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Reverse electrodialysis in bilayer nanochannels:
salinity gradient-driven power generation

Rui Long, * Zhengfei Kuang, Zhichun Liu and Wei Liu*

To evaluate the possibility of nano-fluidic reverse electrodialysis (RED) for salinity gradient energy

harvesting, we consider the behavior of ion transportation in a bilayer cylindrical nanochannel consisting

of different sized nanopores connecting two large reservoirs at different NaCl concentrations. Numerical

simulations to illustrate the electrokinetic behavior at asymmetric sub-pore length and surface charge

density are conducted, the impacts of which on transference number, osmotic current, diffusive voltage,

maximum power and maximum power efficiency are systematically investigated. The results reveal that

the transference number in Config. I (where high NaCl concentration is applied at the larger nanopore)

is always larger than that in the opposite configuration (Config. II). At low concentration ratios, the

osmotic current and maximum power have maximum values, while the maximum power efficiency

decreases consistently. For Config. II, the ion transportation is impacted by the surface charge density at

both sub-nanopores, while for Config. I, it is determined by the surface charge density at the

downstream small nanopore. When large surface charge density is applied at the downstream small

nanopore in contact with a very low concentration reservoir, there exists an interesting phenomenon:

the larger surface charge density at the large nanopore induces a slight performance drop due to the

impact of upstream EDL overlap.

1. Introduction

Due to the combustion of traditional fossil fuels, the environ-
ment suffers from effects such as mass haze, which induces
severe respiratory disease, and global warming, which leads to
rising sea levels and animal extinction.1 Exploiting green and
new energy substitutes and developing efficient energy utilization
methods contribute to relieving such issues, such as thermally
regenerative electrochemical cycles for recovery of low grade
waste,2,3 reverse electrodialysis (RED) and pressure retarded
osmosis (PRO) for harvesting salinity gradient energy,4–7 and
piezoelectric devices for utilizing vibration energy.8 Salinity
gradient energy derives from the mixing of sea water and river
water, and could be a promising energy source in the future due
to its high availability. PRO and RED are the main technologies
for utilizing salinity gradient energy, and the latter is attracting
increasing interest due to its lower demand on the system and
the reliability of miniaturization.9

Recently nano-fluidic RED has drawn increasing attention
due to its much greater power density compared to traditional
macro RED systems.10,11 In nano-fluidic RED systems, a nanopore
connects two salt solution reservoirs at different concentrations,

inducing a concentration gradient that drives the ionic species
from the high concentration reservoir to the low concentration
one. The nanopore is usually positively or negatively charged so as
to be ion selective, therefore counter-ions are attracted and co-ions
are expelled due to the electrostatic effect, and an electrical
double layer (EDL) is formed adjacent to the channel surface.
Furthermore, a diffusive current is established when a concentration
gradient is applied at the nanopore ends, which can offer external
power supply by converting the Gibbs free energy into electricity. Gao
et al.12 reported a nano-fluidic device with an asymmetric ionic diode
membrane, and a power density of up to 3.46 W m�2 was
obtained. Kim et al.13 investigated the power generation from
silica nanochannels via KCl solutions and a power density of
7.7 W m�2 was measured. Furthermore, a power generation of
543 nW was exacted from an alumina nanopore array with a
nominal pore radius of 10 nm using NaCl solutions.14

Along with the experimental efforts, models have been
developed to simulate the ion transfer characteristics in the
charged nanochannels, thus providing fundamental explanations
of the experimental results and offering guidance for designing
and optimizing nano-fluidic RED systems.15 Poisson–Nernst–
Planck (PNP) equations, which are widely adopted for numerical
simulations of RED/ED in nanopores, do not include the electrical
neutrality assumption and show great agreement with experi-
mental results.16–20 Yeh et al.21 investigated the RED process in
negatively charged conical nanopores using the PNP equations.
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Via the same model, Hsu et al.22 further considered the pH
regulated surface charge on conical nanopores. The PNP models
can also be applied in the simulation of ion transference
characteristics in asymmetric and complex nanopores.10,23

The performance of nano-fluidic RED devices is mainly
impacted by the concentration gradient, nanopore geometry,
temperature, and electrolyte type. Yeh et al.24 found that a
reversed ion selectivity of the nanopore occurred at a sufficiently
large gradient. Hwang et al.23 investigated the temperature
sensitivity of the nano-fluidic RED performance using an MPS
thin film with a pore diameter of 2–3 nm, and revealed that a
temperature increase improves the ion conductance. Tseng
et al.25 analysed the influences of temperature and nanopore
size and found that the maximum power increases with increasing
temperature. Cao et al.26 systematically investigated the nano-
fluidic RED performance in relation to the electrolyte type and
the charge selectivity, and illustrated that the power extracted and
energy efficiency can be significantly improved with well-matched
electrolyte types and nanopore charge selectivity. Kang et al.27

adopted an anodic alumina nanopore for nano-fluidic power
generation, and a power density of 9.9 W m�2 was achieved.

