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Abstract

The enormous potential of harvesting energy from salinity gradients has been discussed for
decades, and pressure-retarded osmosis (PRO) is being increasingly investigated as a method to
extract this energy. Despite advancements in membranes and system components, questions still
remain regarding the overall viability of the PRO process. Here, we review PRO focusing on the
net energy extractable and the ultimate feasibility of the most widely explored configurations.
We define the maximum energy that can be obtained from the process, quantify losses and
energetic costs that will reduce the net extractable energy, and explain how membrane modules
can be improved. We then explore the potential of three configurations of PRO: systems
designed to control mixing where rivers meet the sea, power plants that utilize the high
concentration gradients available from hypersaline solutions, and PRO systems incorporated into
reverse osmosis desalination plants to reduce electricity requirements. We conclude by
considering the overall outlook of the process and identifying the most pressing challenges for

future research.

Graphical abstract

Pressure-Retarded Osmosis

Salinity
Gradient
" Potential

We review pressure-retarded osmosis focusing on the net energy extractable from the
process and the ultimate viability of various configurations.
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Broader context

Energy is released during the spontaneous mixing of two solutions with different salinities. If
this mixing energy can be harnessed to generate power, the global potential would be enormous,
equal to a significant fraction of the worldwide power demand. Research on methods to extract
energy from salinity gradients has grown rapidly, and pressure-retarded osmosis (PRO) has
emerged as one of the most promising technologies. While there have been many recent
advances in the performance of membranes and other system components for PRO, it is still
uncertain whether the process can be feasibly implemented. In this article, we critically review
PRO and discuss the amount of energy that can be practically extracted, the overall viability of

different envisioned configurations of the process, and critical directions for future research.
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Introduction

Increasing global energy demands and the threat of anthropogenic climate change have
revitalized the search for new renewable energy sources.! Tremendous amounts of energy are
available from the spontaneous mixing of different salinity solutions, and harnessing this salinity
gradient energy could be a viable source of renewable power.* The power potentially
obtainable when the 37,300 km?® annual global river discharge meets the sea, for example, is
estimated to be greater than one terawatt, enough to supply a significant percentage of the global
energy demand.>® Other more saline sources, such as the Great Salt Lake or the Dead Sea, may

also be mixed with low-salinity river water or wastewater effluent for energy production.’?

For the energetic potential of salinity gradients to be realized, engineered processes are needed
to efficiently convert the available salinity gradient energy to useful work. Several processes
have been devised for this task including pressure-retarded osmosis (PRO),%? reverse
electrodialysis,’*>*° capacitive mixing,'®'’ and hydrogel swelling.®®*  The most widely
investigated of these processes—PRO—utilizes a semipermeable membrane placed between a
low concentration feed solution and a high concentration draw solution.!® The chemical
potential difference between the two solutions drives water molecules through the membrane
from the feed to the draw solution while solutes are retained. The volume expansion in the draw
solution is then restricted to increase the hydraulic pressure of the draw reservoir, and the

resulting pressurized flow of water is driven through a hydro turbine to generate power.

Although initially conceived in the 1970s,'° the past decade has seen a resurgence of research
on PRO. Major advances have been made in the development of robust membranes tailored for
the process,?°2?* and models for local mass transfer dynamics have also been greatly
improved.?*?>27 Technology development has been emboldened by theoretical studies, which
have shown the process is more efficient and cost effective than rival technologies.?®2° In 2009,
the Norwegian energy company Statkraft demonstrated the PRO process could be scaled up from
the laboratory by constructing the first pilot plant in Norway to harness energy from river water
and seawater mixing.%® Subsequently, the Mega-ton project in Japan constructed a pilot PRO
system to recover energy from seawater reverse osmosis brine mixing with wastewater
effluent.®

Page 4 of 51



Page 5 of 51

62
63
64
65
66
67
68
69
70
71
72
73
74

75
76
77
78
79
80
81
82
83
84

85

86
87

88
89
90
91

Energy & Environmental Science

Even as PRO appears to be moving beyond nascent stages, questions still remain regarding the
overall viability of the process. A major setback for the technology came when Statkraft—the
company that pioneered PRO to the pilot level and was planning to construct the first full-scale
plant to mix river water and seawater—decided to withdraw all investments from osmotic
power.>? Subsequently, theoretical studies posited that it may not be possible for PRO to extract
a net positive energy from mixing river water and seawater due to the relatively low extractable
energy density and the high energetic cost of operation.3334 Other research has emerged
demonstrating practical system limitations and highlighting concerns such as membrane fouling
and operational pumping requirements.>=>° Since most PRO studies thus far have focused on
membrane fabrication and the mass transfer dynamics of membrane coupons, there is an urgent
need to move forward to constructively assess the net efficiency and limitations of the full-scale
process. This knowledge is requisite to determine the viability of salinity gradient energy

conversion.

We critically review PRO focusing on the net energy extractable from the process and the
ultimate feasibility of the most widely explored configurations. We first discuss a framework for
the evaluation of PRO systems and the importance of two main performance metrics. Drawing
on prior literature, the maximum extractable energy in a PRO system is then quantified and the
multitude of inevitable energetic losses explained. Reducing these losses necessitates membrane
modules tailored for the process, and the requirements for these systems are described. We
proceed to discuss the overall viability of three envisioned configurations of PRO: power plants
situated to control mixing where rivers meet the sea, systems that utilize the high concentration
gradients available from hypersaline solutions, and hybrid PRO systems incorporated into

reverse 0smosis desalination plants to reduce electricity requirements.

Are membrane coupon studies relevant to PRO system
performance?

In realistic implementation, PRO will utilize large membrane modules to perform the controlled
mixing. However, a majority of experimental PRO studies operate at a much smaller scale, often
using results from membrane coupons as if they translate directly to full-scale

performance.?2232640  |n this section, we discuss the envisioned full-scale PRO process,
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important performance metrics, and how coupon-scale measurements relate to productivity on a
larger scale. The major goal is to emphasize that the ultimate performance of a PRO process can

only be predicted by considering a full-scale system.

PRO systems will utilize constant-pressure modules

The most widely discussed setup for full-scale PRO is a steady-state, constant-pressure process
with energy recovery (Fig. 1A).134  The high concentration draw solution enters the
membrane module after passing through a pressure exchanger (PEX), which increases the
operating pressure in the stream to a fixed pressure, AP. The low concentration feed stream is
pumped into the opposite side of the membrane module at ambient pressure. Driven by the
osmotic pressure difference across the membrane, which is greater than the hydraulic pressure
difference, water molecules permeate from the feed stream to the draw stream, increasing the
flow rate and diluting the pressurized draw stream while decreasing the flow rate and
concentrating the feed stream. The exiting pressurized draw stream then bifurcates into a stream
that flows through the turbine to generate power and a stream that flows through the PEX where

it transfers pressure the incoming draw stream.

FIGURE 1
The power generated in the system is equal to the flow rate through the turbine multiplied by
the hydraulic pressure difference, AP.>® Since the PEX requires approximately equal flow rates
on either side, the flow rate into the turbine is equal to the flow rate across the membrane, AQ,

and the power output is AQAP.

Specific energy and power density quantify system performance

When discussing the productivity of any system, relevant performance metrics must be defined.
The major aim of a PRO process is to economically extract a suitable amount of power.142
Towards this goal, studies have predominantly focused on two performance metrics which relate
to the energy efficiency and utilization of membrane area.'®*® These metrics are useful in that

they can be determined from experimental data and enable the estimation of system cost.
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The first performance metric is the power density (PD), which defines the amount of power
that can be extracted per unit of membrane area in the system.?®** Increasing the power density
will enable high power output systems with low membrane area, a crucial factor since
membranes will be one of the largest capital costs and membrane replacement will constitute a
significant operating cost.?®* The power density of a module, PD, can be calculated by dividing

system power output, AQAP, by the membrane area, Anm:

PD=APAQ/A, = APJ,, (1)

Power density can also be calculated using the average water flux across the module, x

multiplied by the hydraulic pressure difference.

