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ABSTRACT: In recent years, the development of nanopore-based
membranes has revitalized the prospect of harvesting salinity gradient
(blue) energy. In this study, we systematically analyze the energetic
performance of nanopore-based power generation (NPG) at various process
scales, beginning with a single nanopore, followed by a multipore membrane
coupon, and ending with a full-scale system. We confirm the high power
densities attainable by a single nanopore and demonstrate that, at the
coupon scale and above, concentration polarization severely hinders the
power density of NPG, revealing the common, yet significant, error in
linearly extrapolating single-pore performance to multipore membranes.
Through our consideration of concentration polarization, we also
importantly show that the development of materials with exceptional
nanopore properties provides limited enhancement of practical process performance. For a full-scale NPG membrane module,
we find an inherent tradeoff between power density and thermodynamic energy efficiency, whereby achieving a high power
density sacrifices the energy efficiency. Furthermore, we derive a simple expression for the theoretical maximum energy
efficiency of NPG, showing it is solely related to the membrane selectivity (i.e., S2/2). Through this relation, it is apparent that
the energy efficiency of NPG is limited to only 50% (for a completely selective membrane, i.e., S = 1), reinforcing our
optimistic full-scale simulations which result in a (practical) maximum energy efficiency of 42%. Finally, we assess the net
extractable energy of a full-scale NPG system which mixes river water and seawater by including the energy losses from
pretreatment and pumping, revealing that the NPG processboth in its current state of development and in the case of highly
optimistic performance with minimized external energy lossesis not viable for power generation.
KEYWORDS: salinity gradient energy, nanopore, power generation, multiscale modeling, power density, energy efficiency

Climate changeaccelerated by humanity’s widespread
reliance on fossil fuelscontinues to progress at an
alarming rate. In an effort to minimize adverse

environmental impact, while sustaining the growing energy
demands of modern society, alternative energy sources are
extensively explored. The past decades have increasingly
focused on harvesting the “blue” energy from the mixing of
waters with differing salinities. Specifically, when solutions of
varying chemical potential are mixed, the Gibbs free energy of
mixing is released, which can be utilized to perform useful
work. Blue energy has enormous potential, with studies
predicting that thousands of terawatt hours of energy are
available to be harnessed from the mixing of river waters and
seawater.1−5 Such a tremendous amount of energy would be
sufficient for satisfying much of humanity’s energy require-
ments and is even greater than combining the potential energy
of many marine-based energy sources including tides, waves,
and currents.1

Several technologies have been developed to harvest blue
energy, among which pressure-retarded osmosis (PRO) and

reverse electrodialysis (RED) are the most heavily inves-
tigated.6,7 Both being membrane-based processes, PRO and
RED rely on the selective transport of water and salt ions,
respectively. In PRO, a semipermeable membrane separates a
low-salinity solution from a high-salinity (draw) solution.8−10

The membrane, being permeable to water molecules but not
salt ions, enables osmosis to offset the chemical potential
difference between the solutions. As water traverses the
membrane from the low-salinity side to the high-salinity side,
the hydrostatic pressure in the high-salinity reservoir builds
and can be converted to electric power by passing the
pressurized water through a turbine. RED, in contrast to PRO,
transports salt ions from a high-salinity to low-salinity reservoir
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to balance the chemical potential.11,12 Ion-exchange mem-
branes (IEMs), which preferentially transport counterions (i.e.,
species with charge opposite of the IEM), facilitate the
transport of anions and cations in opposite directions, thus
generating an ionic current. The ionic current can readily be
converted to an electrical current by placing electrodes at the
two ends of an IEM stack, at which reversible redox reactions
occur.
Investigation of PRO and RED has primarily been at the

coupon scale, just recently having been demonstrated at a
more sizable operation. Bench-scale PRO with coupon-scale
membranes has generated power densities up to 9 W m−2

when synthetic seawater was used as the draw solution,13−15

and studies focused on membrane development and under-
lying transport phenomena have shown less tortuous and more
porous support layers are key factors for improving the power
density. The power densities of bench-scale RED have
remained notably lower than those of PRO (<4 W m−2),
with researchers finding the intermembrane distance to be a
critical parameter in optimizing the power density.16 Despite
tremendous research efforts, PRO and RED have thus far failed
to achieve sufficiently high power densities at full scale, limiting
their widespread application. Specifically, the first full-scale
PRO plant reported power densities within 3−3.7 W m−2,17

whereas a pilot-scale RED plant demonstrated a power density
of only 1.6 W m−2 by mixing brackish water and concentrated
brine.18 Scale-up of PRO and RED systems is further
complicated by an inherent tradeoff between the extractable
energy and the power density.10,12,19−21 According to this
tradeoff, the largest power densities are obtained when the
solution mixing, and thus the harvested energy, are
minimizedcounterproductive conditions toward achieving
feasible operation. However, even when disregarding power
density and focusing solely on maximizing the solution mixing
and harvested energy, the viability of PRO and RED has faced
scrutiny due to the relatively low maximum energy of
extraction.22,23

Nonetheless, RED, in particular, has increasingly attracted
research attention over recent years due to advancements in
the material fabrication of ion-selective membranes.24−28 A
wide range of advanced materials have been demonstrated for
harnessing blue energy, including solid-state metal oxides,29−33

polymers,34−38 metal−organic frameworks,39 and hybrid
composites.40−44 Low-dimensional materials have been con-
sidered particularly promising due to reportedly high ionic
conductance and selectivity.45−51 For instance, nanoconfined
boron nitride nanotubes (BNNTs) with high surface charge
density were synthesized, achieving a power density of 4 kW
m−2 with a single nanopore.49 More recently, porous single-
layer molybdenum disulfide (MoS2) showed extremely high
conductance owing to its atomic-level thickness and attained a
power density of 103 kW m−2 for a single nanopore.48 Thus,
the application of nanochannels for harvesting blue energy has
attracted considerable attention, developing into its own highly
researched field termed nanopore-based power generation
(NPG).52−54

The extremely high power densities demonstrated with a
single nanopore by NPG intuitively suggest significant
performance enhancement over traditional ion-exchange
membrane-based RED. However, it is critical to note that
investigation thus far has been limited to the bench scale under
ideal experimental conditions. Consideration of nanopore-
based membranes rather than a single nanopore, their

application to full-scale systems, and the impact of full-scale
operation on process performance have remained largely
unexplored. Specifically, assessment of NPG’s net energy
efficiency and inherent limitations, particularly at full process
scale and with realistic operating conditions, is essential toward
determining the practical significance of advancing nanopore
materials for power generation.
In this paper, we systematically assess the viability of

nanopore-based power generation over multiple process scales
(Figure S1). Starting with a single ion-selective nanopore, we
describe the mechanism of harvesting salinity gradient energy
and quantify the effects of pore selectivity and conductance on
power generation. Through rigorous modeling, we demon-
strate that the power produced by a single nanopore can be
extremely high, as reported in the literature. We then model a
coupon-scale element of a multipore membrane, revealing
significant loss in power generation compared to a single pore
due to the detrimental effects of concentration polarization.
Next, we extend our modeling to the module scale, through
which we show a critical tradeoff between the thermodynamic
energy efficiency and the power density. Finally, we consider
the case of a practical nanopore-based power generation
systemmixing river water with seawaterto evaluate if net
electricity can be produced when also accounting for the
energy demand of pumping and pretreatment processes.