In previous literature, the performance of nano-fluidic RED
in cylindrical and conical-shaped nanopores has been systematically
investigated. Other forms of nanopores are rarely considered,
especially bilayer nanochannels where the channel contains
different sized nanopores, which have shown their potential of
improving the ion selectivity due to their special geometry.
Zhang et al.28 investigated a tailor-made Janus membrane with
bilayer nanopores of different radii at opposite surface charge
densities for nano-fluidic RED, and claimed that the power
density could approach 10 W m�2 by increasing the utilization
rate of the pores in the functional layer. However, since the

varied asymmetric surface charge densities and nanopore lengths
in the bilayer nanochannel were not examined, the underlying
mechanisms were not sufficiently discussed. Accordingly, the
present study is focused on numerical simulations to examine
the electrokinetic behavior of a bilayer nanochannel consisting of
different sized nanopores based on the PNP equations and Navier–
Stoke equations. The influences of the ionic direction, reservoir
salt concentration ratio, asymmetric sub-nanopore length and
surface charge density on the transference number, diffusive
voltage, osmotic current, maximum power, and maximum
power density are investigated systematically, and the under-
lying mechanisms are discussed in detail. The results could
provide useful information to improve the performance of nano-
fluidic RED in bilayer nanopores.

2. Theory

As depicted in Fig. 1(a) and (b), we consider a cylindrical bilayer
nanochannel consisting of sub-nanopores with radius R1 = 5 nm
and R2 = 10 nm, and length L1 and L2 (L1 + L2 = 800 nm), respectively.
The bilayer nanochannel connects two identical large cylindrical
reservoirs (NaCl aqueous solution) of radius Rr = 500 nm and length
Lr = 500 nm. The walls of the nanopores in the bilayer channel are
negatively charged with constant charge densities of s1 and s2.
Due to the asymmetry of the geometry, two configurations are
considered. In Config. I, high NaCl concentration is employed in
the reservoir in contact with the larger pore, and in Config. II, high
NaCl concentration is in the reservoir in contact with the small pore.
The high (low) concentration of the reservoir is denoted CH (CL).

The continuum based model, coupling PNP equations and
Navier–Stokes equations, is employed to illustrate the electrostatics,

Fig. 1 (a) Schematic of the salinity gradient energy harvesting system with a cylindrical bilayer nanochannel, consisting of two different sized sub-
nanopores, which connects two identical large cylindrical reservoirs. Due to the asymmetric geometry of the bilayer nanochannel, there exists two
configurations for ion transportation. In Config. I, high NaCl concentration is employed in the reservoir in contact with the large pore; in Config. II, high
NaCl concentration is in the reservoir in contact with the small pore. (b) Illustration of the boundary conditions of the different domains or sub-domains.
(c) The current–voltage curve and current–power curve for Config. I are plotted at CL = 1 mM, CH = 50 mM, s1 = s2 = 10 mC m�2 and L1 = L2 = 400 nm.
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ionic mass transport and hydrodynamics process, and the equa-
tions are summarized below.

�er2f = F(z1c1 + z2c2) (1)

r � J i ¼ 0; where J i ¼ ciu�Dirci �
DiziFci

RT
rf (2)

�rp + mr2u � F(z1c1 + z2c2)rf = 0 (3)

r�u = 0 (4)

where f is the electrical potential. Ji, ci, Di and zi are the ionic
flux, concentration, diffusivity, and valence of the ith ionic
species, respectively (i = 1 for Na+ and i = 2 for Cl�). F, R and T
are the Faraday constant, universal gas constant and temperature,
respectively. m is the viscosity. e, p, and u are the permittivity,
pressure, and velocity of the fluid, respectively.

We solve the above equations numerically using the commercial
Multiphysics software COMSOL subject to the following boundary
conditions:

�en�rf = 0 on Or and Os (5)

�en�rf = s1 on O1 (6)

�en�rf = s2 on O2 (7)

n�Ji = 0 on Or and Os (8)

where n is the normal vector and O1, O2 and Or are the surface
of the small nanopore, large nanopore, and the reservoir,
respectively. Os denotes the end faces of the reservoirs.

