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ABSTRACT: The Gibbs free energy of mixing dissipated
when fresh river water flows into the sea can be harnessed for
sustainable power generation. Pressure retarded osmosis
(PRO) is one of the methods proposed to generate power
from natural salinity gradients. In this study, we carry out a
thermodynamic and energy efficiency analysis of PRO work
extraction. First, we present a reversible thermodynamic model
for PRO and verify that the theoretical maximum extractable
work in a reversible PRO process is identical to the Gibbs free
energy of mixing. Work extraction in an irreversible constant-
pressure PRO process is then examined. We derive an expres-
sion for the maximum extractable work in a constant-pressure
PRO process and show that it is less than the ideal work (i.e.,
Gibbs free energy of mixing) due to inefficiencies intrinsic to the process. These inherent inefficiencies are attributed to (i)
frictional losses required to overcome hydraulic resistance and drive water permeation and (ii) unutilized energy due to the
discontinuation of water permeation when the osmotic pressure difference becomes equal to the applied hydraulic pressure. The
highest extractable work in constant-pressure PRO with a seawater draw solution and river water feed solution is 0.75 kWh/m3

while the free energy of mixing is 0.81 kWh/m3a thermodynamic extraction efficiency of 91.1%. Our analysis further reveals
that the operational objective to achieve high power density in a practical PRO process is inconsistent with the goal of maximum
energy extraction. This study demonstrates thermodynamic and energetic approaches for PRO and offers insights on actual
energy accessible for utilization in PRO power generation through salinity gradients.

■ INTRODUCTION
The impetus to reduce greenhouse gas emissions and mitigate
climate change has invigorated research on alternative power
sources.1 Natural salinity gradients have been identified as a
promising source of clean renewable energy. The free energy of
mixing that is released when two solutions of different salt
concentration are combined can be harnessed for sustainable
power production.2 When fresh river water mixes with the sea,
free energy equal to a 270 m high waterfall is released.3 The an-
nual global river discharge of ∼37 300 km3 represents an enor-
mous source of renewable energy4 that can potentially produce
an estimated 2 TW of electricity, or 13% of global electricity
consumption.5

Several methods have been proposed to harvest this sus-
tainable energy source, including reverse electrodialysis,6,7 mixing
entropy batteries,5 and pressure retarded osmosis (PRO).8,9 In
PRO salinity power generation, the osmotic pressure difference
across a semipermeable membrane drives the permeation of
water from the dilute river water “feed solution” into con-
centrated seawater “draw solution”. A hydraulic pressure less
than the osmotic pressure difference is applied to the draw
solution, thereby “retarding” water flux across the membrane,
and a hydroturbine extracts work from the expanding draw
solution volume. In 2009, the world’s first PRO power plant

came into operation in Norway, demonstrating the potential
viability of the process.9 The prospects of cost-effective osmotic
power production are further bolstered by the recent devel-
opment of thin-film composite PRO membranes with transport
and structural properties projected to produce high power
densities.10−12

Previous studies on power generation from natural salinity
gradients employed the Gibbs free energy of mixing to evaluate
the realizable energy.3,5,13,14 However, the free energy of mixing
represents the theoretical maximum energy that is available for
useful work by a reversible thermodynamic process and does
not take into account the intrinsic thermodynamic inefficien-
cies. Hence, actual work output will always be less than the
theoretical energy available because practical work extraction
processes are irreversible in nature and, thus, generate
entropy.15−17 To obtain the actual extractable worka more
applicable and relevant figurethermodynamic conversion
efficiencies have to be incorporated into the energy analysis.
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In this study we carry out a thermodynamic and energy
efficiency analysis of pressure retarded osmosis. The theoretical
maximum extractable work in a PRO process is determined
from a reversible thermodynamic model for PRO and
compared to the Gibbs free energy of mixing. We then
examine the thermodynamic efficiency of work extraction in a
practical constant-pressure PRO process using natural salinity
gradients. The inherent inefficiencies of frictional losses and
unutilized energy imposed by the constant-pressure PRO
process are analyzed and discussed. Finally, we look at the
practical constraints of an actual PRO process and highlight the
implications on energy extraction efficiency. Our analysis of the
thermodynamic considerations in the extraction of work from
natural salinity gradients provides insights into the energy
efficiency intrinsic to the PRO power generation process.

