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ABSTRACT

In the pressure-retarded osmosis (PRO) process, the power density was dramatically influenced by
the operating conditions including the applied hydraulic pressure difference (AP), the ratio of feed to
draw flow rate (V,/V ), and the ratio of draw flow rate to membrane area (V,/S ). A theoretical model
considering the non-ideal effects of concentration polarization, reverse salt flux, and pressure losses in
draw side through the membrane module was developed to predict the water flux of the PRO, from
which the power density and specific energy were predicted. The optimization of operating conditions
was conducted by the theoretical model to meet the PRO process’ predefined economic viability of
about 5.00 W m™ for the power density. Experimental verification of the theoretical model was carried
out when the applied pressure is <10 bar, which is the maximum pressure resistance of the forward
osmosis membrane in the paper. The resulted optimal operating conditions were AP of 17 bar, V,/V |
of 0.8, and V, /S of 47 L min™ m™ using seawater—river system, under which the theoretical power
density was 5.13 W m™, higher than the benchmark of 5.00 W m=. The error between the experimental

and theoretical results was <5%, which demonstrated the theoretical model is reliable.
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1. Introduction

Due to the depletion of fossil fuels and the challenge
of climate change [1], renewable energy sources (e.g.,
solar, wind, and ocean) have received extensive attention
in recent years [2,3]. Among the many energy sources,
osmotic energy from natural salinity gradients has been
an attractive option [4,5], which has been estimated to be
2.6 TW about 13% of the current world energy consump-
tion [6]. In order to effectively convert osmotic energy
into electricity [7], the pressure-retarded osmosis (PRO)
process has been one of the most effective methods cur-
rently [8,9].

* Corresponding author.

In the PRO process, the concentration difference between
the feed solution (dilute salt solution) and the draw solution
(concentrated salt solution) across a semi-permeable mem-
brane generates the osmotic pressure difference, which drives
the permeation of water from the feed side to draw side
[10,11]. And a hydraulic pressure, which is lower than the
osmotic pressure difference, is applied to the draw solution
to retard the permeation of water across the membrane [12].
Fig. 1 illustrates the common osmosis power plant, in which
the feed and draw solutions are first pretreated to minimize
membrane fouling; then, the draw solution is pressurized by a
pressure exchanger; and the expanding volume of draw solu-
tion is extracted by a hydro turbine to generate the power.

The concept of PRO was initially conceived in the 1970s
[13], and there was a resurgence of research on PRO in the
last decade. In 2009, Statkraft built up the first PRO prototype
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Fig. 1. A schematic diagram of a typically engineered PRO
system.

in Norway [14]; the results showed that the power density
was <1.5 W m?, which was undesirable, mainly due to the
serious internal concentration polarization (ICP) in mem-
brane’s support layer. In consequence, the PRO prototype
was deactivated in 2013. Through the test, Statkraft proposed
that the minimum power density should achieve 5 W m= to
make the system commercially working [15-17]. Membrane
power density as the measure of the power generated over
per unit membrane area is an important parameter of the sys-
tem performance, due to the economical PRO system must
have high power density.

The power density of the PRO system is depended on the
osmotic pressure difference and the PRO membrane. Most
PRO studies thus far have focused on PRO membranes, and
there is tremendous progress in the development of PRO
membranes. Hydration Technology Innovations (HTI) com-
pany first achieved batch production of cellulose triacetate
flat sheet membranes and then produced thin film composite
(TFC) membranes [18,19]. Until now, hollow fiber TFC mem-
brane can withstand a hydraulic pressure of 23 bar and har-
vest membrane power density of 27 W m=? when the draw
and feed solutions are reverse osmosis (RO) seawater brine
and deionized (DI) water, respectively [20]. However, due to
the low pressure resistance of the commercialized PRO mem-
brane, the draw solution concentration is limited. Using sea-
water-river water as draw-feed solutions is most common
in the PRO progress, since the confluence of the river and
the sea widely exists in nature. Although many literatures
show that using seawater as draw solution is not the most
efficient for PRO system, this research in the PRO process is
still indispensable.

