Chemical Engineering Journal 166 (2011) 256-268

Contents lists available at ScienceDirect
Chemical
Engineering

Chemical Engineering Journal
Journal

journal homepage: www.elsevier.com/locate/cej

Reverse electrodialysis: A validated process model for design and optimization

J. Veerman®P, M. Saakes?, S.J. Metz®*, G.J. Harmsen ¢

a Wetsus, Centre of Excellence for Sustainable Water Technology, P.O. Box 1113, 8900 CC Leeuwarden, The Netherlands
b NHL Hogeschool, Department of Life Sciences and Technology, Agora 1, 8934 CJ Leeuwarden, The Netherlands
¢ University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

ARTICLE INFO ABSTRACT

Article history:

Received 18 May 2010

Received in revised form 25 October 2010
Accepted 27 October 2010

Reverse electrodialysis (RED) is a technology to generate electricity using the entropy of the mixing of sea
and river water. A model is made of the RED process and validated experimentally. The model is used to
design and optimize the RED process. It predicts very small differences between counter- and co-current
operation.

It was decided to focus on co-current design because co-current operation causes smaller local pres-
sure differences between the river and seawater compartments—hence smaller risk of leakages and
the possibility to use very thin membranes with high fluxes and very open spacer structures with low
hydrodynamic resistance.

Segmentation of the electrodes proved to increase the power density by about 15% under realistic
operational conditions. The model shows that with smaller systems - in terms of length of the flow path
- higher power densities are possible. This effect is rather dramatical and poses a challenge for designing
improved RED stacks on large commercial scale. It is suggested to reduce the flow path length by applying
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a fractal structure design of the spacers. Such structures can be made by profiling the membrane.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

New renewable forms of energy are needed without thermal
pollution, without emission of environmental unwanted sub-
stances and without net emission of greenhouse gasses. Wind
power, hydropower, biofuel, solar power, geothermal power and
ocean power are contributors to an economy of renewable energy.
A relative young member of this group is salinity gradient power
(SGP), the energy that can be generated from reversible mixing of
two kinds of water with different salt contents. This technique is
proposed by Pattle in 1954 [1,2].

The global potential of SGP is the product of the potential energy
density of river water times the flow rate of all river water in the
world. Notwithstanding the local variations in salinity and tem-
perature of the sea and river water, the average value of the energy
content of river water can be used for an estimation of the global
power. This energy content is about 2.5 x 106 J/m3, supposing that
a large excess of seawater is used. The total discharge of all rivers
in the world is estimated to be 1.13 x 106 m3/s [3]. Therefore, the
global potential power is 2.8 TW, a value near to the 2.6 TW as esti-
mated in 1977 by Wick and Schmitt [4]. In 2008, the average world
energy consumption was about 15 TW; 5 TW from this amount was
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used to generate 2 TW of electrical energy in most low efficient coal
fired power plants [5]. Thus the potential of SGP is more than the
current global electricity consumption.

The advantages of SGP are: limitless supply (if river and the
seawater is used), no production of pollutants like NOy, no CO;-
exhaust, no thermal pollution, no radioactive waste and no daily
fluctuations in the productions due to variations in wind speed or
sunshine. However, in relation to other fuels, the salinity gradient
energy content of river water is rather poor. Consequently, invest-
ment costs for a SGP plan may be rather high and transportation
costs of feed water to the plant and inside the plant is substantial.

There are two membrane-based technologies which can convert
this potential energy into useful electricity: reverse electrodialy-
sis (RED) and pressure retarded osmosis (PRO). It has been shown
that, in the case of river water with seawater, RED is a promising
technique [6].

An important performance parameter is the power density. In
1980, Lacey presented a model of RED and calculated theoreti-
cal power densities [7] while defining power density as power
per membrane pair area. Weinstein and Leitz [8] also used the
membrane pair area in that respect. Such approach is conform to
electrochemical research practice. However, there is no real con-
sensus in literature since e.g. Jagur-Grodzinsky and Kramer used
the total membrane area [9]. When the Blue Energy project was
started in 2005 at the Wetsus institute in the Netherlands, a first
aim within that project was to compare the performance of RED
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Nomenclature

A cell area (m?)

Am total membrane area (m?)

Ana+ effective hydrated ion radius of Na* (pm)

Aq- effective hydrated ion radius of CI* (pm)
width of a cell (m)

C concentration (mol/m3)

Dgqit diffusion constant of NaCl (m?/s)

Dyater  diffusion constant of water (m?2/s)

D hydraulic diameter (m)

E voltage (V)

Ecell electromotive force of one cell (V)

F Faraday constant (96,485 C/mol)

f obstruction factor

I ion strength of a solution (mol/L)

i electrical current (A)

j current density (A/m?2)

INacl flux of NaCl (mols—! m~2)

JnaJa  flux of Na*, CI- (mols~1m=2)

Jwater molar flux of water (mols—! m~2)

Jwater  volumetric flux of water (m/s)

L length of a cell (m)

My, mass NaCl (0.05844 kg/mol)

My,0 mol mass H,0 (0.01802 kg/mol)

N number of cells in a stack

nNe degree of segmentation of electrodes

ocv open circuit voltage (V)

P power (W)

Py power density (W/m?)

