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ABSTRACT: Pressure-retarded osmosis (PRO) has the potential
to generate sustainable energy from salinity gradients. PRO is
typically considered for operation with river water and seawater, but
a far greater energy of mixing can be harnessed from hypersaline
solutions. This study investigates the power density that can be
obtained in PRO from such concentrated solutions. Thin-film
composite membranes with an embedded woven mesh were
supported by tricot fabric feed spacers in a specially designed
crossflow cell to maximize the operating pressure of the system,
reaching a stable applied hydraulic pressure of 48 bar (700 psi) for
more than 10 h. Operation at this increased hydraulic pressure
allowed unprecedented power densities, up to 60 W/m2 with a 3 M
(180 g/L) NaCl draw solution. Experimental power densities
demonstrate reasonable agreement with power densities modeled
using measured membrane properties, indicating high-pressure operation does not drastically alter membrane performance. Our
findings exhibit the promise of the generation of power from high-pressure PRO with concentrated solutions.

■ INTRODUCTION

Natural and anthropogenic salinity gradients have been
identified as significant sources of sustainable energy that are
currently untapped.1,2 The Gibbs free energy released during
mixing can be harnessed by technologies such as reverse
electrodialysis,3,4 capacitive mixing,5 and pressure-retarded
osmosis (PRO).6,7 In PRO, a semipermeable membrane
separates a low-concentration feed solution from a high-
concentration draw solution. The osmotic pressure difference
between the two solutions drives a pressurized flow of water
from the feed to the draw solution, which then generates
electricity by a hydroturbine.
PRO studies have mainly focused on capturing the energy

released when fresh river water meets the sea.8−11 However,
more concentrated solutions capable of producing greater
energy have also been suggested for use in PRO since the
1970s.6,12,13 In locations where fresh water naturally flows into
hypersaline water bodies, such as the Dead Sea and the Great
Salt Lake, the theoretical energy of mixing released is nearly 20
times larger than that at river water−seawater interfaces.1 Other
anthropogenic hypersaline sources, such as brines from salt
dome mining12 or water produced from hydraulic fracturing,14

also have the potential to generate power in a controlled mixing
process. Alternatively, PRO can be applied in a closed-loop heat
engine, where synthetic draw solutions are separated and
regenerated using low-grade heat.1,15 Such systems employ
highly concentrated working solutions to exploit large mixing
energies.

Higher-concentration streams have enormous potential in
PRO as they are capable of producing greatly enhanced power
density, defined as the power generated per unit membrane
area, a critical factor in determining the economic viability of a
PRO plant.9,16 However, to access the high-power density
potential of concentrated solutions, the PRO system, including
the membranes, must be able to withstand a hydraulic pressure
that is approximately half the osmotic pressure of the
concentrated draw solution. In the case of a 2 M (120 g/L)
NaCl draw solution, the system should be operated at ∼50 bar
(725 psi), nearly equivalent to the applied pressure of a
seawater reverse osmosis (RO) desalination plant.17 In
literature, the highest PRO operating pressure reported is 24
bar,18 with most studies reaching only ∼16 bar before
membrane damage or system limitations prevent further
pressurization.19−21 Thus, the potential for high-power density
PRO remains unrealized.
In this study, we conduct an experimental analysis of PRO

performance using concentrated NaCl draw solutions and
demonstrate unprecedented high power densities (up to 60 W/
m2) at elevated hydraulic pressure difference. The PRO system
channel, spacer, and membrane were carefully designed to
allow PRO operation at high applied hydraulic pressures (up to
48 bar or 700 psi). Experimental power densities are compared
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to power densities modeled from experimentally determined
membrane properties to evaluate the potential of PRO using
highly concentrated draw solutions.