A second performance metric is the specific energy (SE) extractable from the system.3®3 The
specific energy quantifies how much energy can be extracted per unit volume of initial draw and
feed solution used. It can be calculated by dividing the power output, AQAP, by sum of the

initial feed flow rate, Qr,0, and initial draw flow rate, Qpo:

SE - APAQ

= - 2
Qo+ Qs @

The maximum specific energy extractable from a given solution pairing can be thought of as the
volumetric energy density, and quantifying this theoretical value will be discussed in the
following section. Real systems will always extract a lower specific energy than the theoretical
maximum, making it possible to calculate the efficiency of salinity gradient energy conversion.
Thus, the specific energy of a system and its efficiency of energy extraction are directly related.
Using specific energy to quantify system performance is also advantageous because many of the
energetic costs of the system, such as pretreatment and pumping, will scale with the amount of

solution volume passing through the system.

We note that the power density and specific energy are simply methods of normalizing the
power output of the system, AQAP. Other normalization methods have also been used in studies
for various purposes.*®° However, the two metrics defined above are well-established in the

literature and useful for comparison and optimization.
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High coupon-scale power densities are not indicative of increased full-scale
system efficiency

A common point of confusion in PRO literature is the transferability of results from coupon-
scale system testing to full-scale system performance. Understanding the difference between the
two scenarios requires consideration of behavior in the membrane module. In realistic
membrane modules, the water permeating across the membrane will cause variations in the
concentration and flow rate along the draw and feed channels.®® Since high permeation flow rate
across the membrane, AQ, is needed to maximize the efficiency of the system, substantial

changes in concentration and flow rate will be necessary.

Fig. 1B illustrates the changes in osmotic pressure that will occur throughout a membrane
module in counter-current flow. The draw solution will be diluted by the permeating water,
lowering the osmotic pressure, and the feed solution will be concentrated. The driving force
available for permeation at any point in the module is manifested in the osmotic pressure
difference, Az, which will be reduced by the hydraulic pressure difference, AP, resulting in a net
driving force of Ar—AP.°*2 From Fig. 1B, it is apparent that the net driving force at any
position in the module will never be equivalent to that available from the initial bulk draw and
feed solutions because of the dilution and concentration that occurs in the draw and feed streams,

respectively.®*

A majority of PRO studies are performed using small-scale membrane coupons and, because
only a small amount of water can permeate across the membrane, the osmotic pressure is
effectively fixed on either side of the membrane coupon. In most experiments, these osmotic
pressures are set at the initial bulk values of the feed and draw solutions. As can be seen in Fig.
1B, a realistic membrane module would never experience such a large driving force. Hence,
water flux measurements and power density estimates from these coupon-scale experiments are
much higher than those that would occur in full-scale systems. For example, a current
commercial membrane operating with model seawater as a draw solution (0.6 M NaCl) and river
water as a feed solution (0.015 M NacCl) can achieve a power density of approximately 6.2 W m-
2 in coupon-scale testing, assuming power density is calculated by multiplying the water flux, Jw,
by the hydraulic pressure difference, i.e., PD = JsAP.>* However, since the small-scale test
system has a very low membrane area, the two solutions are hardly mixed and a nearly negligible

percentage of the total energy available from the draw and feed solutions is extracted. To reach a

7
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reasonable efficiency of energy extraction with the membrane, such as 80% of the maximum

achievable specific energy, the system would operate at a power density of only 2.7 W m2.3*

Since there is a substantially lower localized driving force in membrane modules compared to
coupon-scale test cells, meaningful power densities cannot be calculated by simply multiplying
coupon-scale water fluxes by the hydraulic pressure difference. This calculation method would
lead to a dramatic overestimation of the power density because it neglects the substantial
decrease in driving force that will be required in an efficient membrane module. Similarly, the
threshold of achieving a power density greater than 5 W m2 has been discussed as a requirement
for the economic viability of a river water and seawater system.>** However, studies applying
this threshold have largely ignored the consideration of system efficiency, and that power
densities calculated from coupon-scale tests would not translate to a larger system. Thus,
experimental work striving to simply improve coupon-scale power density measurements is not
inherently useful in pushing forward PRO technology. Instead, experimental measurements are
more valuable if thorough characterization techniques are used to determine transferrable
membrane properties that maintain relevance to large-scale operation. Later, we will discuss
suitable system performance parameters that can be determined in the laboratory and also further

describe the relationship between power density, specific energy, and system viability.

What is the maximum energy extractable?

The Gibbs energy of mixing is the theoretical upper limit of extractable
energy

Understanding the maximum energy extractable from a PRO system is necessary to determine
the theoretical potential of various sources and a starting point for identifying whether salinity
gradient energy is viable. The maximum specific energy is obtained in a thermodynamically
reversible system, which can be envisioned as a variable-pressure batch process where the feed
and draw solutions are separated by a perfectly selective semipermeable membrane.*® At the
start of the process, the applied hydraulic pressure across the membrane is equal to the osmotic
pressure difference (AP = Ax) and no flow permeates across the membrane. The hydraulic
pressure is then decreased infinitesimally to allow a small amount of water to permeate across

the membrane from the feed to the draw. The permeating water dilutes the draw solution slightly
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and concentrates the feed solution, decreasing the osmotic pressure difference to bring the
system back to equilibrium. The decrease in hydraulic pressure is continued for an infinite
number of steps until the hydraulic pressure difference reaches zero and the two solutions have
completely mixed.

It has been shown that the energy available from the reversible PRO process exactly equals the
Gibbs free energy of mixing, AG.*® The Gibbs free energy therefore provides a useful upper
limit to system performance, where a realistic system will always extract less than this value. A
simple equation to determine the Gibbs free energy of mixing per volume of total feed and draw
solution has been derived assuming ideal solutions (i.e., activity coefficients are unity and solutes
negligibly contribute to volume):33°3

AG

- =0 In(c,, )—¢c. In(c: ) - (1-¢)c, In(cy ) ©)

where C,, C., and C, are the mixed, feed, and draw solution molar concentrations,

respectively. The feed fraction, ¢, is the initial volume of the feed solution divided by the total
initial volume of the feed and draw solutions, v is the van’t Hoff factor for strong electrolytes

(e.g., v= 2 for NaCl), R is the ideal gas constant, and T is the absolute temperature.

The maximum Gibbs free energy of mixing for a given concentration pairing can be

determined analytically by optimizing the feed fraction, ¢:>3

Cy In(cy,)—ce In(c

AGmax — CDCF (In(CD)—ln(CF ))_exp D ( D) F ( F) _1 (4)
VRT CD _CF CD _CF

This maximum is only dependent on the initial concentration of the feed and draw solutions.

The typical optimal feed fraction to reach the maximum Gibbs free energy of mixing is around

0.6 (i.e., 60% of the source water comes from the low salinity feed solution and 40% comes from

the high-salinity draw solution).

The maximum Gibbs free energy of mixing is shown in Fig. 2 as a function of the draw NaCl
concentration for a feed solution concentration of 0.015 M NacCl, the approximate salinity of
river water or wastewater effluent. The specific energy increases from 0.26 kwWh m? for a

seawater draw solution (~0.6 M NaCl) to around 2.52 kwWh m™ for hypersaline water from the
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Dead Sea. The maximum Gibbs free energy of mixing for seawater reverse osmosis desalination

brine (~1.2 M NaCl, assuming 50% recovery) is approximately 0.55 kwh m=,

FIGURE 2

Constant-pressure operation will reduce the extractable energy

The reversible PRO process is useful to determine the thermodynamic upper limit of specific
energy extractable. However, full-scale PRO systems will operate in continuous, constant-
pressure modules that have additional constraints on the extractable energy from the system.*®
As was discussed in the previous section, the osmotic pressure of the feed and draw solutions
will vary along the length of a membrane module as water permeates across the membrane (Fig.
1). Increased permeation flow across the membrane, and hence larger changes in the osmotic
pressure along the module will maximize the specific energy extracted (eqn (2)). However, the
osmotic pressure difference between the draw and feed solutions, Az, at any position in the
module can never be lower than the hydraulic pressure difference, AP.3* This means that the
constant-pressure requirement places a limit on the permeation flow rate, AQ, that can occur
across the membrane module. At the theoretical limit of operation—when the membrane area is
infinitely large—the condition where Ax is equal to AP (i.e., no driving force for permeation)

will occur at one or both sides of the module.®?