The PRO membrane performances differ intensely at
separate operating condition; even further, the influence
is not expressed as single variable oriented due to all the
non-ideal effects together, like concentration polarization,
reverse salt flux (RSF), and pressure losses [6,21]. Therefore,
many models were established to study the optimal oper-
ating conditions, then to reduce the effects of the non-
ideal factors, and to improve the membrane performance
of the PRO system. He et al. [22] established a thermody-
namic model to optimize the operational conditions, and
then to maximize the power density and the extraction of
energy from the PRO process. He et al. [23] also optimized
the operating conditions and the membrane parameters
of a scaled-up PRO process by maximizing the membrane
power density and specific energy (SE). Touati and Tadeo
[24] investigated the effect of the operating conditions on
reverse salt diffusion and the produced power to reduce the
influence of the non-ideal effects. In these works, only the

theoretical model addressed the non-ideal effects to study
the operating conditions. There is lack of specific experi-
mental verification and optimization. And the parasitic
pressure losses from friction in the membrane module need
to be considered, which will outweigh the advantages of
operating at high flow rates.

In this study, a theoretical model considering the non-
ideal effects of external concentration polarization (ECP), ICP,
RSF, and pressure loss in draw side through the membrane
module was developed to predict the water flux, power
density, and SE. Then, the operating conditions of the PRO
process with seawater-river water as draw—feed solutions
were optimized using the theoretical model. The operating
conditions includes the applied hydraulic pressure (AP) on
the draw solution, the ratio of feed to draw flow rate (V,/V ),
and the ratio of flow rate to membrane area (V,/S, ). And the
theoretical model was verified by experiments when the
AP is <10 bar, due to the poor pressure resistance of the
forward osmosis (FO) membrane.

2. Theory
2.1. Concentration polarization

Concentration polarization refers to the non-liner
concentration gradient across the membrane including ECP
and ICP due to the accumulation of solute on the membrane
surface and within the membrane support layer, respectively
[25-27]. Due to the defect of the membrane, the effective
concentration difference across the membrane AC, is highly
affected by concentration polarization and RSF as described
in Eq. (1), where the draw solution faces the active layer, and
the feed solution faces the support layer [24]:

Co eXp[—]VgD ] ~Cry exr{ ]V;)BF ]eXp(]WDSj
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where B is the membrane’s salt permeability; C,,, is the bulk
draw concentration; C b is the bulk feed concentration, and d
is the boundary layer thickness, as shown in Eq. (2):

AC, = )

d=— 2
P 2)
D is the salt diffusion coefficient, which is generally
assumed to be constant, but in order to improve accuracy it
can be calculated by C and T [4]:

2513] 3)

D =6.725x10"° x exp(1.546 x10*xC— T
k is the mass transfer coefficient; it can be calculated by:

ShD

k=2
dh

4)

where Sh is the Sherwood number and is the hydraulic diam-
eter. Sh is constituted by Reynolds number (Re), Schmidt



H. Wang et al. / Desalination and Water Treatment 114 (2018) 19-30 21

number (Sc), dh, and membrane thickness (L) in the following
equations. However, Sh is different with various flow states.

0.33
Sh=1.85 (ReScd% ] (Laminar flow, Re <2,000) ®)
Sh = 0.04Re*”*Sc** (Turbulent flow, Re > 2,000) (6)
st (7)
e

S is the structural parameter of the membrane support
layer, as shown in Eq. (7) where t is the thickness; ¢ is the
porosity; and t is the tortuosity of the support layer.

2.2. Pressure loss of the membrane module

The pressure loss P, on draw side of the membrane by
friction can be described by [4,6]:

NP T

5.99x10° x apo== | LPTLTVE ®)
4W21)10$5

where p is density; V is the flow rate; L is the length of the

membrane module; W is the width of the membrane module,

is the dimensionless friction factor (Eq. (9)), and is constant:

f=a, xRe™ 9)

2.3. Water flux and reverse salt flux

The water flux (J,,) across the semi-permeable membrane
is calculated by:
] = A(An - AP) (10)
where A is the water permeability coefficient of the mem-
brane; Art and AP are the trans-membrane osmosis pressure
and applied hydraulic pressure on the draw side, respec-
tively. Osmotic pressure is a function of temperature and
concentration [4].

