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ABSTRACT

Pressure-retarded osmosis (PRO) process utilizes the transport of water through a
semipermeable membrane to generate electricity from salinity gradient resources. Recent
PRO research has shown the feasibility of PRO technologies in laboratory-scale experiments,
but there is currently a lack of experimental pilot-scale investigations to ensure the success
of PRO technology. This study was conducted to predict the power density of a PRO mod-
ule using PRO membrane transport properties such as water permeability, salt permeability,
and membrane structure parameter. The performance of an 8040 spiral-wound PRO module
was experimentally investigated, and the results were compared with the simulated predic-
tion. The maximum power density of the investigated PRO module was 1.8 W m−2 at
10.4 bar using 35 g L−1 of NaCl as a draw solution. At the outlet of the module, the concen-
tration changes of the draw and feed solutions were observed, suggesting a gradual
decrease of membrane power density inside the PRO module. The simulation model, which
considered concentration changes of draw and feed solutions, reverse salt flux, and mass
transport coefficient inside the module, closely estimated the performance of the PRO mod-
ule. However, the model overestimated the power density at high hydraulic pressure differ-
ence. It was concluded that severe increase of reverse salt flux at a high hydraulic pressure
difference negatively contributed to the performance of the PRO module.
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1. Introduction

Recently, high oil energy costs and issues such as
climate change have motivated research in renewable
energy resources. Among the multitude of renewable
energy technologies, pressure-retarded osmosis (PRO)

technology has been recognized as a feasible technol-
ogy to utilize salinity gradient energy [1–3]. It has been
reported that global renewable energy from salinity
gradients in the estuaries is approximately 2 TW,
which accounts for 13% of world energy consumption
[4,5]. PRO process utilizes osmosis to transport water
through a semipermeable membrane to generate
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electricity. Thus, a high-performance PRO membrane
is essential in implementing the technology.

A power density of 5 W m−2 was suggested as a
technical barrier for making PRO economically feasible
[6]. Since the first experimental PRO test in 1976 by
Loeb [7], the power density of membranes has been
improved, thanks to the efforts of many researchers.
For example, 1.5 W m−2 of power density was
obtained in 1981 using the osmotic differential of
seawater and freshwater [1]. Recently, 5.7 W m−2 of
power density was achieved under similar osmotic
differential using a thin-film composite hollow fiber
membrane. An even higher power density of
10.6 W m−2 was obtained using seawater brine (1 M
NaCl) [8]. Straub et al. [9] reported power densities of
7.5, 14.1, 39.4, and 59.7 W m−2 using 0.6, 1, 2, and, 3 M
NaCl draw solutions, respectively, by using a com-
mercial flat-sheet thin-film composite FO membrane.

Although some PRO membranes seem to meet the
5 W m−2 target, most of these studies only investigated
PRO membranes in a laboratory-scale. As a result,
there is currently a lack of experimental pilot-scale
investigations to ensure the success of PRO technology
[10]. Statkraft, a Norwegian state owned electricity
company, conducted the first prototype PRO test in
2009 to harvest 10 kW of salinity power from seawater
and brackish lake water [10,11]. The Mega-ton Water
System project in Japan also investigated a pilot-scale
PRO system to utilize brine from a reverse osmosis
process and treated effluent from a wastewater treat-
ment plant [12]. They reported that their PRO hollow
fiber membrane module could obtain 4.4 W m−2. How-
ever, the detailed experimental results from Statkraft
and the Mega-ton Water System projects are inconclu-
sive. Kim et al. [13] experimentally tested a prototype
spiral-wound PRO module using seawater and tap
water. They obtained 1.0 W m−2 of maximum power
density and noted reduced osmotic water permeation
due to the shadow effect by the spacer of the module.
In addition to the apparent power density of PRO
membrane, net power generation by PRO system
should be considered for the implementation of PRO
technology. The net power generation depends on
various factors such as efficiency of energy conversion
devices, PRO system design [14], draw to permeate
flow ratio [15,16], and feed recovery [17].