The most efficient constant-pressure membrane module will operate with counter-current flow
and, at any point in the module, the osmotic pressure difference, Az, will be infinitesimally larger
than the hydraulic pressure difference, AP.>*%" At this limit, the draw solution will always exit
the module at an osmotic pressure equal to the sum of the initial feed osmotic pressure and the
hydraulic operating pressure. Similarly, the feed solution will exit the module at an osmotic
pressure equal to the initial draw osmotic pressure subtracted by the hydraulic operating
pressure. To reach these conditions, the feed flow rate fraction, ¢, and the applied hydraulic
pressure, AP, must be optimized. Previous work has found that the optimal feed flow rate
fraction, ¢, is one-half, so equal flow rates of feed and draw solution are used. The optimal
applied hydraulic pressure at this feed flow rate fraction in an ideal system is equal to half the
initial osmotic pressure difference.®*® Using these conditions, the theoretical limit extractable

energy in a constant-pressure, counter-current membrane module can be determined:*3

10
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2
SEmax module — VRT (CD _CF) (5)
’ 4 (cp—ce)

The maximum specific energy in counter-current module is shown in Fig. 2 by the dotted line.
Generally, the constraint of constant-pressure operation leads to 20-30% decrease in the specific

energy extractable.

It is important to note that to obtain the maximum extractable energy in a constant-pressure
module, very large membrane areas will be necessary and the power density will approach zero
(egn (1)). Thus, the desire for high efficiencies will have to be balanced with the need to reduce
the membrane area in the system.®* The specific energy in eqn (5) also does not account for
many substantial losses and energetic costs of system operation. In the following sections, we
will discuss and quantify these values to refine our estimate of the net specific energy extractable

from a PRO system.

What is required of PRO membranes and modules?

Realistic membrane modules will have a multitude of losses that will reduce the amount of
energy that can be extracted. In this section, the performance-limiting phenomena of
concentration polarization, reverse salt flux, and membrane fouling are discussed. We introduce
key membrane performance parameters and highlight the optimal membrane characteristics to
maximize both power density and specific energy. Possible energetic costs for pumping in
modules and pretreatment are also quantified.

Low structural parameter without compromised mechanical integrity

The water flux across the membrane, J,, can be defined in terms of the membrane water
permeability coefficient, A; the osmotic pressure at the draw side of the membrane active layer,
7o, the osmotic pressure at the feed side of the membrane active layer, 7. ,; and the

hydraulic pressure difference across the membrane, AP:%*

'Jw = A(”D,m _ﬂ.F,m _AP) (6)

11
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For dilute solutions, the osmotic pressure, =, is related to the molar concentration, c, using the

van’t Hoff equation: 7 =vRTC.

Similarly, the reverse salt flux across the membrane, J., can defined as a function of the salt
permeability coefficient, B; the concentration at the draw side of the membrane active layer,

Cp; and the concentration at the feed side of the active layer, C; >

Jo=B(Com—Cr ) ()

Concentration polarization in the boundary layers on both sides of the membrane will reduce
osmotic pressure difference across the membrane as compared to that available from the bulk
feed and draw solutions, limiting the water flux achievable in the process.?**%°8 As water
molecules permeate across the membrane from the feed to the draw solution, rejected solutes
build up on the feed side of the membrane active layer. Simultaneously, the concentration at the
draw side of the membrane active layer is diluted by the permeating water. Diffusion works to
counteract these advection effects. However, the net result is a dramatic reduction in the osmotic

pressure difference at the active layer, as represented schematically in Fig. 3.
FIGURE 3

On the feed side of the membrane, the support layer limits hydrodynamic mixing causing
severe internal concentration polarization (ICP) within the unstirred porous support.>®%® The
effect of internal concentration polarization is quantified using the structural parameter of the
support layer (S), which is dependent on the support layer thickness (ts), tortuosity (z), and
porosity (¢):

t.r

S= 8)

&
Decreasing the membrane thickness, lowering the tortuosity, and increasing the porosity all

facilitate diffusion of solutes out of the support layer and into the bulk, thereby reducing ICP.

Numerous studies have worked to decrease the structural parameter of membranes by tailoring
the support layer structure and chemistry, reaching values lower than 500 pum.2%22245° However,
since PRO membranes are subject to high hydraulic pressures, membranes must be optimized to

have suitably low structural parameters while still maintaining sufficient mechanical integrity to

12
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prevent rupture during operation. Thin custom-made membranes with very low structural
parameters around 140 um have been shown to withstand pressures up to 15.2 bar,??> while
thicker membranes with structural parameters around 550 um can operate at up to 55.2 bar
applied hydraulic pressure.?® Relations between structural integrity and performance will be

further discussed later in the review.

High ECP mass transfer coefficient with low pumping losses

In PRO, concentration boundary layers will also form outside the membrane in a phenomenon
referred to as external concentration polarization (ECP).5! ECP can be minimized by improving
the hydrodynamics at the membrane-solution interface. For example, increasing the crossflow
velocity or inducing additional turbulence using a spacer can curtail ECP. However, enhancing
the hydrodynamic conditions will inevitably require greater pumping energy due to increased
frictional losses in the channel. Reducing ECP is therefore only worthwhile if the improvement
in performance offsets the additional pumping requirements leading to a net positive productivity

gain.

Dilutive ECP on the draw side of the membrane is the most widely considered form of ECP in
PRO.28! Since any dilution will affect the large draw solution concentration, the driving force
will decrease substantially due to ECP. Dilutive ECP is typically quantified using the draw mass
transfer coefficient, k, which must be maximized for the best performance without incurring a
substantial pressure drop along the draw channel. In spiral-wound PRO membrane modules
operating with suitable hydrodynamic conditions, the pressure drop across the draw channel

during operation has been measured as approximately 0.8 bar per meter length of module.*’

ECP on the feed side of the membrane is difficult to quantify and typically ignored since feed
side mass transfer resistance is dominated by ICP.52%* However, past studies have noted that
water flux across a membrane suffers if the crossflow rate in the feed channel is decreased
beyond a certain point, indicating that ECP on the feed side can impact performance.?’:60.6566
Additionally, since the membrane feed channel in spiral wound modules is densely packed with
spacers, the pressure drop in the feed channel can be large, even at low crossflow velocities. The
pressure loss in a spacer-filled feed channel has been found to range between 2 and 5 bar m™,

depending on the operating conditions.3:6
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High selectivity to minimize uncontrolled mixing from reverse salt flux

Current semipermeable membranes cannot perfectly reject solutes, and reverse solute permeation
from the high concentration draw solution to the feed solution will inevitably occur (egn (7)).
Reverse solute flux is detrimental to system performance through two predominant mechanisms.
First, reverse salt flux will exacerbate the negative effect of concentration polarization, reducing

the water flux achievable in the system.®!

When solutes are transported from the draw to the
feed stream, the concentration at the draw side of the active layer will be diluted and the
concentration at the feed side of the active layer will be increased, thereby diminishing the
driving force available. Second, in module-scale systems, reverse salt flux will detrimentally
change the bulk concentrations of the feed and draw streams.?*** For example, as water moves
along the feed channel, the concentration in the bulk will increase further down the module as
more solutes have built up. This uncontrolled mixing will lower the energy extractable from a

full-scale system.

The reverse salt flux selectivity—defined as the flux of water permeated divided by the reverse
solute flux Juw/Js—is a common parameter to quantify salt leakage in osmotically-driven
membrane processes. Higher reverse salt flux selectivity values are favorable as they indicate an
increased preference to transport water across the membrane than salt. However, the selectivity
will be reduced in PRO when hydraulic pressure is used during operation.®” This is because the
hydraulic pressure difference retards the water flux across the membrane (egn (6)), but does not
directly affect the reverse salt flux, which is only dependent on the concentration difference (egn
(7)). Therefore, as compared to an unpressurized process like FO, PRO suffers from increased
salt passage per water volume permeated.