■ MATERIALS AND METHODS
Membrane and Spacers. Commercial flat-sheet, thin-film

composite (TFC) forward osmosis (FO) membranes were
obtained from Hydration Technology Innovations (Albany,
OR). Membranes were loaded into a specially designed
crossflow test cell and oriented with the active layer facing
the concentrated draw solution and the support layer facing the
dilute feed solution. In the feed channel, two layers of tricot
woven fabric were used to support the membrane under
pressure and maintain the channel geometry. In the draw
channel, a biplanar extruded netting spacer was employed to
induce turbulence and support the membrane. Images of both
spacer types are shown in Figure S1 of the Supporting
Information. Scanning electron microscopy (SEM) character-
ization of membranes and spacers is also described in the
Supporting Information.
Bench-Scale Experimental PRO Setup. A diagram of the

custom-built crossflow test cell is shown in Figure 1. The feed

and draw channel heights are 0.5 and 1 mm, respectively,
similar to the dimensions of a spiral wound membrane
element.22 Both channels were 10.7 cm long and 3.6 cm
wide. The edges of each membrane coupon were covered with
water-resistant tape such that only a 7.7 cm × 2.6 cm portion of
the membrane was exposed. This design prevented deformation
of the membrane on the edges of the channel and allowed more
uniform flow conditions across the exposed membrane. The
feed channel inlet and outlet comprise parallel slit openings (1
mm wide each) to further prevent membrane deformation and
rupture. The bench-scale experimental setup is shown in Figure
S2 of the Supporting Information, and details of the setup are
described in the Supporting Information.
PRO Experimental Protocol. Membranes were first

compacted by circulating deionized (DI) water on both sides
of the membrane and gradually increasing the applied hydraulic
pressure on the draw side of the membrane (i.e., the active layer

side). Once the maximal intended applied pressure for a given
experiment was reached, the membrane was allowed to
equilibrate for at least 10 h, with water permeating from the
draw side to the feed side of the membrane because of the
hydraulic pressure difference, ΔP. After compaction, the stable
DI water flux was recorded. A concentrated NaCl stock
solution was then dosed to the solution on the draw (active
layer) side of the membrane to increase the concentration to 50
mM. At this concentration, ΔP still exceeds the osmotic
pressure difference. Hence, water continues to permeate from
the pressured draw side to the feed side of the membrane,
although at a reduced rate. The stabilized water and salt flux
measurements were taken over a 20 min duration and used,
along with the aforementioned DI water flux, to determine the
mass transfer coefficient at the draw−membrane interface, k,
and verify the selectivity of the membrane. Details of the full
procedure are given in the Supporting Information.
To initiate PRO operation, a concentrated NaCl stock

solution was added to the draw solution to achieve the desired
concentration (0.6, 1, 2, or 3 M NaCl). Under this condition,
the draw solution osmotic pressure exceeds the applied
hydraulic pressure and the water flux direction is reversed,
permeating from the feed into the draw side. The system was
allowed to stabilize for 15 min before the water flux was
recorded over 20 min. The pressure was then decreased
stepwise, and stable water flux measurements were recorded at
each step. All experiments were performed in duplicate with a
different membrane sample at 25 ± 0.5 °C.

Power Density Calculation. The membrane power
density, W, is defined as the power generated per unit
membrane area and is the product of the PRO water flux, Jw,
and the corresponding applied hydraulic pressure, ΔP:

= ΔW J Pw (1)

The power densities calculated from the experimentally
determined water fluxes (eq 1) were compared to power
densities predicted with membrane parameters determined in
an RO and FO membrane characterization, where the water
permeability, A, and salt permeability, B, are determined using
RO water flux and salt rejection measurements and the
structural parameter, S, is determined from an FO water flux
measurement.23 Details of this characterization method can be
found in the Supporting Information.
The predicted water flux was calculated using

π π= − − ΔJ A P( )w D,m F,m (2)

where the osmotic pressures at the active layer interface on the
draw and feed sides (πD,m and πF,m, respectively) are
determined using results from commercial software from OLI
Systems (Morris Plains, NJ) and calculated concentrations at
the membrane active layer interface. The third-order
polynomial equation used to calculate osmotic pressure,
which was determined from OLI data, is presented in Figure
S3 of the Supporting Information. This equation accounts for
the nonlinear dependence of osmotic pressure on molar
concentration that is exacerbated at the high salt concentrations
explored in this investigation. The effects of internal
concentration polarization, external concentration polarization,
and reverse salt permeation were taken into account when
determining the concentrations at the active layer interface of
the draw and feed sides (cD,m and cF,m, respectively):

11

Figure 1. Schematic diagram of the specially designed laboratory-scale
crossflow membrane test cell. The feed channel height is 0.5 mm, and
the draw channel height is 1 mm. Both channels are 10.7 cm long and
3.6 cm wide, with a 7.7 cm × 2.6 cm exposed membrane area. The
feed channel is fabricated with thin, parallel openings.
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where cD,b and cF,b are the draw and feed solution bulk
concentrations, respectively, and the NaCl diffusion coefficient,
D, is assumed to be 1.48 × 10−9 m2/s.24