The performance PRO membranes are affected by
experimental conditions including the concentration of
the draw and feed solutions, flow rate, and tempera-
ture [2,13,18,19]. Therefore, a modeling equation is
required to predict the power density of PRO mem-
branes under various conditions. Yip et al. [20]
incorporated external concentration polarization
(ECP), internal concentration polarization (ICP), and

reverse salt flux into water flux in PRO mode to pre-
dict the performance of the PRO membrane. The
model uses membrane transport parameter and
hydraulic conditions including water permeability (A),
salt permeability (B), membrane structure parameter
(S), and mass transport coefficient (k). The equation
has been widely accepted by many researchers, and
the effectiveness has been proved and provided
inspiration for PRO membrane development [21–25].
However, additional considerations are required to
predict PRO module performance from laboratory-
scale test results. For example, in the laboratory-scale
test, the change of the draw and feed concentration is
negligible due to the relatively small permeate flow
rate of PRO coupons compared to the draw and feed
flow rate. In the module-scale, the concentration of the
draw and feed solution changes considerably along
the flow direction. The concentration of the draw solu-
tion is diluted, and the concentration of the feed solu-
tion increases by water permeate flux. Thus, the
power density of the PRO membrane module is lower
than that of a laboratory-scale PRO membrane.

This study was conducted to predict the power
density of a PRO module from PRO membrane trans-
port parameters. We experimentally investigated the
performance of an 8040 spiral-wound membrane using
a draw solution of 35,000 mg L−1 NaCl and freshwa-
ter. The results were then compared with simulations
in regard to the concentration change of the draw and
feed solutions, reverse salt flux, and the mass trans-
port coefficient inside the module. The results can be
applied to estimate PRO module performance and
PRO membrane development.

2. Material and methods

2.1. Water flux in the PRO module and modeling

The water permeability (A) and salt permeability
(B) of the PRO module were measured by an RO
experiment using 6,000 mg L−1 of NaCl solution at
13 bar. The A value and B value of the PRO module
were calculated using Eqs. (1) and (2).

Jw ¼ AðDP� DpÞ (1)

B ¼ Jw 1� Rð Þ
R

exp � Jw
k

� �
(2)

where R is the salt rejection of the module, and Jw is
water flux. The mass transfer coefficient (k) is deter-
mined by [17]
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k ¼ ShD

dh
(3)

where Sh is the Sherwood number, D is the diffusion
coefficient of the NaCl, and dh is the hydraulic
diameter.

Sh ¼ 0:2 Re0:57 Sc0:40 (4)

The solute resistivity to salt transport in porous sub-
strate KR, which is a function of the structural parame-
ter S and D (KR ¼ S

D), was calculated using Eq. (5) [2]
from water flux in the PRO experiment.

Jw ¼ A
pD;b exp � Jw

k

� �
� pF;b exp JwKRð Þ

1þ B
Jw

exp JwKRð Þ � exp � Jw
k

� �h i � DP

2
4

3
5 (5)

The power density (W) of the PRO membrane module
was calculated using the product of Jw and ΔP [1]:

W ¼ JwDP (6)

The increase of the water flow rate and velocity of the
draw solution in the module due to the water flux
from the feed solution were determined using Eqs. (7)
and (8).

QD;iþ1 ¼ QD;i þ JiDAm (7)

UD;i ¼ QD;i

Ace
(8)

where ΔAm is a segment of the membrane area divided
along the length of the PRO module, Qi, Ji, and Ui

represent water flow rate, water flux, and water veloc-
ity at the i-th segments of the membrane area, respec-
tively. Ac and ε (=0.8) are a cross section area and
spacer voidage of the draw channel, respectively.
Similarly, the decrease of water flow rate of the feed
solution due to the water flux through membrane can
be obtained using the following formula:

QF;iþ1 ¼ QF;i � JiDAm (9)

The concentration changes of the draw and feed
solutions were calculated by Eqs. (10–12).