Past studies have aimed to increase the selectivity of the membranes to reduce the effect of
reverse salt flux.88" A major improvement was realized when osmotic membranes transitioned
from cellulose acetate active layers to polyamide active layers, which have superior salt
rejection.%®7%72 However, the selectivity of polymeric membranes is constrained by the water
permeability-solute selectivity trade-off, which stipulates that any improvement in water
permeability will be met with concomitant increase in solute permeabily.52737 This trade-off is

hypothesized to be an inherent limitation of polymeric membranes, since separation relies on the

14
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preferential partitioning and diffusion of smaller water molecules compared to larger hydrated
salt ions. The water permeability coefficient, A, and salt permeability coefficient, B, of

polymeric membranes are empirically related using the following equation:5%:"
B=yA® ©)

where y is a fitting parameter. Experimental data using polyamide membranes have been fitted
to this relationship and found y = 0.0133 L2 m* h? bar® (1.72 x 10® m? s? Pa®).®* The cubic
dependence of salt permeability on the water permeability indicates that increases to the water

permeability will rapidly sacrifice the selectivity of the membrane.

Optimized membrane properties for improved performance

Based on film theory, equations have been developed to determine the concentration at either

side of the membrane with reverse salt flux and concentration polarization accounted for:?!

J B J
Com =Cop exp[—rwj—x(cum —cFym)[l—exp(—?Wﬂ (10)
J. S B J. S
Cem =Crp exp( IVS j+x(chm—cva){exp( IVS j—l} (11)

Here, Cp, is the bulk draw concentration, Cg, is the bulk feed concentration, and D is the solute

diffusion coefficient. In this specific set of equations, external concentration polarization on the

feed side of the membrane is ignored. Assuming the van’t Hoff relationship between osmotic

pressure and concentration, 7 =vRTc, and combining with eqn (6) and (7), the water flux and

salt flux can be approximated:

[ )eas)
T eXP G exp
J,=A —AP (12)

D
’ 1+E exp(‘lwsj—exp(—‘le
J, D k
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(13)

_ D
S l+E ex (JWSJ—eX (—ij
170D )77 Tk

Utilizing the above equations, it is possible to understand the relative importance of different
membrane characteristics. Fig. 4A shows the coupon-scale membrane water flux with varying
membrane active layer and support layer properties. The water permeability and salt
permeability in the figure are linked by the permeability-selectivity trade-off (eqn (9)). It is
straightforward that a lower support layer structural parameter will always result in a higher
water flux by reducing internal concentration polarization. However, the active layer water
permeability cannot simply be increased to improve performance since, after a certain point, the
negative impact of reverse salt flux will outweigh the positive impact of a higher water
permeability. Even with a perfectly selective membrane, increasing the water permeability
coefficient of the membrane beyond a certain threshold will not offer substantial performance
improvements, since the higher water flux will be met with exacerbated concentration

polarization.
FIGURE 4

While the coupon-scale water flux calculations in Fig. 4A are useful to understand the
localized fluxes, full-scale modeling must be used to identify the importance of concentration
polarization and reverse salt flux on system performance.3*#>477 Fig. 4B shows the specific
energy extracted from a module as a function of the power density for a seawater (0.6 M NaCl)
and river water (0.015 M NaCl) solution pairing. To produce each curve, the performance of
many different PRO modules with increasing membrane area is modeled.®* The ideal curve
(black line) is representative of a membrane with no reverse salt flux or concentration
polarization and a water permeability coefficient, A, of 3 L m2hbar. At very low membrane
areas, similar to those that would be used in coupon-scale tests, the power density is high and the
specific energy extracted is low because a miniscule extent of mixing has occurred. As the
membrane area is increased, the feed solution is concentrated and the draw solution is diluted,
diminishing the localized driving force for permeation and the power density. However, the

concentration changes and driving force reduction throughout the module are an inevitable
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consequence of the energy extraction required to harvest a high specific energy. At the highest
membrane area, the system extracts the theoretical maximum possible energy, equal to 0.192
kWh m (egn (5)), but also has a power density of almost zero. This inherent trade-off between
power density and specific energy, discussed in the first section of this article, will occur in any

membrane module and requires appropriate prioritization.

The introduction of realistic effects in the membrane module dramatically alters the behavior
of the specific energy vs. power density curve.>* Theoretical membranes with reverse salt flux
but not concentration polarization (red dash dotted line) will perform similarly to ideal
membranes at low membrane areas. However, as the membrane area increases, the specific
energy and power density extractable are lower than the ideal case. The loss in performance is
due to a greater extent of uncontrolled mixing as the membrane area increases resulting in more
considerable changes to the bulk feed and draw concentrations. Eventually, larger membrane
areas will actually result in lower extractable energy, since any gain in water permeation across

the membrane is met with a more substantial detrimental effect from reverse salt flux.

When concentration polarization is accounted for in a membrane with perfect selectivity (green
dashed line), a nearly opposite trend is observed. With low membrane areas, the detrimental
effect of concentration polarization on the power density is very pronounced since concentration
polarization affects the large localized driving force available. As the membrane area increases,
however, the curve begins to match the performance of an ideal membrane. This observation is
quite intuitive since concentration polarization is dependent on the water flux across the
membrane (eqn (10) and (11)). At lower power densities the water flux will be lower, and

eventually the effect of concentration polarization will be negligible.

When the realistic effects of concentration polarization and reverse salt flux are simultaneously
considered, they synergistically decrease both the specific energy and the power density in a
membrane module. At very low membrane areas, reverse salt flux exacerbates concentration
polarization, thereby decreasing the power density. At higher membrane areas, concentration
polarization will worsen the uncontrolled mixing from reverse salt flux and reduce the specific

energy.

Overall, the data in Fig. 4B emphasizes the need to reduce both reverse salt flux and

concentration polarization in the membrane module. They also reinforce that coupon-scale
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power densities (corresponding to the bottom x-axis) are not representative of the performance of
the module as a whole. In particular, reverse salt flux can have a dramatic effect on the full-scale
specific energy and power density that is not well-represented from observations in coupon-scale
testing. Therefore, when reporting laboratory performance, calculating the membrane properties
(A, B, and S) using well-established methods is much more insightful than simply reporting water

fluxes or salt fluxes.21:60.76.77

Membranes and spacers designed to reduce fouling

The sources of water used in PRO will inevitably contain inorganic, organic, and microbial
constituents that deposit on and adsorb to the membrane surface.3*88 Since the membrane is
oriented with the porous support layer facing the feed solution, foulants in the feed will
accumulate within the membrane support layer, where they are difficult to remove by simply
increasing shear forces.8! As a fouling layer builds up in the support layer of the membrane,

hydraulic resistance and concentration polarization increase, leading to diminished performance.

The detrimental effect of membrane orientation in PRO on fouling has been shown clearly in
experimental studies (Fig. 5A).8182 With the active layer oriented facing the feed solution (i.e.,
forward osmosis mode), a less than a 5% flux decline was observed using humic acid and 20 nm
silica particles as model organic and inorganic foulants, respectively.®? However, when the
membrane orientation is reversed so the support layer faces the feed solution, as will occur in
PRO, the water flux decline with the same initial flux was greater than 30%. This increased flux
decline in PRO has been attributed to foulants in the feed stream being continuously carried into

the thick and porous membrane support layer.
FIGURE 5

The relatively high fouling propensity in PRO is worsened by a low fouling reversibility. In
lab-scale PRO experiments, cleaning is typically performed using osmotic backwashing, where
the feed and draw solution concentrations are exchanged so water permeation across the
membrane reverses, pulling foulants away from the membrane support layer. Water flux
recovery after osmotic backwashing ranges from 14% to 58% for organic, inorganic, and

biological foulants (Fig. 4B).3788 Fouling reversibility was found to be particularly low for
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biological fouling, with a flux recovery of only 14%.”® In contrast, forward osmosis (FO) can
recover 80-100% of the initial flux after simply flushing with an increased crossflow
velocity 818485 The low fouling reversibly in PRO can be attributed to the membrane orientation,
which causes foulants to remain trapped in the porous support structure.

