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ABSTRACT

Seawater reverse osmosis (SWRO) process has been the dominant desalination technology for the
last decade; however, it is an energy-intensive process. So, the desalination process is necessary to
lower its energy consumption rate for producing high-quality desalinated water. Recently, a novel
hybrid SWRO desalination system using pressure retarded osmosis (PRO) technology has been
developed and is able to recover a large amount of osmotic power from concentrated brine, and
ultimately reduce the overall energy required for desalination. In this study, a pilot plant equipped
with an 8-inch thin-film composite spiral wound membrane module was investigated under various
operating conditions. The hydraulic pressure and flow rate of the draw and feed solutions in the PRO
system were found to have significant effects on the membrane flux, recovery, and power density.
One- and two-stage PRO system configurations were evaluated with a pilot system and a mathe-
matical simulation model. With a simulation model, it was also found that the system efficiency can
be greatly enhanced by increasing the system temperature. In addition, a relative PRO performance
index (PPI) was proposed for comparing the performance of different system configurations, the
extractable energy.

Keywords: Desalination; Seawater reverse osmosis (SWRO); Pressure retarded osmosis (PRO);

Power density; Modeling

1. Introduction

Because of the current global issues on energy, environ-
ment, and climate change, various studies have examined
how to utilize the osmotic power naturally occurring in
water systems [1]. The osmotic power (or salinity-gradient
energy) can be generated from two aqueous streams with
different salinities [2]. The pressure retarded osmosis (PRO)
technology introduced by Loeb in 1976 [3] is receiving more
attention because it has many promising characteristics for
cost-effectively generating a huge amount of osmotic power
from natural salinity gradient resources [4,5]. The potential
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energy capacity generated from natural water systems with
PRO technology could be around 2 TW, which is about 13%
of the current world energy consumption [6]. The feasibility of
membrane-based PRO technology has been investigated for
various water resources such as seawater, desalination brine,
and wastewater [7]. Many recent studies have tried to inte-
grate PRO technology with a conventional sea water reverse
osmosis (SWRO) desalination system, to recover the osmotic
power of the seawater brine and ultimately to reduce the over-
all energy consumption of the desalination process [8].
Thorsen et al. [9] and Wang et al. [10] reported that the
power density (i.e., the power generated per unit membrane
area) of a PRO membrane should be about 5 W/m?, to be eco-
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nomically feasible for PRO. The efficiency of a PRO system is
greatly affected by the salinity gradient, membrane flux, and
operating hydraulic pressure (AP). A higher salinity gradient
[or osmotic pressure gradient (Am)] increases the membrane
flux, while increasing the hydraulic pressure decreases the
membrane flux. Theoretically, the maximum power density
is achieved at AP = An/2 [11]. Because of the limited PRO
membrane area, especially for a flat-sheet and spiral-wound
type membrane module, the recovery ratio of the osmotic
energy with a single membrane module is not sufficient.
Thus, the total energy recovery efficiency of a PRO system
can be increased by re-treating the treated draw and feed
solutions through the additional membrane modules. Altaee
et al. [12] suggested a dual-stage PRO process for higher
power generation. The experimental results showed that the
power generation in a dual PRO process was 28% higher
than in the conventional PRO process depending on the feed
solution types. He et al. [13] proposed a systematic model
of a salinity power plant involving two PRO modules and
the results clearly indicated that the performance of the PRO
plant was improved with a two-stage configuration. Several
important factors influence multi-stage PRO systems, such as
the flow rate and velocity, salt concentrations of the draw and
feed solutions, and PRO membrane characteristics. It is also
necessary to determine an efficient design or a multi-stage
PRO module configuration. However, most PRO studies
have been performed with laboratory-scale facilities capable
of testing the performance of a PRO membrane coupon or
module with a limited surface area [1,11,14,15]. These exper-
imental conditions are not sufficient for investigating all of
the performance aspects of a PRO system. For example, the
dilution of the draw solution could be minimized because of
the very low recovery ratio of the feed solution. In reality, the
dilution effect in a large-scale PRO system may be significant
if it is equipped with numerous PRO membrane modules
with a relatively large membrane surface area [13,16].

In this study, a pilot plant was constructed to study the
effect of the hydraulic conditions of the draw and feed solu-
tions, such the flow rate and pressure, on the performance
of one- and two-stage PRO systems made with 8-inch PRO
membrane modules. In addition, the PRO power den-
sity was modeled mathematically and compared with the
experimental results.

