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H I G H L I G H T S

• Two dual stage PRO designs were evaluated.
• The second PRO stage was modified in the new PRO process.
• The modified design showed higher power density than old dual stage PRO design.
• The modified design requires less membrane area than old dual stage PRO design.
• PRO power consumption was less in the modified design.
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Dual stage PRO process was proposed for power generation. The present study evaluated two design configura-
tions of the dual stage PRO process. The old dual stage PRO design was modified to enhance the process perfor-
mance. In the new design, the entire seawater flow from the first stage goes to the second stage to increase the
second stage membrane flux. Seawater salinities between 32 g/L and 45 g/L were tested to investigate the effect
of draw solution TDS on the process performance. The results showed that PRO process performed better at
higher seawater salinity. Furthermore, the performance of the new dual stage PRO design was higher than that
of the old dual stage PRO process. Power density in the new dual stage PRO design was 17.4% higher than that
in the old dual stage PRO design. Mainly, this was attributed to the higher membrane flux in the modified PRO
design. It was also found that the specific power consumption of the new PRO design was about 8% less than
that of the old PROdesign. Finally, the results also showed that for a given plant capacity, themembrane elements
required in the new PRO design were less than that in the old PRO design. As such, the proposed new design
would be suggested for power generation for being more efficient and at cheaper cost.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Pressure retarded osmosis (PRO) is a novel technique for power
generation using salinity gradient resource [1–5]. Experimental and
theoretical studies have demonstrated the technique potential for
power generation using semi-permeable membrane of high water per-
meability and salt rejection rates [6]. Initially, Reverse Osmosis (RO)
membrane was used in the PRO process but the unsatisfactory mem-
brane flux resulted in a low performance PRO process [7]. Subsequent
study attributed low membrane performance to the severe concentra-
tion polarization phenomenon at themembrane surface–solution inter-
face [8]. These studies also suggested a practical method to reducing the
effect of concentration polarization based on the results of the

experimental works [9–11]. Nowadays, a custom design FO membrane
is commercially available at relatively high cost for PRO application. Fur-
thermore, there were many laboratory-scale attempts for developing a
high performance PRO membrane by increasing its water permeability
and/or fouling resistance [12,13]. The power density of PRO membrane
to be commercially economical was estimated about 5 W/m2 [14]. The
efficiency of PRO process is also greatly affected by the salinity gradient
resource, membrane flux, and the operating hydraulic pressure, ΔP.
Membrane flux can be increased by increasing the differential pressure
gradient, Δπ, across the PRO membrane [1]. However, power density
reaches a maximum amount at ΔP = Δπ/2 [15].

Recently, a dual stage PRO process has been suggested for higher
power generation [16]. Conventionally, draw solution is pressurized
and fed into the PRO membrane for fresh water extraction from the
donor solution which flows on the other side of the membrane. The
pressurized flow splits into two parts after leaving the PRO membrane;
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the first part goes to a Pressure Exchanger (PX) to pressurize the seawa-
ter feed whereas the second part goes to turbine for power generation.
Without the PX, the PRO will not be a cost-effective process because of
the high energy requirement for seawater/draw solution pressurization.
In the proposed technique, a dual stage PRO treatment is carried out to
enhance the process performance [16]. The first stage is similar to that
in the conventional PRO process with a difference that the second part
of the pressurized seawater goes to a second PROmodule instead of tur-
bine system (Fig. 1). In the second PROmodule, water permeation from
the feed to the draw solution takes place due to the osmotic pressure
gradient across the membrane. After leaving the second PRO module,
the entire seawater flow goes to a turbine system for power generation.
This novel design has the potential of increasing the power outputs by
an amount equal to ΔP ∗ Qp2 (Fig. 1). Dual stage PRO process has many
other advantages such as handling different types of feed solutions, de-
creasing the effect of feed salinity on the PRO efficiency, and using dif-
ferent membrane types in different stages [16]. In terms of capital
cost, dual stage PRO process requires more membrane area than con-
ventional PRO process but there is no need for extra high pressure
pump in the second stage [16]. Despite the unique advantages of dual
stage PRO process, there is an opportunity for efficiency enhancement
through design optimization. Practically, this can be achieved through
re-configuring the design of dual stage PRO process as described in
Fig. 1. In the old dual stage PRO, pressurized seawater from the first
stage splits into two flows after leaving the PRO module. Large part of
that flow goes to PX to pressurize seawater while the other part of

flow, which is equal to V1, goes to the second stage of the process. In
the new design, the entire flow from the first stage goes to the second
stage of the PRO process for fresh water extraction from donor solution.
Then, seawater flow splits into two flows after leaving the second stage
membrane treatment; the first flow returns to the PX to pressurize sea-
water to the first stage while the second flow goes to the turbine for
power generation (Fig. 1). In effect, this design increases membrane
flux due to the higher seawater flow in the second stage of the PRO pro-
cess. Previous work has demonstrated that permeate flow increases
with increasing the draw solution flow rate [16,17]. As shown in
Fig. 1a and b, seawater flow rate to the second stage was equal to Qp1

and Qp1 + Qds-in for the old and new designs respectively. Higher sea-
water flow rate has been found to be an effective approach for increas-
ing the concentration of bulk solution and reduces the impact of
concentration polarization [18].

The present study evaluated the performance of both designs for
power generation. The impact of draw solution concentration on the
performance of PRO process was evaluated using seawater salinities
ranging from 32 g/L and 45 g/L. Fresh water and wastewater effluent
were used as the feed solutions in the first and second stage of the
PRO process respectively, in both designs. The TDS of fresh water and
wastewater effluent was assumed about 200 mg/L [19,20]. Power den-
sity and total power generation for both designs were calculated and
plotted for comparison purpose. Finally, the impact of second stage
feed flow rate on the PRO performance was evaluated using different
Qds-in/Qf-in ratios.
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Fig. 1. The old and new dual stage PRO process designs for power generation.
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