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Electricity can be produced directly with reverse electrodialysis
(RED) from the reversible mixing of two solutions of different
salinity, for example, sea and river water. The literature published
so far on RED was based on experiments with relatively
small stacks with cell dimensions less than 10 x 10 cm For
the implementation of the RED technique, it is necessary to
know the challenges associated with a larger system.

In the present study we show the performance of a scaled-up
RED stack, equipped with 50 cells, each measuring 25 x 75
cm? Asingle cell consists of an AEM (anion exchange membrane)
and a CEM (cation exchange membrane) and therefore, the
total active membrane area in the stack is 18.75 m2 This is the
largest dimension of a reverse electrodialysis stack published
so far. By comparing the performance of this stack with a
small stack (10 x 10 cm? 50 cells) it was found that the key
performance parameter to maximal power density is the
hydrodynamic design of the stack. The power densities of the
different stacks depend on the residence time of the fluids

in the stack. For the large stack this was negatively affected
by the increased hydrodynamic losses due to the longer flow
path. It was also found that the large stack generated more
power when the sea and river water were flowing in co-current
operation. Co-current flow has other advantages, the local
pressure differences between sea and river water compartments
are low, hence preventing leakage around the internal
manifolds and through pinholes in the membranes. Low pressure
differences also enable the use of very thin membranes

(with low electrical resistance) as well as very open spacers
(with low hydrodynamic losses) in the future. Moreover, we
showed that the use of segmented electrodes increase the power
output by 11%.
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Introduction

Salinity gradient power (SGP) is a potentially clean and
sustainable form of energy; and can be generated from the
reversible mixing of seawater and river water. The theoretical
energy content of mixing 1 m? river water with a large surplus
of seawater is 2.5 MJ or 1.7 MJ when mixed with 1 m® seawater
(I). The global potential of SGP is estimated to be 2.6 TW (2)
when the flow of all the rivers is taken into account. There
are two membrane-based technologies which can convert
this potential energy into useful electricity: reverse elec-
trodialysis (RED) and pressure retarded osmosis (PRO). It
hasbeen shown that, in the case of river water with seawater,
RED is a promising technique (3). This technique was first
published by Pattle (4, 5) in 1954 and is gaining interest due
to increased awareness of the use of sustainable energy
sources (6).

Figure 1 shows the principle of RED. A number of
alternately stacked cation exchange membranes (CEM) and
anion exchange membranes (AEM) are separated by spacers.
These spacers are open structures that are needed for
structural stability of the stack and the promotion of
turbulence within the compartments. The spacer filled
compartments are fed alternately with seawater and river
water. The cations diffuse from sea to river water compart-
ments through the CEMs and the anions through the AEMs
in the opposite direction. The ion current in the stack is
converted to an electron current at the electrodes by redox
reactions.

For optimal performance, a RED power plant should
generate maximal power from a given river water feed at
lowest investment and operational costs. Related to these
economical aspects, three response parameters are impor-
tant: power density, energy efficiency, and net power. A high
power density (power generated per m* membrane) decreases
investments not only in membranes but in the whole stack.
High energy efficiency (the percentage of the generated
energy from a given amount of feedwater compared with the
theoretical limit) is favorable for the optimal use of the
available water sources. Power density and energy efficiency
are conflicting: for high energy efficiency large membrane
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FIGURE 1. Principle of RED. Cations diffuse through CEMs from
seawater to river water compartments in the direction of the
cathode, anions diffuse through the AEMs in the opposite
direction. The ion current in the stack is converted to an
electron current at the electrodes via the reversible redox
reaction Ox + e < Ox".

sea

VOL. 44, NO. 23, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 9207



electrode rinse

Sea river

endplate

electrode rinse

connector

anode

CEM

spacel

gasket

AEM

one cell {repeating unit)

spacer

gasket

CEM

cathode

endplate

\-q‘eledmde rinse

FIGURE 2. Exploded view of the large stack equipped with only one cell. The holes in the long end are used for water feed and
drain in the short direction (with 25 cm flow path) as shown in the figure. Alternatively, the holes in the short side can be used for

operation in the other direction (with 75 cm flow path).

areas at a low power density are necessary (1, 7). Hydro-
dynamic losses due to the pumping of water through a RED
stack should be kept to a minimum. A key parameter for the
hydrodynamic resistance is the length of the flow channel.
If only power density and energy efficiency are maximized,
the result of an optimization procedure may be a very small
stack with a low power production. Therefore, the total
generated power of the stack (the net power) is also an
important response parameter.