Py_net et power density (W/m?)

Phyar hydraulic power loss (W)

P; internal dissipated power (W)

Pret net produced power (W)

Py produced electrical power (W)

AP pressure drop (Pa)

Q pressure drop factor

R gas constant (8.314Jmol~1 K1)

Rq area resistance (2m?)

RaEM area resistance of the AEM (2m?)

Rcem area resistance of the CEM (2m?)

Reell cell resistance (€2)

external resistance (£2)
response product (J2m>s-1)
Reynolds number

salt content (kg/m3)
temperature (K)

residence time (s)

voltage (V)

average velocity (m/s)

flow path direction (m)

exergy flow rate of the inlet (W)
exergy flow rate of the effluent (W)
net river water yield (J/m3)
valency of an ion

Greek symbols

permselectivity of the ion exchange membrane
activity coefficient

membrane thickness (m)

river water compartment thickness (m)
seawater compartment thickness (m)
membrane thickness (m)

thermodynamic efficiency

Am molar conductivity (S m?2/mol)
PH,0 density of water (1000 kg/m?3)
“w dynamic viscosity (Pas)

ol flow rate (m3/s)

Superscripts

i in

0 out

Subscripts

cit co-ion transport

coul coulombic

M equilibrium

osm osmotic

R river

S sea

Abbreviations
AEM anion exchange membrane

CEM cation exchange membrane
ED electrodialysis

ocv open circuit voltage

RED reverse electrodialysis

SGP salinity gradient power

Definitions

compartment space between the membranes

cell combination of two membranes and two compart-
ments

electrode system the anode, cathode and electrode rinse

stack a number of N cells with an electrode system

a-mode a system optimized for maximal net power density
(Pcl - net)

B-mode a system optimized for maximal response product
(RPZ =ZnetPy _ net)

with PRO and, as a result, it was then preferred to use the total
membrane area [6].

At that time, the history of RED from river and seawater was lim-
ited. Pattle reported the first RED experiments [1,2] and achieved a
power density (power per square meter membrane) of 0.05 W/m?.
Weinstein and Leitz achieved 0.17 W/m?2 [8], Audinos 0.40 W/m?
[10,11], Jagur-Grodzinski and Kramer 0.41 W/m?2 [9], Turek and
Bandura 0.46 W/m?2 [12], and Suda et al. 0.26 W/m? [13].

Besides power density, the efficiency of the process is an impor-
tant item. From these pioneers of RED, only Audinos reported the
yield (7-22%), however, with brine feed water instead of seawater.
From the Wetsus institute, Post et al. showed that with a recirculat-
ing feed, very high efficiencies (>80%) are possible at a low current
density [14]. However, practical values - at conditions of maximum
power density - of the efficiency proved to be much lower (18%)
[15].

Our obtained power density was 0.95-1.18 W/m? in small stacks
of 10cm x 10cm [16,17] but substantial lower in larger stacks of
25cm x 75 cm [17]. For further scale-up the RED process, a model
is necessary, describing the RED process and forecasting the power
density and efficiency. With such a model, spacer thicknesses and
flow rates can be optimized.

To clarify the subject of investigation in this paper, first we
will describe all essential elements. Fig. 1 shows a RED stack, con-
sisting (from left to right) of an anode, a number of alternately
stacked anion exchange membranes (AEM) and cation exchange
membranes (CEM), and a cathode. The compartments between the
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Fig. 1. A RED stack with electrodes divided into three segments and three loads
(R'y, R?, and R3,).

membranes are fed with sea and river water; the compartments
between electrodes and outer membranes contain the electrode
rinse solution which is circulated through anode and cathode
compartments. The cells - consisting of an AEM, a seawater com-
partment,a CEM and a river water compartment — are the repeating
units in a stack; the number of cells (N) may be small in a test setup
or large (hundreds up to thousands) in a real economically oper-
ating stack. Cations from the seawater diffuse through the CEMs
to the river water compartment and build up a positive potential
on the cathode. The anions from the seawater diffuse through the
AEMs to the river water compartment on the other side and cause a
negative potential on the anode. Electrical power can be extracted
from the system by an external circuit connected to the electrodes.
The ionic current within the cells is then converted to an external
electron current via redox reactions at the electrodes. These elec-
trodes can be undivided or divided into some segments (i.e. in three
segments as shown in Fig. 1). With the undivided electrodes, there
is only one load (i.e. an external resistance) Ry; in the system with
the segmented electrodes, each electrode has its own load.

In this paper we describe a process model containing all key ele-
ments of hydrodynamics, membrane transport and the electrode
system. This model is first validated with the experimental data of
our various test facilities for all key parameters and then it is used
to design and optimize the RED process.