An additional consideration is the effect of fouling on pressure drop in a spacer-filled feed
channel. Fabric feed spacers are particularly well-suited to support flat sheet membranes under
pressure and minimize pressure drop.8®®” However, these thick spacers are also prone to
clogging if the feed solution is contaminated by foulants. A study of biological fouling, for
example, observed a 136% increase in pressure drop along the feed channel (from 6.4 to 15.1 bar
m) after 24 hours of operation using model wastewater effluent.”® The increased pumping
energy required to maintain crossflow velocity in a fouled feed channel will represent a
significant energetic cost.

The draw side of the membrane has been shown to experience negligible fouling in studies
using organic and microbial foulants.”®® The lack of fouling on the draw side of the membrane
can be attributed to the permeating water transporting foulants away from the membrane surface.
No long-term studies, however, have been performed thus far to quantify fouling on the draw

side of the membrane.

The high fouling susceptibility on the feed side of the membrane will likely require thorough
pretreatment of source waters. Pretreatment represents a substantial energetic cost, and it has
been noted that extensive pretreatment will likely jeopardize the net energy output of the
process.®® Literature data suggests that the energy needed to pretreat seawater in reverse osmosis
is 0.1-0.4 kWh m328% Conventional surface water treatment for drinking water requires
approximately 0.05-0.2 kwWh m=32%%%4 [f these numbers are transferrable to PRO pretreatment,
this energetic cost alone may be greater than the energetic output from lower concentration draw

solutions (e.g., seawater).

Besides cleaning and pretreatment, membrane fouling can also be reduced by designing
fouling-resistant membranes and spacers. Previously, work relevant to other membrane
processes has identified that tailoring membranes to have inert surface chemistry and low surface
roughness reduces fouling susceptibility.®>% While a number of chemistries exist to induce

hydrophilicity and neutral charge on the membrane surface,®>"% designing support layers with
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physical structures that prevent the deposition and accumulation of foulants will be inherently
challenging, since the thick and porous structure of the membrane support is necessary for the
membrane to withstand high hydraulic pressures while minimizing internal concentration
polarization. To date, studies seeking to advance antifouling membranes have been limited,*31%
and novel support layer structures tailored to reduce fouling from the feed waters in PRO have

yet to be designed.

Can net energy be extracted where rivers meet the sea?

The theoretical energy density is low

One of the most commonly considered applications of PRO is harnessing energy released where
rivers naturally flow into the sea, largely because the enormous amount of this mixing that
occurs naturally worldwide.®%! It has been estimated that the annual global river discharge is
approximately 37,300 km® per year.> Assuming infinite dilution of the river water in the
seawater, the energetic potential is equal to about 27,200 TWh per year (equal to a continuous
power output of 3.1 TW);* this is a massive amount of energy, approximately 20% larger than

the global electricity generation in 2012.1%?

While the theoretical total amount of energy extractable from rivers meeting the sea is
enormous, the density of this energy is low, equal to 0.256 kWh per cubic meter of initial river
water and seawater volume (eqn (4)).3 Therefore, even if a high efficiency of energy conversion
can be obtained, very large volumes of water must be pumped through the system to generate a
reasonable amount of energy. For comparison, a 180 m tall hydroelectric dam, equal to the
height of the Hoover Dam,'% can theoretically extract 0.490 kWh per cubic meter of water and
would not suffer from many of the losses associated with PRO. The low specific energy
extractable from river water and seawater mixing is not a problem in itself, but, as we will show
below, a low energy density means that any energetic costs in operation can radically lower the

efficiency of energy conversion.

Energetic losses will reduce the system output

20



541
542
543
544
545

546

547
548
549
550
551
552

553
554
555
556
557
558

559

560

561
562
563
564
565
566
567
568

Energy & Environmental Science

The energy available from rivers meeting the sea must be effectively converted to useful work to
realize the potential of this solution pairing. Both energetic losses during energy extraction and
energetic costs of operation must be considered to determine the net efficiency. Fig. 6
schematically illustrates the PRO process mixing river water and seawater and summarizes the

energetic inputs and outputs.
FIGURE 6

Losses in the membrane module will result in a significant decrease in the energy extractable.
As was discussed previously, constant-pressure operation in a counter-current module will
reduce the extractable specific energy to 0.192 kWh m=3, a 25% decrease from the Gibbs free
energy of mixing.3® Additional losses due to reverse salt flux and concentration polarization in
the module will reduce the extractable energy by another 15%, resulting in a specific energy of
approximately 0.156 kWh m3 34

Beyond losses in the membrane module, the energy extractable will also be diminished by
inefficiencies in the pressure exchanger and turbine. Turbine losses are straightforward since
they will directly affect the power generated, and current turbine efficiencies reach up to
90%.42%5 Pressure exchangers have efficiencies around 95%,%2%># put since pressure exchange
losses affect all of the incoming draw solution, the actual losses to the system will likely be

larger than 5%.

Energetic inputs will surpass the energy that can be produced

The net extractable energy from PRO must account for energy inputs into the system. In the
membrane module, pumping energy will be required to push water through the narrow
membrane channels and reduce external concentration polarization on either side of the
membrane.37 608104 The pressure required for pumping will depend on the crossflow velocity in
the membrane module and other hydrodynamic conditions. Experimental measurements have
shown the pressure gradient in a spacer filled feed channel to be around 2-5 bar per meter length
of module.3"€%8 On the draw side, the pressure drop will be lower, around 0.8 bar m™.*” Each

bar of pumping pressure required translates to 0.03 kWh m of energy consumption.
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Energy input will also be required to pump source water to the PRO power plant. At locations
where rivers run into the sea, the salinity of water does not immediately change from freshwater
to salt water compositions.®*1% Instead, large mixing zones exist where the concentration
gradually changes, and the size of these zones varies with different tidal and flow conditions.
Approximately 30% of worldwide coasts have mixing zones that are spread over such large
distances that more energy will be required for pumping source solutions than can be extracted.*
Even with very narrow mixing zones, seawater will likely have to be collected at least 1 km
away from the facility, as in desalination plants, to avoid anthropogenic contaminants,106-108
Thus, the energy for pumping raw water from the ocean and rivers will likely range from 0.02-
0.05 kWh m3 9%

The largest energy cost in PRO will be for pretreatment of the source solutions before they
enter the membrane module. The energetic requirements for pretreatment have not been
established entirely. Due to the high fouling propensity of the process, it is likely that the feed
stream, which flows into the membrane module during operation, will need extensive
pretreatment to remove organic, inorganic, and microbial foulants.®3788 The energy for treating
the feed stream will likely range between 0.05 and 0.2 kWh m™ based on energy costs of surface
water treatment.®*** Alternatively, contaminants in the draw stream have been shown to result
in minimal membrane fouling, and pretreatment will only be required to remove large particulate
matter. This pretreatment energy cost will likely be similar to or lower than that of seawater
reverse osmosis pretreatment, which ranges from 0.1 to 0.4 kwWh m-3,89%

Compiling estimates for all the energetic inputs and outputs for a PRO system mixing river
water and seawater, it is clear that the expected energetic inputs will surpass the energetic output
resulting in a net negative power generation (Fig. 6). The lack of feasibility for the river water
and seawater solution pairing is principally due to the low theoretical energy density that can be
extracted from these source solutions. Since the energy initially available from the solutions is
low, any minor energy inputs will dramatically reduce the amount of power that can be
generated. This conclusion has been worked towards in prior studies®*> and can also help
explain the decision of Statkraft, the Norwegian company that pioneered PRO technology, to

stop investments in river water and seawater PRO.%2
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The fact that the energetic requirements of operation are substantially higher than the net
output indicates that incremental improvements to the technology, such as more effective
membranes, will not enable the feasibility of PRO using river water and seawater. Alternative
technologies are also unlikely to improve the prospects of this solution pairing, since all are
constrained by the low extractable energy density and require energy for pretreatment and
pumping.t31618 In fact, PRO has been shown to offer relatively promising efficiencies compared
to reverse electrodialysis, another well-developed salinity gradient energy technology.?®2° Other
systems have only recently been demonstrated in proof-of-concept studies!’ 18199110 and are
unlikely to yield higher efficiencies. Thus, the emergence of a technology that can effectively
harvest energy from river water and seawater mixing is far in the future, requiring revolutionary

advancements that negate the need for pretreatment and severely reduce inefficiencies.