Up to now all our published experimental work on RED
has been done with relatively small stacks (10 x 10 cm?)
(1, 8, 9). In this work we compare the performance of these
small laboratory stacks with an up-scaled 25 x 75 cm? stack.
With this larger stack we will also study new aspects affecting
the performance, such as: residence time, flow direction (co-
or counter-current), flow velocity, segmentation of electrodes
(various current densities as a function of the position in the
stack).

Experimental Section
RED Stacks. Two types of stacks were investigated. The “small
stack” is described in detail elsewhere (1) and was equipped
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with 50 cells of 10 x 10 cm? with a total membrane area of
1 m?. In addition to this, we constructed a novel stack (called
“large stack”) as shown in Figure 2. In this large stack three
electrode compartments—each with its own electrodes—
were located on each side inside the end plates. End plates
were milled from HDPE (high-density polyethylene). Not
shown in this picture are the two stainless steel supporting
plates, needed to prevent bending of the cell. The large stack
was equipped with 25 cells of 25 x 75 cm? with a total
membrane area of 9.4 m? and later on expanded to 50 cells
with a total membrane area of 18.75 m.

Cells. On the outsides of the large stack, Fumasep FKD
cation exchange membranes (Fumatech, Germany) were
used as stable end membranes. These membranes are more
resistant to chlorine, which evolved at the anode. The inner
membranes were Qiangiu (Homogeneous AEM and CEM,
Hangzhou Qiangiu Industry Co, China). The stacks were
equipped with nylon woven spacers, thickness 200 um (wire
diameter 122 um, porosity 67%) (Nitex 03-300/51, Sefar, The
Netherlands); in some experiments with the small stack, 100
um spacers (wire diameter 62 um, porosity 74%) were used



(Nitex 03-190/57). Gaskets were made of silicone rubber with
a thickness of 200 um (SSF-MLTN-940, Specialty Silicone
Fabricators, Paso Robles, CA).

Electrode System and Electrical Measurements. The
electrode system and the measurement method were analo-
gous to those of the small stack, which is described in detail
elsewhere (1). However, the electrodes used in the large stack
were different. Anodes were coated with Ir mixed metal oxides
and the cathodes with Ru mixed metal oxides (Magneto
Special Anodes, Schiedam, The Netherlands). These elec-
trodes are optimized for one current direction. Galvanostatic
measurements were carried out with an Ivium potentiostat
in combination with an Ivium booster (Ivium Technologies,
Eindhoven, The Netherlands) which permits measurements
up to 20 A at 20 V. Two types of electrode rinse solutions
were employed. In some experiments a solution of (15 g/L)
NaCl (0.25 mol/L) was used. This electrolyte is electrolyzed
at the electrodes and the electrolysis consumes a large part
of the generated energy. However, even in the case of a net
negative power production, measurements were possible
through the use of a potentiostat. The effect of segmentation
of the electrode was studied with the hexacyanoferrate
electrode solution (Ky;Fe(CN)g: 0.05 mol/L, KsFe(CN)g: 0.05
mol/L, NaCl: 0.25 mol/L). With this system electrode losses
are much lower than the generated power and therefore it
was possible to use three variable resistors (slide rheostats
of 22 Q, 5 A) as electrical load instead of three potentiostats
and boosters. On each flow rate, IE-curves were measured;
E being the voltage measured on the reference electrodes
and I the applied electrical current. The generated electrical
power was obtained from the maximal product of current
and voltage with different loads. Power densities were
achieved by dividing the power by the total active membrane
area.

It should be emphasized that the applied electrode
systems are only suitable for laboratory experiments. For the
use in commercial RED plants, more sophisticated systems
are necessary. A comparison of different electrode systems
is published elsewhere (10).

Sea and River Water. ‘Sea water’ consisted of 30 gNaCl/L
and “river water” of 1 g NaCl/L. A conductivity meter with
a Tetracon 325 cell (WTW, Weilheim, Germany) was used.
For the delivery of sea and river water and for recirculation
of the electrode rinse, peristaltic pumps were used. Tem-
perature was controlled at 298 + 1 K for all experiments.