2. Process model description
2.1. Energy balance and response variables

The feed water entering a RED stack represents a certain amount
of exergy X' [18,19]:

Xi = 2RT [q)RcR n Ry pcoin & 1)
Cu Cur

where X' is the exergy flow rate of the feed, R is the gas constant
(8.314) mol~1 K-1), Ttemperature (K), @ and P flow rates of river
and seawater (m3/s) and Cr 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:

Cor — DrCr + DsCs
M= (DR + @S

Analogous to Egs. (1) and (2) - using the outlet concentrations
and outlet temperature - the outgoing (X°) exergy flow rate is

(2)

achieved from the outlet concentrations of the RED stack. Even in
the case of a total conversion, the temperature decrease is only a
fraction of a degree. Therefore, we shall use T for inlet as for outlet
temperature.

The produced electrical power of the stack (P, ) is the product of
the voltage (U) over an external resistor and the current (i) through
that resistor:

Py = Ui (3)

The produced power is related to the exergy decrease. The effi-
ciency of the process is expressed by the thermodynamic efficiency
1. In the ideal case the mixing is totally reversible (nr=1) and in
the worst case the mixing is total irreversible (n7=0).
T Xi— Xo
Under conditions of maximal power, the thermodynamic effi-
ciency is only 50% or less [20].

In a RED stack, there are three key response parameters. The

first is the net produced power Py, being the produced electrical
power P, minus the hydrodynamic loss Py,

Pnetzpu—Phydr (5)

Ppyqr is the product of the pressure drop over the stack (APs and
APy for the sea and river water compartment) and the flow rate
(®s and Pg) for the two feeds:

Ppygr = APs®s + APrPg (6)

nr (4)

The second important response parameter is the power density
P4, the produced electrical power divided by the total membrane
area Ap. For the net power density P;_ e, this value is corrected
for the hydrodynamic loss:

— Pu
-

P
Py net = A”—;f (8)

Py (7)

Power density is an important parameter, because the mem-
brane area is related to the total investment costs of a RED power
plant.

From the starting point that the availability of river water is the
limiting factor, it is useful to define an efficiency measure directly
from the consumed amount of river water. We call it ‘net river water
yield’ (Zner).

P,
Znet = %:t (9)

Maximization of Z,e; may result to unpractical values also: very
long residence times in combination with low power densities.
Therefore, we introduce the response product RpZ:

RPZ = Pa_netZnet (10)

2.2. Overview of the modeling of mass and charge transport;
equivalent electrical circuits of systems with undivided and with
segmented electrodes

In order to simulate the performance of a RED stack, the trans-
port of counter-ions through the membranes should be calculated:
Na* through the CEMs and Cl~ through the AEMs from the seawater
into the river water compartments. Two disturbing effects should
taken into account: co-ion transport (Na* through the AEMs and
Cl~ through the CEMs) in the same direction and osmosis (H,O
transport from the river water to the seawater compartments). Of
special interest are the influence of the flow direction (co-current or
counter-current) and the degree of segmentation of the electrodes
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Fig. 2. One cell in a RED stack. The solid part is the repeating unit; the dashed
membrane is part of the adjacent cell.

(ne=1: undivided or n. >1: segmented). We will focus on a single
RED cell; effects of parasitic currents - as can be found in stacks
with more cells - are not included in this model but were object of
a former study [20]. This and the following sections will describe
the system and the equations used to define the model and derive
the properties of the model.

Fig. 2 shows a single RED cell, consisting (from left to right) of
an AEM, a seawater compartment, a CEM and a river water com-
partment. In the picture the AEM of the adjacent cell is drawn with
dashed lines. The dimensions of the stack are described by length
(L), width (b), thickness of seawater compartment (ds) and thick-
ness of the river water compartment (Sg ). Flow rates of sea and river
water are designated by @5 and @ and input concentrations by Cig
and Cig.

The cell of Fig. 2 is operated in co-current mode; near the feed
water inlets, the electrical resistance is determined by the resis-
tance of the river water compartment (the resistance of the river
water is much higher than of the seawater). During the passage of
the feed water through the cell, the salt concentration of the sea-
water decreases and of the river water increases. The consequences
are (in the direction of the flow) a decreasing electrical cell resis-
tance and a decreasing voltage. In most test stacks, all parts of the
stack share the same electrodes (n.=1). This situation is not opti-
mal because for maximal power the resistance of the load should
be equal to the internal resistance. In the worst case it is imagin-
able that the upper part of the cell generates power, the middle part
does nothing and the lower part acts in the reverse direction (like
a normal electrodialysis (ED) unit).

In principle, the stack can be improved by electrode segmenta-
tion. In Fig. 1, the electrode is divided into three parts (n. =3), each
with its own load (Ry). Maximal power is generated if each load
Ry equals the internal resistance R of a specific part of the RED
cell [20]. Theoretically, the more the electrode is segmented, the
higher the efficiency. In the following sections, a model is developed

for both extreme cases: systems with unsegmented electrodes and
systems with indefinitely segmented electrodes. The equivalent
electrical circuits of systems with undivided and with segmented
electrodes are shown in Fig. 3a and b.