RESULTS AND DISCUSSION
A typical batch-operated NPG system consists of two solutions
of different salinities separated by an ion-selective membrane
composed of charged nanopores (Figure 1). Due to the
transmembrane concentration gradient, salt ions diffuse across
the membrane nanopores from the concentrated solution to
the dilute solution. The membrane, here assumed to be
negatively charged (as is typical of NPG systems), preferen-
tially transports cations over anions, thus generating an ionic
charge flux (the difference between the cationic and anionic
fluxes). As a result of the charge flux, an electrical potential
difference, commonly termed the membrane potential (ΔEm),
arises across the membrane.
The membrane potential can be approximated by the Nernst

equation:12,29

E S
RT
zF

c
c

lnm
H

L
Δ =

(1)

where R is the gas constant, T is the absolute temperature, z is
the ion valence, S is the selectivity, and cH and cL are the molar
salt concentrations at the membrane surface in the high- and
low-salinity solution sides, respectively. We note that a more
accurate expression of eq 1 should use ion activity instead of
the molar concentration of the ions. However, in this analysis,
we assume ideal solutions for which molar concentrations
equal activity. The selectivity in eq 1 is defined as the ratio of
the ionic charge flux to the total salt flux, and can be expressed
for a negatively charged nanopore as55

S
J J

J J
=

−
+

+ −

+ − (2)

where J+ and J− are the cationic and anionic fluxes, respectively.
For a perfectly selective nanopore, which completely prevents
co-ion passage, the selectivity is unity. In contrast, for an
uncharged nanopore that does not distinguish between the
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transport of counterions and co-ions, both the selectivity and
membrane potential are zero.
Though useful for approximating the membrane potential,

eq 1 neglects several fundamental ion transport phenomena. As
shown in Figure 1B, the membrane potential, ΔEm, has three
contributions: the Donnan potentials at each edge of the
nanopore (i.e., ΔED0 and ΔED1) and the diffusion potential
(ΔEdiff) across the nanopore:56,57

E E E Em D0 diff D1Δ = −Δ + Δ + Δ (3)

At the high-salinity side, the pore’s negative charge is more
effectively screened; thus, the magnitude of the Donnan
potential on the high-salinity side, ΔED0, is smaller than that on
the low-salinity side, ΔED1. As a result of the transpore
concentration gradient and the greater mobility of cations over
anions, a potential difference, namely, the diffusion potential,
arises along the pore.58 Specifically, with the high-salinity end
of the pore containing a higher cation concentration than the
low-salinity end, the potential across the pore gradually
increases. Similarly, proton concentration variation across the
pore also contributes to the potential rise,56 with a more
detailed explanation of the pH gradient across the pore and its
effects provided in the Methods section.
As cations selectively cross the nanopore and accumulate in

the low-salinity reservoir, anions remain in the high-salinity
reservoir. To ensure charge neutrality, a pair of redox
electrodes (e.g., Ag/AgCl) are employed. Redox reactions at
the electrodes also enable the conversion of the ionic charge
flux into an electrical current, thereby completing the electrical
circuit.
Maximum Power Density in NPG Depends on Pore

Conductance and Selectivity. Energy is harvested by
connecting the electrodes in the reservoirs to an external
load with a resistance of RL, as shown by the equivalent circuit
in Figure 1C. The power of the NPG system, P, is given by

P I R2
L= (4)

where I is the current. The maximum power, Pmax, is achieved
when the external load resistance is nearly equal to the internal
resistance of the membrane, Rint, which can be expressed as

29,59

P
E

R
E G

4 4max
m
2

int

m
2

int=
Δ

=
Δ

(5)

where Gint is the internal conductance. The maximum power is
therefore a function of the membrane potential and the
internal conductance of the membrane. As the membrane
potential is dependent on the pore selectivity according to eq
1, a membrane with both high selectivity and conductance is
highly desirable.53,54,60 We note that selectivity and con-
ductance are determined by intrinsic pore properties, including
the areal density of functional groups on the pore wall and
their degree of dissociation,61−64 as well as the pore size48,65,66

and length.48,55,67

The areal density and dissociation constant of the functional
groups on the pore wall are critical parameters as they
ultimately determine the pore surface charge. It has been
verified by theoretical and experimental studies that weak acid
equilibrium with one dissociation constant (pKa) is sufficient
for describing the dependence of surface charge density on pH
for a wide range of charged nanopores.49,62,68−74 For a
constant pH, a lower pKa results in a higher degree of
deprotonation of the functional groups and thus greater pore
charge density. Increasing the areal density of the dissociable
groups also yields a larger charge density. Specifically, the pore
wall surface charge density (σ) is dependent on the areal
density of the functional groups (N), the solution pH, and the
acid dissociation constant (pKa) by

62

e
N

1 10 Kp pHa
σ = −

+ − (6)

where e is the elementary charge. A higher surface charge
enables greater repulsion of co-ions and a faster rate of
counterion passage, thus enhancing pore selectivity and
conductance, respectively. Though surface charge has clear
dependence on the acid dissociation constant and the areal

Figure 1. Harvesting of electrical energy via a nanopore power generator (NPG) membrane. (A) Schematic illustration of harvesting energy
from salt concentration gradient via a nanopore-based power generator. A selective membrane favors the transport of counterions from the
high-concentration reservoir (left) to the low-concentration reservoir (right) and thus generates an ionic current. A negatively charged
membrane, which favors the flux of cations over anions, is shown. The difference between the cationic flux and anionic flux is the ionic
current, I. The reference electrodes are necessary to convert the ionic current to electrical current via redox reactions, thereby closing the
electrical circuit. (B) Counter- and co-ion transport in a charged nanopore under a concentration gradient. The total ion concentration at
the pore inlet (left side) is higher than that at the pore outlet (right side). As a result, the membrane potential, ΔEm, rises from left to right,
as shown in the schematics. The Donnan potentials (ΔED0 and ΔED1), established at the nanopore−solution interfaces, together with the
transpore diffusion potential (ΔEdiff), constitute ΔEm. (C) Equivalent circuit representing the harvesting of energy by an external load, RL,
where Rint is the internal resistance of the nanopore-based power generator.
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density of the functional groups, the most practical method for
tuning the pore charge density for a given membrane is by
increasing the solution pH, as shown in Figure S2.
The pore size and length also influence the selectivity and