The electrical current through the bilayer nanopore, I, can
be calculated using

I ¼
ð
L
F
X2
i

ziJ i

 !
� ndL (9)

where L represents either end of the reservoirs.
When no external potential bias is applied between the reservoir

surfaces, the osmotic current (Iosm) can be calculated using
Iosm = I+ + I�, where I+ and I� are the electrical currents contributed
by the cations and anions, respectively. The transference number t+

indicating the bilayer channel selectivity is calculated using

tþ ¼
Iþ

Iþ þ I�j j
(10)

Originating from the selectivity, a diffusion potential across
the bilayer channel, Ediff, is formed13

Ediff ¼ 2tþ � 1ð ÞRT
zF

ln
gHCH

gLCL

� �
(11)

where gH and gL are the activity coefficient of the high and low
concentration solutions, which can be calculated using29

log g1=zþz�HðLÞ

� �
¼ �0:511Is

1=2

1þ Is1=2
þ ð0:06þ 0:03444ÞIs

1þ 1:5

zþz�j jIs
� �2

þ 0:0574Is
zþz�j j

(12)

where Is is the ionic strength.

3. Results and discussion

The behaviour of the system was examined using numerical
simulations by varying the sub-nanopore length, surface charge
density, and NaCl concentration in the high concentration
reservoir, using COMSOL based on the finite element method
with quadrilateral elements and refined meshes between ca.
180 000 and ca. 240 000 elements. The calculation results are
confirmed to be grid independent by solutions obtained from
denser meshes, where the minimum element size is less than
0.15 nm. The relevant parameters for calculation are listed as
follows: T = 298 K, ef = 7.08 � 10�10 F m�1, F = 96 490 C mol�1,
D(Cl�) = 2.032 � 10�9 m2 s�1, m = 0.001 Pa s, and D(Na+) =
1.334 � 10�9 m2 s�1.

As shown in Fig. 1(c), the electrical current has a linear
relationship with the voltage, demonstrating the Ohm’s behavior
of the conduction current with a constant internal resistance of
Rpore = 0.42 GO. The electrical power (Ppore) is the product of the
ionic current (Ipore) and the voltage (Vpore), that is Ppore =
IporeVpore, and it achieves its maximum value, Pmax = IosmVdiff/4,
at Vpore = Vdiff/2 and Ipore = Iosm/2.

The energy efficiency is defined as the ratio of the electrical
power to the Gibbs free energy of mixing,25 and can be
calculated using

Z ¼ IDV

Jþ þ J�ð ÞRT ln
gHCH

gLCL

� � ð13Þ

where J+ and J� are the fluxes of cations and anions, respectively.
The efficiency corresponding to the maximum power is25

Zmax power ¼
2tþ � 1ð Þ2

2
ð14Þ

Impacts of ionic diffusion direction

Fig. 2 shows the axial concentration distribution for different
ionic diffusion directions (Config. I and Config. II) at various
concentration ratios. The bilayer nanochannel consists of a
400 nm cylindrical nanopore with a radius of 5 nm and a
400 nm cylindrical nanopore with a radius of 10 nm. In the
calculation, CL is fixed at 1 mM and CH varies from 10 mM to
1000 mM, exponentially. The surface charge densities at the
sub-nanopores are s1 = s2 = 10 mC m�2. As the thickness of the
electrical double layer (EDL) is determined by the Debye length

lD / 1
� ffiffiffiffi

C
p

, where C is the local concentration, the lower the
concentration, the larger the EDL thickness and the larger the
degree of EDL overlap. When the nanopore radius increases,
the EDL overlap becomes less significant as the Debye length is
much smaller than the pore radius. For Config. I, the concentration
of Na+ shows an obvious jump at the nanopore junction due to the
significant impact of the EDL overlap in the downstream small pore.
With an increase of the reservoir concentration, the EDL thickness
is reduced, and the ion transportation driven by the concentration
gradient becomes more dominant. Therefore, at high concentration
ratios, the concentration of Cl� approaches that of Na+. This
phenomenon first takes place in the nanopore with R = 10 nm,
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then in the nanopore with R = 5 nm. In Config. II, the
concentration of Na+ shows an obvious drop at the nanopore
junction due to the less significant degree of the EDL overlap
in the large pore. At moderate concentration ratios, such as
CH/CL = 100, the concentrations of Na+ and Cl� at the nanopore
junction take the same value, and then both decrease.