■ ENERGY OF MIXING

When two solutions of different compositions are mixed, the
Gibbs free energy of mixing is released. In this section we draw
upon established thermodynamic concepts15,16,18−20 to present a
condensed theoretical background on the energy change of
mixing for a binary system of aqueous strong electrolyte solutions.
A detailed presentation of the energy change of mixing can be
found in the Supporting Information (SI).
Mixing Releases Free Energy. Mixing two solutions, A

and B, of different composition yields a resultant mixture, M.
The difference in the Gibbs free energy between the final mixture
(GM) and initial (GA and GB) solutions gives the change in free
energy of mixing.15 The Gibbs free energy of mixing per mole of
the system, ΔGmix, is
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where xi is the mole fraction of species i in solution, R is the gas
constant, and T is temperature. The activity coefficient, γi, is
incorporated to account for the behavior of nonideal solutions,
and is a function of the temperature, pressure, and solution
composition.16 ϕA and ϕB are the ratios of the total moles in
solutions A or B, respectively, to the total moles in the system
(i.e., ϕA + ϕB = 1). Here, we adopt the negative convention for
the energy of mixing to reflect that energy is released.
An inspection of eq 1 reveals that ΔGmix is dependent on the

relative proportion of the initial solutions (ϕA and ϕB) and the
composition of the solutions (xi and, implicitly, γi) for a mixing
process at constant temperature and pressure. The Gibbs free
energy of mixing described in eq 1 is applicable for all general
mixing processes,15 and it is equal and opposite in sign to the
minimum energy required to separate the mixture M into prod-
ucts A and B.19

Energy Change of Mixing for Strong Electrolyte
Solutions. For a two-component system of aqueous strong
electrolyte solutions, the two species are water and a salt that
dissociates completely in solution (denoted by subscripts w
and s, respectively). For relatively low salt concentration
solutions, both the mole fraction of water, xw, and the activity
coefficient, γw, can be approximated to unity.18 There-
fore, ln(γwxw) for the initial solutions and final mixture
approaches zero in eq 1. In this case, the contribution of
the salt species to ΔGmix overwhelms the contribution of the

water species, and the molar Gibbs free energy of mixing
(eq 1) simplifies to

−
Δ
ν

≈ γ − ϕ γ

− ϕ γ

⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦
⎡⎣ ⎤⎦

G
RT

x x x x

x x

ln( ) ln( )

ln( )

s s s s s s

s s s

mix
M A A

B B (2)

where ν, the number of ions each electrolyte molecule
dissociates into, accounts for the multiple ionic species
contribution of the strong electrolyte salt.16

For practicality and ease of application, the mole fraction and
molar mixing energy in eq 2 are converted to molar salt
concentration and Gibbs free energy of mixing per unit volume,
respectively. This is achieved by assuming the volumetric and mole
contribution of the salt to the solution is negligible compared to
water, and that the volume of the system remains constant in the
mixing process (VA + VB = VM). Thus, the mole fractions can be
approximated to the volumetric fractions. The detailed steps of the
conversion can be found in the SI. The Gibbs free energy of mixing
per unit volume of the resultant mixture, ΔGmix,VM

, is then
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where c is the molar salt concentration of the aqueous solutions
and ϕ is the ratio of the total moles in solution A to the total
moles in the system (i.e., ϕ = ϕA and 1 − ϕ = ϕB). Based on
the above simplifying assumptions, ϕ is also the volumetric
ratio of solution A to the total system volume (i.e., ϕ = VA/ VM).
An examination of eq 3 shows that ΔGmix,VM

is solely a function
of the salt concentration and mole fraction (or volume fraction)
of the initial solutions (cM is determined by cA, cB, and ϕ, while γ
is dependent on c).
In power generation from natural salinity gradients, often

seawater from the ocean is abundant while fresh water from the
estuaries is the limiting resource. As such, expressing the mixing
energy per unit volume of the dilute solution would more
accurately capture the energy available for extraction. Multi-
plying eq 3 by VM/VA (≈ 1/ϕ) yields the Gibbs free energy of
mixing per unit volume of A (the more dilute solution):
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Figure 1 shows ΔGmix,VA
, calculated using eq 4, for the mixing

of a fresh water source with seawater as a function of the mole
fraction of the fresh water, ϕ, in 0.1 increments. Fresh waters
(dilute solution A) with salinities of 1.5 and 17 mM (∼88 and
∼1000 mg/L) NaCl were selected to represent river water
(blue square symbols) and brackish water (red circle symbols),
respectively.10 The seawater (concentrated solution B) was
taken to be 600 mM (35 g/L) NaCl10 and the temperature, T,
was fixed at 298 K. The calculated values are presented in SI
Table S1. The activity coefficients of the initial solutions (A and B)
and resultant mixture (M) were approximated by linear
interpolation of the data in SI Table S2.
The highest mixing energy of 0.77 kWh/m3 (2.76 kJ/L) is

achieved for river water when ϕ tends to zero (i.e., an infin-
itesimal amount of fresh water mixes with an infinitely large
volume of seawater). This value of 0.77 kWh/m3 is similar to
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the minimum energy to desalinate seawater at 0% recovery21,22