conductance. Decreasing the pore size leads to greater overlap
of the electrical double layers (EDLs), which increases the
magnitude of the electric potential in the pore.75,76 A smaller
pore size also effectively increases the volumetric charge
density within the pore.77 Thus, a smaller pore size (with
enhanced EDL overlap and volumetric charge density) results
in a higher selectivity. The conductance, however, decreases
with shrinking pore size due to the combined effect of
decreased ionic flux (caused by a smaller cross-sectional area of
the pore) and increased voltage (decreasing pore size increases
selectivity).48,53 Therefore, considering this tradeoff between
the selectivity and conductance, the pore size must be carefully
optimized to maximize power generation. The optimal pore
size for an MoS2 nanopore used in a recent NPG study has
been experimentally identified as ∼10 nm for concentrations of
1000 and 1 mM for the high- and low-salinity solutions,
respectively.48 Note that the optimal pore size is dependent on
the solution concentrations on both sides of the charged
nanopore, decreasing in value as the concentration ratio
increases (Figure S3). Decreasing the pore length is also
beneficial to the power generation through enhancement of the
pore conductance.54 Specifically, with a shorter pore length,
the transpore concentration gradient increases, enhancing the
rate of ion transport and thus the pore conductance.
A tremendous amount of effort has been directed toward

increasing the pore selectivity and conductance through the
aforementioned approaches of tuning surface functional
groups, pore size, and pore length (details in Table
S1).27,32−35,40−46,48−51,78,79 According to the analysis presented
thus far, these efforts are seemingly logical approaches to
enhancing NPG performance. However, the validity and
limitations of these approaches when extended beyond a
single nanopore (i.e., to a multipore membrane coupon or a
membrane module) has remained largely uninvestigated.
A Single Nanopore Can Generate Ultrahigh Power.

We begin our systematic analysis with a single nanopore to
confirm and provide further insight into expected NPG
performance trends. Our simulations throughout this study
are based on a validated ion transport model, with further
details of the model derivation provided in the Methods
section. The model has been validated with a wide range of
experimental data collected from the NPG literature under

different salinity gradients, solution pH, and nanopore sizes
(Figure S2). As previously discussed, the generated power in
NPG is dependent on the pore size, pore length, and surface
functional groups. However, it has also been experimentally
demonstrated that the pore selectivity and conductance are
strongly effected by the solution concentrations at the two
ends of the nanopore.29 Here, we analyze the effect of various
salinity gradients on the selectivity, conductance, and the
corresponding maximum power of a single nanopore (as given
by eq 5).
As shown in Figure 2A, the selectivity is maximized when

the salt concentrations on both sides of the pore are relatively
small (i.e., less than ∼100 mM). When the solution
concentrations are increased, the selectivity significantly
deteriorates due to EDL compression (i.e., less EDL overlap)
at high ionic strength. Pore conductance, in contrast, increases
with solution concentration (Figure 2B). Specifically, the pore
wall surface charge is effectively screened by a solution of high
salinity, leading to a reduction of electric potential within the
pores and thus a decline in selectivity. Furthermore, as salt
concentration is increased at the pore inlet, large transpore
concentration gradients (of both the counter- and co-ions) are
generated. Though this enhances the rate of ion transport
through the poreand hence the pore conductancethe
increased co-ion concentration gradient exacerbates co-ion
transport, thus sacrificing selectivity. Consequently, a tradeoff
between the selectivity and conductance exists, apparent upon
comparing Figure 2A,B.29,80

The maximum power for the single nanopore is determined
by eq 5 and shown in Figure 2C. Generally, when the salt
concentration of the low-salinity reservoir is within the
brackish water range (i.e., less than ∼100 mM), the single-
pore power approaches 250 pW, in close agreement with the
experimental results of an MoS2 nanopore which achieved up
to 233 pW.48 Instead of reporting the power, however, it is
more insightful to use power density as a performance metric,
as it is inherently related to the size of the pore or membrane
area (for multipore membrane studies). Two methods are
often adopted to calculate the power density: normalization of
the power by the cross-sectional area of the pore or
normalization by the total membrane area (which requires
knowledge of the number density of pores per membrane
area). With both methods, the power densities reported are on
the order of 106 W m−2.48,49 However, it is critical to note that
neither approach is sufficient for predicting the performance of

Figure 2. (A) Selectivity, (B) conductance, and (C) maximum power of a single nanopore as a function of the concentrations of the high-
salinity solution, cH, and low-salinity solution, cL. The modeled pore diameter is 10 nm; the number of dissociable sites is 5.3 nm−2; the pKa
is 8.9, and the solution pH is 11. The parameters used in the calculations, including the solution pH and pore diameter, are similar to those
reported for a MoS2 single nanopore (ref 48). The dissociable site density and the pKa are the best fitted values.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c08628
ACS Nano 2021, 15, 4093−4107

4096

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08628/suppl_file/nn0c08628_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08628/suppl_file/nn0c08628_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08628/suppl_file/nn0c08628_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08628/suppl_file/nn0c08628_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08628/suppl_file/nn0c08628_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08628?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08628?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08628?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08628?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c08628?ref=pdf


Figure 3. Significance of concentration polarization for a multipore membrane coupon. (A) Schematic representation of concentration
polarization as a result of large salt flux, Jsalt. Concentration polarization reduces the transmembrane concentration difference, and
consequently the membrane potential decreases. (B) Solution concentrations at the membrane surface change as the pore density increases
due to concentration polarization. High pore density leads to a large salt flux, which decreases the solution concentration at the membrane
surface on the high-salinity side, cs,H, and increases the solution concentration at the membrane surface on the low-salinity side, cs,L. (C)
Dependence of apparent selectivity and membrane conductance on pore density when considering concentration polarization. The following
conditions are used in the simulations: boundary layer thickness of 50 μm (assuming steady state and no chemical reactions), pKa of 4,
dissociable charge site density of 4 nm−2, membrane thickness of 6.5 nm, cylindrical nanopores with a diameter of 10 nm, pH 7, and salt
concentrations of 600 and 1 mM for the high- and low-salinity solution, respectively.