Fig. 3 shows the transference number, osmotic current,
diffusive voltage, maximum power, and maximum power efficiency
for different ionic diffusion directions at various concentration
ratios. The transference numbers in both configurations decrease
with increasing concentration ratio due to a lower EDL thickness at
high concentrations, which hinders the selectivity of the bilayer
channel. The transference number in Config. I is larger than that in
Config. II due to a larger degree of EDL overlap in the small pore in
contact with the low concentration reservoir, as shown in Fig. 3(a).

At low concentration ratios, the transference number is larger than
0.5, which means that the bilayer channel is cation selective, while
at high concentration ratios, the transference number is less than
0.5, indicating that the bilayer channel is anion selective. At high
concentration ratios, the ion transportation is governed by the
diffusion effect induced by the large concentration gradient. As
the diffusive coefficient of Cl� is larger than that of Na+, the co-ion
flux is larger than the counter-ion flux. Hence the transference
number is less than 0.5. A preferential ion transportation direction
can also be observed in Fig. 4. The system presents an ionic
rectification due to the asymmetric geometry, which is in
accordance with the phenomenon observed in conical pores.30

For nano-fluidic RED in conical nanopores in previous literature,20,21

owing to the asymmetric geometry of the conical nanopore, the ion
selectivity was larger when the low concentration was on the narrow
side of the pore due to an addition in the EDL overlap near the tip
side. In addition, Gao et al.12 studied RED in an ionic diode
membrane with heterojunctions between negatively charged meso-
porous carbon (MesoC) (pore size B7 nm) and positively charged
macroporous alumina (MacroA) (pore size B80 nm). That high
concentration was present on the MacroC side induced a larger
power density. This revealed that the optimal concentration gradient
direction also depended on the signs of the charged walls. In the
present study, the bilayer channel consists of large and small
nanopores, which is, in some extent, similar to the conical geometry.

Fig. 2 Axial concentration distribution for different ionic diffusion directions (Config. I and Config. II) at various concentration ratios, where CL = 1 mM,
s1 = s2 = 10 mC m�2 and L1 = L2 = 400 nm.

Fig. 3 Transference number, osmotic current, diffusive voltage, maximum
power output and maximum power efficiency for different ionic diffusion
directions, where CL = 1 mM, s1 = s2 = 10 mC m�2 and L1 = L2 = 400 nm.

Fig. 4 Rectified ion transport through the bilayer nanochannel, where
CH = CL = 10 mM and 100 mM, and s1 = s2 = 10 mC m�2.
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Therefore, the phenomenon of the RED in the negatively charged
bilayer nanochannel is similar to that in the negatively charged
conical nanopore: low concentration at the small pore side
(Config. I) leads to larger ion selectivity.

As depicted in Fig. 3(b), the magnitude of osmotic current
first increases with increasing CH/CL where the EDL overlap is
dominant, then decreases as the diffusion effect augments. At
high concentration ratios, the osmotic current shifts its sign
and increases with increasing CH/CL as the diffusion coefficient
of Cl� is larger than that of Na+, which increases with increasing
concentration ratios. At low concentration ratios, the magnitude of
the osmotic current in Config. I is larger than that in Config. II. An
opposite phenomenon occurs at high concentration ratios due to
the fact that ions can more easily diffuse through the nanopore
with larger steric hindrance when in contact with the high
concentration reservoir. The diffusive voltage first increases with
increasing concentration ratio, reaches its maximum value, then
decreases. Compared with the magnitude of CH/CL, the variation
of gH/gL is rather small. Based on eqn (11), Ediff increases with
increasing CH/CL, meanwhile the transference number decreases
with increasing CH/CL. The increasing magnitude overrides the
decreasing magnitude at a lower concentration ratio, while at
higher concentration ratios the decreasing magnitude acts
dominantly, which yields a maximum value of Ediff. In addition,
at high concentration ratios, the nanochannel is anion selective,
and the magnitude of Ediff in Config. II is larger than that in
Config. I due to a lower transference number for Na+.

According to the aforementioned discussion of the osmotic
current and diffusive voltage, the maximum power has a maximum
value at low concentration ratios, as shown in Fig. 3(c). According to
eqn (14), the maximum power efficiency in Config. I is larger than
that in Config. II, due to the larger transference number. At lower
concentration ratios where the bilayer channel is cation selective,
the maximum power efficiency decreases with increasing CH/CL due
to the decreasing transference number. In the situations where the
bilayer channel is anion selective, the maximum power efficiency
increases slightly with increasing CH/CL as depicted in Fig. 3(c).