■ RESULTS AND DISCUSSION

The Membrane and Spacer Design Is Critical for High-
Pressure Operation. A critical parameter in PRO is the burst
pressure, defined as the hydraulic pressure applied to the draw
solution at which the integrity of the membrane active layer is
compromised. To determine the burst pressure, the draw
solution hydraulic pressure was increased in 6.9 bar (100 psi)
increments and the water flux with DI water feed was
monitored. Throughout the tests, the pure water flux was
found to remain stable at 48.3 bar (700 psi), indicating the
membrane active layer was not compromised. However, when
ΔP was increased to 55.2 bar (800 psi), replicate membranes
loaded in the test cell exhibited a rapid increase in water flux to
more than double the expected value within 15 min, indicating
failure of the active layer (i.e., the burst pressure is between
48.3 and 55.2 bar). The applied pressure of 48.3 bar (700 psi),
which was maintained for more than 10 h in repeated
experiments, is considerably greater than the highest reported
operating pressure for flat-sheet or hollow fiber PRO
membranes (16.7 and 23.8 bar, respectively).18,25

The substantially increased burst pressure is attributed to the
membrane, spacer, and channel design (Figures 1 and 2).
During pressurization, the active layer of the membrane is
forced against the support layer, which rests on the feed spacer
and channel (Figure 2D). For high-pressure operation, it is

critical that all of these components minimize deformation of
the active layer.
Figure 2A shows an SEM image of the pristine TFC

membrane cross section, with a total membrane thickness of
∼115 μm. The unique polyester mesh embedded in the support
layer of the TFC membrane is also clearly visible in the cross
section. Figure 2B shows a top-down view of the woven mesh
only (the polysulfone porous layer was dissolved with a
dimethylformamide solvent), with ∼150 μm spacing between
each 40 μm wide fiber. We postulate that the fine mesh
reinforced the porous polysulfone support layer by evenly
distributing the load, thus strengthening the composite
membrane. In addition, the fingerlike macrovoids spanning
the thickness of the polysulfone support layer have been shown
to minimize the detrimental effects of internal concentration
polarization on water flux.11,26

The feed channel spacer must be designed to further prevent
membrane deformation. Tricot woven fabric, the material used
in this study, is widely employed in commercial seawater
reverse osmosis membrane modules and was also used
previously in an experimental PRO spiral-wound module.22

SEM images of the fabric (Figure 2C) demonstrate relatively
small openings, with the largest unsupported gap being
approximately 350 μm wide, much smaller than the openings
of plastic webbed spacers used in previous PRO tests.20,27 We
propose the tight weave provided a robust scaffold structure
that helped suppress membrane deformation.
Similarly, we specially designed the crossflow channel to

support the membrane under high pressure. Feed channel inlets
and outlets were outfitted with 1 mm slits that prevented the
membrane from folding and rupturing under high pressure
(Figure 1). Water-resistant tape was also used to prevent
rupture of the membrane on the edges of the channel. The
careful design of the channel, along with the aforementioned
selection of membrane and feed spacer design, allowed PRO
experiments to reach the unprecedented high pressures.

High Power Densities Are Realized at Elevated
Pressures and Draw Solution Concentrations. Exper-
imental power densities determined from eq 1 are presented in
Figure 3 (blue circles and red squares), and numerical values
for water flux and power density are listed in Table S1 of the
Supporting Information. The 0.6 and 1 M NaCl draw solutions
are representative of seawater and brine from seawater RO
desalination, respectively, while 2 and 3 M NaCl draw solutions
were employed to model hypersaline water sources or synthetic
draw solutions in a closed-loop osmotic heat engine.1 Maximal
power densities of 7.5, 14.1, 39.4, and 59.7 W/m2 were
achieved for the 0.6, 1, 2, and 3 M NaCl draw solutions,
respectively. The corresponding applied hydraulic pressures
were 13.8, 20.7, 41.4, and 48.3 bar, respectively. Peak power
density results for 0.6 and 1 M draw solutions were comparable
to those previously obtained using other TFC mem-
branes.16,19,28 The methodical design of the PRO setup allowed
the experiments to operate near the peak power density of the 2
and 3 M NaCl draw solutions, a pivotal condition that
constrained past studies,20,29 thus yielding unmatched power
densities.
The membrane transport properties were determined and

used to model the expected performance. In an RO crossflow
test cell, the HTI-TFC membrane demonstrated an average
water permeability coefficient, A, of 2.49 L m−2 h−1 bar−1 and a
salt (NaCl) permeability coefficient, B, of 0.39 L m−2 h−1.
These values of A and B are typical for membranes with a