2.3. Modeling of the salt and charge transport in a system with
infinite segmented electrodes

Electrodes can be undivided as in Fig. 3a or segmented into three
parts as in Figs. 1 and 3b or segmented to another degree (1,). First
we will present the theory for a system with an infinite degree of
segmentation (1, =o0), each segment with its own external load.
This gives a simple continuous model by which several effects of
design variables on the response variables can be studied. The sys-
tem of differential equations is programmed in Berkeley Madonna.
This program can be adapted to an undivided electrode system
(ne =1). The extreme values of the segmentation number (1, = 1 and
oo) are sufficient for general conclusions concerning segmentation.
In Section 5.3 the effect of intermediate values of the segmentation
number (n.=1...7) on the power density is discussed.

In the first order approximation, it is assumed that the salt
concentration in the compartments of the cell is uniform in
the direction perpendicular to the membranes. This is the well-
known plug flow reactor (PFR) approach. However, boundary layers
(enrichment or depletion layers) can affect the performance of a
RED stack, as showed by Lacey [7] and Dlugotecki et al. [21-23].
Transport of salt from sea to river is caused by diffusion of Na*-
ions through the CEM and of Cl~-ions through the AEM. In real
membranes there is also a small co-ion transport.

We describe the performance of the RED cell with the following
system of 11 equations. The first of this system (Eq. (11)) is the
expression of the electromotive force of the cell (E.;). This voltage
is the sum of the Nernst potential difference over the CEM and over
the AEM [20].

b = ey KT 1 ARG RT 0G0
cell EF T NG T ME T 80 Cr(x)

In this expression, R is the gas constant (8.314]mol-1K-1), Tis
the temperature and F is the Faraday number (96,485 C/mol); « is
the permselectivity of the membrane, a measure for the specificity
of the membrane for the permeability of counter-ions. Concentra-
tions (in mol/m3) are denoted by C and activity coefficients by y.
Subscripts S and R indicate ‘sea’ and ‘river’.

Activity coefficients are also dependent on the position in the
cell and are obtained with the extended Debye-Hiickel equation:

_ 2
Xp[ 0.5122+/1(x) ]

(11)

yix)=e (12)

1+ (A/305)/I(x)
where y is the activity coefficient of the ion, I the ion strength of
the solution (mol/L), z the valency and A the effective hydrated ion
radius in pm (An,+ = 450 pm and A~ = 300 pm).

The ionic strength I is calculated from the molar concentration
C; and the valency z; of each ion. Because pure NaCl solutions are
studied, the value of the ion strength is equal to the concentration
in mol/L (z;2 =1 for Na* and CI~). The factor 1000 is introduced to
convert concentrations in mol/m3 into the standard unit of mol/L
as used usually in the ion strength.

I(x) = %Zz,z G ) .

' 1000 ~ 1000

The method holds for solutions to about 500 mol/m3 (roughly
the salt concentration in seawater).

From the molar conductivity A; of a NaCl solution, the
space-dependent area resistances of the sea and river water
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Fig. 3. ARED cell in co-current operation. (a) With undivided electrodes and one external load R, and (b) With 3 separate electrodes and 3 external loads, R',, R, and R3,.

In the counter-current operation mode, the direction of the river water (®y) is inverted.

compartments (Rys(x) and Ryr(x)) are calculated. In fact, Ap, is
dependent on the concentration C, but if a correct value of Ap
is used for low concentrations, the calculated resistance of the
river water compartment is reliable; the resistance of the seawa-
ter compartment, being much lower, has less influence on the total
resistance:

ds
Ra,S(X) ZfW (14)
Rarl)=f (1)

In this equation, §s and &g are the thicknesses of the sea and river
water compartment (Fig. 2). The obstruction factor fis a measure for
the increase of the electrical resistance due to the negative effects
of the spacer (tortuosity of the ion path, decrease of the amount
conducting solution and shielding the membrane).

The area cell resistance is the sum of the compartment area
resistances (R, s(x) and Ry g(x)) and the membrane area resistances
(Raem and Rcgm) [20].

Ry ceti(%) = Rq,s(x) + Ra,r(X) + Ragm + Rcem (16)

For maximal power, the external resistance (load) should be
equal to the internal resistance [20]. Because the internal resis-
tance of the cell is space-dependent, the load (Rq (X)) should also be
space-dependent. This load — expressed in units of area resistance
(2m?) — is varying continuously in the x-direction:

Rﬂ,u(x) :Ra,cell(x) (17)
The current density (j) is now achieved with Ohm’s law:
jx Ecen(x) (18)

- Ry cenn(x) + Ra,u(x)

Salt transport from the sea to the river water compartment,
Jtotal» 1S composed of a Coulombic part (J.,,) and a part due to

co-ion transport, (J.). The Coulombic part is equal to j/F, where
F is the Faraday constant (96,485 C/mol). The co-ion transport can
be obtained from the NaCl diffusion constant for the membranes
(Dgqit), the membrane thickness (8p;). The factor 2 is due to the fact
that the there are two membranes in a cell.

jx)

o) = Jeou) +Ja0 =180 1 2B 60— Gyl (19)

This transport of NaCl causes changes in the sea and river water
concentrations, determined by the mass balance equations:

G0 = = ) (20)
d b
aCR(X) = aR.]to[al(X) (21)

In these equations, @5 and @y are the flow rates of sea and river
water. In co-current operation, they have positive values; in the
case of counter-current operation we assign a negative value to
Dp.