1.1. SWRO-PRO hybrid desalination processes

In Korea, a national R&D program called Global MVP
(GMVP) was launched in 2013 to investigate the feasibility
and core technologies of the newly proposed SWRO-PRO
hybrid desalination processes and to develop an optimal
design for a system with a desalination capacity exceeding
100,000 m?/d. There are two ways to recover the osmotic
power in a SWRO-PRO hybrid desalination system by uti-
lizing (1) a hydraulic turbine and (2) an energy recovery
device (ERD). As presented in Fig. 1A, the low-pressure
brine from the ERD of a SWRO system is used as the draw
solution of a PRO system and the wastewater effluent of
a wastewater treatment plant (WWTP) is used as the feed
solution. The draw solution is pressurized by a high pres-
sure pump and then it is injected into the PRO system. Due
to the osmotic pressure between the draw and feed solu-
tions, the feed solution is transferred to the draw solution

side through the PRO membrane, increasing the draw solu-
tion volume, which maintains the hydraulic pressure gen-
erated by the high-pressure PRO pump. The subsequent
turbine generates power from the treated high-pressure
draw solution. A pelton turbine should have near 90% effi-
ciency in a large-scale system (e.g., larger than 10,000 m®/d).
Considering the efficiency of other items, such as the gen-
erator, the overall efficiency of the energy recovery system
could range from 80 to 85% [17]. Fig. 1B shows the major
difference of the second SWRO-PRO hybrid desalination
system; this involves implementing an isobaric pressure
exchanger that transfers the hydraulic energy of the treated
draw solution generated by the PRO system into the pre-
treated seawater. The hydraulic pressure of the PRO system
can be controlled by the ERD of the SWRO without a high
pressure PRO pump. Together with an ERD (i.e., PX series)
manufactured by ERI, the estimated efficiency of the ERD
exceeds 97.5%. Compared with a Pelton turbine, the iso-
baric pressure exchanger is more competitive, with about
15% greater efficiency in terms of osmotic energy recovery.

2. Methods and materials

2.1. Mathematical modeling of the performance of a PRO
membrane module

The draw solution in a PRO system needs to be
pre-pressurized before it is injected into the system. Once
the high-salinity draw solution and low-salinity feed solu-
tion are introduced to a semi-permeable PRO membrane,
the salinity difference between the two solutions naturally
generates osmotic pressure through the PRO membrane.
The osmotic pressure drives water transfer from the feed
solution to the draw solution through a PRO membrane
while maintaining the pressure provided by the draw solu-
tion. The water flux across a PRO membrane is defined by:

], = A(An—AP) 1)

where | is the water flux, A is the water permeability coef-
ficient of the membrane, Ar is the transmembrane osmotic
pressure difference, and AP is the transmembrane hydraulic
pressure difference. The values of the characteristic parame-
ters A and B were obtained from a previous study [18].

The salt permeability coefficient (B) is determined from
the equation in Lee [19]:

1-R
B=—]"’(R )eXP(—%) @)

where R is the salt rejection of the module, |, is the water
flux, and k is the mass transfer coefficient.

ShD
k=
) ()

where D is the diffusion coefficient of NaCl, d, is the hydrau-
lic diameter, and Sh is the Sherwood number [20]:

Sh = 0.2 R Sc040 @)

The solute resistivity to salt transport in a porous sub-
strate K, which is a function of the structural parameters
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Fig. 1. Conceptual diagrams of SWRO-PRO hybrid desalination systems with (A) a hydraulic turbine and (B) an additional energy

recovery device (ERD).

Sand D (K, = 5/D), was calculated using Eq. (5) [21] and
the water flux:

]ZL‘
k

TCme,m, expexp(_ j - Tched,avg exp(]wKR )
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Water flow across a PRO membrane is induced by the
transmembrane osmotic pressure difference (Ar). The water
flux (J ) decreases as the pressure difference (AP) increases
[22,23] because the pressure on the PRO membrane is

exerted in a direction opposite to the water flow. The mem-
brane power density (W) is defined as the product of the
water flux (J ) and the pressure difference (AP) as follows:

W =] AP = A(Ar— AP) AP (6)

The water recovery rate, R, was calculated using:

o AV,

, x 100
fi

@)

where V., (L) is the initial volume of the feed solution and
AVf is its change in volume.
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2.2. ASWRO-PRO pilotsystem