Figure 4. Power density is drastically reduced by concentration polarization. (A) Maximum power density as a function of pore density for
different boundary layer thicknesses. The dashed line represents an ideal linear extrapolation of power density with pore density. (B) Zoom-
in of the power density in the range of pore density from 105 to 2.5 × 108 cm−2. (C) Impact of pore properties on maximum power density
for three cases (described in the legend on the right) with different pKa, dissociable site density of functional groups (N), membrane
thickness (L), and pore size (dp). When modeling (A), the thickness of the multipore membrane is 6.5 nm, pore diameter is 10 nm,
dissociable site density is 4 nm−2, pKa is 4, solution pH is 7, and salt concentrations are 600 and 1 mM for the high and low-salinity side,
respectively. In (C), specific pore properties are listed in the table, and the boundary layer thickness is set as 50 μm for all three cases.
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a practical NPG system composed of a multipore membrane as
we discuss in the next section.
Concentration Polarization Is Inherent in Multipore

NPG. In this section, we show why a simple linear
extrapolation is erroneous for scaling the performance of a
single nanopore to a multipore membrane by analyzing a
coupon-scale element of a nanopore-based membrane. For a
membrane with a given area, increasing the number of
nanopores per area leads to a larger ionic flux. As the ionic
flux through the membrane increases, the salt concentration
near the membrane surface facing the concentrated solution is
reduced compared to that of the bulk solution. The opposite
occurs in the low-salinity reservoir, where the transmembrane
ionic flux results in an increased concentration near the
membrane surface as compared to the bulk (Figure 3A). This
phenomenon is known as concentration polarization and is
inherent of all membrane separation processes.81−85

To demonstrate the importance of concentration polar-
ization in power generation with a multipore membrane, we
simulate the energy generation from the controlled mixing of
seawater (600 mM) and fresh water (1 mM). It is clear that
concentration polarization begins to drastically affect the
solution concentrations near the membrane surfaces when the
pore density increases beyond ∼106 cm−2 (Figure 3B).
Concentration polarization, which is modeled according to
the film theory (with the assumptions of steady state and no
chemical reactions) results in a lower transpore concentration
gradient, decreasing the driving force for diffusive transport
and hence reducing the practical membrane potential (ΔEm

cp).
The apparent membrane selectivitythe ratio of the actual
membrane potential to the ideal membrane potential (in the
absence of concentration polarization)can be calculated
according to the following equation:

S
E

lnRT
zF

c
c

app
m
cp

H

L

=
Δ

(7)

In Figure 3C, the apparent selectivity is shown to rapidly
decline above pore densities of ∼104 cm−2, eventually
approaching zero as the result of severe concentration
polarization. In contrast, the intrinsic selectivity, which is
dependent on the concentration of the solutions in contact
with the membrane coupons, increases as a result of
concentration polarization (Figure S4).
The conductance of the membrane coupon is also negatively

impacted by concentration polarization. As previously
discussed, concentration polarization results in a lower salt
concentration at the membrane surface facing the concentrated
solution compared to that of the bulk, while the opposite
phenomenon occurs in the dilute solution side. Due to the
lower salt concentration at each pore entrance and the reduced
transmembrane driving force, fewer ions are transported
through the individual pores, resulting in a decrease of the
ionic conductance per pore. Consequently, increasing the pore
density does not linearly enhance the overall membrane
conductance (Figure 3C).
Concentration Polarization Dramatically Reduces the

Power Density of Multipore NPG. With concentration
polarization compromising the membrane selectivity and
conductance, the maximum power density also deteriorates,
deviating significantly from the case of simple linear
extrapolation as pore density exceeds a critical value104

cm−2 for the case simulated (Figure 4A). Above this critical

pore density, the rate of increase in maximum power density
with respect to the pore density diminishes, ultimately reaching
a peak value before declining. In the case of very large pore
densities, the membrane potential approaches zero because of
severe concentration polarization. Though the membrane is
still able to maintain a relatively high conductance, the small
membrane potential ultimately undermines the power density.
The detrimental effect of high pore density on power density
has also been observed in previous studies.52,86

The extent of concentration polarization can be minimized
by decreasing the boundary layer thickness through enhanced
hydrodynamic conditions. A thinner boundary layer yields
larger maximum power density across the high pore density
range (Figure 4B). For instance, when the boundary layer
thickness decreases from 100 to 25 μm, the peak value of the
maximum power density increases from 2.47 to 9.89 W m−2.
The pore density corresponding to the peak power density is
also related to the boundary layer thickness. For a smaller
boundary layer thickness, the maximum power density is
observed at a higher pore density.
Ongoing efforts primarily aim to improve NPG performance

by enhancing pore properties, though little theoretical analysis
has been conducted beyond a single nanopore. Here, we
evaluate the potential of improved pore properties in
augmenting the maximum power density for a coupon-scale
membrane. As previously discussed for a single nanopore, a
short pore with high surface density of functional groups and a
small pKa for those dissociable functional groups is favorable
for enhancing pore selectivity and conductance.70,87,88 These
conclusions remain valid for a multipore membrane. The
effects of pore size, however, are more complex at the coupon-
scale than for a single nanopore due to concentration
polarization. The previously highlighted tradeoff by which
decreasing pore size results in higher selectivity at the expense
of lower conductance persists at the coupon-scale. However,
for a fixed pore density, as the pores become smaller and ionic
flux per pore is reduced, concentration polarization and its
detrimental impact on performance are effectively mitigated.
Therefore, the enhancement of power density from reduction
in the pore size is more significant for a coupon-scale
membrane than for a single nanopore.
In Figure 4C, we progressively enhance each of the pore

properties over three scenarios, revealing that the pore
properties are relevant to process performance only up to a
limit. Enhancing the properties from condition I to II results in
considerable increase in maximum power density, while further
enhancement from condition II to III demonstrates diminish-
ing returns toward increasing power density. A detailed
sensitivity analysis, in which each of the pore properties is
systematically varied, is provided in Figure S5 and shows that
the pore size is the most effective property to manipulate for
improving the power density.

Maximum Extractable Energy at the Module (Sys-
tem) Scale Is Limited by the Gibbs Free Energy of
Mixing. As demonstrated by our coupon-scale analysis, the
performance of a multi-nanopore membrane significantly
deviates from that of a single nanopore. However, to better
represent realistic NPG operation and performance, we further
extend our evaluation from the coupon scale (relevant to
bench-scale experiments) to a full membrane module
(representative of full-scale NPG systems). The module-scale
analysis is performed on an NPG system operated in batch
mode, as has been demonstrated by previous studies.12,89
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Specifically, both the high- and low-salinity solutions are
passed concurrently along the membrane and continuously
recirculated over the duration of the batch (Figure S6). As the
solutions are recirculated, salt diffuses across the membrane,
resulting in gradual solution mixing and energy extraction. For
such operation, it is necessary to account for the temporal
variation in the salinity of both solutions. As solution mixing or
energy extraction progresses, salt flux across the membrane
results in the dilution of the high-salinity solution and
concentration of the low-salinity solution, thus reducing the
membrane potential across the membrane.
The theoretical maximum extractable energy from the

mixing of the high and low-salinity solutions is limited by
the Gibbs free energy of mixing.10,77 The Gibbs free energy of
mixing can only be obtained in the case where the extraction
process is operated in a thermodynamically reversible manner.
However, a thermodynamically reversible process is imprac-
tical and only theoretically possible in batch mode, with a
variable external load resistance which continuously maintains
a voltage drop across the load that is infinitesimally smaller
than the membrane potential. The Gibbs free energy of mixing
normalized by the total volume of the solutions gives the
specific Gibbs free energy of mixing, ΔGmix, which can be
expressed as90,91