CD;b;iþ1 ¼ CD;b;i QD;i � BðCD;m;i � CF;m;iÞDAm

QD;iþ1
(10)

CF;b;iþ1 ¼ CF;b;iQF;i þ BðCD;m;i � CF;m;iÞDAm

QF;iþ1
(11)

CD;m;i � CF;m;i ¼
CD;b;i exp � Jw

k

� �
� CF;b;i exp JwKRð Þ

1þ B
Jw

exp JwKRð Þ � exp � Jw
k

� �h i (12)

The flow behaviors and concentrations for the
draw and feed solutions inside the module can be
obtained using the equations described above. Here,
we simplified the water flow paths as a plate-and-
frame module. The total reverse salt flux of the
module can be determined using water flow rate and
concentration at the inlet and outlet of the module by

Js ¼ QF;outCF;b;out �QF;inCF;b;in

Am
(13)

where Am is PRO total membrane area of the module.

2.2. Pilot system

Fig. 1 shows a schematic diagram of the pilot-scale
PRO experimental unit. A high-pressure pump (CRN
10-14, Grundfos, Denmark) and two low-pressure
pumps (draw: CRN 1-9; feed: CRN 10-3, Grundfos,
Denmark) were installed for circulation of the draw
and feed solutions. The hydraulic pressure and flow
rate of the draw solution side were controlled using a
back-pressure valve and a variable-frequency drive
(VFD) for the high-pressure and low-pressure pump.
Since less hydraulic pressure on the feed side is desir-
able for a higher net power density of the PRO system
[17], the feed solution flow rate was controlled using
only the VFD of the feed side low-pressure pump to
minimize the inlet pressure. VFDs are commonly used
to modify motor speed. They can, however, generate
noise in the system cable. If the noise caused by high
frequency energy is not insulated, it can interfere with
equipment and units such as conductivity, pressure,
and flow transmitters. The insulation of VFD noise
and the condition of monitoring instruments were
checked prior to the experiment. Pressure, flow rate,
concentration, and temperature were monitored using
pressure transmitters (T2000, LEFOO, China), mag-
netic flow meters (feed side: model SAD-25/SAZ-3,
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draw side: model SDA-40/SAZ-3, SATC, Korea), con-
ductivity meters (Signet, US), and temperature meters
(RCH-1, Lumix, Korea) in the pipeline or tank. The
conductivity meters were calibrated before the experi-
ment for accurate conversion of conductivity to con-
centration. The operation data were collected every
10 s. The temperature of the each tank was adjusted
using a temperature controller. Bypass lines were
installed for calibration of the feed and draw solution
flow meters.

2.3. 8040 PRO module and experiment conditions

The 8040 PRO module was provided by Toray
Chemical Korea (previously Woongjin Chemical Co.,
Korea). The 8040 PRO module is the same size as the
8040 reverse osmosis module and is 0.2 m (8 in.) in
diameter and 1 m (40 in.) in length. The PRO module
has 17.9 m2 of membrane (Am) with a polyamide coat-
ing. According to the manufacturer, a special spacer
for the feed solution was applied to reduce the pres-
sure resistance of the feed channel. The draw channel
spacer has 0.8 mm (32 mil.) of thickness, and the cross
section area of the draw channel (Ac) is 97 cm2. The
feed solution flowed outside of the membrane envelop
facing the rejection layer of the membrane, and the
draw solution flowed inside of the membrane envelop

facing the support layer of the membrane. For PRO
experiments, the draw and feed solutions were intro-
duced to the module in the co-current direction at 25
and 7 LPM, respectively. 35 g L−1 of NaCl was used
for the draw solution, and tap water (140 mg L−1) was
used for the feed solution. Each solution was recircu-
lated to each tank, and the concentrations of both
solutions did not undergo any significant changes dur-
ing the PRO experiment due to the large volume of
the tanks (3 m3). To determine the membrane trans-
port properties, the PRO module was operated in RO
mode using 6,000 mg L−1 of NaCl solution at 13 bar.
The flow rate and the mass transport (k) for the
RO experiment was 27 LPM and 4.43 × 10−5 m s−1,
respectively.