Fig. 2 is a schematic diagram of the SWRO-PRO exper-
imental facility. The pilot plant (20 m®/d, capacity) consists
of SWRO and PRO systems. The PRO system includes the
feed pumps and tanks of the draw and feed solutions, five-
PRO membrane modules, and a Pelton turbine to generate
electricity from the PRO system. The facility can be operated
as one- or two-stage PRO systems to evaluate the perfor-
mance of each operating mode (Fig. 3). The draw and feed
solutions were injected using high-pressure pump (plunger
type) and low-pressure pump (horizontal centrifugal type),
respectively. The hydraulic pressure and flow rate of the
draw and feed solutions were controlled with flow control
valves. The pressure, flow rate, concentration, conductivity,
and temperature were monitored using a human-machine
interface (HMI) in the SWRO-PRO system. To ensure the
accurate conversion of conductivity into concentration, the
conductivity meters were calibrated before the experiment.
Data were collected every 10 s.

2.3. The spiral-wound PRO module and experimental
conditions

The PRO membrane modules were produced by Toray
Chemical Korea. The module was 8 inch in diameter, 40
inch in length, and 18 m? in total membrane area. The phys-
ical characteristics of the membrane were similar to values
reported previously [18]. This PRO membrane module was
investigated under various operational conditions. The
key operation parameters evaluated included the pressure
and flow rate of the draw and feed solutions because these
parameters had significant influence on the energy recovery
and operational efficiency of the plant. In the PRO experi-
ments, the draw and feed solutions were introduced into the
module in a co-current direction. Unless otherwise specified,
all reagents and chemicals were of analytical grade. Certi-
fied ACS-grade NaCl (Fisher Scientific, Waltham, MA, USA)
was used to prepare the SWRO influent at 35,000 mg/L. The
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Fig. 2. Schematic diagram of a SWRO-PRO pilot plant (20 m®/day).
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SWRO brine concentration was 70,000 mg/L for the high
salinity draw solution and a SWRO permeate was used as
the low salinity feed solution. The flow rates of the draw and
feed solutions were 5, 10 and 15 L/min. The applied hydrau-
lic pressure differences (AP) were 5, 10, 15, 20, 25, and 30 bar.

3. Results and discussion

3.1. Effect of hydraulic pressure and flow rates on the one-stage
PRO system

As reported in many studies [1,12,24], the applied
hydraulic pressure and flow rates of the draw and feed
solutions in a PRO system are critical design and opera-
tional parameters determining system performance. As
the hydraulic pressure of the draw solution is increased,
the difference in the osmotic and hydraulic pressure across
the PRO membrane is reduced and it induces a decrease
in the membrane flux. However, the extractable energy of
the PRO system is also proportional to the hydraulic pres-
sure like the permeate flux of the feed solution. Therefore,
the theoretical maximum energy (i.e., power density) can
be harvested when the hydraulic pressure is nearly half the
osmotic pressure (Arn/2) [19,25]. However, the salt permea-
bility is affected by the hydraulic pressure and it negatively
affects the osmotic pressure. In addition, the increased pres-
sure can cause defects in the polyamide layer [26]. There-
fore, the optimal applied pressure and energy recovery
efficiency of a PRO system can vary depending on the water
quality of the draw and feed solutions, and the membrane
and module characteristics. Fig. 4 shows the performance of
the PRO membrane module at different applied pressures
(5-30 bar) and flow rates (5-15 LPM) of the draw and feed
solutions. The high flow rate resulted in the high flux and
power density of the PRO membrane module, however, the
recovery of the feed solution was reduced. As the applied
pressure was increased, the PRO membrane flux and recov-

ery of the feed solution (R = Qmmm / Qfeg o) deCTEAsEd,

PRO Equipment
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Fig. 3. Schematic diagram of three PRO system configurations: (A) one-stage, (B) two—stage in a series array, and (C) two-stage in a

parallel array.

while the power density increased. The maximum power
densities at 5 and 10 LPM were 3.4, and 5.08 W/m?, respec-
tively, near 25 bar, while the maximum power density was 6
W/m?at 15 LPM and 16 bar. The membrane flux and recov-
ery at 10 LPM were decreased 46.2 and 13.1%, respectively,
which resulted from the pressure increase from 5 to 30 bar.
There was a pilot system limitation to increase the applied
pressure larger than 20 bar at 15 LPM.

