). This increase drops J,,, according to Eq. (3).

As shown in Fig. 5 (c), draw solution flow rate (Qp) increases gra-
dually due to the addition of fresh water intake. At the end of each
module, this additional flow drives the turbine to produce power (in the
case of dual stage configuration (e)). However, drawn fresh water (J,,,)
decreases along the membrane length because of smaller driving force
at the downstream. Therefore, the rate of increase in Qp drops. The
optimum Qp, for dual stage 2HT configuration (e), is less than the single
stage and dual stage with 1HT. This results in the major advantage of
this system having higher SE value. As can be seen in Fig. 5 (e), J,,, is
higher at the second module due to introducing fresh water at the
second module and depressurizing the draw flow after the first module.
The salt flow rate (J;) in the feed solution drops along the membrane
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due to the dilution of the draw solution. The overall value of J; is less in
dual stage compared to single stage. There is a breakpoint at the be-
ginning of the second module because of new fresh water entering the
module between the first and second modules in Fig. 5 (f).

The trends for the dual stage 1HT system are almost similar to the
single stage system. However, as can be seen in Fig. 5 (f). J; is less than
the single stage due to addition of fresh water flow to the second
module. As can be seen in Fig. 5 (e) and (d), J,,» and the sum of Qs in
both modules are less than single stage ones which results in lower SE
values. The improvement for dual stage system with 2HT can be higher
depending on the membrane characteristics and membrane length in
each module to confer the most advantage from the system.

4. Conclusions

In this paper, large scale dual stage PRO systems were compared to
single stage PRO systems with a constant membrane area. The effect of
salt passage, concentration polarization in the actual membranes, and
pressure drop along the membrane were investigated. The counter-
current flow system was modeled and compared. The input pressures
and volumetric flow rates in draw and feed solutions were optimized
such that the presented target functions were maximized.

It was found that the optimum pressures and volumetric flows de-
pends on the target function. Also, it was observed that the specific
energy in dual stage system was increased by depressurizing the draw
flow where more water permeation was allowed at the second module.
However, for other target functions (PD and Wp,q,,) depressurizing by
the second turbine between the modules was not effective and the
maximum output was related to the dual stage system with 1HT and
separated feed flows (Fig. 1 (g)).

Based on different target functions, dual stage system showed im-
provement compared to single stage system. These improvements
varied for suggested configurations and target functions and maximum
8 % was obtained for specific energy. However, the improvements were
less than the anticipated values. A thermodynamic analysis was con-
ducted to scrutinize the losses in the module.

Addition of the second turbine, which depressurizes the draw flow
entering the second module, might reduce the cost of membrane for the
second module since it allows the choice of membranes operating at
lower hydraulic pressures. In future research, the presented results will
be compared with other commercial and laboratory membrane types
with desired properties and/or changing the dimensions of modules in
order to optimize the power output or fit the special cases demanded.
Different sources of draw and feed solutions will also be investigated.
High salinity solutions would also have higher energy densities, and
processes based on these could therefore be less sensitive to the para-
sitic energy consumption of pumping and pretreatment.
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