Flow Rate and Pressure Measurements. Flow rates were
determined gravimetrically. Pressure differences were mea-
sured with a Deltabar S (Endress + Hauser, Germany)
differential pressure gauge between inlet and outlets. Hy-
drodynamic losses were determined as the product of flow
rate and pressure difference.

Results and Discussion

In this article we focus on the power production by a
REDstack. Power is generated by the potential over a
membrane (A®)and the transport of ions through a mem-
brane. The relationship between the potential across a
membrane and the concentration of the ions is given by eq
1:

A¢p = O”—RTln(&) 1

zF T\ ag

where A® is the potential (V), a the membrane selectivity, R
the gas constant (8.314Jmol ' K™ !), T the absolute temperature
(K), zthe electrochemical valence (—), Fthe Faraday constant
(96485 Cmol™Y), as the activity of the concentrated salt solution
(seawater) (mol L™!) and az the activity of the diluted salt solution
(river water) (mol L™Y).

The total potential of a RED stack is the number of
membranes (n) times the potential across one membrane.
Maximal power is obtained when the internal stack resistance
(R) equals the external resistance (R,) (8) given by the
following relationship:

L2
Po= PR = (5 ) Ra= YR @

where P, is the generated electrical energy. The internal stack
resistance (R, in Qm?) is the sum of the area specific resistances
of the anion exchange membrane (Rapv), the fresh water
compartment, the canion exchange membrane (Rcgw), and salt
water compartment. This can be written as follows (14):

hR hS
—— + Ry + —— @3)
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where his the compartment or spacer width (m), e the porosity
(—) of the spacer, « the conductance of the solution (S/m);
subscript R stands for the diluted compartment (river water)
and subscript S for the concentrated (seawater) compartment.

In this article we distinguish between power density (Py),
the generated electrical power per m?> membrane (AEM and
CEM) and the net power density (P4ner), the generated power
density minus the hydrodynamiclosses. They are determined
as follows:

Pu
P
Pd—net = Ze[ (5)

P, is the generated electrical power (P,) minus the hydro-
dynamic loss (Pyyar), A stands for the total active membrane
area (AEMs and CEMs together). Some authors use the cell-
pair area for A. However, we prefer the total active membrane
area in order to relate to other membrane based SGP
processes like pressure retarded osmosis (PRO) (3). The
hydrodynamic losses can be described by eq 3:

Piyar = PpAPy + QAP ©6)

where @y and ®g are flow rates of river and seawater (m?/s)
and APy and APs the pressure drop (Pa) over the river and
seawater compartments.

Energy efficiency is the obtained electrical energy from
a given quantity of feedwater divided by the potential amount
of energy; for the net energy efficiency (Y, this value is
corrected for the hydrodynamic losses (9).

The feedwater entering a RED stack represents a certain
amount of exergy X (1, 11, 12):

, G
X = 2RT[<I>RCRln Gy D Cyln — )
Cu G

M

where X is the exergy flow rate if the feed (W), R is the gas
constant (8.314 J-mol K1), Ttemperature (K), ®, and ®g
flow rates of river and seawater (m®/s) and C; and Cs the salt
concentrations in the river and seawater (mol/m?3). Gy is the
equilibrium concentration, obtained at total mixing of river
and seawater:

PG + PGy

= g, T @y

8)

The energy efficiency Y is the part of the incoming exergy
flow rate that is converted to electrical power:
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The net energy efficiency (Y;eis the amount of generated
electrical power (P,) minus the hydrodynamic loss (Ppyar)
related to the exergy of the feedwater:

net

=— (10)
X' X'

% =Pu_Phydr P

net

Effect of the Residence Time on the Power Density. At
high flow rates, it is expected that the power density is
maximal because the concentration difference between the
fresh and salt water on both sides of the membrane is nearly
unaffected by the transport of salts through the membrane
resulting a high potential difference across the membrane
(eq 1). However, hydrodynamic power losses should be taken
into account; these are maximal at high flow rates. Conse-
quently, there exists an optimal flow rate for maximal net
power density.