What other salinity gradient sources is PRO suitable for?

The availability of high salinity brines

Higher concentration gradients with a greater extractable energy density can improve the
feasibility of PRO implementation.”® For example, when the draw concentration is increased
from 0.6 M NaCl (seawater concentration) to 3 M NaCl, the reversible specific energy increases
nearly six-fold (Fig. 2). A higher extractable specific energy may allow systems to overcome the

previously discussed energetic costs of operation and have a significant net energy output.

The success of PRO with increased concentration gradients will only be possible if appropriate,
widely available source solutions are identified. Hypersaline lakes are suitable candidates for the
process, since they exist in many locations across the globe. The Dead Sea, bordered by Israel,
Jordan, and Palestine, has been considered for PRO.52!! The sea has a 34% salinity,*'? making
the reversible energy of mixing when combined with freshwater around 2.52 kWh m= (egn
(4))—about an order of magnitude higher than that available from the river water and seawater
system. There is also a relatively sizable amount of inflow entering the Dead Sea, approximately
100 million cubic meters (MCM) per year from the Jordan River!!? and another 200 MCM per
year will be sourced from the Rea Sea.}'* In total, the amount of energy that will be released

from inflow into the Dead Sea is around 1.6 TWh per year, equal to 180 MW of continuous
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power (assuming infinite dilution of inflow waters). Additionally, the Dead Sea is only
hospitable to bacteria, so there is a relatively low risk of damaging the environment by installing

a potential plant.

The Great Salt Lake in Utah is another widely considered hypersaline lake.® The salinity of the
Great Salt Lake is lower than the Dead Sea, around 27%,? which results in an extractable specific
energy of approximately 2.26 kWh m= when mixing with fresh water. The amount of inflow
into the Great Salt Lake from its three river tributaries is much greater than the Dead Sea, around
3,700 MCM per year,!*® and the total energy released from these inflows is approximately 22.7
TWh per year (2600 MW).

Highly saline resources other than hypersaline lakes may also be suitable for PRO. For
example, produced water from hydraulic fracturing in the Marcellus shale has an average total
dissolved solids content of approximately 190,000 mg/L.1*® At times, treated produced water,
which is still extremely high in salinity, is mixed directly with wastewater, allowing an
opportunity for energy extraction.!’” Salt domes are also sizable potential sources of highly
saline waters that can be mixed with brackish water or seawater.!!® However, salt domes and
produced water are relatively unexplored in literature; further studies are needed to determine the

practicality of these unconventional sources.

High concentration differences require advances in PRO technology

In order to efficiently extract energy from higher concentration solution pairings, membrane
modules will need to be tailored for these systems. One established requirement for PRO with
increased concentration gradients is a higher operating pressure in the system.8” Both the power
density and specific energy of a membrane module are found to reach their maximum when the
system is operated with a hydraulic pressure equal to approximately half the osmotic pressure
difference between the feed and draw solutions.>33% Meeting this condition with extremely
saline solutions, such as water from the Dead Sea with an osmotic pressure around 507 bar, will
be nearly impossible. However, any gain in the operating pressure achievable will improve the

efficiency of energy extraction.
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Fabricating membranes that can reach high operating pressures while maintaining suitably low
support layer structural parameters has proven experimentally difficult.>®6411%-121 Fig 7 shows
the maximum operating pressure of the most robust membranes in literature and their calculated
structural parameters.2224°96087 |t s evident that, to achieve operation at higher pressures, a
thicker support with a higher structural parameter is needed. The highest operating pressure of a
membrane suitable for PRO in the literature is approximately 50 bar, far lower than the ideal
pressure for highly saline solutions, with a structural parameter of around 700 um.%®8” More
studies will be needed to identify the structural characteristics of membranes that can operate at
higher pressures and translate bench-scale experimental results to large membrane modules.

FIGURE 7

Besides a higher pumping pressure, there will be additional challenges to the implementation
of PRO with hypersaline sources. The selectivity of polyamide membranes has been shown to
decrease with higher concentration draw solutions, and performance losses due to exacerbated
reverse salt flux may be very detrimental to the overall efficiency.?'?2 Additionally, if higher
salinity feeds are used, concentration polarization inside the support layer may cause scaling
within the membrane.'?® Further experimental studies will be needed to identify and overcome

challenges associated with high salinity solution pairings.

Will PRO reduce the energy of seawater desalination?

Impaired water can be used to decrease the energy of desalination in hybrid
RO-PRO systems

As worldwide fresh water resources are increasingly depleted, the use of seawater desalination is
growing rapidly to augment existing supplies beyond what is obtainable from the natural
hydrologic cycle.®®?* While reverse osmosis (RO), the fastest growing desalination technology,
has seen tremendous improvements in efficiency, one of the major drawbacks of seawater
desalination of any kind is the relatively high energy input required compared to conventional
fresh water treatment.8%125126 |n state-of-the-art RO systems, which approach the practical limit
of achievable efficiency, the energy requirement is still greater than 2 kWh per cubic meter of

desalinated water.%®
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Hybrid RO-PRO systems have been proposed to reduce the energy needed for
desalination.®®2" 131 |n these systems, shown schematically in Fig. 8, low-salinity impaired
water sources, such as wastewater effluent, will undergo controlled mixing in PRO with the
concentrated brine stream from RO desalination, which is normally wasted through discharge
back into the environment.1®#131 PRO therefore functions as a technology that simultaneously
recovers the energy available from the RO brine stream and also brings additional power into the
system using the available impaired water sources. In theory, hybrid RO-PRO systems are also
advantageous because the RO brine is diluted by wastewater effluent before discharge into the

ocean, minimizing the environment impact.>!
FIGURE 8

The potential for reducing the energy of seawater desalination in the RO-PRO hybrid system
can be quantified by determining the minimum specific energy of desalination, SED, which is
defined as the lowest amount of energy required to generate a unit volume of permeate water in
an idealized system. This metric has been used to identify the practical minimum energy needed
for desalination with different schemes and assumes ideal system components, perfectly selective
membranes, ideal solutions, and no mass transfer limitations.’® With these simplifying
assumptions, analytical equations can be derived that describe the energy consumption with few
assumed parameters. The derivation and details of the equations used are described in the

Appendix.

Fig. 9 shows the minimum specific energy of desalination as a function of the water recovery
(i.e., the flow rate of permeate water divided by the flow rate of influent seawater). The energy
consumption for the conventional one-stage RO system (solid black line) is plotted alongside
curves for the RO-PRO system with three different impaired water to seawater flow rate ratios,
Qww/Qsw. For all configurations, the specific energy consumption increases at higher recoveries,
since the final brine osmotic pressure is higher, and thus more pumping energy is required in the
RO module. As would be expected in these idealized scenarios, the RO-PRO system always
demonstrates improved performance as compared to the one-stage RO system due to the use of
impaired water, and the system can even use less energy than the reversible thermodynamic
minimum energy of separation for seawater alone. Increasing the amount of impaired water

available improves the effectiveness of the RO-PRO system. The typical recovery range for an
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RO desalination system is from 0.4-0.6.8° At a recovery of 0.5, the RO-PRO system can reduce
energy consumption as compared to a one-stage RO system by 28%, 49%, and 65% for Qww/Qsw
of 0.2, 0.5, and 1.0, respectively. At very low recoveries, the RO-PRO system will theoretically
generate power, as indicated by a negative specific energy of desalination. This impractical
power generation scenario occurs because most of the seawater will be transferred directly to the
PRO system, which would behave similar to a river water and seawater mixing system. At high
recoveries, the advantage of the RO-PRO system diminishes since a smaller brine flow rate is
transferred from the RO module to the PRO system.