3. Results and discussion

3.1. Calibration of flow meters

Accurate measurement of flow rate is important in
estimating the performance of the PRO module. Even
the same model of flow meters can provide a different
value due to electrical noise in the pilot system caused
by VFD. If the error is not significantly noticeable, the
measurement error can be overlooked, and the result
can mislead PRO performance. For example, a
0.5 LPM error of measurement at 11 bar corresponds

Fig. 1. Schematic diagram of the 8040 spiral-wound PRO module experimental setup.

10104 S. Lee et al. / Desalination and Water Treatment 57 (2016) 10101–10110



with 0.5 W m−2 for the 8040 PRO module with 17.9 m2

of membrane. The difference in the flow meter value
of the inlet and outlet of the vessel was monitored
using a bypass line which allows the same flow rate
for both the inlet and outlet of the vessel. The flow
rate difference measured by the flow meters increased
in conjunction with flow rate. The inlet flow rate was
calibrated using the relationship (Fig. 2), and PRO
module performance was evaluated accurately.

3.2. Performance of the spiral-wound PRO module

Fig. 3 shows the performance of the 8040 PRO
module at different hydraulic pressures in accordance
with time. Hydraulic pressure difference was
increased from 4 to 20 bar in 4 bar increments and
then decreased to 4 bar in 4 bar decrements. As
hydraulic pressure difference was increased, PRO flux
decreased and water flux was recovered when applied
hydraulic pressure was decreased. The PRO module
was then operated at 8 bar ΔP to confirm stable
performance of the module. The PRO module showed
stable performance at the tested hydraulic pressure
difference range. When 20 bar was applied, flux was
negative, which means water was transported from
the draw solution side to the feed solution side similar
to a reverse osmosis process. Here, it is worthwhile to
note that the osmotic pressure difference of the solu-
tions (26 bar) was higher than the hydraulic pressure
difference (20 bar) (Δπ > ΔP). It is considered that the
low salt selectivity of the PRO membrane could cause
a less effective osmotic pressure difference across the
membrane.

Flux and power density of the PRO module at
applied pressure are depicted in Fig. 4. Without

hydraulic pressure, the module had 11.76 Lm−2 h−1.
According to the flux trend as a function of hydraulic
pressure, no flux is expected at 18.8 bar of ΔP. The
power density showed a parabolic trend in terms of
hydraulic pressure, which is similar to the laboratory-
scale PRO studies [17,24,26,27]. The maximum power
density of the investigated PRO module was
1.77 W m−2 at 10.4 bar using 35 g L−1 of NaCl as a
draw solution.

Water is transported across the membrane from
the feed solution to the draw solution due to osmotic
pressure difference. Thus, the draw solution could be
diluted, and the feed solution could be concentrated
in the PRO module. At the same time, slats diffuse in
the opposite direction of water transport so that feed
concentration could increase more than the volume
reduction effect. Fig. 5 shows the concentration of both
the feed and draw solution at the inlet and outlet of
the PRO module. As a result of higher water flux at
lower hydraulic pressure difference, the draw solution
was more diluted at a lower hydraulic pressure differ-
ence. However, the opposite trend was observed for
the feed solution considering water flux; a higher
increase of feed solution concentration at the higher
hydraulic pressure difference was observed even
though there was lower water flux. This higher
increase of feed concentration at higher concentration
is described in Section 3.4. These concentration
changes of draw and feed solutions suggest a gradual
decrease of membrane power density in the spiral-
wound PRO module. Therefore, dilution of draw solu-
tion, concentration of feed solution, and reverse salt
diffusion should be considered to estimate the perfor-
mance of the PRO module from a laboratory-scale
PRO membrane test.