First of all only the (gross) power density was studied.
Figure 3 compares data of experiments with different process
parameters for two membrane types (Fumasep and Qiangiu),
two stack sizes (small and large), three flow directions (cross-,
co-, and counter-current), and two cell numbers (25 and 50).
The main conclusion from Figure 3 is that the residence
time is the key parameter governing the power density. The
generated electricity in different stacks with the same spacers
is largely independent of flow direction, membranes, cell
dimensions and the number of cells. The small influence of
the flow direction is discussed later on in this article; the
independence of the membranes is most likely due to
comparable membrane properties (electrical resistance,
permselectivity) (9) and by the fact that the electrical cell
resistance is mainly determined by the electrical resistance
of the river water compartment (I) (eq 3, (hg/ (€*gkR)).

There is no effect for the number of cells on the power
density, indicating that the losses due to shortcut currents
(which increases with the number of cells) is minimal (8).

Effect of the Residence Time on the Energy Efficiency.
At low flow rates (long residence times), it is expected that
the energy efficiency is maximal because the equilibrium
concentrations can be approached and hydrodynamic power
losses are minimal. However, at very low flow rates, losses
due to co-ion transport and osmosis start to play a significant
role (9). Therefore, also for maximal net energy efficiency,
there exists an optimal flow.

Figure 4 shows the net power density (Py.ned) of a small
stack and a large stack as a function of the net energy
efficiency (Y;e). It should be emphasized that all power
measurements were done at maximal power density. At these
conditions only 50% of the potential power is harvested (9).
If maximal power is required, Figure 4 is clear: the small
stack performs the best. Maximal net power density for the
small stack is 0.71 W/m?, about twice the value of the large
stack (0.40 W/m?). The net energy efficiency is at this point
for 12% for the small stack and 18% for the large stack; the
part of energy lost in hydrodynamic friction is 13%, respec-
tively, 16%. Higher energy efficiency is possible by applying
alower flow rate. The upper graph of the small cell in Figure
4 illustrates this: If a net energy efficiency is required of 30%,
this is possible at the cost of a reduced net power density of
0.35 W/m?,

Co-Current or Counter-Current Operation. In many
processes, like heat exchange and dialysis, the process can
be performed in co-current and in counter-current mode. In
most cases, counter-current operation is more efficient due
to its higher driving force and it should be investigated
whether this is also the case for RED.
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FIGURE 4. Net power density as function of the net energy
efficiency in the small and the large stack.

Co-current and counter-current operation were tested in
the large stack (Figure 2), equipped with 25 Qiangiu cells.
The flow direction was vertical (flow path 25 cm); in the
co-current mode, both sea and river water flow upward and
in the counter-current mode the direction of the river water
flow is inverted. Figure 5 shows the generated power density
for both flow directions, it shows that co-current operation
yields a little higher power density (about 0.05 W/m?
compared to counter current flow. This is at first sight rather
surprising, because in many processes, counter-current
operation is more efficient.

A part of the explanation of this behavior is the existence
of two counteracting effects on the generated power density
in the cell. In co-current operation the Nernst potential
difference (eq 1) is maximal near to the inlet. However, the
conductivity of the river water is small at this point (eq 3),
resulting in a rather small current. On the outlet side, the
Nernst potential difference is lower but the conductivity of



0,9

08 A

co-current

counter-current

/

0 1 2 3
Flow velocity (cm/s)

0.4

FIGURE 5. Co- and counter-current operation of the large stack.

the river water compartment is higher. This results in a
relatively constant power density on each position in the
cell. Another part of the explanation is the internal deforma-
tion in the stack. In counter-current operation the pressures
between sea and river water compartments are very different;
onlyin the middle of the stack, they are equal. Therefore, the
spacers in the seawater compartments are compressed on
one side of the stack and the river water spacers are
compressed at the other side. This may result in local
deformations of the flow path with an increase of the
hydrodynamic loss.

The higher power densities the co-current mode, has
favorable implications on the design of large economical
operated RED stacks. By using co-current feed, the pressure
between the seawater and the river water compartments is
very small. Therefore, leakage around the membranes in the
surroundings of the manifolds inside the stack and leakage
through pinholes in the membranes is minimal. Besides this,
very thin and delicate low electrical resistance membranes
can be used with the opportunity to give high power densities.
For spacer materials the advantage is that they can be made
with a delicate open structure, as necessary for low hydro-
dynamiclosses, and are not compressed due to high pressures
differences.