The system — described by Egs. (16)-(21) — is numerically
solved with the program Berkeley Madonna. In the co-current mode,
input concentrations Cs(0) and Cg(0) should be specified. In the
counter-current mode (with a negative sign for the river water flow
rate @) the significance of Cz(0) in the model is the outlet concen-
tration of the river water and the input concentration is given by
Cr(L); by adjusting Cg(0) the specified input concentration Cg(L) can
be obtained.

Once the system is solved, the produced external power density
function Py(x) is given by:

Palx) = 22 (CORau(0) (22)

The factor 1/2 is due to the double membrane area (CEM and
AEM) in a cell. The total developed power P, is obtained by inte-
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gration over the length L in the x-direction:

L
Ptotal:b/ Pddx (23)
0
This results in an average power density (P,):
D Ptotal
Py =7 (24)

Supply of feed water is expressed as flow rates ® (m3/s) or in
velocities (m/s) or in the reverse unit residence time (tg). For a
compartment with dimensions L, b and §:

(e
V= b (25)
and

Lbs
tg = > (26)

2.4. Correction of the model for the effects of water flow through
the membranes by osmosis

Opposite to the salt flux, there is a water flux (Jyarer) due to
osmosis [16] of water from the river water compartment to the
seawater compartment (analogous to the second term in Eq. (19)):

S () = =28 [C0) — o) 27)

Dwater stand for the diffusion constant of water in the mem-
branes. The flux in Eq. (27) is expressed in mol m~2 s~1. To convert
this to a volumetric flux (J'water), a factor Mp,0/pH,0 (molar mass
over density) is added; in fact, this volumetric water flux is the
superficial water velocity on the membrane.

MHu,0
PH,0

Jivater() = —”L:ET[CS(X) (0] (28)

)

The effect of salt transport on the concentrations in sea and river
water is symmetric: If 0.1 g NaCl is transported from 1L seawater
(30g/L) to 1L river water (1g/L), the new concentrations are 29.9
and 1.1 g/L: the decrease in seawater equals the increase in river
water. On the other hand, if 100 mL water is transported by osmosis
in the opposite direction, the new concentrations are 30/1.1=27.3
and 1/0.9=1.11g/L. In this case the concentration change in the
seawater is much larger than in the river water.

Osmosis affects — in principle - salt concentrations as well as
feed water flow rates. The impact of the concentration change on
the stack performance is much larger.

Atypical value of the osmotic flux is about 10 mmol m-2s~1 [16].
Assuming effective membrane length equal to 0.1 m, membrane-
to-membrane distance 200 wm, and linear flow velocity 0.01 m/s
the increment of linear flow velocity in the river water com-
partment is as low as 2%. This change is much smaller than the
concentration change and therefore, we ignore the flow rate change
during the passage of the cell and calculate only the effect on the
concentration.

Fig. 4 shows the osmotic flow through a small area of membrane
dA=b dx of membrane to a thin slice in the seawater compartment.
The osmotic flow rate is:

dPosm = bl ater dX (29)

The incoming salt flow rate is @sCs (mol/s). This amount of salt
also leaves the slice. Here, the concentration is given by:

DsCs(x
Q“+“*:Eiﬁ%$
_ 1 " dPosm
= SO i@y sy ~ W) (-F)  ©o

river sea

Fig. 4. Flow rate balance; an osmotic flow d®,sn, is directed from the river water
compartment (left) through the membrane to the seawater compartment (right).

d(posm b]\//vater
B —CS(X)TS dx (31)
For the increase of the salt content in the river water com-
partment, an analogous expression can be derived. To incorporate
the effect of osmosis Eq. (28) should be added to the model (as
described in Section 2.3) and Eqs. (20) and (21) should be replaced
by:

dCs(x) = —Cs(x)

d b bJ;

C5(0) =~ () — Cs() Lomer (32)
and by

d b by,

) = o) + e (33)

2.5. Modeling of the system with undivided electrodes

The principle of this arrangement is shown in Fig. 3a. The left
electrode (anode) is grounded and the potential on the cathode
(right) is assigned to be U volt. In this way, the current through
the cells is determined, and also the current through the external
load and the delivered power in that load. In the model Uis adjusted
manually to maximal power in the load. The used programis a mod-
ification of the used program for an infinite number of electrodes.
In the next section, the effect of segmentation on the performance
of a RED stack will be shown.