Fig. 2. Calibration of flow meter for draw solution using a
bypass pipe.

Fig. 3. Effect of the hydraulic pressure difference (ΔP) on
the water flux of the 8040 PRO module with time.
Notes: The draw and feed solutions were 35,000 mg L−1

NaCl and tap water (140 mg L−1), respectively. The inlet
flow rates of draw and feed solutions were maintained at
25 and 7 LPM, respectively.
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3.3. PRO membrane transport parameters for performance
modeling

Water permeability (A), salt permeability (B), and
membrane structure parameter (S) were used to pre-
dict the power density of the PRO membrane
[4,17,22]. A and B values can be obtained from the RO
experiment using Eqs. (1) and (2). The RO experiment
was conducted at various temperatures in order to
investigate the effect of temperature on A and B val-
ues. The water flux in RO mode increased as an
increase in temperature, but the removal efficiency
was a constant 95% at the tested temperature range.
Fig. 6 shows the effect of temperature on water
permeability and salt permeability. Water permeability
increased 12.7% from 15 to 20˚C; A value was 2.08
and 2.34 Lm−2 h−1 bar−1 at 15 and 20˚C, respectively.
Water permeability and temperature had relationship,
JT ¼ J20�C � exp 0:0225� T � 20ð Þ½ �. The exponential
constant was similar to the previous study [28],
0.0239, which investigated the effect of temperature on
the performance of forward osmosis membranes made

of cellulose triacetate. Salt permeability also increased
as temperature increased. Salt permeability increased
10% from 15 to 20˚C; B was 0.73 and 0.80 Lm−2 h−1 at
15 and 20˚C, respectively. The relationship between B
and temperature was BT ¼ 0:5372� exp (0.0202� TÞ.
Since water permeability and salt permeability are
both dependent on temperature, the power density of
the PRO membrane is also temperature dependent
[25,26,29]. For example, She et al. [26] found improved
maximum power density from 3.8 to 5.1 W m−2 when
the temperature increased from 25 to 35˚C. Similar
results were also observed by Anastasio et al. They
showed an improvement of peak power density from
1.3 W m−2 at 20˚C to 4.0 W m−2 at 40˚C. The improve-
ment of power density could be a dominant effect of
A value on water flux [26]. Since the PRO membrane
module performance test was conducted at 25˚C, we
used 2.63 and 0.89 Lm−2 h−1 for A and B estimated
from the relationship with temperature. The PRO
membrane was a thin-film composite membrane
that had a polysulfone-based support layer with a

Fig. 4. Experimental water flux (a) and corresponding pro-
jected power density (b) of the PRO module as a function
of hydraulic pressure difference (ΔP).
Note: The data before 2,000 s in Fig. 3 were used to mini-
mize the effect of inlet concentration changes in draw and
feed solutions.

Fig. 5. Concentrations of the draw solution (a) and feed
solution (b) at inlet and outlet of the PRO module as a
function of hydraulic pressure difference (ΔP).
Note: The draw and feed solutions were 35,000 mg L−1

NaCl and tap water (140 mg L−1), respectively.
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sponge-like structure. As a result of having the same
support layer in our previous study, the membrane
structure parameter was taken from the literature [21].
The membrane structure parameter of 1,645 μm at
10 bar was used for simulation of the PRO membrane
performance.

3.4. Estimation of PRO module performance

As previously described, the concentration of the
draw solution gradually decreases as it flows inside
the module due to dilution by water flux. At the same
time, the concentration of the feed solution becomes
concentrated due to volume reduction. As a result of
the volume changes of the draw and feed solutions,
the transport conditions including flow velocity and
mass transport coefficient also change affecting ECP
and ICP on the membrane surface. Using Eqs. (3)–(12),
these changes were considered for simulation of the
PRO module performance. Fig. 7 shows the simulated
concentrations and performance distributions inside
the PRO module at 4 and 8 bar hydraulic pressure dif-
ference. The decrease of concentration difference
between draw and feed concentrations negatively

contributed to the water flux and power density along
the module length. The model closely estimated the
outlet concentration of draw solution at 4 and 8 bar.
However, the simulated feed concentrations at the
outlet of the module were lower than the experimen-
tally measured value).