(the minor difference between the values is attributed to the
slight difference in concentrations and approximations
employed for the calculations). This observation is consistent
with our understanding of reversible thermodynamics: the
separation energy at 0% recovery is equal in magnitude but
opposite in sign to the free energy of mixing at ϕ = 0. As the
mole fraction of the fresh water increases, ΔGmix,VA

decreases
and eventually reaches zero at ϕ = 1. A similar trend is observed
for brackish water, except that at ϕ = 0, the energy of mixing is
0.68 kWh/m3 (2.45 kJ/L). This value is lower compared to river
water due to the higher initial salt content of brackish water.
Note that actual seawater contains a mixed composition of ionic
species other than Na+ and Cl−,23 and the energy of mixing will,
therefore, differ slightly from the above calculated values.
ΔGmix for Ideal Solutions. For the relatively low salt

concentrations investigated in this study, the mole fraction of
salt (or molar salt concentration) dominates over the salt
activity coefficient in the logarithmic term in eq 4, i.e., ln(γsxs) =
ln(γs) + ln(xs) ≈ ln(xs). For example, for a 600 mM NaCl
solution, which is representative of seawater, ln(xs) =
ln(0.0107) = −4.54 is much greater in magnitude than
ln(γs) = ln(0.672) = −0.40 (SI Table S2).18 To further simplify
the analysis, we can neglect the activity coefficients (i.e., assume
ideal behavior) and eq 4 further reduces to
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Figure 1 shows ΔGmix,VA
, determined using eq 5, for the mix-

ing of a river water (solid blue line) and brackish water (dashed
red line) with seawater, as a function of ϕ. The ΔGmix,VA

values

calculated using eq 5 for 0.1 increments in ϕ are presented in SI
Table S1. The concentrations of the fresh water sources and
seawater were the same as those used in the previous cal-
culations of ΔGmix,VA

(i.e., with eq 4). The highest mixing energies

of 0.81 kWh/m3 (2.92 kJ/L) and 0.72 kWh/m3 (2.59 kJ/L) are
achieved for river water and brackish water, respectively, when ϕ
tends to zero. The free energy of mixing determined without the
activity coefficient, γ, exhibits a similar trend compared to ΔGmix,VA

with γ (i.e., eq 4), except the values are slightly higher (∼5.4−
9.3%, SI Table S1). The similar trend and magnitude of the
mixing energies between eqs 4 and 5 reinforces the validity of
the simplifying step to ignore the activity coefficients. Although
some precision is sacrificed, eq 5 offers a great ease of applica-
tion, compared to eq 4, as ΔGmix,VA

can be determined directly.

The change in Gibbs free energy represents an upper bound
on the energy that can be extracted for useful work, regardless
of the pathway. However, the second law of thermodynamics
stipulates that in actual cases, the useful work extracted is
always less than ΔGmix,VA

due to the production of entropy.15

The inherent irreversible energy losses in the work extraction
processes are analogous to the thermodynamic inefficiencies of
separation processes, where the energy consumed to carry out
the purification is always greater than the theoretical minimum
energy of separation.19 Therefore, an efficient work extraction
process is one that minimizes such thermodynamic inefficien-
cies and utilizes most of the available energy.

■ REVERSIBLE THERMODYNAMIC MODEL OF
PRESSURE RETARDED OSMOSIS

In pressure retarded osmosis power generation, a semiper-
meable membrane separates two solutions of different con-
centration. The osmotic pressure difference that develops
across the membrane drives the permeation of water from the
dilute feed solution into the more concentrated draw solution.
A hydraulic pressure less than the osmotic pressure difference is
applied to the draw solution and a hydroturbine extracts work
from the expanding draw solution volume. In this section, we
present a reversible thermodynamic model of PRO and show
the derivation of the theoretical maximum extractable work. In
the following analyses, a 600 mM NaCl draw solution is used to
simulate seawater of ∼35 g/L TDS, while the salt concen-
trations of the feed solutions are 1.5 and 17 mM NaCl, to
represent river water and brackish water of approximately 88
and 1000 mg/L TDS, respectively.10 The temperature is 298 K
and assumed to remain constant throughout the PRO process.

Pressure Retarded Osmosis Model. Figure 2 shows the
schematics of a PRO process. The dilute feed solution (of initial
concentration cF

0 and volume VF
0) is separated from the draw

solution (of initial concentration cD
0 and volume VD

0 ) by an ideal
semipermeable membrane that completely rejects salt (NaCl)
while allowing water to permeate (Figure 2A). We assume the
van’t Hoff relation to be valid (i.e., ideal solutions) for the
concentration range considered here. Therefore, the osmotic
pressure of the solutions is π = νcRT, where ν is the number of
ionic species each salt molecule dissociates into, c is the molar
salt concentration, R is the gas constant, and T is the absolute
temperature.

Figure 1. Gibbs free energy of mixing, ΔGmix,VA
, as a function of the

mole fraction of the fresh river or brackish water (A) to both the fresh
water and seawater (A and B), ϕ. The change in free energy of mixing
is expressed as the energy released per unit volume of the river or
brackish water. Blue square symbols and red circle symbols indicate
ΔGmix,VA

calculated with activity coefficients (eq 4) for river water and

brackish water, respectively. Solid blue line and dashed red line represent
ΔGmix,VA

determined without γ (eq 5) for river water and brackish water,

respectively. The calculations were carried out for a temperature of 298 K,
and the concentration of seawater was assumed to be 600 mM (35 g/L)
NaCl, while the concentrations of river water and brackish water were
taken to be 1.5 and 17 mM (88 and 1000 mg/L) NaCl, respectively. For
the dilute concentrations considered here, the mole fraction can be
approximated to be the volumetric fraction of freshwater.
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The difference in osmotic pressure drives water flux from the
feed to the draw solution, as illustrated in Figure 2B. As water
permeates across the membrane, it dilutes the draw solution
to concentration cD = cD