The water flux (J,) considering the non-ideal effects of

concentration polarization, RSF, and pressure losses on the
draw side of the membrane module is presented by:

T, EXP(_QNJ —Tp, exp[{(‘”] exp(]WK)
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However, salt permeate is in the opposite direction with
water across the membrane. The RSF (J) is calculated by:

(11)

— AP+P,

loss

Jw=4A

J.=BAC 12)

where B is the salt permeability coefficient of the membrane,
and AC is the concentration difference across the membrane.

To improve water flux, many efforts have been made to opti-
mize the trade-off between water permeability A and salt
permeability B of the membrane [6].

The water flux across the membrane is influenced by the
non-ideal effects, which include pressure losses and concen-
tration polarization. In our previous publication, the detailed
description of concentration polarization has been presented
in [21].

2.4. Power density

Power of the PRO process is determined by the expand-
ing volume of high-pressure draw solution. The power den-
sity (W) is the obtained power per unit membrane area, and
it is the product of water flux and applied hydraulic pressure
in the draw solution. It can be calculated by dividing sys-
tem energy output (APAV), by the membrane area (S,), as
described in Eq. (13) [24]:

W APAV 13
Sm
AV =],S, (14)

where AV is the permeate flow rate. The peak power density
is achieved when AP = Am/2, which means that only half of
the salinity gradient can be transformed to power.

2.5. Specific energy

The SE quantifies the extracted energy per unit volume of
feed (V) and draw (V) solutions. It is calculated by dividing
the energy output (APAV), by the sum of the feed flow rate
(V,), and draw flow rate (V):

SE = APAV (15)
V.+V,
With a given solution pairing, the extracted maximum SE
can be seen as the volumetric energy density. SE is an import-
ant concept to quantify system performance because the
amount of solution volume determines the energetic costs of
the system, such as pretreatment and pumping.

2.6. Net power density

The efficiencies of the mechanical and electrical devices
including the pumps, hydro turbine, generator, and energy
recovery device (ERD) in the PRO process cannot reach 100%
due to energy losses. Energy loss of ERD is supplemented
by feed, draw, and booster pumps. In addition, the frictional
losses in piping, valves, and PRO membrane modules are
also provided by the pump, which can degrade the perfor-
mance of PRO process. The power consumption of the pump
is calculated by Eq. (16). And the total power consumption of
all pumps is calculated by Eq. (17):

AP xV ><L (16)

pump pump pump n
pump
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prump = WFP +WDP + Wbooster pump (17)
wheren_  in Eq. (16) is the efficiency of the pump. W,, and

W, in EP&THZU) are the power consumption of feed and draw
solutions, respectively.

The power generation by the hydro turbine is calculated
by Eq. (18):

turbine Pturbine X Vturbine X nturbine X 1Algenerator (18)

where n . andn, . are the efficiencies of turbine and
generator, respectively. When the power generation by the
hydro turbine (gross power) is larger than the power con-
sumption of pumps, the PRO process is feasible. The net

power is given by the following equation:

Wnet = Wturbine - Z W

pump

(19)

The net power density is calculated by dividing the net

power, W_, by the membrane area S ;
W YW
W, = ““b‘“eS—Z’P““‘P (20)

m

3. Research methodology
3.1. Modeling of PRO

The optimum operating conditions, including the applied
hydraulic pressure difference (AP) and flow rates of feed (V)
and draw (V) solutions, were determined by the theoreti-
cal analysis and experiments to improve the output power
according to the procedure illustrated in Fig. 2. First, the
optimal hydraulic pressure difference (AP ) was obtained
by maximizing the water flux (J,) and power density (W) of
the membrane module. Next, V,/V, and V /S (L min™ m?)
were determined by the theoretical calculation to balance
the power density (W’) and SE of the membrane module.
Afterward, the calculated V,/V, and V /S were further

=)

Power density
(Cr, Cp, mol/L)

W, wim?)

Power density W’
Energy SE

r_1p "ERD

Fig. 2. Logic framework for determining the optimal pressure
difference, the ratio of feed to draw flow rate, and feed and draw
flow rates to calculate net power.

optimized by the theoretical model. Then, the optimal feed
and draw flow rates of the module were achieved by the
selected membrane area.