G RT c c c c c cln( ) ln( ) (1 ) ln( )mix M M H H L Lυ γ γΔ = { − − − }
(8)

where υ is the van’t Hoff factor (υ = 2 for a fully dissociated
monovalent salt), γ is the volume ratio of the high-salinity
solution over the total volume of both solutions, and cM is the
final concentration of the mixed solution. In the following
analysis, γ is fixed at 0.5 (i.e., the volumes of the high-salinity
and the low-salinity solutions are equal). We note that γ affects
the extractable energy and power density, though the

optimization of the volume ratio is outside of the scope of
this study.
In a practical NPG module, not all of the Gibbs free energy

of mixing is extractable, as losses associated with entropy
generation due to finite kinetics of mixing are inevitable. The
extractable energy normalized by the total volume of the
solutions (Vtot) is termed the specific extractable energy (SEE)
and is determined by integrating the membrane potential with
respect to transferred charge (Q) throughout the membrane
module:

SEE
E Q

V

d
Q

0 m

tot

f∫
=

Δ

(9)

where Qf is the cumulative transferred charge at the end of the
batch duration. We note that both ΔEm and Q change as the
mixing proceeds and that the extent of mixing is determined by
the duration of the batch. Specific extractable energy is
particularly useful for direct comparison to the theoretical
maximum extractable energy (i.e., the Gibbs free energy of
mixing). Particularly, the ratio of the specific extractable energy
to the Gibbs free energy of mixing represents the energy
efficiency (η) of salinity gradient energy harvesting:

SEE
Gmix

η =
Δ (10)

Tradeoff between Extractable Energy and Power
Density at the Module Scale. As the extent of solution
mixing proceeds with time, the transmembrane concentration
gradient in the module diminishes, resulting in a decrease of
the charge flux. Therefore, the power density, which is directly
related to the charge flux (current density) also decreases with
time (Figure 5A), approaching zero for batch durations which
are sufficiently long for near complete mixing. To assess the

Figure 5. Module-scale analysis for nanopore-based power generation. (A) Variation of power density and transferred charge as a function of
the relative duration (t/τ). A relative duration of 0 refers to an infinitesimally short batch duration (t = 0), while 1.0 refers to the ultimate
duration (t = τ), defined as the time required to achieve 95% of complete solution mixing. Power density decreases with relative duration
due to the decreasing driving force (or concentration difference across the membrane) as the solutions at the two sides of the membrane
continuously mix to extract energy. (B) Tradeoff between extractable energy and power density at the module scale. Power density decreases
with increasing duration of batch operation, while extractable energy increases due to increased solution mixing (or charge transfer) across
the membrane. The extractable energy is expressed as the energy extracted per total volume of the high- and low-concentration solutions.
The energy efficiency is defined as the extractable energy divided by the Gibbs free energy of mixing. Two scenarios (1 and 2) are modeled,
both of which use a dissociable site density of 4 nm−2 and a pKa of 4. In scenario 1, the pore density is 5 × 106 cm−2, the nanopore diameter
is 10 nm, and the boundary layer thickness is 77 μm. Considerably more favorable conditions are simulated by scenario 2 in which the pore
density is 108 cm−2, the nanopore diameter is 2 nm, and the boundary layer thickness is 25 μm. The high-concentration solution (600 mM)
and the low-concentration solution (1 mM) flow concurrently along the membrane module and are continuously recirculated for the
duration of the batch. The flow velocity is varied to attain the specified boundary layer thickness. The pH of both solutions is 7, and the
spacer channel thickness of the module is 0.3 mm.
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overall performance of the NPG module, it is useful to quantify
the average power density for a batch. The average power
density, Pavg, is given by the integral of the instantaneous
maximum power density, Pmax, over the total batch duration:

P
P td

avg
0 max∫

τ
=

τ

(11)

where τ is the total duration of the batch process. As a result of
the diminishing power density over the duration of the batch,
the effective power density obtained at the module scale is
significantly smaller than that of the coupon scale. For
example, for the case presented in Figure 5A, the power
density on the coupon scale is 3.0 W m−2, whereas module-
scale operation generates an average power density of only
0.59 W m−2. Though the rate of charge transfer slows down as
mixing proceeds, the cumulative transferred charge consis-
tently increases due to the continued mixing of the circulating
solutions.
Similar to other membrane-based processes for extracting

salinity gradient energy, a tradeoff exists between the specific
extractable energy and the power density.12,20,21,92 In Figure
5B, the effect of increasing the batch duration on the specific
extractable energy, energy efficiency, and power density is
shown for two scenarios. In both cases, as the batch duration
approaches zero, the specific extractable energy also
approaches zero because the extent of solution mixing is
negligible; however, a large power density is achieved in this
case as a result of the large membrane potential. As the batch
duration is increased, the extent of solution mixing and hence
the amount of cumulative transferred charge also increases,
resulting in enhancement of the specific extractable energy and
the energy efficiency. If sufficient operation time is provided,
the solutions attain complete mixing and achieve the maximum
specific extractable energy and energy efficiency. However,
when the two solutions are close to being completely mixed,
the membrane potential and the power density approach zero,
leading to an overall low average power density.
In scenario 1 of Figure 5B, we simulate conditions

representative of the current state of nanopore power
generation. The performance of NPG is notably limited for
this scenario, achieving a maximum extractable energy and
energy efficiency of only 0.077 kWh m−3 and 27%, respectively.
Upon reducing the boundary layer thickness and considerably
improving the nanopore properties from scenario 1 to scenario
2, both the power density and energy efficiency are
significantly improved. Nevertheless, the maximum energy
efficiency attainedeven with the highly optimistic conditions
of scenario 2is still only 42%, revealing the relative
inefficiency of NPG compared to other membrane-based
energy harvesting processes.13,21,22,93

To further corroborate the low energy efficiency of NPG
and highlight the inherent limitations of the process, we
compare the thermodynamic equilibrium (ideal) voltage to the
practical operating voltage, a method introduced in previous
studies to analyze the energy efficiency of electrochemical
processes.94,95 For the ideal mixing of two monovalent salt
solutions, the equilibrium voltage, ΔEideal, is given by94,95

E
RT
zF

c
c

2
lnideal

H

L
Δ =

(12)

The membrane potential (ΔEm), which accounts for nonideal
co-ion transport, is scaled down from the ideal potential by the

selectivity coefficient (S). It is also critical to note that in NPG
power is harvested from the transport of only one type of ion
(cations in our case). Thus, ΔEm is further reduced from
ΔEideal by a factor of 2.
The total charge transferred across the membrane, which is

directly related to the extractable energy, also varies between
the ideal and practical cases. Specifically, the ratio of the actual
transferred charge (Qf) and ideal transferred charge (Qf,ideal) is
equivalent to the selectivity coefficient, S. The energy efficiency
can thus be expressed as