0VD
0 /(VD

0 + ΔV), where ΔV is the per-
meate volume. Volume is conserved, based on the earlier
assumption that the dilute solutions exhibit ideal behavior, and
ΔV is equivalent to the increase in draw solution volume and
decrease in feed solution volume. The concentration of the feed
solution, hence, increases to cF = cF

0VF
0/(VF

0 − ΔV) due to the
complete rejection of salt by the membrane.
In the absence of an applied hydraulic pressure, water per-

meation is terminated when the concentrations of the draw and
feed solutions equilibrate and the net osmotic driving force
vanishes (i.e., Δπ = 0). The concentration of the final solutions
at this point, denoted by the superscript f, is

= = − ϕ + ϕ ≡c c c c c(1 )f f f
F D D

0
F
0

(6)

where ϕ = VF
0/(VD

0 + VF
0) is the ratio of the initial feed solution

volume to both initial draw and feed solution volume. Note that
ϕ is approximately the mole fraction because we assume the

volumetric contribution of salt is negligible compared to that of
water. Hence, ϕ is consistent with the previous definition used
to determine the energy of mixing.
The total volume of permeate, ΔVf, that ultimately passes

into the draw solution can be calculated by solving ΔV for
cD = cF:
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The final total permeate volume divided by the initial feed
solution volume (eq 7) gives the fraction of VF

0 that eventually
permeates into the draw solution. SI Figure S1 shows ΔVf/VF

0

as a function of ϕ for a river water or brackish water feed
solution (1.5 and 17 mM NaCl, respectively) and a seawater
draw solution (600 mM NaCl).

Reversible Thermodynamic PRO Process. In the
theoretical reversible thermodynamic PRO model, an infin-
itesimal water flux is maintained throughout the osmosis pro-
cess. This is achieved by applying a hydraulic pressure, ΔP,
negligibly smaller than the osmotic pressure difference, Δπ, on
the draw solution such that an infinitesimally small volume of
pure water permeates across the membrane. The draw solution
is diluted very slightly by the minuscule permeate while the
concentration of the feed solution increases a little. Hence, the
osmotic pressure difference decreases such that Δπ = ΔP.
The applied hydraulic pressure is then lowered marginally for
another tiny drop of water to permeate across. Based on the
van’t Hoff relation, the osmotic pressure difference when ΔV
has permeated across the membrane is linearly proportional to
the concentration difference (Δc = cD − cF):

Δπ = ν Δ = ν
+ Δ

−
− Δ

⎛
⎝⎜

⎞
⎠⎟RT c RT
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The process of gradually reducing the applied hydraulic
pressure is repeated in infinite small steps to achieve a con-
tinuous decrease in ΔP while keeping ΔP = Δπ. At any point
during the process, the applied hydraulic pressure can be raised
such that ΔP is just slightly higher than Δπ. The process is thus
“reversed” as an infinitesimally small volume of pure water
permeates back into the feed solution. A representative plot of
Δπ as a function of ΔV (eq 8) is shown in Figure 3A for a sea-
water draw solution and brackish water feed solution. The
volumetric fraction of the feed solution ϕ = 0.4 and ν = 2 for
NaCl. The horizontal axis intercept indicates the final permeate
volume, ΔVf, when the salinity difference reaches zero.
Substituting the initial draw solution volume expressed in

terms of initial feed solution volume, VD
0 = (1 − ϕ)VF

0/ϕ, into
eq 8 yields

Δπ = ν
− ϕ

− ϕ −
−

−Δ Δ
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Thus, using eq 9, we can express Δπ in terms of ΔV/VF
0the

volumetric fraction of the initial feed solution that has per-
meated into the draw solution. The osmotic pressure difference
as a function of ΔV/VF

0 is shown in SI Figure S2 for a range of
ϕ values with the same seawater draw solution and brackish
water feed solution.

Theoretical Maximum Extractable Work is Equal to
the Gibbs Energy of Mixing. In a reversible thermodynamic

Figure 2. Schematics of a pressure retarded osmosis process. The draw
and feed solutions are separated by an ideal semipermeable membrane
that allows the passage of water while completely rejecting salt. (A)
Initially, the higher concentration of the draw solution induces an
osmotic pressure difference, Δπ = πD

0 − πF
0, across the membrane to

provide the driving force for water flux from the feed side to the draw
side. (B) During the PRO process, the draw solution is pressurized by
an applied hydraulic pressure, ΔP. Due to the cumulative volume of
pure water, ΔV, that has permeated across the membrane, the feed
solution is concentrated while the draw solution is diluted.
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process, no entropy is generated.15 Therefore, the work done
by the expansion in volume of the pressurized draw solution in

a reversible PRO process represents the ideal amount of work
extractable. Integrating ΔP across the increase in draw solution
volume (i.e., ΔV from 0 to ΔVf) yields the maximum energy
available for extractionthe ideal work, Wideal:

∫= Δ Δ
Δ

W Pd V( )
V

ideal
0

f

(10)

A graphical representation of Wideal is given by the area under
the pressure−volume plot as depicted in Figure 3A.
As ΔP = Δπ throughout reversible thermodynamic PRO, we

can substitute eq 9 into eq 10 and solve the integral to arrive at
the specific ideal work, Wideal,VF

0, defined as energy per unit
volume of the initial feed solution:

−
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− − − ϕ
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RT
c

c c c c cln ln
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D
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D
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The negative sign in eq 11 signifies that work is being done by
the system. The specific ideal work is represented in SI Figure
S2 as the area under the pressure−volume plots. An inspection
of eq 11 shows that Wideal,VF

0 is determined by the salt concen-
tration, c0, and relative proportion, ϕ, of the initial feed and
draw solutions. More significantly, by comparing eq 11 with eq 5,
we see that the theoretical maximum extractable work is equal
to the Gibbs free energy of mixing. This is consistent with the
principles of thermodynamicsthe change in the Gibbs free
energy of a system is equivalent to the work done by the
system in an ideal reversible thermodynamic process.15,16

Figure 1, therefore, also represents the ideal work extractable
in a reversible PRO process.

■ ENERGY EFFICIENCY OF PRESSURE RETARDED
OSMOSIS

Actual processes are not completely reversible in nature due to
entropy production. Hence, the amount of energy that can be
extracted will always be less than the theoretical maximum
energy, Wideal.

15 The second law of thermodynamics, therefore,
imposes an upper limit on the efficiency that can be achieved by
an actual energy extraction process such as PRO. In this
section, we examine the thermodynamic efficiency of PRO
power generation with natural salinity gradients, and discuss the
inefficiencies intrinsic to the process.

Extractable Work in a Constant-Pressure PRO Process.
In an actual PRO process, a constant hydraulic pressure is
applied on the draw side, and the permeation of water ceases
when Δπ is equal to the constant applied pressure. Therefore,
the final total permeate volume is less than ΔVf and is
determined by substituting Δπ = ΔP into eq 8. The work done
by a constant-pressure PRO process (denoted by the subscript P)
is the product of the applied pressure and the permeate
volume:

= Δ Δ = ν
+ Δ

−
− Δ
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⎛
⎝⎜

⎞
⎠⎟W P V RT

V
V V

c
V

V V
c VP

D
0

D
0 D

0 F
0

F
0 F

0

(12)

As the final total permeate volume is a function of ΔP, WP is
dependent on the constant hydraulic pressure applied. Keeping
the draw side highly pressurized would result in a small ΔV and
a corresponding low WP. Alternatively, a large permeate volume
is achieved by maintaining a low ΔP, but the resultant WP
would consequently be small. Work is maximized when the
constant-pressure PRO is operated at an optimum applied

Figure 3. (A) Representative plot of the osmotic pressure difference
between the draw and feed solution, Δπ, as a function of the volume of
water permeated, ΔV (eq 8), indicated by the solid black line. As water
permeates across the membrane, the feed concentration increases
while the draw concentration decreases. Therefore, Δπ decreases to
zero as ΔV increases to ΔVf (eq 7). In a reversible thermodynamic
PRO process, the applied hydraulic pressure difference, ΔP, is always
equal to Δπ to achieve an infinitesimal water flux; hence, the total
amount of work extractable from the hypothetical PRO process, Wideal,
is equivalent to the area under the pressure−volume curve (eq 10).
(B) Representative plot of the maximum amount of work that can be
extracted in a constant-pressure PRO process, WP,max. The area of the
region marked “Frictional Losses” represents the energy required to
overcome the frictional forces as water permeates across the
semipermeable membrane. When Δπ = ΔP*, the flux termination
point is reached. The energy of mixing associated with the remaining
volume of water that did not permeate across the membrane (ΔVf −
ΔV*) is indicated by the region “Unutilized Energy”. In these
representative plots, the draw solution is seawater (600 mM or 35 g/L
NaCl), the feed solution is brackish water (17 mM or 1000 mg/L
NaCl), the volumetric fraction of the feed solution, ϕ, is 0.4, and
temperature T = 298 K.
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hydraulic pressure, ΔP*, and permeate volume, ΔV*. Solving
dWP/dΔP (or dWP/dΔV) equal to zero yields

Δ * =
−

+ ϕ
− ϕ

V
c c

c c
VD

0
F
0

D
0

1 F
0 F

0

(13)

Δ * = ν − ϕ − ϕ + ϕ −⎡⎣ ⎤⎦P RT c c c c(1 ) (2 1)D
0

F
0

D
0

F
0

(14)

SI Figures S1 and S3 show ΔV*/VF
0 (ratio of total permeation

to initial feed solution volume) and ΔP*, respectively, as a
function of ϕ. Substituting eqs 13 and 14 into eq 12 gives the
maximum extractable work in constant-pressure PRO, WP,max:

= Δ *Δ * = ν − ϕ −W P V RT c c V(1 )( )P ,max D
0

F
0 2

F
0

(15)

Figure 3B illustrates the optimum applied hydraulic pressure
difference and permeate volume for a seawater draw solution
and brackish water feed solution when ϕ = 0.4. The maximum
extractable work in constant pressure PRO is demarcated by
the area of the patterned blue region. Dividing the maximum
work by VF

0 gives the specific WP,max (energy per unit initial feed
solution volume). An examination of eq 15 reveals the constant
negative slope of the function with respect to ϕ: WP,max is
highest when ϕ is equal to zero, and as ϕ increases to one, the
specific WP,max decreases linearly to zero.
Frictional Losses and Unutilized Energy. Because

constant-pressure PRO is not a completely reversible process,
WP,max is less than the ideal amount of work extractable (eq 11).
During water permeation, the frictional forces between the
water molecules and the membrane give rise to hydraulic
resistance.24,25 To achieve a nonzero water flux across the
semipermeable membrane, a portion of the osmotic driving
force is expended to overcome the resistance. Entropy is
produced when energy is spent to counter the solvent−
membrane friction. This energy is, thus, not tapped for useful
work and is analogous to the irreversible energy loss in a
reverse osmosis desalination process.22,26 The energy attributed
to frictional losses is represented as the area of the patterned
red region in Figure 3B, and is expressed as

∫= Δ Δ − Δ *Δ *
Δ *

Pd V P VFrictional Losses ( )
V

0 (16)

In constant-pressure PRO, the actual permeate volume is
smaller than the volume of water that would eventually
permeate into an unpressurized draw solution. This is because
the permeation of water is terminated when the osmotic
pressure difference is equal to the constant applied hydraulic
pressure (i.e., interception of horizontal line, ΔP, and Δπ curve
in Figure 3B), before the feed and draw solutions reach the
same concentration. At this point, the net driving force for
water flux becomes zero. Hence, the energy of mixing
embedded in the “unpermeated” volume (ΔVf − ΔV*) is not
extracted for useful work. This “unutilized energy” is indicated
as the area of green patterned region in Figure 3B, and is
described by

∫= Δ Δ
Δ *

Δ
Pd VUnutilized Energy ( )

V

V f

(17)

Thermodynamic Efficiency of PRO Work Extraction.
The first law of thermodynamics stipulates that the sum of the
useful, dissipated, and remaining energy (maximum extractable

work, frictional losses, and unutilized energy, respectively) is
equal to the ideal work.15,16 Figure 4 (top) shows stacked plots
of the specific energies as a function of ϕ, for river water (A)
and brackish water (B) feed solution. The wedges representing
frictional losses and unutilized energy (patterned red and green
region, respectively) are stacked on top of the specific WP,max

(patterned blue region) to yield the specific ideal work, Wideal,VF
0.

Adding up the specific energies in these plots yields the specific
Gibbs free energy of mixing, ΔGmix,VA

, indicated in Figure 1
(solid blue line and dashed red line for a river water and
brackish water feed solution, respectively).
The thermodynamic efficiency of work extraction, η, is

defined as the maximum percent of the Gibbs free energy of
mixing, or ideal work, that can be extracted in constant-pressure
PRO:

η =
Δ

×
W

G
100%P ,max

mix (18)

The thermodynamic efficiency is calculated by substituting eqs 5
(or 11) and 15 into eq 18. Here, we assume zero energy
losses from the PRO system components, such as pumps,
pressure exchangers, and hydroturbines. Hence, η represents
the thermodynamic limit of work extraction and is a measure of
the inefficiencies due to entropy production and unutilized
energy that are intrinsic to constant-pressure PRO. An
inspection of eqs 5 (or 11) and 15 reveals that η is determined
by the initial salt concentrations and relative proportion, ϕ, of
the feed and draw solutions. Figure 4 (bottom) shows η (solid
blue line) for a river water (A) and brackish water (B) feed
solution paired with a seawater draw solution. The portion of
energy consumed by frictional losses and the unutilized energy
of mixing are indicated by the dashed red line and dotted green
line, respectively.
For a river water−seawater PRO system, the specificWP,max is

largest at 0.75 kWh/m3 (2.68 kJ/L) when ϕ = 0, and decreases
linearly to zero as ϕ increases to unity (eq 15 and Figure 4A,
top). The thermodynamic efficiency decreases concomitantly
from 91.1 to 18.1% (Figure 4A, bottom). Therefore, it is
energetically desirable to operate constant-pressure PRO at
small ϕ values (i.e., small feed solution volume is paired with a
large draw solution volume) to simultaneously achieve a high
specific WP,max and η. In an actual crossflow membrane module,
ϕ is determined by the volumetric flow rate in the feed and
draw channels. Hence, a small ϕ corresponds to a relatively
low feed stream flow rate. A similar trend is observed for the
brackish water−seawater system (Figure 4B): the specific
WP,max and η are highest at 0.57 kWh/m3 (2.06 kJ/L) and
79.4%, respectively, when ϕ approaches zero. The lower salt
concentration in the initial river water feed solution, relative
to the brackish water, allows a higher specific WP,max and
thermodynamic efficiency to be attained. However, the higher
purity of river water also signifies that it is a more precious and
desirable resource compared to brackish water. These, and
other, factors will need to be considered when selecting the
feed solution for PRO power generation with natural salinity
gradients.