Finally, the optimal operating conditions including AP,
V., and V_ were applied to the PRO system shown as Fig. 1
to calculate AV (Eq. (4)) and the net power density. The flow
rates were used for calculating the power consumption of the
pumps, and the efficiencies of the equipment were shown in
Table 1 [28].

3.2. Experimental setup

Membranes were tested in a custom four-port rectangu-
lar cell with length L = 250 mm, width w = 84 mm, and chan-
nel height & = 4 mm. Fig. 3 showed the custom cell assembly.
Commercial FO membrane was the flat sheet TFC membrane
from CSM (Korea). The solutions were obtained by incor-
porating chemical-grade sodium chloride (NaCl) into DI
water, and the concentrations were measured by a conduc-
tivity meter. Two solutions were supplied to the membrane
cell from solution tank via pumps. Feed flow rates were set
by adjusting the speed of peristaltic pump. Draw flow rates
were controlled by flow meter, and the hydraulic pressure
in the cell was regulated via a bypass valve. Mass change
of feed solution over time was recorded using an electronic
balance.

3.3. Membrane characterization

The evaluation of apparent membrane performance
parameters using PRO method under varying draw pres-
sures was proposed by [27]. In this study, a new PRO method
was used to determine water permeability A, salt permeabil-
ity B, and structure parameter S of the membrane. The test
conditions are shown in Table 2.

Table 1
The efficiencies of the equipment in the PRO process
Equipment Efficiency (%)
Draw pump 80
Booster pump 80
Feed pump 80
ERD 95
Hydro turbine 87
Generator 98

Fig. 3. The SolidWorks figure of membrane cell.
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Table 2
Conditions for membrane characterization tests

Water permeability Salt permeability Structure parameter
Testing platform PRO test PRO test FO test
Temperature 20°C 20°C 20°C
Feed concentration, C b 0 mol L 0.04 mol L 0 mol L
Feed flow rate, V, 1.2 L min™ 1.2 L min™ 1.2 L min!
Feed velocity, u, 0.25ms™ 0.25ms™! 0.25ms™!
Draw concentration C,,, 0 mol L! 0 mol L! 1 mol L™
Draw flow rate, V, 1.2 L min™! 1.2 L min™! 1.2 L min™!
Draw velocity, u, 0.25ms™! 0.25ms™ 0.25ms™!
Hydraulic pressure, AP 8,6,4,2bar 8, 5, 3 bar 0 bar

In all cases, the membrane orientation was the active
layer facing toward the draw solution and the support layer
facing toward the feed solution. And all the tests were last
for over 60 min to ensure that the system was steady before
collecting data. In order to obtain accurate membrane param-
eters, all the tests were repeated at least 5 times with solution
temperatures were stabilized at 20°C + 0.5°C. Flow rates were
set as 1.2 L min™ at the membrane inlet, and the correspond-
ing inlet flow velocities were set as 0.25 m s, which is the
recommended value in PRO process.

3.3.1. Water permeability coefficient of the membrane

In order to improve the accuracy of the membrane
parameters, the water permeability coefficient (A) was tested
by using PRO method, which is similar to the RO method.
The water permeability coefficient was calculated by follow-
ing equations [29]:

AV
Jw = 5 (21)
_Jw
AP 2)

where AV is permeate flow rate, L min™.

At each stage, water flux was calculated by the changes of
mass and conductivity in feed and draw solutions. In the pro-
cess, the feed and draw solutions were DI water. At the first
stage, water flux (J,,) was measured at hydraulic pressure of
8 bar until the permeate flow rate remained stable. At the end
of this stage, the hydraulic pressure difference was reduced
by 2 bar to get the desired value. The resulting reduced water
flux (J,,,) was measured. The third and fourth stages were
performed in the same way until AP =2 bar.

3.3.2. Salt permeability coefficient of the membrane

The salt permeability coefficient (B) was also tested using
PRO method. The salt permeability coefficient was calculated
by Eq. (23):

)

(23)

where k is the mass transfer coefficient; R is the salt rejection
rate, which was calculated by Eq. (24).