Although there was an underestimation of the con-
centration of feed solution at the outlet, our approach
(model 3) showed favorable agreement with the
experimentally measured maximum power density
compared to model 1 and model 2 (Fig. 8). Model 1
represents a laboratory-scale simulation where
changes of experimental conditions are negligible.
Model 1 used a hydraulic transport condition from a
previous study as a representative laboratory-scale test
condition [21]. The size of the test cell was 26 mm
wide × 77 mm long × 1.5 mm deep, and the draw solu-
tion flow rate was 0.5 LPM (flow velocity of 26 cm s−1)
which corresponded to a mass transfer coefficient of
9.68 × 10−5 m s−1. Model 2 also did not consider the
changes of conditions in the module like module 1,
but it applied the initial inlet draw flow rate of the
PRO module. The flow rate of the draw solution for
the PRO module was 25 LPM (flow velocity of
5.4 cm s−1) which corresponded to a mass transfer
coefficient of 4.67 × 10−5 m s−1. Since the mass transfer
coefficient affects dilutive ECP as exp �Jw=kð Þ, the
smaller mass transfer coefficient of the PRO module
can negatively contribute to the power density. Model
3 applied the updated conditions including draw and
feed concentrations and the mass transfer coefficient
inside the PRO module to estimate performance.

Compared to the experimental maximum power
density, model 1 and model 2 significantly overesti-
mated maximum power density of the PRO module
by as much as 34 and 28%, respectively (Fig. 8). A
minor difference of maximum power density was
obtained between model 1 and model 2 at the
simulation conditions. If the salt permeability is negli-
gible (B ≈ 0), the dilutive ECP factor, exp �Jw=kð Þ was
estimated at 0.98 and 0.96 for model 1 and model 2,
respectively. An ECP factor value close to 1 means
that ECP has less of an effect on the PRO perfor-
mance. This indicates that the effect of ECP with rela-
tively small water flux (Jw) at a hydraulic pressure
difference of maximum power density and a mass
transport coefficient difference less than one order
could not account for the power density reduction of
the experimental module performance.

Model 3 closely estimated flux and power density
at below 8 bar of hydraulic pressure difference. Thus,
this shows that a consideration of concentration
changes in the draw and feed solutions in the mod-
ule is important in predicting the PRO module

Fig. 6. Effect of temperature on water permeability coeffi-
cient (A) (a) and salt permeability coefficient (B) (b) of the
PRO module.
Note: Both A and B were measured in RO experiments at
13 bar.
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performance using membrane transport properties.
Model 3 estimated the maximum power density of
2.0 W m−2 at 11.3 bar of ΔP which is 0.23 W m−2 (13%)
higher than the experiment result. However, model 3
overestimated for flux and power density as the
hydraulic pressure was increased above 8 bar. The
overestimation of model at high ΔP has been reported
in previous laboratory-scale studies [17,24]. The results
suggest membrane deformation for decrease of the
PRO membrane performance at high hydraulic pres-
sure difference. She et al. found severe membrane
deformation when a net-type spacer was used for the
feed channel compared to a tricot type spacer [17].

Fig. 7. Simulation results along the module direction.
Notes: Distribution of the concentration for draw and feed
solutions at 4 bar (a) and 8 bar (c). Distribution of power
density and water flux at 4 bar (b) and 8 bar (d). Open
symbols in (a) and (d) represent experimental concentra-
tions of the draw and feed solutions at inlet and outlet of
the PRO module.