Figure 2. SEM micrographs displaying (A) the pristine HTI thin-film
composite (TFC) membrane cross section, (B) the polyester mesh
embedded in the support layer of the membrane, and (C) the tricot
fabric feed channel spacer. (D) During operation, the applied hydraulic
pressure difference, ΔP, compresses the membrane active layer against
the support layer, two sheets of tricot fabric, and the feed channel wall.
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polyamide active layer.30,31 The structural parameter, S, was
determined to be 564 μm using water flux measurements from
an FO test.23,26 The average feed mass transfer coefficient, k,
was calculated to be 27.5 μm/s (99 L m−2 h−1) using
measurements in the PRO channel.
Predicted power densities using the determined A, B, S, and k

values, eqs 1−4, and osmotic pressures from OLI are presented
in Figure 3 (light blue lines). The model results are in
reasonable agreement with experimental data. This is in
contrast to several previous publications, where membrane
deformation or spacer shadow effect led to a lower-than-
expected power density.18,20,29 In fact, the experimental power
density was slightly higher than the predicted values for some of
the experiments. This observation can be attributed to
differences in the actual membrane properties during PRO
operation and those determined in the RO and FO
characterization. For example, the water permeability of the
membrane may increase because of slight deformation,20 or the
structural parameter may decrease because of a reduction in the
thickness of the support layer.
High-Pressure PRO Holds Promise as an Economical

Means of Salinity Gradient Power Generation. This study
demonstrates that proper membrane, spacer, and flow channel
design allows PRO operation at substantially increased
hydraulic pressures, thus allowing the high-power density
potential of concentrated draw solutions to be accessed. The
ability to obtain such high power densities using commercially
available membranes is a considerable step toward the adoption
of PRO as a viable technology for harvesting salinity energy,
because the initial membrane cost will define much of the

capital cost of a PRO plant.9 For processes such as the closed-
loop osmotic heat engine, which uses PRO and concentrated
synthetic solutions to harness the energy available in low-grade
heat,1,15 an increase in the achievable power density is essential
for the practicality of the system.
To further advance the technology, development of

mechanically robust, high-flux membrane modules customized
for high-pressure PRO is necessary. The effect of the decrease
in axial pressure along the feed channel and reverse salt flux
have been identified as key factors that can detrimentally affect
PRO productivity in a full-scale module and, thus, warrant
further study.18,22 Furthermore, an extensive economic
evaluation should consider the cost of treating or producing a
suitably concentrated draw solution. With the performance
demonstrated in this study and further technological improve-
ments, high-pressure PRO may be realized as a commercially
feasible method for harnessing the renewable energy stored in
salinity gradients.

■ ASSOCIATED CONTENT

*S Supporting Information
Details of the SEM imaging technique, an explanation of the
bench-scale experimental setup, methods for determining the
feed solution mass transfer coefficient and membrane selectivity
in the PRO channel, characterization method for determining
intrinsic membrane properties using FO and RO measure-
ments, a complete set of experimental water flux and power
density measurements (Table S1), images of the feed and draw
channel spacers (Figure S1), a schematic diagram of the bench-
scale PRO experimental setup (Figure S2), and the osmotic

Figure 3. Experimental and modeled projected power densities as a function of applied hydraulic pressure difference, ΔP. Draw (NaCl) solution
concentrations of (A) 0.6, (B) 1, (C) 2, and (D) 3 M were used with osmotic pressures of 28.3, 49.4, 111.2, and 188.8 bar, respectively (calculated
using OLI software). Modeled power densities (light blue lines) were determined using parameters from an RO and FO characterization.
Experimental power densities were determined in duplicate using eq 1 (blue circles and red squares). All experiments were performed with feed (DI
water) and draw solutions at 25 ± 0.5 °C.
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pressure equation used in modeling (Figure S3). This material
is available free of charge via the Internet at http://pubs.acs.org.
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