FIGURE 9

Theoretically, the RO-PRO system can be more advantageous than alternative methods to
improve the conventional one-stage RO system. For example, the addition of multiple stages of
reverse 0smosis operating at distinct applied hydraulic pressures has been discussed as a method
to reduce the energy of desalination.®®3? As more stages are added to the system, the specific
energy of consumption will approach the thermodynamic minimum for seawater shown in Fig. 9
(top of grey shaded region). While multiple-stage systems allow for a more homogenous
distribution of the driving force for RO and hence are favorable at high recoveries, the RO-PRO
system shows improved performance in the reasonable recovery range around 0.5 if sufficient
impaired water is available (Qww/Qsw is at least 0.25). The RO-PRO system is also more
effective than directly diluting the feed seawater with impaired water. For example, if the
seawater were premixed with impaired water at a Qww/Qsw of 0.2, the feed would be diluted to
83% of the seawater concentration and thus the energy of desalination would be reduced by 17%
instead of 28% with the RO-PRO system.

From the idealized energetic analysis, we can conclude the hybrid RO-PRO system is
theoretically favorable if (1) impaired water sources are available in large quantities and (2)
medium to low water recoveries are needed. In a system where one-third of the total source
water is obtained from wastewater effluent (i.e., Qww/Qsw = 0.5), the RO-PRO system will

theoretically be able to reduce the specific energy consumption of desalination by one half.

Practical considerations will hinder the implementation of RO-PRO
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The idealized modeling discussed in the previous subsection identified that, if a suitable amount
of impaired water is available, the hybrid RO-PRO system has a favorable theoretical potential.
However, realistic losses, such as imperfect efficiency in the pressure exchanger and pumps of
the system, will reduce to the power savings achievable in the process. As with the river water
and seawater PRO system, these losses may threaten the theoretical energetic gains that come
from the addition of a PRO stage. If energy consumption can be reduced using the RO-PRO
hybrid system, the cost of energy saved will have to sufficiently offset the additional cost of

membranes and other system components.

Fouling will likely be the biggest technical challenge for the combined RO-PRO system since
any low-value impaired water source will be heavily loaded with foulants.*** As was discussed
previously, the membrane orientation in PRO renders it uniquely vulnerable to fouling from the
feed solution. For example, lab-scale experiments with model wastewater effluent have
observed dramatic flux decline (50%) due to severe biofouling.”® This wastewater effluent
fouling is highly irreversible, as even extensive cleaning methods such as osmotic backwashing

have only been shown to recover 14% of the flux.”

An additional consideration is the practicality of using impaired water sources to supplement
seawater desalination, rather than utilizing these sources directly through wastewater
reclamation. Studies have shown that for regions where water demand exceeds what is available
from the natural hydrogeological cycle, wastewater reclamation for non-potable reuse can offer
energy savings as compared to seawater desalination.’**!%>  There are also environmental
benefits to utilizing wastewater reclamation, such as a reduction in greenhouse gas emissions
compared to seawater desalination.’® Given the substantial pretreatment of impaired water that
may be required to prevent immediate clogging of the PRO system, it is likely more worthwhile
to use the low-salinity waters directly. Thus, even though the RO-PRO process is theoretically
promising in a highly simplified analysis, practical limitations will likely threaten the output of
the process. Future studies modeling the energy savings of the RO-PRO system will need to
identify whether, when inefficiencies and fouling are accounted for, the use of impaired water at
a desalination facilities outweighs the benefit of directly reclaiming wastewater.

Outlook
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The considerable potential of salinity gradient energy extraction using pressure-retarded osmosis
has been discussed in the literature for decades. In this critical review, we have summarized
simple energetic analyses and arguments that clearly illustrate the challenges in obtaining a net
positive extractable energy. These difficulties arise from a few key factors. First, the volumetric
energy density of salinity gradient mixing, which represents the thermodynamic maximum
energy extractable, is relatively low, ranging from 0.26 kWh m for seawater and river water to
around 2.52 kwh m for hypersaline solutions. Second, significant energetic losses occur during
PRO energy conversion due to practical constraints necessary for operation, such the need for
continuous constant-pressure operation, that reduce the efficiency of energy extraction by at least
30%. Last, energetic inputs are required for pretreatment, which is necessary to mitigate severe
and irreversible fouling that occurs in PRO, and pumping to circulate water in the membrane
modules and create hydrodynamic conditions that reduce concentration polarization; these

energetic inputs will likely amount to more than 0.1 kwWh m,

The river water and seawater solution pairing, despite the remarkably high global theoretical
potential, will not produce net energy in the currently envisioned process because the specific
energy extractable will be less than the energetic inputs of the process after inefficiencies are
accounted for. Alternative salinity gradient energy technologies will not improve the outlook of
the river water and seawater solution pairing, since all systems are constrained by the
thermodynamic limit of extractable energy and any envisioned process will require some extent

of pretreatment and pumping energy.

Hybrid systems that use PRO to reduce the energy of RO desalination by mixing the
concentrated seawater brine with low-salinity impaired water sources may also be unfeasible.
While the theoretical energy that can be recovered with hybrid RO-PRO system is substantial if
enough wastewater is available, arid regions that require desalination will find it more efficient
and beneficial to use impaired water sources directly through wastewater reclamation.
Additionally, fouling of membranes from the impaired water streams will result in severe

performance losses.

Solution pairings with higher concentration differences and, thus, theoretical energy densities
up to an order of magnitude higher than that of the river water and seawater system can be

potentially viable in the near future. While hypersaline lakes and saline wastewaters from the oil
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and gas industry may be potential sources, further possible solution pairings must be identified.
Additionally, membrane modules that can withstand high operating pressures are needed to

efficiently extract energy from hypersaline sources.

Recent literature on PRO has been dominated by laboratory studies aiming to improve coupon-
scale power densities, which are not relevant to full-scale system performance. Instead, further
research is critically needed to improve the energetic efficiency of the process by creating
membranes that negate the need for pretreatment or demonstrate fundamentally improved
selectivity. Alongside radical membrane improvements, advancements are needed to push
forward relatively unexplored alternative solution pairings with higher concentration gradients
than the conventional river water and seawater system. Other emerging technologies should be
investigated alongside PRO, but these must be evaluated based on their net energetic efficiency,
rather than small-scale power densities. Only through revolutionary improvements to the
technology and by selecting feasible configurations will the decades-long vision of sustainable

osmotic power be realized.

Appendix: energy of desalination in the RO-PRO hybrid

system

At the theoretical limit of constant-pressure operation, the one-stage reverse osmosis (RO)
system (Fig. 8A) will operate with an applied hydraulic pressure that is equal to the final osmotic

pressure of the brine exiting the RO module. Thus, the minimum specific energy of desalination

for the one-stage RO process, SED,, is equal to the final brine osmotic pressure: %1%

SED, = l”SWR (A1)

where 7, is the osmotic pressure of the feed seawater and R is the recovery in the RO module.

The RO and pressure-retarded osmosis (PRO) hybrid system (Fig. 8B) uses a PRO module to
recover a portion of the mixing power available when the high-salinity RO brine stream is
contacted with a low-salinity wastewater effluent (WW) or impaired water stream. The energy

saved by the PRO module is equal to the permeation flow rate across the PRO module, AQ,
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multiplied by the hydraulic pressure difference across the PRO module, AP 333 The specific
energy of desalination in the RO-PRO hybrid, SEDg, pry, can be determined by simply

subtracting the energy gained in the PRO stage from the energy consumption of a one-stage RO

module:

Tew AQAP

SEDRopro :ﬁ RQ
sw

(A.2)

The power recovered in PRO is maximized when the driving force at both ends of the module
approaches zero (i.e., the osmotic pressure difference is equal to the hydraulic pressure
difference).®®* In a counter-current system meeting this requirement, the draw stream exits the

module at an osmotic pressure equal to the sum of the osmotic pressure of the wastewater

effluent, 7, , and the applied hydraulic pressure. The inlet flow rate of the draw stream is

(1-R)Qgy , and equilibrium at the feed inlet can be described:*

_ Qusw Tsw
Ty + AP = (1_ R)QSW 20 (A.3)

Similarly, the feed solution exits the module at an osmotic pressure equal to the osmotic
pressure of the RO brine, 7, /(1-R), subtracted by the applied hydraulic pressure. The

equilibrium condition at the draw inlet side of the PRO module can also be expressed:

—SN@WTXWQ +AP =1, (A4)

To determine SEDg, pro at the optimum applied hydraulic pressure in the PRO module, egn