The pilot system was operated at different flow rates
of the draw and feed solutions, which influence the mem-
brane surface velocity, salt dilution rate [21], and ultimately
the actual osmotic pressure through the PRO membrane.
As presented in Fig. 4A, the membrane flux was enhanced
by applying higher flow rates, which were induced by the
reduced effect of the internal and external concentration
polarization on the active and support layers of the PRO
membrane. However, the draw and feed solutions may
have optimal operation flow rates in a real large-scale
SWRO-PRO hybrid desalination plant considering the
availability of the draw and feed solutions (e.g, brine and
wastewater effluent) and the system operation limitations.
A higher flow rate of the draw solution requires a higher
pressure of the feed solution to inject the feed solution into
the PRO membrane module, and the PRO membrane can-
not be operated at above a certain feed solution pressure
because of the membrane damage caused at a high pres-
sure, especially to the feed side, which is another limiting
factor of a PRO system.

3.2. Effect of hydraulic pressure and flow rates on two-stage
PRO systems

Operating the pilot plant at 5-15 LPM of the draw and
feed solutions, the maximum power density was obtained
between 25 and 30 bar, but the feed solution recovery
was greatly decreased by the increase of the applied pres-
sure. For example, at a flow rate of 10 LPM, the recovery
decreased from 57 to 21%, as the hydraulic pressure was
increased from 5 to 30 bar. A large amount of osmotic energy
remained between the draw and feed solutions treated by
the PRO membrane module, and this can be extracted by
additional PRO membrane modules. Therefore, a multi-
ple-stage PRO system can be applied until there is no more
osmotic energy between the two solutions.

In this study, two different PRO membrane arrays
were also investigated, as shown in Figs. 5 and 6. The
two-stage PRO system arrayed in series has two pressure
vessels each equipped with an 8-inch PRO membrane
module. The same flow rates of the draw and feed solu-
tions were provided by the pumps and it was operated in
a co-current mode. Fig. 5 shows the experimental results
obtained at hydraulic pressures from 5 to 25 bar and flow
rates from 5 and 10 LPM. Similar to the operational result
trends of the one-stage PRO system, the overall flux and
recovery decreased as the hydraulic pressure increased.
The calculated power density increased to near 20 bar and
then decreased at higher hydraulic pressures. However,
there were differences in the values of the experimental
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Fig. 4. The performance of the PRO membrane module at dif-
ferent applied pressures and flow rates of the draw and feed
solutions with the one-stage PRO system: (A) permeate flux, (B)
power density, and (c) recovery of the feed solution.

results compared with the one-stage system. The maxi-
mum values of the membrane flux and power density at
5 LPM (10 LPM) were decreased 22.2% (14.9%) and 28.4%
(40.7%), respectively, while the maximum recovery was
increased 33.0% (24.7%). Although the additional PRO
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Fig. 5. The performance of the PRO membrane module at differ-
ent applied pressures and flow rates of the draw and feed solu-
tions with the two-stage PRO system in series array: (A) perme-
ate flux, (B) power density, and (c) recovery of the feed solution.

membrane module increased the overall recovery, it neg-
atively affected the membrane flux and power density of
the system. Fig. 6 shows a similar result trend obtained
with a two-stage PRO system using a parallel array,
which split the flow of the feed solution to the first and
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second membrane modules equally, as shown in Fig. 3C.
The maximum values of the flux and power density at
5 LPM (10 LPM) were 22.2% (19.7%) and 34.3% (37.7%),
respectively, and the maximum recovery increased 31.4%
(21.7%).

3.3. Comparison of the performance of one- and two-stage PRO
system configurations

Since no PRO system has been implemented in a large-
scale SWRO desalination plant, there are no guidelines for the
system design and configuration. Moreover, it is not obvious
how to evaluate the system performance and economic fea-
sibility. Currently, the power density of the PRO system has
been used as a representative performance parameter for
the PRO membrane and module [27]. However, considering
the entire system, other factors should also be considered
when evaluating the performance of various system designs
and configurations; these include the extractable energy,
construction and operation costs (CAPEX and OPEX) of the
PRO system, and potential values of the draw and feed solu-
tions (e.g., brine and wastewater treatment plant effluents)
used by the system. A relative PRO performance index or
PPI was proposed using the following formula:

Relative PRO Performance Index, PPI =
Extractable Energy
CAPEX +OPEX + VDS +VPS

where the extractable energy is the product of the hydraulic
pressure of the draw solution side and the increased volume
of the draw solution by the permeation of the feed solution
(=AP x Q, bar/L/minute). VDS and VFS are the potential
values of the draw and feed solutions, respectively. CAPEX
includes the facility construction costs, including the PRO
membrane modules and pressure vessels, high-pressure
pump, ERD, and pipes. OPEX is determined mostly by the
operating costs of the high-pressure pump and ERD. The
potential values of the draw and feed solutions are their costs
to be reused or treated. Although the denominator of the PPI
cannot be estimated exactly at present, the relative PPI of each
system configuration was compared assuming that the sum
of CAPEX, OPEX, VDS, and VFS is the same for all of the PRO
configurations in this study (i.e., assuming the sum is 1). Fig.
7 compares the relative PPI of the one and two-stage PRO sys-
tems. At 5-20 bar of the hydraulic pressure, the relative PPI
of the one-stage PRO configuration is slightly larger than that
of both two-stage PRO configurations, i.e., the series and par-
allel modes (e.g., 3.2% and 4.8%, respectively at 10 LPM and
20 bar). However, if the cost of the pressure vessels and pip-
ing for the one-stage PRO configuration, and the loss of the
potential values of the draw and feed solutions to be treated
or reused is reduced, the two-stage PRO configurations are
more competitive. For more explicit comparison, further
investigations of various PRO system designs need to define
all of the factors influencing the relative PPI objectively.

3.4. Model-based estimation of the power density

Using Eqns. (1) to (7), the power densities of the one- and
two-stage PRO systems were estimated and then compared
with the experimental results obtained at three types of inlet
flow rates of the draw and feed solutions of 5, 10, 15 LPM
and 25°C. For the calculation, the water permeability (A),
salt permeability (B), and membrane structure parameter (S)
were used [1,21]. The values of A and B were obtained from
previous studies using Eqns. (1) and (2) [23]. The relationship
between the water permeability (A) and temperature (T) is
[20,28]. The relationship between the salt permeability (B) and
temperature (T) is [28]. As presented in Fig. 8, the estimated
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results for each system configuration were close to the experi-
mental values at different hydraulic pressures. The maximum
power density was obtained at 25 bar and the values esti-
mated were 4.16, 4.03, and 4.1 W/m? for configurations (a),
(b), and (c) presented in Fig. 8, respectively.

The benefit of the model simulation is that it can
predict the PRO system performance with various crit-
ical parameters, which may not be easily controlled in
a pilot-scale plant [29,30]. Similar to reverse osmosis
(RO) and forward osmosis (FO) systems, temperature is
a critical design and operating parameter greatly influ-
encing the PRO system [13,25]. Increasing temperature
influences the solute mass transfer, water flux, external
and internal concentration polarization (ECP and ICP),
and membrane fouling, via decreased water viscosity,
increased water diffusivity, and changes in the mem-
brane foulant characteristics, and osmotic pressure [31].
In the simulation model, the values of both A and Bare
influenced by increasing temperature. An increase in A
would improve the water flux, while an increase in B
would negatively influence the water flux because of the
enhanced ICP induced by the increase in the reverse sol-
ute flux [1]. However, A dominates B when determining
the water flux, as shown in Eq. (5). The increased diffu-
sivity would also reduce ICP, and thereby increase the
water flux. Since real SWRO desalination plants oper-
ate at temperatures up to 35°C depending on the plant
location, the one-stage PRO system was simulated at
temperatures from 5 to 35°C, as presented in Fig. 9. The
estimated value of A increased from 1.64 to 3.22 L/m?/h/
kgf/cm? as the temperature increased from 5 to 35°C,
while the value of B increased from 0.42 to 1.09 L/m?/h.
In addition, the diffusion coefficient increased from
8.010"to 1.910"° m?/s. As a result, the maximum power
density was enhanced by 60% (from 1.93 to 4.88 W/m?)
and the average increment per 10°C was increased by
30%, although the difference between 25 and 35°C was
only 13%. The hydraulic pressure inducing the maxi-
mum power density changed slightly from 22 to 25 bar
as the temperature was increased from 5 to 35°C, which
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Fig. 8. Comparison of experimental and simulated power den-
sity at 5, 10, 15 LPM and 25°C: (A) one-stage, (B) two-stage in a
series array, and (C) two-stage in a parallel array.

was influenced by the change in osmotic pressure. For
the two-stage PRO systems with the series and parallel
arrays, a similar trend in the experimental results was
observed and their maximum power densities were 4.69
and 4.71 W/m? at 35°C, respectively.
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Fig. 9. Simulated power density at various temperature from 5 to
35°C at 10 LPM of the draw and feed solutions: (A) one-stage, (B)
two-stage in a series array, and (C) two-stage in a parallel array.