R-1-S (24)
CP

where C, is the concentration of the permeate solution; C, is
the concentration of the feed solution. Water flux was mea-
sured using the feed solution of 0.04 M NaCl and permeate
solution of DI water; at each stage, the permeate concentra-
tion was measured by a conductivity meter. At the first stage,
hydraulic pressure difference (AP = 3 bar) was applied to the
draw side for 60 min. The permeate volume V., and concen-
tration C., became change and completed the measurement
at predetermmed time intervals. The permeate concentration
was calculated by Egs. (25) and (26). The second and third
stages were performed in the same way at hydraulic pressure
difference AP =5 and 8 bar, respectively.

M

Cp= £ (25)
VC, i+1

Cc,ivc,z' + MPS - Cc,i+1(vc,i + VC,i+1) (26)

where M, is the mass of the permeate salt.

3.3.3. Structure parameter of membrane

A FO test was also examined to determine the mem-
brane’s structure parameter S. The concentrations of the feed
and draw solutions were 0 and 1 mol L™, respectively. The
outlet concentrations of the feed and draw solutions C, and
C,, were measured using conductivity meters. The structure
parameter S was calculated by the following equation:

D [ B+A-m, J
S=—In| ——— 22— (27)
T B+]W+A T,

where 71, and 7, are the osmotic pressure of the bulk draw
and feed solutlons at the membrane surface, respectively.
There is a hypothesis in this equation: t, = 7,,. [t was mainly
due to the fact that C,,, is not possible to measure directly.
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4. Results and discussions
4.1. Parameters of the membrane

In this paper, the characterization can be quantitatively
described as water permeability coefficient A=1.53 LMH bar,
salt permeability coefficient B =1.63 LMH, structure param-
eter S =747.33 um and be observed through cross-sectional
SEM in Fig. 4.

4.2. Theoretical and experimental optimization on operating
conditions of PRO process

4.2.1. Theoretical and experimental optimization on operating
conditions of PRO process at different ratios of feed to draw
flow rate

In PRO process, power density (W’) and SE are import-
ant parameters to evaluate the feasibility of the PRO process,
which are expressed by the operating conditions AP, V,/V,
- and V,./S (Egs. (3) and (5)) by considering concentration
S4800 3.0kVex2 50k SE(M) polarization and pressure loss in the membrane module.

Figs. 5 and 6 illustrate the theoretical results of W’ and SE at
Fig. 4. The cross-sectional SEM image of the flat sheet FO  fixed V,/V ratio of 0.6, 0.8, 1.0 and the V /S ratio in between

-

membrane. 25 and 300. In Fig. 5, an increment in V, /S clearly increases
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Fig. 5. The power density as functions of AP and V, /S atV,/V_ =0.3, 0.6, 0.8, 1.0, respectively.
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Fig. 6. The SE as functions of AP and V_ /S atV/V,

the power density at a fixed hydraulic pressure difference,
and the power density reaches its maximum at the hydrau-
lic pressure difference around 15-16 bar that is a little larger
than Amt/2, due to the pressure loss on the draw side. Similar
trends are found when the V,/V ratios are 0.8 and 1.0. When
the values of V,/V increase from 0.3 to 1.0, the power den-
sity gradually increases. However, the power density slightly
increases at V,/V, from 0.8 to 1.0; it is due to the fact that
when V /V = 0.8, the permeation process is close to stable.
The variation of SE as functions of AP and V /S, is illus-
trated in Fig. 6. Interestingly, the SE also reaches its maximum
at the hydraulic pressure difference of around 15-16 bar. It
also can be seen that an increment in V,/V clearly decreases
the SE at low V /S ratios, and AP shows limited impacts on
both power density and SE. This can be ascribed to the dra-
matic variation of the draw and feed solutions’ concentration
along the membrane with the water penetration across the
membrane. At high V /S ratios, AP becomes more influen-
tial since the changes of solution concentrations, which are
induced by water permeation, are not so evident. Therefore,
the relatively low flow rates are beneficial for the equilib-
rium of the power density and SE. And the optimum oper-
ating conditions are V,/V =0.8 and V_/S <100 L min™ m™
when uses seawater—river water as draw—feed solutions.
The theoretical ranges of the PRO process are further
optimized by the PRO performance of water flux, power den-
sity, and the net power density. And the results are verified

V V=06

0

50 100

150 200 250 300
VeVp=1.0
SE/\Nh m

o

50 100 150 200 250 300
V/S /L-min”"-m

=0.6, 0.8, 1.0, respectively.