Practical Constraints in PRO Operation. Membrane
power density (power produced per membrane area) is a key
factor in determining the economical feasibility of PRO power
generation.3,9,27 Operating at a high power density will max-
imize the utilization of membrane area, thereby reducing capital
cost and enhancing cost-effectiveness.3,9 To maximize power
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density, a hydraulic pressure approximately half of the osmotic
pressure difference is applied across the membrane, i.e., ΔP ≈
(πD − πF)/2.

10,27 However, based on our preceding discussion,
the ΔP requirement for maximum power density is incom-
patible with the condition for achieving maximum extractable
work in constant-pressure PRO, WP,max (eq 15). Therefore,
when PRO is operated to maximize power density, the ex-
tractable work is not fully accessed (except for ϕ = 0.5, where
both aims are simultaneously realized).
Membrane power density is the product of the PRO water

flux and the applied hydraulic pressure,27 while the water flux is
proportional to the effective osmotic driving force across the
membrane.27,28 As PRO progresses, the osmotic driving force
(Δπ − ΔP) decreases due to dilution of the draw solution and
concentration of the feed solution. Beyond a certain point, the
ensuing water flux and power density become too low for cost-
effective operation. The practical constraint to sustain an appre-
ciable water flux at all points along the membrane requires the
process to be terminated before the effective driving force
reaches zero. Hence, the actual permeate volume, ΔVactual, is
lower than the total volume that would eventually permeate if
the process had proceeded to completion.
A representation of the two operational constraints on work

extraction is depicted in Figure 5 for a brackish water−seawater
PRO system with ϕ = 0.4. The process is operated at a constant-
pressure of ΔPactual = (πD

0 − πF
0)/2 (14.5 bar) to maximize mem-

brane power density.10,27 When the effective osmotic driving

force falls below a certain level, the process is discontinued. The
actual extractable work, WP,actual, frictional losses, and unutilized
energy are represented by the areas of patterned blue, red, and
green regions, respectively. To facilitate comparison, the max-
imum extractable work, WP,max, is indicated by the area within
the dashed blue line.
To maximize power density, the required applied hydraulic

pressure departs from the optimal ΔP* and the actual ex-
tractable work is lower than WP,max. Figure 5 shows that more
energy is expended to overcome membrane hydraulic resistance
and achieve a higher water flux (indicated by the overlapped
area of WP,max and frictional losses). That is, work is consumed
for entropy production instead. As PRO proceeds, the dwindl-
ing water flux causes the membrane power density to diminish
and eventually triggers the process to be discontinued. The
remaining energy of mixing is unutilized and, therefore, a
greater portion of the available energy is not extracted for
power generation (area of patterned green region in Figure 5).
The operational objectives to maximize and maintain

sufficient power density are not aligned with the goal of max-
imum work extraction. In satisfying the practical power density
requirements, the maximum extractable work in constant-
pressure PRO is not fully exploited. The actual efficiency of
PRO work extraction, ηactual = (WP,actual/ΔGmix) × 100% is
lower than the constant-pressure thermodynamic efficiency, i.e.,
ηactual < η. Therefore, practical PRO systems will need to
balance the two inconsistent objectives of maximizing power

Figure 4. Top: Specific maximum extractable work, frictional losses, and unutilized energy in a constant-pressure PRO process as a function of the
volumetric fraction of feed solution to both draw and feed solutions, ϕ. Bottom: Efficiency of work extraction (solid blue line), defined as the percent
of total free energy of mixing that is extractable in a constant-pressure PRO process, as a function of ϕ. The percent of energy required to overcome
the frictional forces as water is driven across the semipermeable membrane (i.e., frictional losses) is indicated by the dashed red line. The dotted
green line represents the percent of total energy that is unutilized due to the osmotic pressure difference being smaller than the constant applied
hydraulic pressure difference (i.e., Δπ ≤ ΔP). (A) River water (1.5 mM NaCl) and (B) brackish water (17 mM NaCl) are employed as the feed
solutions. The draw solution is seawater (600 mM NaCl) and temperature T = 298 K.
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density and maximizing extraction efficiency through the operat-
ing parameters (applied hydraulic pressure and process
termination point).