4. Conclusion

Key design and operating parameters of the proposed
SWRO-PRO hybrid desalination processes were evalu-
ated with a pilot plant. This pilot-scale study found that
the applied hydraulic pressure and flow rate of the draw

and feed solutions in a PRO system were critical for deter-
mining the membrane flux, recovery, and power density.
Because the effects of these two parameters on the mem-
brane flux, recovery and power density can be similar or
conflict each other depending on their values, there were
optimal operating conditions for the PRO system. Sim-
ilar trends in the experimental results were obtained for
both the one and two-stage PRO system configurations. A
mathematical simulation of the PRO system was used to
study the effect of temperature on the PRO performance
and it found that the system efficiency can be enhanced
by increasing the temperature of the system. The relative
PPI was proposed and considered the extractable energy,
capital and operating costs, and potential values of the
draw and feed solutions. Although not all of the relative
PPI parameters are clearly defined at present, the index
is very useful for investigating various PRO system con-
figurations, and the feasibility of a large-scale SWRO-PRO
hybrid desalination plant. The results of the pilot-scale
study were used to design a demonstration plant (240
m?/d) of the SWRO-PRO hybrid desalination process,
which was constructed in Busan, Korea in 2015. Using the
demonstration plant, the entire system will be optimized
and the economic feasibility of the SWRO-PRO hybrid
process will be investigated.

Acknowledgements

This research was supported by a grant (code
17IFIP-B065893-05) from Industrial Facilities & Infrastruc-
ture Research Program funded by the Ministry of Land,
Infrastructure and Transport of Korean government. The
authors also thank Prof. 1.S. Kang and Mr. G.H. Ko for their
supports on the pilot plant operation.

References

[1] Q. She, X.Jin, CY. Tang, Osmotic power production from salin-
ity gradient resource by pressure retarded osmosis: effect of
operating conditions and reverse solute diffusion, J. Membr.
Sci., 401-402 (2012) 262-273.

[2] K. Nijmeijier, S. Metz, In: C.E. Isabel, LS. Andrea, Salinity gra-
dient energy, Sustainability Science and Engineering, Elsevier,
2010, pp. 95-139.

[38] S. Loeb, Production of energy from concentrated brines by
pressure-retarded osmosis: Preliminary technical and eco-
nomic correlations, J. Membr. Sci., 1 (1976) 49-63.

[4] A. Altaee, N. Hilal, Design optimization of high performance
dual stage pressure retarded osmosis, Desalination, 355 (2015)
217-224.

[5] J.L.Prante, J.A. Ruskowitz, A.E. Childress, A. Achilli, RO-PRO
desalination: an integrated low-energy approach to seawater
desalination, Appl. Energy, 120 (2014) 104-114.

[6] FL.Mantia, M. Pasta, H.D. Deshazer, BE. Logan, Y. Cui, Bat-
teries for efficient energy extraction from a water salinity dif-
ference, Nano Lett., 11 (2011) 1810-1813.

[7] FE. Helfer, C. Lemckert, Y.G. Anissimov, Osmotic power with
pressure retarded osmosis: Theory, performance and trends —
A review, ]. Membr. Sci., 453 (2014) 337-358.

[8] K. Saito, M. Irie, S. Zaitsu, S. Sakai, H. Hayashi, H. Tanioka, A
power generation with salinity gradient by pressure retarded
osmosis using concentrated brine from SWRO system and
treated sewage as pure water, Desal. Water Treat., 41 (2012)
114-121.



224

191

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

K. Chung et al. / Desalination and Water Treatment 73 (2017) 215-224

T. Thorsen, T. Holt, The potential for power production from
salinity gradients by pressure retarded osmosis, ]. Membr. Sci.,
335 (2009) 103-110.

X. Wang, Z. Huang, L. Li, S. Huang, E.H. Yu, K. Scott, Energy
generation from osmotic pressure difference between the low
and high salinity water by pressure retarded osmosis, J. Tech-
nol. Innov. Renew. Energy, 1 (2012) 122-136.