Table 3
Conditions for testing membrane performance at different V,/V |
ratios

Description Test conditions
Temperature 20°C

Feed concentration, C £ 0.05 mol L

Feed flow rate, V, 0.48, 0.64, 0.8 L min™!
Feed velocity, u, 0.10,0.14,0.17 m s™
Draw concentration, C D 0.6 mol L!

Draw flow rate, V, 0.8 L min™

Draw velocity, u 0.17ms™

Hydraulic pressure difference, AP 2, 4, 6, 8, 10 bar

Test length 60 min

Membrane orientation Active layer facing draw

by experiments, which were repeated three times at different
hydraulic pressure differences (AP =0, 2, 4, 6, 8, and 10 bar),
due to the flat sheet FO membrane used in the experiments
can withstand a maximum pressure differential of 10 bar that
limits the ability to conduct experiments at high pressure, and
the experimental conditions are summarized in Table 3. Fig. 7
illustrates the theoretical and experimental results. The error
between the two results is <5%, which proves the accuracy of
the theoretical model. Fig. 7 shows that the optimum applied
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hydraulic pressure differences are same at different feed flow
rates, because the pressure losses on the feed side are not
taken into account. RSF is higher than those obtained from
flat sheet FO membrane (HTI company), since the higher salt
permeability coefficient of the membrane used in this study.
As V,/V increases from 0.6 to 1.0, water flux increases from
13.20 to 13.36 L m™ h'; power density increases from 4.66
to 4.71 W m™ and the pressure loss is 2.30 bar (Fig. 8) at the
peak power point, 16 bar. However, with the increase of V,/
V, from 0.8 to 1.0, the power density only increases 0.02 W
m~ that cannot offset the increment of energy consumption
of pumps, due to the effects of parasitic pressure losses in
draw side, which are proportional to flow rates. Therefore,

the ratio of feed to draw flow rate V,/V = 0.8 contributes to
improve the net power of the PRO system, which is identical
with the theoretical result in the previous section.

4.2.2. Theoretical and experimental optimization on operating
conditions of PRO process at different feed and draw flow rates

To further optimize the operating conditions, water flux
(J,y), power density (W’), RSF (] ), and net power density(W, )
are studied at AP =0, 2, 4, 6, 8, and 10 bar, and higher pres-
sure points are also calculated by the theoretical model. The
conditions used in this section are summarized in Table 4.
The experimental and theoretical results are showed in Fig. 9.
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Fig. 7. PRO performance when T = 20°C, C,, = 0.05 mol L™, and C,,, = 0.6 mol L"". Experimental results (red points) and theoretical
results (blue lines) are shown for water permeate flux (], ), power density (W’), and RSF (] ), as functions of hydraulic pressure differ-
ence AP at V,/V,=0.6, 0.8, 1.0, respectively. And the draw flow rates are fixed at 0.8 L min™".
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Seawater 0.8 L-min™

n
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/bar
loss
N

_
[%)]

N
T

Pressure loss, P

0.5

0 5 10 15 20
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Fig. 8. The draw side pressure loss P, as functions of hydraulic
pressure difference AP at draw flow rate V= 0.8 L min™.

Table 4
Conditions for testing membrane performance at different draw
and feed flow rates

Description Test conditions
Temperature 20°C
Feed concentration, CM 0.05 mol L

0.64,0.8, 1.0 L min™*
0.14,0.17,0.21 m s!
0.6 mol L

0.8,1.0, 1.25 L min™!
0.17,0.20,0.27 m s™!
2,4,6,8,10 bar

60 min

Feed flow rate, V,

Feed velocity, u,

Draw concentration, CD,I;