■ IMPLICATIONS FOR PRO ENERGY PRODUCTION
Our recent studies demonstrated the intricate influence of
membrane properties on PRO power density performance.10,11

The membrane transport and structural parameters relate the
bulk osmotic pressure difference and applied hydraulic pressure
to the power density.10,11,27 A higher power density can be
attained under the same operating conditions by employing
high performance membranesactive layer with high water
permeability and salt selectivity, coupled with customized
support layer that suppresses the detrimental effect of internal
concentration polarization.10,11 Improved membranes can
enable PRO to be operated cost-effectively even when power
density is not maximized, i.e., ΔPactual ≠ (πD − πF)/2. Higher
performance membranes will also better utilize small osmotic
pressure differences to produce relatively higher water fluxes,
thereby enabling the generation of adequate power densities
even with the dwindled Δπ toward the later phase of the PRO
process. As the process is allowed to proceed further, a larger
portion of the free energy of mixing is converted to usable
work. Therefore, the innovation of PRO membranes with the
desired transport and structural properties can enhance the
efficiency of work extraction while maintaining sufficient water
flux and power density for cost-effective operation.
Fouling is a key issue affecting productivity in membrane

processes as it gives rise to flux decline and shortened
membrane life-span.22,29−31 To mitigate these detrimental
effects, pretreatment of the input streams is typically employed
in separation processes, such as reverse osmosis desalina-
tion, which incurs an additional energy cost to the overall
process.22,29,31,32 The PRO input feed stream will similarly need

to undergo pretreatment to control membrane fouling.33 Here,
brackish water can have an advantage over river water. Brackish
waters from groundwater are naturally filtered through the sub-
surface. Hence, a significant portion of the organic and colloidal
matter that causes membrane fouling is naturally removed.34

Employing brackish groundwater with lower fouling potential,
instead of surface river water, can potentially reduce the energy
requirement for pretreatment, thus making PRO power
generation from salinity gradients more attractive.
Technological advances that are within our reach can address

some of the above-mentioned challenges. If the obstacles are
adequately overcome, PRO can potentially harvest part of the
energy of mixing from the annual global river discharge of ∼37
300 km3 to generate a significant source of clean sustainable
energy.4 For a PRO power plant operated at an actual efficiency
ηactual = 60% with a river water feed solution and a seawater
draw solution, i.e., ΔGmix = 0.77 kWh/m3, the specific ex-
tractable work will be ηactual × ΔGmix = 0.46 kWh/m3. Assuming
a further 20% is lost from inefficiencies in PRO system com-
ponents, 0.37 kWh of useful work can be derived per cubic
meter of the river water feed solution.
Channeling a tenth of the global river water discharge (i.e.,

3730 km3/y) for PRO can potentially generate 157 GW of
renewable power, or 1370 TWh/y, after factoring in the con-
servative estimations on process losses and inefficiencies. This
is equivalent to the electrical consumption of 520 million
people, based on the average global electricity use of ∼300
W/capita.35 Producing the same amount of electricity through
coal-fired power plants, which release 1 kg of CO2 equivalent
per kWh generated,36 would emit ∼1.37 × 109 metric tons of
greenhouse gases in CO2 equivalent. Nature’s hydrological
cycle offers a significant source of sustainable energy through
salinity gradients. Further studies to better our understanding
of the technology will enable the realization of these clean and
renewable power sources toward alleviating our current climate
change and energy issues.
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Figure 5. Representative plot of the amount of work that can be
extracted in an actual constant-pressure PRO process, WP,actual. The
osmotic pressure difference in excess of the hydraulic pressure (i.e.,
Δπ − ΔP) provides the driving force for water flux (i.e., to overcome
frictional losses). In an actual PRO process, the constant applied
hydraulic pressure difference is constrained by the operational need
to sustain sufficient water flux. Therefore, the actual work that is
extracted, represented by the patterned region marked WP,actual, is less
than the WP,max, indicated by area under the dotted blue line. In this
representative plot, the draw solution is seawater (600 mM NaCl), the
feed solution is brackish water (17 mM NaCl), the volumetric fraction
of the feed solution, ϕ, is 0.4, and the temperature T = 298 K.
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■ NOMENCLATURE
c molar concentration
Δc salt concentration difference across the membrane
G molar Gibbs free energy of solution
ΔGmix molar Gibbs free energy of mixing
ΔGmix,VA

specific Gibbs free energy of mixing

ΔGmix,VM
Gibbs free energy of mixing per unit volume of the
resultant mixture

N number of moles in solution
ΔP applied hydraulic pressure difference across the

membrane
R gas constant
T absolute temperature
V volume of solution
ΔV permeate volume
xi mole fraction of species i in solution
Wideal ideal work
Wideal,VF

0 specific ideal work

WP work done by a constant-pressure PRO process
WP,max maximum work done by a constant-pressure PRO

process

■ GREEK SYMBOLS
γi activity coefficient of species i
η thermodynamic efficiency
ηactual work extraction efficiency in an actual PRO process
ν number of ions each electrolyte molecule dissociates into
π osmotic pressure of the solution
Δπ osmotic pressure difference across the membrane
ϕ ratio of total moles (or volume) of the solution to total

moles (or volume) of the system

■ SUPERSCRIPTS
0 initial
f final
* optimum parameter to achieve maximum work in a

constant-pressure PRO process

■ SUBSCRIPTS
A solution A
B solution B
D draw solution
F feed solution
M resultant mixture
s salt species
w water species
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