3. Experimental

Two types of stacks were investigated: (1) the ‘small stack’ is
described in detail elsewhere [15] with a functional membrane
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Input variables

Control of external resistance

inlet concentrations  C's, Cr - open cicuit (R, =)
inlet flow rates CDis - or short circuit (R, =0)
temperature Ts, Tr - or R, adjusted for maximal
specific response parameter
Parameters
membranes Output values
area resistances  Rcem, Raem spatial dependent values
permselectivity a concentrations Cs(x), Cr(x)
salt diffusion const. Dy, cell resistance R(x)
water diff. const.  Duyater —» | Model —> | cell current i(x)
membr. thickness Ocem, Oaem cell voltage E(x)
cell cell power density  P(x)
spacer thickness s, Or single values
obstruction factor f concentrations C%, C%
cell length L cel current i
cell width b cel voltage E
flow direction derived values
co-/counter +Clror -Clg max. power densty Py
eletrodes
segmentation Ne=0,1..

Fig. 5. Input variables and parameters as used by the model for calculating the outlet values.

area of 10cm x 10cm (50 cells) and (2) a novel ‘large stack’ of
25cm x 75 cm (50 cells) with three electrode compartments - each
with its own electrodes - were located on each side inside the
endplates as described in [17]. Membranes used were Fumasep
FKD cation exchange membranes, FAD anion exchange membranes
(Fumatech, Germany) and Qianqgiu Homogeneous AEM and CEM
(Hangzhou Qiangiu Industry Co, China). The stacks were equipped
with nylon woven spacers, thickness 200 wm (wire diameter
122 pm, porosity 67%) (Nitex 03-300/51, Sefar, The Netherlands);
in some experiments with the small stack, 100 pm spacers (wire
diameter 62 p.m, porosity 74%) were used (Nitex 03-190/57). Gas-
kets were made of silicon microfilm with a thickness of 200 um
(SSF-MLTN-940, Specialty Silicone Fabricators, Paso Robles, USA).

In our experiments, ‘seawater’ consisted of 30 g NaCl/L and ‘river
water’ of 1 g NaCl/L. The salinity of our artificial ‘seawater’ is compa-
rable to real seawater: for oceans, this is about 35 g/L and for water
in the North Sea near to the Dutch coast it is 32 g/L. The mean salin-
ity of the river Rhine is 0.135 g/L; we chose a rather high value of
1 g/L to obtain stable experimental results.

4. Model validation with laboratory scale experimental
set-ups

Fig. 5 shows the input variables and process parameters of
the model. In general, most parameters are well defined but
some are less reliable: the obstruction factor of the spacers (f)
and the diffusion constants for salt (Dsqe) and water (Dwater)-
These parameters are found by fitting the model to experimen-
tal data. The obstruction factor (also known as ‘shadow factor’)
describes the extra electrical resistance of the water compart-
ments due to the influence of the spacer [14-16,24,25]. The
spacer effect includes: (i) the increase of the electrical resis-
tance due to the tortuosity of the ion path, (ii) decrease of the
amount conducting salt solution in the compartments and (iii)
the shielding effect of the spacer on the membrane on the con-
tact places. Dy and Dyqarer should only describe the diffusion of
ions and water in the membrane; however in practice also leakage

(around the inlet holes) can contribute to these diffusion con-
stants.

For the calibration, we used three small stacks (10cm x 10 cm)
with Qianqiu homogeneous membranes (25 cell, with cross-
current feed). For the fitting procedure the residue was calculated
from the maximal power density (P;) and the outlet concentra-
tions under open circuit conditions (no external load connected to
the system) of the seawater (Cs°P¢") and river water (CgP¢"):

2 2
Residue:E (Apd,i)ZE (Acem) E (ACP™) (34)
i i i
1.2
5}
500 g N
g AAAB&AO hd ° % o CgoPen 10
400
m‘\E 0.8 NE
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Fig. 6. Calibration of the model. Computed (line) and measured (marked points)
power densities and outlet concentrations of three small Qianqiu stacks of 25 cells
as function of the residence time. Power densities (P;) are measured under maximal
power conditions; outlet concentrations (Cg°P" and Cs°P°") were determined with
open circuit (unloaded) stacks. Different marks ((J, A and ¢) refer to different stacks.
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Fig. 7. Model predictions for a stack with Fumasep membranes. Dimensions of the stack: 10 cm x 10 cm; spacer thickness 200 pm. A residence time of 60's is used in the
calculation. In each graph the following local values are shown: the concentration of seawater (Cs) and river water (Cg), (left axis), power density (Py), open circuit voltage
(E) and area resistance (R,), (right axis). The graphs show the effects of the relative flow direction and of the segmentation of the electrodes. The two left graphs (a and c) are
related to systems with a high degree of segmentation of the electrodes; the right two graphs (b and d) to systems with undivided electrodes. The upper two graphs (a and
b) describe the behavior of co-current feed and the lowest two (¢ and d) of counter-current feed.

In this equation, APy; is the difference of the measured and cal-
culated power density, etc. We calibrated the model by adjusting
the parameters f, Dggr and Dyacer until the minimal residue was
achieved.