E Q
E Q

S
2

m f

ideal f,ideal

2
η =

Δ
Δ

=
(13)

From this relation, it is clear that even with a perfectly selective
membrane, the energy efficiency of NPG is limited to 50%. For
practical systems, which require operation at nonzero power
density, the selectivity is sacrificed and energy efficiencies less
than 50% are expected. For example, in the highly optimistic
scenario 2 of Figure 5B, the energy efficiency achieved for a
power density of 1.5 W m−2 (half of the maximum power
density) is only 28%. Therefore, development of an anion-
selective NPG membrane is imperative to enhance the energy
efficiency, though it is important to note that incorporation of
the additional membrane would effectively halve the power
density. We note that the fabrication of anion-selective
nanoporous membranes is still under development and is
considered to be highly challenging.53 In the case an effective
anion-selective NPG membrane could be realized, the NPG
process would closely resemble the well-established RED
both in design and expected energy efficiency (due to the
effects of concentration polarization).

Can Net Energy be Extracted by Mixing River Water
with Seawater? NPG studies thus far have only been
conducted under ideal conditions, neglecting important
practical considerations which could significantly detract
from the overall process viability. Moreover, previous studies
have focused on measurement of the obtained power
densitya parameter that determines the required membrane
area or NPG system size for a specific power generationbut
failed to quantify the energy efficiency and net extractable
energy of an NPG system. The ultimate goal of NPG is to
harness energy through the mixing of readily available source
waters, most typically envisioned as the mixing of river water
and seawater. While real waters pose the potential for severe
membrane fouling and scaling,12,96 phenomena which
compromise process performance in all membrane processes,
NPG experiments have exclusively used synthetic pure salt
solutions.48,49,51 In neglecting the fouling potential of real
waters, pretreatment processes required to mitigate fouling
associated performance degradation have also been over-
looked.12,22 The required pretreatment processes consume a
considerable amount of energy, thereby diminishing the net
energy extracted from NPG operation.22,97 Energy is also
inevitably dissipated in practical operation through pressure
drops along the membrane module, further reducing the
effective extractable energy.97,98

To assess the practical viability of operating NPG with the
mixing of river water and seawater, we estimate the net
extractable energy, taking the inherent energy consumptions of
pretreatment and pressure drops into account (Figure 6).22,97

Figure 6A presents a breakdown of the various specific energy
components in an NPG system using high-performance
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membranes and hydrodynamic conditions that minimize
concentration polarization (Scenario 2 in Figure 5B). Note
that the specified batch duration in Figure 6A represents a case
of incomplete mixing (10% of the batch duration required for
complete mixing), corresponding to an average power density
of 1.97 W m−2 (Figure 5B). While 0.06 kWh m−3 of gross
energy is extracted (green bar) by the NPG system, the net
specific energy, after accounting for the energetic penalties of
pretreatment and pressure drops (details in Methods section),
is −0.02 kWh m−3 (red bar). Notably, the negative sign
signifies that the overall NPG process actually results in an
overall consumption of energy, in contrast to the underlying
goal of NPG to generate energy. This result is attributed to the
very low extracted gross energy (0.06 kWh m−3) because of the
limited mixing (i.e., 10% of the batch duration required for
complete mixing) and the relatively large specific pretreatment
energy: 0.1 kWh m−3 for seawater and 0.05 kW m−3 for river
water,22,99,100 resulting in an overall specific pretreatment
energy (per total volume of both solutions) of 0.075 kWh m−3

(blue bar). This analysis clearly shows that the energy required
for pretreatment ultimately outweighs the energy extracted
from the mixing of river water and seawater for the conditions
simulated in Figure 6A.
As previously discussed and demonstrated in Figure 5B, the

maximum extractable energy in NPG can be obtained by
increasing the batch duration to achieve complete mixing. As
shown in Figure 6B, increasing the batch duration results in
higher (gross) extracted energy (0.12 kWh m−3, green bar), as
expected. Nonetheless, even with complete mixing, the net
specific energy remains negative (red bar). Though the
increase in batch duration results in a greater amount of
energy extracted from solution mixing, the energy losses from
pressure drops in the module (orange bar) also drastically
increase because of the large duration needed to achieve

complete mixing. Our results show that, regardless of NPG
system size, the inevitable energetic costs of pretreatment and
pressure drops make net energy extraction from the mixing of
river water and seawater unfeasible.
Furthermore, we analyze the hypothetical scenario for

complete mixing in which major technological innovations
reduce the pretreatment energy consumption by a factor of 2
(Figure 6C). In this case, the net specific energy becomes
positive though still very small in magnitude (0.02 kWh m−3).
Such little extracted energy, however, is not practical for energy
generation in a power plant. Assuming a full-scale NPG system
producing 0.5 MW, equivalent to a small power plant, the flow
rates of river water and seawater would be enormous (3.0 ×
105 m3 day−1 for each). Considering initial capital costs, such
as the membranes, pretreatment systems, pumps, and pipelines
required to accommodate the huge flow rates (3.0 × 105 m3

day−1 for each river water and seawater), the construction of
such a full-scale NPG system is not economically viable.
Additionally, the major logistical and environmental challenges
associated with the withdrawal of 3.0 × 105 m3 day−1 for each
river water and seawater and the disposal of the 6.0 × 105 m3

day−1 resulting brine (produced after mixing) further detract
from the feasibility of a full-scale NPG plant.

CONCLUSIONS
NPG continues to attract considerable attention, being
perceived as a promising technology for harvesting blue
energy. In this study, we rigorously assessed the performance
and capabilities of NPG for a single nanopore, multipore
membrane coupon, and full-scale system. In agreement with
the literature, we observed ultrahigh power densities for a
single nanopore, but upon moving to a multipore membrane
couponfor which ionic flux is substantially increased and
concentration polarization must be consideredthe power
density drastically decreased. Accordingly, we emphasize that
simple linear extrapolation of single-pore performance is not
reflective of performance with multipore membranes, espe-
cially for membranes with high pore density. At the module
scale, accounting for the variable salt concentration over the
batch duration (as mixing proceeds) further reduced the
achievable power density of NPG. Finally, practical operation
of a full-scale NPG system mixing river water and seawater was
considered. The energy demand of pretreatment processes and
fluid flow related pressure drops were shown to outweigh the
extractable energy by NPG, even with highly optimistic
membrane properties and operating conditions. Upon
significant reduction in pretreatment and pressure drop energy
consumption, NPG achieves net energy generation, albeit an
insignificant quantity which demands massive flow rates of
river water and seawater to sustain a meaningful power
generation. Thus, we conclude that NPG is not a feasible
technology for net power production.
NPG’s lack of viability stems from the insufficient amount of

energy which can be extracted from the mixing of river and
seawaterthermodynamically limited by the Gibbs energy of
mixing for all blue energy technologies. Therefore, our
conclusion that NPG is not of practical relevance is in
agreement with viability analyses conducted of other blue
energy technologies, namely, PRO and RED.12,19,22 However,
it is critical to note that NPG’s theoretical potential is severely
limited, even in comparison to PRO and RED. This becomes
apparent when considering the energy efficiency of NPG,
which we demonstrated to beat maximum50%. RED,