(A.3) and (A.4) are solved simultaneously to find AQ and AP . Egn (A.2) is then used to

calculate the overall specific energy of desalination in the RO-PRO hybrid, which is dependent

on R, the wastewater effluent to seawater flow rate ratio (QWW/Q sw ), and the wastewater

effluent to seawater osmotic pressure ratio (7, / Tow )-
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Fig. 1 (A) Schematic diagram of a constant-pressure, counter-current PRO system with energy
recovery from a pressure exchanger. Darker colors correspond to a higher salinity and the
thickness of each arrow denotes the relative flow rate. (B) Osmotic pressure profiles of the draw

(blue line) and feed (red line) solutions along the length of a membrane module. The initial
osmotic pressures of the draw and feed solutions are 7, and 7, respectively. At any point in

the module, the driving force for permeation available from the solutions is the difference
between the osmotic pressure of the draw and feed, Az. The hydraulic pressure difference, AP,
reduces the driving force (gray shaded region), resulting in a net driving force of Az - AP at any

point in the module (green shaded region).
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Fig. 2 Specific energy extractable in a system as a function of draw solution molar concentration
(NaCl equivalent). The feed solution is 0.015 M NacCl, an approximate salinity for river water or
wastewater effluent. Specific energy is defined as the energy extractable per total volume of
initial feed and draw solutions. The maximum possible specific energy extractable, equal to the
Gibbs free energy of mixing, is shown (solid line) alongside the practical limit of extractable
energy from a constant-pressure, counter-current PRO membrane module (dotted line). Also
indicated are the approximate salinities of various potential draw solutions: seawater (SW),
seawater reverse osmosis (SWRO) desalination brine, Great Salt Lake water, and water from the
Dead Sea.
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Fig. 3 (A) Schematic diagram of the membrane channel cross section. The directions of water

flux and reverse salt flux are indicated. The approximate osmotic pressure profiles along the

thickness of the channel are also shown where 7 is the bulk feed osmotic pressure, 7 is the

bulk draw osmotic pressure, and A7, is the osmotic pressure difference across the membrane

active layer.
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Fig. 4 (A) Coupon-scale water flux as a function of the water permeability coefficient, A; NaCl
permeability coefficient, B; and support layer structural parameter, S. The water permeability
and salt permeability are linked by the permeability-selectivity trade-off (eqn (9)). The dotted
gray line represents the active layer properties that maximize the water flux with a given
structural parameter. A draw mass transfer coefficient, k, of 38.5 pm s (138.6 L mh?) is used.
(B) Specific energy and power density for counter-current membrane modules with increasing
membrane area from right to left. Data for three types of membranes are shown: ideal (solid
black line) refers to a membrane with no concentration polarization, no reverse salt flux, and a
water permeability coefficient, A, of 3 L m2h'bar?; RSF (dash dotted red line) denotes a
membrane with reverse salt flux (B = 0.36 L mh according to egn (9)) and no concentration
polarization; CP (dashed green line) indicates a membrane with concentration polarization (S =
500 um and k = 38.5 pm s?) and no reverse salt flux; and realistic (solid blue line) refers to a
membrane with both reverse salt flux and concentration polarization accounted for. Equal initial
flow rates of feed and draw solutions are used. For both figures, the draw concentration is 0.6 M
NaCl (seawater) and the feed concentration is 0.015 (river water) and the applied hydraulic
pressure is 14.5 bar.
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Fig. 5 (A) Flux after fouling for asymmetric cellulose triacetate membranes oriented in either
FO or PRO modes. Humic acid or 20 nm silica particles were used as model foulants, and the
system was operated without applied pressure.? (B) Flux after fouling and flux recovery from
an osmotic backwash for membranes oriented in PRO mode only (i.e., support layer facing the
feed solution). Organic fouling was conducted with Suwannee River natural organic matter in
unpressurized operation with thin-film composite membranes.® Scaling experiments were
conducted with a model wastewater salinity feed solution, cellulose triacetate membranes, and
pressure-aided osmotic backwashing at 10 bar.8® Biofouling experiments were conducted with
Pseudomonas aeruginosa bacteria in model wastewater effluent with thin-film composite

membranes operated at a hydraulic pressure of 26.2 bar.’®
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Energy Inputs
Pumping in module: 0.05-0.1 kWh m3

Pretreatment: 0.1-0.4 kWh m-*

- ﬂ
source waters:
0.02-0.05 kWh m* ,

Energy Losses

Constant pressure: -0.06 kWh m™

RSF and CP: -0.05 kWh m

o PEX and Turbine: -0.01-0.05 kWh m*

Energy Output

Fig. 6 Schematic diagram of PRO system mixing river water and seawater. The feed solution is
pumped from the river source, undergoes pretreatment, and then partially permeates across the
membrane module. The concentrated stream exiting the feed side of the module is discharged to
the ocean. The seawater draw solution is pumped in from the ocean, subjected to pretreatment,
and then passes through a pressure exchanger (PEX) before entering the membrane module. The
expanded draw volume is either directed through a turbine or routed back through the pressure
exchanger for energy recovery before discharge into the ocean. The maximum energy
extractable from the system is indicated as 0.256 kWh per cubic meter of total feed and draw

solutions—equal to the Gibbs free energy of mixing. Estimates for the dominant energy inputs
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to the system to pump water in, pretreat the influent water, and pump the solutions through the
membrane modules are specified alongside losses from constant-pressure counter-current
operation, reverse salt flux (RSF) and concentration polarization (CP), and PEX and turbine
inefficiencies. The thickness of each energy input or output arrow denotes the estimated energy.
The net extractable energy will be the energy output subtracted by the energy input.
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Fig. 7 Maximum operating pressure of a given membrane as a function of the support layer
structural parameter. Data from select flat sheet membranes with electrospun support layers,?>°
hollow fiber membranes with support layers formed by phase inversion,?* and commercial flat
sheet membranes with phase inversion support layers are shown.®%8" All membranes were thin-
film composites with a polyamide active layer. Also indicated are the optimal operating
pressures for seawater and seawater reverse osmosis (SWRO) brine draw solutions calculated as

half of the osmotic pressure of the respective solution.

47

Page 48 of 51



Page 49 of 51

Energy & Environmental Science

A. Conventional One-Stage RO
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Fig. 8 (A) Schematic diagram of a one-stage reverse osmosis (RO) system with energy recovery
through a pressure exchanger (PEX) for seawater (SW) desalination. (B) Hybrid pressure-
retarded osmosis (PRO) and RO system mixing wastewater effluent (WW) or impaired water
with the concentrated RO brine stream after it passes through an energy recovery device (ERD)
that decreases the hydraulic pressure. Darker colors correspond to more concentrated solutions

and the thickness of each arrow denotes the approximate flow rate.
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Fig. 9 Normalized specific energy consumption of seawater desalination, SED, as a function of
water recovery, R, for a one-stage reverse osmosis (RO) system (black line) and a hybrid RO and
pressure-retarded osmosis (PRO) system (red lines). The ratio of wastewater effluent to seawater
flow rates, Qww/Qsw, used in the RO-PRO system is set to 0.2 (short dashed line), 0.5 (long
dashed line), and 1.0 (solid line). The normalized specific energy is the amount of energy

required to generate a given permeate volume, SED, divided by the osmotic pressure of the feed

seawater solution, 7g,. For a typical seawater concentration of 0.6 M NaCl, one unit of

SED/ 7z, is equal to 0.83 kwWh m=. The minimum energy of desalination for an ideal reversible

thermodynamic process without the use of impaired water is also shown (top of gray shaded
region). The modeling of the one-stage RO and RO-PRO system assumes ideal solutions,
perfectly selective membranes, no mass transfer limitations, and ideal system components. All
data assumed a 60:1 seawater to wastewater salinity ratio corresponding to a 0.6 M NacCl

seawater solution and a 10 mM NaCl wastewater effluent source.

49

Page 50 of 51



Page 51 of 51 Energy & Environmental Science

Graphical abstract

Pressure-Retarded Osmosis

’ | Salinity

Gradient
Potential

Accompanying text

We review pressure-retarded osmosis focusing on the net energy extractable from the

process and the ultimate viability of various configurations.