Fig. 6 shows (i) the measured and fitted values of the maxi-
mal power density of the stack under condition of maximal power,
(ii) the measured and fitted outlet concentrations of the unloaded
stack. The fitted values are near to the experimental data used
as start values. The following values are found: obstruction fac-
tor f=1.6 (starting value 1.7 from [15]), salt diffusion constant
Dyqir=2.5 x 1011 m2/s (start value 3.2 x 10~ m2/s from [16]) and
water diffusion constant Dyger=3.5 x 1072 m?2/s (starting value
7.9 x 10~2 m?/s from [16]). Both start values and fitted values are in
the normal range of diffusion constants inion exchange membranes
[16].

In fact the model is developed for co- or counter-current opera-
tion and in contrast, in the small stack the relative directions of the
sea and river water flows are perpendicular (cross-current opera-
tion). In Section 5.2 it will be shown that differences between co-
and counter-current operation are small. Therefore, it is reason-
able to use the model also for the small stack because cross-current
operation can be regarded as an intermediate between the co- and
counter-current operation.

5. Application of the electrical model for optimization of
the water compartments

5.1. Spatial effect within the cell

To give a first impression of the behavior within a
RED cell, the (not yet calibrated) model is used to simu-
late a small cell (10cm x10cm), equipped with Fumasep
membranes (FAD and FKD). Used parameters as obtained
from precious work [15] include: obstruction factor: f=2,
membrane area resistances: Rcpv=5.90x10"4Qm? and
Rapm =1.63 x 1074 Qm?2, permselectivity: o=0.88, spacer thick-
ness (both compartments): ds=38g=200um and NaCl diffusion
coefficient: Dsg =0.13 x 10~19 m? /s, Input salt contents are 30 g/L
(512.8 mol/m3) for the seawater and 1g/L (17.1 mol/m3) for the
river water; residence time is 60 s for sea and for river water.

Fig. 7 shows some local variables of cells with: (a) segmented
with an infinite number of electrodes and co-current operation, (b)
undivided electrodes and co-current operation, (c¢) segmented with
an infinite number of electrodes and counter-current operation,
and (d) undivided electrodes and counter-current operation. Plot-
ted are local concentrations in the sea (Cs(x)) and in the river water
compartments (Cr(x)), together with local power density (Py(x)),
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Fig. 8. Computed power densities for different flow directions (co-current and
counter-current) and different electrodes (undivided and infinite segmented).

local open circuit voltage (E(x)) and local area resistance (Rq(x)). In
each graph, the river water inlet is on the left side. In the co-current
mode graphs (a and b) the seawater inlet is also on the left side. In
the counter-current graphs (c and d), the seawater inlets are on the
right side. Effects of osmosis are not incorporated in this model and
therefore the graphs of the concentration in sea and river water (Cg
and Cg) are symmetrical.

The graphs show the following aspects of the cell behavior;
going from the river water inlet to the river water outlet (from left
to right) we note:

e The salt concentrations in the sea and river water compartments
(Cs and Cg) change more or less linearly.
¢ The electrical resistance (R, ) decreases sharply in the first quarter
of the flow path and after that more slowly.
The cell voltage decreases smoothly to about half the initial value.
The generated power density (P;) is maximal short after the river
water inlet. The reason is that the input concentration of the
river water is very low and the resulting high resistance lim-
its the electrical current and thereby the power. In the models
with undivided electrodes (plots b and d) this maximum is a bit
delayed.
With the segmented electrodes (plots a and c) the power density
is higher over the whole length of the cell than with the undivided
electrodes (plots b and d).

5.2. Evaluation of the flow direction (co-current and
counter-current)

Fig. 8 shows computed data for two different flow directions
(co- and counter-current) and two different electrode systems
(undivided and segmented). Used are the values for the Qiangiu
homogeneous membranes with spacers (sea and river) of 200 pm.
The effect of the flow direction is small. For undivided electrodes,
the differences are less than 1% in the studied residence time range.
For the system with infinite segmented electrodes, the benefit of
counter-current flow is maximally 2% better at longer residence
times (705s).

Measured data [17] show a slightly higher power density for
co-current operation (4%) whereas the model shows no significant

Table 1

Average maximal power density (Py) as function of the number of segments of the
electrode. Added is the gain achieved by dividing process. Each segment has its own
load, optimized for maximal power output.

Segments Py (W/m?) Gain (%)
1 0.434 0.0
2 0.490 129
3 0.502 15.7
4 0.505 164
5 0.506 16.6

differences. This could be explained by the fact that the model is
based on a rigid stack but the real stack is flexible. Counter-current
operation introduces high local pressure differences between sea-
and river water compartments. This can result in local obstructions
for the fluid flow and in local deviations of the electrical conduc-
tivity [17].

By taking into consideration that co-current operation causes
smaller local pressure differences between the river and seawater
compartments - hence smaller risk of leakages and the possibility
to use very thin membranes with high fluxes and very open spacer
structures with low hydrodynamic resistance - it was decided to
focus on co-current design.