Fig. 8. Experimental and simulated power density (a) and
water flux (b) for the PRO module.
Notes: Experimental conditions: The draw and feed solu-
tions were 35,000 mg L−1 NaCl and tap water (140 mg L−1),
respectively. The inlet flow rates of draw and feed solu-
tions were maintained at 25 and 7 LPM, respectively. Sim-
ulation condition: Model 1—draw concentration at
35,000 mg L−1, feed concentration at 140 mg L−1, and mass
transfer coefficient 9.68 × 10−5 m s−1 (laboratory-scale test
condition). Model 2—draw concentration at 35,000 mg L−1,
feed concentration at 140 mg L−1, and mass transfer coeffi-
cient 4.67 × 10−5 m s−1 (module test condition). Model 3—
updated values of draw and feed concentrations and mass
transfer coefficient inside PRO module were applied.
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Kim et al. suggested a laboratory-test PRO cell design
to minimize membrane deformation by the PRO chan-
nel of the laboratory-test cell [21]. The proposed PRO
test cell could prevent membrane deformation by
itself, and it could estimate the effect of the spacer on
the PRO membrane performance. They found an
increase of reverse salt flux with an increase of
hydraulic pressure difference. In this study, model 3
also estimated an increase of the reverse salt flux (Js)
from 0.15 mol m−2 h−1 to 0.39 mol m−2 h−1 when
hydraulic pressure increased from 4 to 20 bar. In the
PRO process, less water flux at a higher hydraulic
pressure difference could reduce the ECP and ICP
effect. Consequently, an effective concentration differ-
ence across the membrane (CD,m−CF,m) could be
increased at higher applied pressure. Meanwhile, the
volume reduction effect of the feed solution for the
increase of the concentration, which can be expressed
as QF,in/(QF,in− JwAm), decreases as hydraulic pres-
sure difference increases. As shown in Fig. 9, the
modeling results provided an increase of the outlet
feed concentration as increasing hydraulic pressure

difference. This indicates that the reverse salt flux of
the investigated PRO membrane was more dominant
in affecting the outlet feed concentration than the vol-
ume reduction effect of the feed solution. Although
model 3 considered changes in the concentration of
the draw solution and feed solutions along with the
mass transport coefficient, the experimentally mea-
sured reverse salt flux was higher than the simulation
results. Furthermore, the difference between the model
and experimental values increased as increasing
hydraulic pressure difference. This increase in reverse
salt flux would negatively contribute to severe power
density reduction at higher than 8 bar of ΔP. It could
be attributed to membrane deformation or module
defects at high hydraulic pressure differences. A PRO
module can be operated at a higher applied hydraulic
pressure difference when high-salinity water such as
RO brine is used for the PRO process. Therefore, the
development of the PRO membrane and module with
high mechanical strength is required for higher power
density.

4. Conclusions

Although the laboratory-scale experiment is useful
in comparing the performance of different PRO
membranes, there is a limitation when it comes to pre-
dicting the performance of the PRO module. We
experimentally investigated the performance of a spi-
ral-wound PRO membrane module and developed a
model to predict the performance using membrane
transport properties. The changes of draw and feed
concentrations were observed in the PRO module; the
concentration of draw solution was decreased due to
dilution by water flux and the concentration of feed
solution was increased due to volume reduction and
reverse salt flux. The performance of the PRO module
was predicted using a simulation considering changes
of conditions including the draw and feed concentra-
tions, and the mass transport coefficient inside the
PRO module. Although simplified flow path in the
module needs to be modified, our approach closely
predicted the maximum power density of the PRO
module. Under simulated conditions, the changes of
the draw and feed concentrations dominantly affected
the performance of the PRO module compared to ECP
effect. This study could be used to predict effects of
operational conditions including flow rates and con-
centrations of draw and feed solutions on power den-
sity of the PRO module. In addition, an increase of
reverse salt permeability as increasing hydraulic pres-
sure difference suggests a need for development of
the PRO module with higher mechanical stability.

Fig. 9. Experimental and simulated concentration of feed
solution (a) and reverse salt flux (b) for the PRO module
as a function of hydraulic pressure difference (ΔP).
Note: Model 3 was used for the simulation data.
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