Figure 6. Breakdown of the specific energy in NPG operation with
river water (1 mM) and seawater (600 mM). The gross specific
extractable energy, specific pretreatment energy, specific pressure
drops, and net specific extractable energy are represented by the
green, blue, orange, and red bars, respectively. Different batch
durations of (A) 10% and (B) 100% of the time required to achieve
complete mixing were investigated. (C) Optimistic case of (B), in
which the pretreatment energy requirement is halved. For (A) and
(B), the specific pretreatment energies were assumed to be 0.1
kWh m−3 for seawater and 0.05 kWh m−3 for river water, resulting
in an overall specific pretreatment energy of 0.075 kWh m−3 (i.e.,
blue columns).22 Additional modeling parameters (i.e., module
dimensions, membrane properties, and operating conditions) are
equal to those specified in scenario 2 of Figure 5B.
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which, in contrast to NPG, harnesses energy from the charge
transfer of both cations and anions can theoretically achieve an
energy efficiency of 100%. The overwhelming majority of NPG
studies have focused on the development of cation-selective
membranes, with little consideration of anion-selective trans-
port. However, even in the case where an effective anion-
selective nanoporous membrane is realized (and used in
conjunction with a cation-selective nanoporous membrane),
the energy efficiency of NPG would only approach that of
RED.
Our analysis also revealed that improvement of nanopore

material properties offers limited enhancement in overall NPG
performance and cannot lead to process viability. Specifically,
we showed that initial improvements of nanopore properties
are expected to augment power density and energy efficiency,
but beyond a particular threshold, further material advance-
ments become relatively insignificant (Figure 4C). Thus, our
findings are notably in agreement with the theme of a recent
study which assessed the impact of advanced materials for
desalination processes.101 We emphasize that material
innovations are unable to overcome the shortcomings of
NPG, with its limitations being thermodynamic in nature.
Particularly, the maximum extractable energy in NPG (half the
Gibbs energy of mixing)regardless of material or operational
improvementsis simply not substantial enough to compen-
sate for the energy consumption of pretreatment and pressure
drops and still be of practical value. We note that the energy
consumption and the cost of the electrodes are not considered
in our analysis, which would further compromise the
practicality of NPG.
With the maximum extractable energy being a major

limitation of NPG, highly concentrated brine solutions may
be considered as a substitute for seawater, thereby effectively
increasing the Gibbs free energy of mixing. However, such a
configuration does not actually make NPG more practical, as
the availability of brine resources, especially at the high
volumetric flow rates required, is limited. The disposal of
generated brine solutions (after mixing) would additionally be
a logistical challenge and environmental concern, further
detracting from process viability. Even in the case where such
issues could be overcome and brine was used in place of
seawater, PRO and RED would display superior energy
efficiency compared to NPG, as previously discussed. Hence,
this study overall demonstrated that NPG, despite being an
area of considerable recent research focus, is a fundamentally
inefficient and impractical blue energy harvesting technology.

METHODS
Dependence of Charge Density on pH. The charge density of

the pore is influenced by local pH. In our model, we assume weak
acid−base equilibria, using the dissociation constant (pKa) of a
monoprotic acid to describe the effects of pH on the surface charge
density, σ (C m−2).62,68,70,71 The acid dissociation constant, which is a
nanopore property, determines the degree of protonation and is
related to the surface charge density of the nanopore according to

e
n

1 10 Kp pHa
σ = −

+ − (14)

where n is the areal density of dissociable functional groups (m−2) and
e is the elementary charge (C).
The surface charge density is converted to volumetric charge

density (mol m−3), X, by

X
FH

X
2

f
σ= +

(15)

where F is the Faraday constant (C mol−1), H is the characteristic size
(m), and Xf is the intrinsic charge density of the membrane material
(mol m−3). The characteristic size is the radius for a cylindrical pore
or the height for a slit. The intrinsic charge, Xf, is from strong acid
functional groups which are not affected in relevant solution pH
ranges. Unless otherwise specified, Xf is assumed to be zero
throughout this study.

Modeling Ion Transport in a Nanopore. The ion transport in
the nanopore is governed by the extended Nernst−Planck equation:
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(16)

where Ji is the ion flux of species i (mol m−2 s−1), ci is the species
concentration (mol m−3), u is the fluid velocity (m s−1), Di is the
diffusion coefficient (m2 s−1), zi is ion valence, x is the distance from
the pore entrance, and φ is the electric potential normalized by the
thermal voltage (i.e., RT/F, which is 0.0256 V at room temperature).
The average diffusion coefficient is used for both ions of the 1:1
electrolyte (i.e., D D Di = + − ). For the following derivation, we
further normalize the variables in eq 16. The concentration and the
volumetric charge density are normalized by C0 (mol m−3), which is a
reference concentration (1 mol m−3). The coordinate from the pore
entrance, x, is normalized by the length of the pore Lp (m), and the
ion flux and flow velocity are normalized by DC0/Lp.

The fluid velocity for a pore with a uniform potential across the
radial direction can be calculated by102,103

u
dp

dx
X d

dx
1 h,p diff

α α
φ

= −
Θ

+
Θ (17)

Here, ph,p is the hydrostatic pressure inside the pore normalized by
C0RT, Θ is a parameter to account for the cross-sectional geometry of
the pore (e.g., 8 for a cylindrical pore), and α is the dimensionless
viscosity parameter (equal to μD/(C0RTHp

2), where R is the gas
constant, T is the absolute temperature, and μ is the fluid’s dynamic
viscosity).

Across the pore−solution interface, the chemical potential is
continuous (i.e., the chemical potentials at the two sides of the
interface are equal).82,85,104 We can represent the solute concentration
in terms of osmotic pressure, by which the following relation for the
pore−solution interfaces is derived:

p ph,p p h,s sπ π− = − (18)

where ph,s is the hydrostatic pressure of the solution outside the
nanopore and πp and πs are the pore-side and solution-side osmotic
pressures, respectively.