Draw flow rate, V

Draw velocity, u,,

Hydraulic pressure difference, AP
Test length

Membrane orientation Active layer facing draw

RSF increases with the pressure increases applied in draw
side, which is harmful to the membrane performance, that
is, plug the membrane support layer and reduce the effec-
tive driving force. As V increases from 0.8 to 1.25 L min™,
water flux increases from 13.30 to 15.66 L m? h, and power
density increases from 4.69 to 5.37 W m™ at the respective
peak power point. The optimal AP increases from 17 to 20
bar as the draw flow rate increases from 0.8 to 1.25 L min!,
it is due to the fact that the draw side pressure loss increases
from 2.30 to 5.91 bar at AP = 16 bar (Fig. 10). The power that
is required to supply these parasitic loads will cause the dec-
rement of the net power density. When the flow rates V, is
0.8 L min™ and V is 1.0 L min™', the power density W’ is 5.13
W m~ at the peak power point (17 bar), which is higher than
the minimum power density 5 W m=. The net power den-
sity is positive when the draw flow rate < 1.0 L min™. And
when the draw flow rates are between 0.64 and 0.8 L min™,
there is a modest increase in net power density, from 0.48 to

0.77 W m™. In fact, when the draw flow rate is beyond 1.0
L min™, the net power density begins declining. Hence, the
optimum draw flow rate is selected as 1.0 L min™ at which
the net power density is the largest with the membrane area
of 0.021 m? of the PRO system.

5. Conclusions

Optimizations on the operating conditions of the
PRO process for seawater-river system were carried out
in this paper. A theoretical model of the water flux was
developed considering the non-ideal effects of concentration
polarizations, RSF, and pressure losses in draw side through
the membrane module. Validation experiments of the
theoretical model were also implemented under the applied
pressure of <10 bar. The conclusions are as follows:

e For the theoretical model, the optimal operating condi-
tions of seawater-river system were the AP of around
17 bar, the V,/V ratio of 0.8, and V /S ratio of 47 L m™
min™, under which the power density could reach up to
5.13 W m= above the benchmark of 5.00 W m=.

* The experimental results of both the water flux and the
power density of the PRO process were in a good agree-
ment with the theoretical results under the applied pres-
sure of <10 bar. The error is less than 5%, indicating that
the theoretical models are reliable.

Symbols

A — Water permeability, L m? h™' bar™

B — Solute permeability, L m?h!

S — Structure parameter, um

T — Water flux, L m2h!

AP — Hydraulic pressure difference, bar

J. — Reverse salt flux, mol m2h!

AC — Concentration difference across the
membrane, mol L

w — Power density, W m~

AV — Permeate flow rate, L min!

S, — Membrane area, m?

S — Specific energy, W m™

V. — Feed flow rate, L min™!

v, — Draw flow rate, L min™!

Wpump — Power consumption of the pump, W

Nomp — Pump efficiency, %

urbine Power generation by the hydro

turbine, W

Newrbine — Turbine efficiency, %

Noenerator Generator efficiency, %

ot — Net power density, W m~

D — Bulk diffusion coefficient, m? s

0 — Boundary layer thickness, m

k — Mass transfer coefficient, m s

Sh — Sherwood number

dh — Hydraulic diameter of the flow channel, m

Sc — Schmidt number

L, — Membrane thickness, m

Re — Reynolds number

t — Porous support layer thickness, m
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Fig. 9. PRO performance when T = 20°C, C,, = 0.05 mol L™, and C,,, = 0.6 mol L"". Experimental results (red points) and theoretical
results (blue lines) are shown for water permeate flux (J,), power density (W’), RSF (J)), and the net membrane power density (W)
as functions of hydraulic pressure difference AP at V,/V, = 0.8, respectively.
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flow rate.

€ — Porous support layer porosity, m

T — Porous support layer tortuosity

K — Solute resistivity for diffusion within the
porous support layer, s m™!

R — Universal gas constant, Nm mol™ K-

T — Absolute temperature, K

P, — Pressure loss, bar

L — The length of the membrane module, m

W — The width of the membrane module, m

f — The dimensionless friction factor

M, — The mass of the permeate salt

Greek

T — Osmotic pressure, bar

p — Density, kg m™

Subscripts

D - Draw

F — Feed

m — Membrane

s — Salt

w - Water

P - Permeate
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