Effects of asymmetric sub-nanopore length

To quantify the asymmetric degree of the bilayer channel
length, the parameter o is defined as the percentage of the
length of the small nanopore on the total length of the bilayer
channel. A larger o means a larger length of the nanopore with
R = 5 nm. o = 0 or o = 1 indicates that the nanochannel solely
consists of the nanopore with R = 10 nm or R = 5 nm, respectively.

As depicted in Fig. 5, the transference number increases
with increasing o due to a more significant EDL overlap degree
in small pores. At o = 0 or o = 1, the bilayer channel returns
to the single layer channel and the geometry is symmetric.
Therefore, the transference number exhibits no difference in
the two configurations. At 0 o o o 1, the transference number
in Config. I is always larger than that in Config. II, which has
been explained in the previous section. As illustrated in
Fig. 6(a), at very low concentration ratios, the osmotic current
stays nearly stable at different o due to the relatively lower net
charge density, so that the osmotic current in both configurations

does not show an obvious difference. At moderate concentration
ratios, the magnitude of osmotic current increases with increasing
o due to a larger net charge density and significant EDL overlap
degree in the small nanopore. At high concentration ratios where
the ion transportation driven by the concentration gradient
prevails, the osmotic current decreases with increasing o
because of the augmentation of steric hindrance induced by
the increasing length of the small nanopore. Based on eqn (11),
the diffusive voltage with o presents the same trend with the
transference number at lower CH/CL, as depicted in Fig. 6(b)
where the diffusive voltage increases with increasing o due to
the larger transference number. The maximum power follows
the same trend. At high concentration ratios, the maximum
power decreases with increasing o due to decreasing osmotic
current and diffusive voltage, as shown in Fig. 6(c). According to
eqn (14), the maximum power efficiency increases with increasing o
in the cation selective regime (at low concentration ratios) and
decreases with increasing o in the anion selective regime (at high
concentration ratios), as depicted in Fig. 6(d).

Effects of asymmetric surface charge density

The impacts of asymmetric surface charge densities at different
sized pores on the transference number, osmotic current, and
diffusive voltage are presented in Fig. 7. As shown in Fig. 7(a),
for Config. I, the transference number is mainly determined by
the surface charge density of the downstream small pore in
contact with the low concentration reservoir where the EDL
overlap is significant. Larger surface charge density of the
downstream channel leads to a larger transference number.
More intriguingly, we found that, at a very low concentration
ratio (CH/CL = 10), when the surface charge density of the small
pore is fixed at 10 mC m�2, a lower surface charge density in the
upstream large pore produces a larger value of transference
number. This is because of the fact that at the pore junction
section, the EDL overlap induced by the negatively charged wall of
the upstream large pore impacts that induced by the downstream
small pore. At lower concentrations, the ion transportation is
dominated by the EDL overlap. Larger surface charge density
results in a larger degree of EDL overlap in the upstream

Fig. 5 Plot of transference number against o at different concentration
ratios, where CL = 1 mM and s1 = s2 = 10 mC m�2.

PCCP Paper

Pu
bl

is
he

d 
on

 1
9 

Fe
br

ua
ry

 2
01

8.
 D

ow
nl

oa
de

d 
by

 H
ua

zh
on

g 
U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

&
 T

ec
hn

ol
og

y 
on

 0
8/

03
/2

01
8 

01
:5

6:
47

. 
View Article Online

http://dx.doi.org/10.1039/C7CP08394G


7300 | Phys. Chem. Chem. Phys., 2018, 20, 7295--7302 This journal is© the Owner Societies 2018

Fig. 6 Changes of osmotic current, diffusive voltage, maximum power and maximum power efficiency with o at different concentration ratios, where
CL = 1 mM and s1 = s2 = 10 mC m�2.

Fig. 7 Transference number, osmotic current, and diffusive voltage for different surface charge densities, where CL = 1 mM and L1 = L2 = 400 nm.
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channel, which disturbs the EDL overlap in the downstream
channel. Therefore, at the junction, the repulsion of the co-ions
is weakened, and the concentration of Cl� drops much more
slowly at a larger surface charge density of the upstream large
pore, as shown in Fig. 9. When the surface charge density of the
downstream pore is small, the EDL overlap degree in the
downstream channel is at a relatively lower level, and is not
impacted by that induced by the upstream pore. Therefore, the
selectivity stays unchanged, as shown in Fig. 7(a).