Inside the nanopore, the volumetric charge density is balanced by
the ionic charge density, which is the difference between the cation
(c+) and the anion (c−) concentrations:

c c X 0− + =+ − (19)

We note that the assumption of uniform potential in the radial
direction is valid only when the pore size is relatively small causing the
electrical double layers to overlap. However, it has been verified that
the uniform potential model is numerically accurate as long as the
Debye length is comparable to the pore size at one side of the
pore.102,105

The salt flux (Js) is the sum of the cation and the anion fluxes, while
the charge flux is the net ion flux (Jch), equal to the difference of the
cation and the anion fluxes. Accordingly, the fluxes are represented by
the following equations:106,107

J J Js = ++ − (20a)
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J J Jch = −+ − (21a)

J Xu
dc
dx

X c
d

dx
dX
dx

sinh( ) (sinh( ) cosh( ) )

cosh( )

ch
tot

tot
diffξ ξ ξ

φ

ξ

= − + − +

+
(21b)

where J+ and J− are the normalized cation and anion ion fluxes,
respectively, ctot is the normalized total ion concentration (i.e., ctot = c+
+ c−), X is the volumetric charge density normalized by C0, and

D Dln( / )ξ = + − is a correction factor that accounts for the
difference in the diffusion coefficients of the cation and anion.
Notably, the cation and anion fluxes do not include the proton and
the hydroxyl ions because their concentrations are substantially lower
than the salt concentrations at both sides of the nanopore.
Next, we evaluate the boundary conditions at the two ends of the

nanopore. As shown in Figure S7, Donnan potentials are established
at each of the two pore−solution interfaces due to the selective
transport of the cation over the anion. At the pore−solution interface,
the ion concentration inside the nanopore is related to the
concentration of the adjacent solution side by

c c exp( ),0 s,0 D0φ= −Δ+ (22a)

c c exp( ),1 s,1 D1φ= −Δ+ (22b)

c c exp( ),0 s,0 D0φ= Δ− (23a)

c c exp( ),1 s,1 D1φ= Δ− (23b)

where c+,0, c−,0, c−,1, and c−,1 are the normalized cation and anion
concentrations in the nanopore on the high-concentration side and
low-concentration side, respectively, and cs,0 and cs,1 are the
normalized concentrations of the bulk solutions adjacent to the
nanopore on the high and low-salinity sides, respectively. Accordingly,
ΔφD0 and ΔφD1 are the Donnan potentials at the high-concentration
and low-concentration side, respectively. Note that both ΔφD0 and
ΔφD1 are negative with respect to the bulk solution outside the pore
due to the negative surface charge of the pore as described Figure S7
of the Supporting Information.
With the nanopore being negatively charged, the proton

concentration in the nanopore increases, causing the pH inside and
outside the nanopore to differ. Assuming both solutions outside the
nanopore have the same pH, the proton concentrations in the
nanopore on the high-concentration side (c

H
+
,0) and the low-

concentration side (cH+
,1) can be determined by

c c exp( )H ,0 H ,s D0φ= −Δ+ + (24a)

c c exp( )sH ,1 H , D1φ= −Δ+ + (24b)

where c
H
+
,s is the concentration of protons in the bulk solution.

Because the magnitude of the Donnan potential on the high-salinity
side, ΔφD0, is smaller than that on the low-salinity side, ΔφD1, cH+,1 is

larger than c
H
+
,0. With the surface of the nanopore walls containing

pH-dependent dissociable functional groups (e.g., carboxylic acid
groups), variable surface charge density is established along the pore
length. Higher pH (i.e., lower proton concentration), as is the case on
the high-salinity end of the pore, favors acid dissociation and thereby
a greater charge density.
It is important to note that not all ion transport constructively

contributes to the ionic current. Specifically, co-ion transport through
the pore is a parasitic current, which detracts from the current density.
Hence, it is critical to maximize the ratio of the net ion flux, Jch, to the
total salt flux, Js, which is defined as the selectivity (S):

S J J/ch s= (25)

If the pore is uncharged, there is no selective partitioning of cations
over anions, and the transport inside the pore for both types of ions is

the same; hence, Jch and the selectivity would be zero. In contrast, a
selectivity of unity can theoretically occur with highly charged pores
in which only cations or anions are present.

Modeling Concentration Polarization. A simplified film
boundary layer model is utilized to consider concentration polar-
ization at the nanopore-based membrane surfaces. In the stagnant
boundary layers, the salt and charge fluxes are determined by

J D
dc
dx

2s = −
(26)

J Dc
d
dx

2ch
φ= −

(27)

For a given boundary layer thickness, Lsdl, the concentration and
potential differences across the boundary layer can be described by

c
J L

D2
s sdlΔ =

(28)

J L

D c

c

c2
lnh

ch sdl b,h

s,h
φΔ =

Δ (29)

J L

D c

c

c2
lnl

ch sdl s,l

b,l
φΔ =

Δ (30)

where Δc is the concentration difference across the boundary layer,
Δφh and Δφl are the potential drops across the boundary layer on the
high-salinity side and the low-salinity side, respectively, and cb,h, cs,h,
cs,l, and cb,l are the concentrations of the bulk solution on the high-
salinity side, the membrane surface concentration on the high-salinity
side, the membrane surface concentration on the low-salinity side, and
the bulk solution on the low-salinity side, respectively. The
concentrations near the surface of the nanopore-based membrane,
cs,h and cs,l, are therefore

c c cs,h b,h= − Δ (31)

c c cs,l b,l= + Δ (32)

Module-Scale Analysis. Extending the model to the module
scale (i.e., large membrane area in an NPG system) requires the
definition of additional equations. First, the boundary layer thickness
is estimated using the Sherwood number:108

kd
D

Sh h=
(33)

where dh is the hydraulic diameter and k is the mass transfer
coefficient which is equal to D/Lsdl. Assuming the solutions adjacent
to the nanopore−membrane flow through rectangular channels, the
Sherwood number can be calculated based on the Reynolds number,
Re, and Schmidt number, Sc, according to109,110

Sh 0.29Re Sc0.5 0.33= (34)

The Reynolds number and the Schmidt number in eq 34 are defined
as

vd
Re hρ

μ
=

(35)

D
Sc

μ
ρ

=
(36)

where v is the longitudinal average flow velocity inside the module
and ρ is the fluid density.

The module channel is discretized into m elements for both the
high- and low-concentration sides of the membrane, with the salt flux
in element m denoted as Js,m. According to mass conservation, the
bulk concentrations in element m + 1 are calculated by

c c
J

Lm m
m

h, 1 h,
s,

sp

τ
= −+

(37)
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c c
J

Lm m
m

l, 1 l,
s,

sp

τ
= ++

(38)

where τ is the hydraulic residence time in the element and Lsp is the
flow channel thickness.
In the module channel, we also consider the pressure drop due to

fluid flow (ΔP), which is related to the flow velocity in the channel
according to111

P f
v
d

L
2

2

h

ρΔ =
(39)

where ρ is the fluid density, L is the length of the flow channel, and f is
the Darcy friction factor (approximated as 24/Re for laminar flow in a
fully wetted rectangular channel). Note that the pressure drop (ΔP) is
equivalent to the specific energy loss (kWh m−3).
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