A. Achilli, TY. Cath, A.E. Childress, Power generation with
pressure retarded osmosis: An experimental and theoretical
investigation, J. Membr. Sci., 343 (2009) 42-52.

A. Altaee, A. Sharif, G. Zaragoza, N. Hilal, Dual stage PRO
process for power generation from different feed resources,
Desalination, 344 (2014) 118-127.

W. He, Y. Wang, M.H. Shaheed, Enhanced energy generation
and membrane performance by two-stage pressure retarded
osmosis (PRO), Desalination, 33 (2015) 186-199.

Y.C. Kim, M. Elimelech, Adverse impact of feed channel spac-
ers on the performance of pressure retarded osmosis, Environ.
Sci. Technol., 46 (2012) 4673-468]1.

A.P. Straub, N.Y. Yip, M. Elimelech, Raising the bar: increased
hydraulic pressure allows unprecedented high power densi-
ties in pressure-retarded osmosis, Environ. Sci. Technol. Lett.,
1 (2014) 55-59.

M. Elimelech, W.A. Phillip, The future of seawater desalina-
tion: energy, Technol. Environ. Sci., 333 (2011) 712-717.

M.B. Baig, A.A.A. Kutbi, Design features of a 20 migd SWRO
desalination plant, Al Jubail, Saudi Arabia. Desalination, 118
(1998) 5-12.

EJ. Jeon, YJ. Sim, . H. Lee, Development of thin-film compos-
ite PRO membranes with high power density, Desalin. Water
Treat., 57 (2015) 10093-10100.

K.L. Lee, RW. Baker, HK. Lonsdale, Membranes for power
generation by pressure-retarded osmosis, J. Membr. Sci., 8
(1981) 141-171.

S. Lee, Y.C. Kim, SJ. Park, SK. Lee, H.C. Choi, Experiment
and modeling for performance of a spiral-wound pressure-re-
tarded osmosis membrane module, Desal. Water Treat., 57
(2015) 10101-10110.

[21]

[22]

(23]

[24]

[25]

26]

(27]

[28]

[29]

(30]

(31]

N.Y. Yip, M. Elimelech, Performance limiting effects in power
generation from salinity gradients by pressure retarded osmo-
sis, Environ. Sci. Technol., 45 (2011) 10273-10282.

J.R. McCutcheon, M. Elimelech, Influence of concentrative and
dilutive internal concentration polarization on flux behavior in
forward osmosis, J. Membr. Sci., 284 (2006) 237-247.

G.T. Gray, ].R. McCutcheon, M. Elimelech, Internal concentra-
tion polarization in forward osmosis: role of membrane orien-
tation, Desalination, 197 (2006) 1-8.

M. Sabah, A.F. Atwan, H.B. Mahood, A. Sharif, Power gener-
ation based on pressure retarded osmosis: A design and an
optimization study, Int. J. Appl. Innov. Eng. Manage., 2 (2013)
68-74.

R.L. McGinnis, J.R. McCutcheon, M. Elimelech, A novel ammo-
nia-carbon dioxide osmotic heat engine for power generation,
J. Membr. Sci., 305 (2007) 13-19.

C.F. Wan, T.S. Chung, Osmotic power generation by pressure
retarded osmosis using seawater brine as the draw solution
and wastewater retentate as the feed, ]. Membr. Sci., 479 (2015)
148-158.

A.P. Straub, A. Deshmukh, M. Elimelech, Pressure-retarded
osmosis for power generation from salinity gradients: is it via-
ble? Energy Environ. Sci., 9 (2016) 31-48.

Y.C. Kim, SJ. Park, Experimental study of a 4040 spiral-wound
FO membrane module, Environ. Sci. Technol. 45 (2011) 7737-
7745.

C.F. Wan, T.S. Chung, Energy recovery by pressure retarded
osmosis (PRO) in SWRO-PRO integrated processes, Appl.
Energy, 162 (2016) 687-698.

E. Sivertsen, T. Holt, W. Thelin, G. Brekke, Modeling mass
transport in hollow fibre membranes used for pressure
retarded osmosis, J. Membr. Sci., 417 (2012) 69-79.

Y. Kim, S. Lee, HK. Shon, S. Hong, Organic fouling mecha-
nisms in forward osmosis membrane process under elevated
feed and draw solution temperatures, Desalination, 355 (2015)
169-177.