Fig. 7(b) demonstrates that the osmotic current also has the
same value in modules that have identical surface charge
density at the small pore. Larger surface charge density at the
small pore leads to a larger magnitude of the osmotic current.
As shown in Fig. 7(c), for a large surface charge density at the
small pore wall, there exists an optimum concentration ratio
that leads to the maximum value of the diffusive voltage. At
small surface charge density, the diffusive voltage decreases
consistently because of the fact that a much lower transference

number results in a significant decrease in diffusive voltage,
which overrides the increasing impact induced by increasing CH/CL.

As shown in Fig. 7(d), a larger surface charge density at the
downstream large pore leads to a larger transference number.
Unlike the phenomenon in Config. I where the transference
number is solely determined by the downstream small pore, the
transference number in Config. II is also impacted by the
surface charge density at the upstream small pore, a larger
value of which leads to a larger transference number. The
transference number in the module with a larger surface
density at the small pore and a smaller one at the large pore
is less than that in the module with the opposite surface charge
density distribution. This is because in the small pore, high
concentration induces a much thicker EDL, and the increase of
charge density does not significantly contribute to the degree of
the EDL overlap. In the large pore, the Debye length is much
smaller than the radius, and increasing the charge density can
obviously increase the EDL overlap degree, which contributes
to the ion migration and thereby the transference number. As
shown in Fig. 7(e) and (f), a larger surface charge density at the
downstream large pore leads to a larger magnitude of the
osmotic current and larger diffusive voltage due to the more
significant degree of the EDL overlap.

For Config. I, the modules with the same surface charge
density at the small pore present the same maximum power,
and a larger surface charge density results in a larger value of
the maximum power, as shown in Fig. 8. For Config. II, a larger
surface density at the downstream large pore leads to a larger
maximum power due to the larger diffusive voltage and osmotic
current. For Config. I, at the concentration ratio of CH/CL = 10,
due to the larger transference number, the maximum power
efficiency in the module with 10 mC m�2 on the small pore and
5 mC m�2 on the large pore is larger than that of the module
with the same surface charge density on the small pore and
10 mC m�2 on the large pore wall. However, it presents a

Fig. 8 Maximum power and maximum power efficiency for different surface charge densities, where CL = 1 mM and L1 = L2 = 400 nm.

Fig. 9 Axial concentration distributions for symmetric surface charge
densities at CH/CL = 10 in Config. I, where CL = 1 mM and L1 = L2 = 400 nm.
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smaller maximum power induced by less osmotic current, as
shown in Fig. 8(b).

4. Conclusions

To evaluate the possibility of a nano-fluidic RED system for
salinity gradient energy harvesting, we focused on the behavior
of ion transportation in a bilayer cylindrical nanochannel
consisting of different sized nanopores connecting two large
reservoirs at different NaCl concentrations. The impacts of ion
diffusion direction, asymmetric pore length, surface charge
density and bulk salt concentration ratio on the transference
number, osmotic current, diffusive voltage, maximum power and
maximum power efficiency were systematically investigated.
The results can be summarized as follows: due to the asymmetric
geometry of the bilayer channel, the performance of the nano-fluidic
RED is impacted by the direction of the applied NaCl concentration
gradient. The transference number of Na+ in Config. I is always
larger than that in Config. II. At low concentration ratios, the
magnitudes of osmotic current, diffusive voltage, maximum power
and maximum power efficiency in Config. I are larger than those in
Config. II, meanwhile the opposite phenomenon occurs at high
concentration ratios. This is attributed to fact that the EDL overlap
degree is more significant in Config. I and that high concentration
hinders the thickness of the EDL. At low concentration ratios, the
osmotic current and maximum power demonstrate maximum
values, whereas the maximum power efficiency decreases con-
sistently; at high concentration ratios, the maximum power
increases obviously with increasing CH/CL, while the increase in
the magnitude of the maximum power is rather small due to a
large amount of Gibbs free energy consumed induced by large
osmotic current. Furthermore, for symmetric surface charge
densities, the ion transportation in Config. I is determined by the
surface charge density at the downstream small nanopore, while
for Config. II, it is significantly impacted by surface charge density
at both sub-nanopores. For Config. I, when high surface charge is
applied at the downstream small nanopore with a very low
concentration, there exists an interesting phenomenon: larger
surface charge density at the large nanopore induces a slight
performance drop due to the impact of upstream EDL overlap.
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