Segmentation of the Electrodes. During the passage of
the feedwater through a RED stack, the salt concentration
in the river water increases strongly whereas the relative
decrease of the salt concentration in the seawater compart-
ment is low. The consequence is that the electrical stack
resistance on the inlet side of the river water is higher than
on the outlet side (eq 3). Because the ratio of the concentra-
tions is the largest at the inlet side of the river water, the
electromotive force (EMF) is maximal on this side. In order
to generate maximal power density, the external load should
be adjusted to the electrical stack resistance (eq 2). Itis evident
that the value of the external resistance is a compromise and
itis worth investigating whether it is possible to extract more
power by means of dividing the electrode into a number of
smaller electrodes, each with its own electrical load.

The results are listed in Table 1. The power of an
unsegmented stack is 8.23 W, whereas the power of the three
segments of a system with divided electrodes is 4.30, 2.49,
and 2.31 W, a total of 9.10 W or 11% more then in the
unsegmented system.

Because the stack was operated in horizontal direction
with a long flow path and consequently high hydrodynamic
losses, only relative low flow rates were possible. This implies

TABLE 1. Segmentation of Electrodes

divided in three

segments
undivided
parallel  segment1 segment2 segment3
open circuit 4.88 5.35 3.89 3.50
voltage (V)
terminal 2.40 2.68 1.88 1.74
voltage (V)
electrical 3.42 1.60 1.33 1.33
current (A)
generated 8.23 4.30 2.49 2.31
power (W)
internal 0.71 1.67 1.47 1.32

resistance (Q2)

relatively large concentration gradients along the flow paths
in the stack. It is plausible that at higher flow rates—with
more similar concentrations in the three parts—the effect of
segmentation is less. Because segmentation requires ad-
ditional complicated electronics, it may be questioned
whether the small theoretical advantage also holds in practice.

Hydrodynamics; Effect of Flow Path Length. Hydrody-
namic losses in the stack are important in the design of a
RED generator. We measured the pressure drop due to the
fluid resistance in (i) the manifolds, (ii) the bores through
the stack, (iii) the spacer filled part of the compartments just
around the supply and drain holes and (iv) the part of the
spacer filled compartment where a rather uniform flow exists.
Fluid resistance of the external tubing is negligible, because
this system is well over dimensioned. Likewise, the fluid
resistance in the internal bore-holes is very low because these
channels are only 3 cm deep. However, the resistance around
the inlet and outlet holes in the spacer can be very high. All
feedwater enters the compartments radially from these holes
with relative high fluid velocities (13). We shall refer to this
partas “radial spacer resistance”. After passing some distance
in the spacer filled compartment, the flow is reasonable
uniform and we will call this “uniform spacer resistance”.

The large stack enables to distinguish between radial and
uniform spacer resistance if vertical flow is compared with
horizontal flow. The flow path in vertical direction is 25 cm
and in horizontal direction 75 cm. However, the distance
between the inlets (and also between the outlets) is the same
in both directions.

Figure 6 shows pressure as function of the flow rate in the
large stack for horizontal (O) and vertical (A) operation (both
in co-current mode). Data are obtained from different
experiments. The slope of the regression line for horizontal
operation is almost the same as the slope for vertical
operation. This is remarkable because at horizontal operation
the length of the flow path is three times the length of the
vertical operation. If the uniform spacer resistance contrib-
utes only to the total hydrodynamic resistance, a factor 3
should be expected between these slopes.

As stated, a high fluid resistance is expected around the
feed holes in the spacer material. Because the inlets (and
outlets) are equidistant and the pressure drop is almost the
same in both directions, the conclusion is that the main
hydrodynamic resistance is caused by these parts. Studies
of Dirkse et al. (13) support this idea: pictures from modeled
velocity fields show high velocities around the inlets and
outlets.

There are some possible measures to decrease the fluid
resistance. The total cross-sectional area of the supply and
drain channels through the stack should not be increased,
because in that case the effect of shortcut currents would be
unacceptable (8). However, it is possible to make more inlet
and outlet places with the same total cross-sectional area.
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Another option is to use special very open spacers around
the inlet and outlet holes.

Future Perspectives and Outlook. This study shows that
a RED design should cope with the counteracting electrical
and hydrodynamic requirements of spacers. With very open
spacers, it would be possible to combine alow (perpendicular)
electrical cell resistance with a low (lateral) hydrodynamic
resistance. Co-current operation enables the use of sophis-
ticated spacers and very thin membranes because the
pressure differences between the compartment are low in
this case. Net power density and net energy efficiency act
also competitive; however, they can be controlled by the
flow rate.
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