5.3. Benefit of the system with segmented electrodes

Experimentally, an increase of 11% is found (from 0.441 to
0.488 W/m?) by dividing the electrode into three independent seg-
ments, each loaded with its own optimal resistance [17]. As shown
in Fig. 8, the model forecasts also an increase of the power den-
sity by segmentation of the electrodes. The benefit of a system
with an infinite segmentation and operated in the co-current mode,
is according to Fig. 8 about 15% at a residence time of 70s. The
increase in power is attributed to the equal external resistance
which matches the internal stack resistance (Eq. (17)) of the seg-
ment. By adding more segments with adjusted external resistances
more power can be generated.

However, the model uses infinite segmented electrodes whereas
the experiments were performed with electrodes divided into only
three segments. Therefore, we briefly discuss the effect of the
degree of segmentation to the power density. The results are shown
in Table 1. Dividing the electrodes into some segments can be
useful. A disadvantage of the use of segmented electrodes is the
necessity to use an optimized load for each segment.

5.4. Design optimization of thicknesses and lengths of the water
compartments and of the resident times

Key parameters in the design of a RED stack are the thicknesses
and the length of the sea and river water compartments. In most
experiments with our small stack we used a spacer thickness of
200 pm for both compartments. In this case the electrical cell resis-
tance is mainly determined by the river water compartment; the
hydrodynamical loss with the used spacers is about 20% [15]. With
thinner spacers the electrical resistance (perpendicular on the spac-
ers) decreases but at the cost of a higher hydrodynamical resistance
in the lateral direction.

It is not self-evident that optimal performance is achieved with
equal spacers for both compartments. It seems reasonable that the
spacer thickness of the seawater compartment can be taken some
(e.g. 5) times thicker than that of the river water compartment. In
this case the total electrical cell resistance is hardly influenced; on
the other hand the hydrodynamic resistance of the seawater com-
partment is much lower than that of the river water compartment.
In this way the total hydrodynamical loss is reduced to about half.
A thicker seawater compartment permits also the use of a seawater
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Cell D: cell with real membranes and real spacers.
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0.010

128

78
97
111

1.63
1.38
1.18
0.99
0.76
0.61
0.47

0.14
0.14
0.14
0.13
0.12
0.11
0.09

1.78
1.52
1.32
1.13
0.88
0.71
0.56

0.90
0.98
1.03
1.11
1.21
1.28
1.36

33
38
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483
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471
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0.43
0.52
0.59
0.66
0.75
0.82
0.89

0.19
0.25
0.29
0.35
0.43
0.50
0.57

2.3

52
10.1

96

37

194

134
131
125

4.8
85

1

0.025 280

17.0
28.6

181
240
356
486
672

0.050 373

126
142
151

49

15.2
333

0.100 503

109

58
65

58.2
100.3
175

0.250 753

91

60.7
112

0.500 1030

73

156

74

1.000 1430

. Maximization of Rp?

0.010 240

313
281

298

1.05
0.94
0.84
0.74
0.59
0.48
0.38

0.03
0.03
0.04
0.04
0.04
0.04
0.04

1.08
0.97
0.88
0.78
0.64
0.53
0.43

5.76
4.79
4.25
3.82
3.42
3.19
3.03

92

497
493
489
485
478
472
466

0.13
0.18
0.23
0.28
0.37
0.44
0.51

0.17
0.22
0.27
0.32
0.40
0.47
0.54

7.7
14.1

22.1

5.9
114

18.8

54
88
124

300
300
299

96
101
106
114
122

0.025 341
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252
220

0.050 448

355

313

0.100 590

174
138

294
285
272

68.0
114
196

62.6
107

274

388
553

0.250 863

0.500 1160

104

130

186

1.000 1590

Effect of the length of the flow path (L) on different cell parameters. Cell specifications: undivided electrodes, co-current flow direction, spacerless compartments, ideal membranes. Inlet concentrations: 512.8 and 17.1 mol/m?>.
Maximized values (in bold) are the power density (Py_ ) in the upper part («) and the response product Rp? in the lower part (). Adjusted values (italics) include: compartment thicknesses (8s and 8g) and residence times (tgs

and tgg). Normal printed values are calculated and include: linear average velocities (vs and vg), outlet concentrations (C°s and C°g), flow rate ratio (@s/®r), electrical power density (Py), hydrodynamic loss (Pg — pyqr), net power

density (Py_ e ), net river water yield (Zye;), response product (Rp?) and the Reynolds numbers (Res and Reg).

flow rate that is higher than the river water flow rate: the amount of
harvested energy per m> river water can increase from 1.8 MJ with
a 1:1 ratio to 2.6 MJ with a large surplus of seawater [15]. How-
ever, a thicker seawater compartment may increase losses due to
the increased parasitic ionic currents [20].

A special property of the hydrodynamic loss is that it is affected
by the length of the flow path L. If some ions diffuse (and generate
energy)only in the second part of the flow path, these ions (together
with the accessory amount of water) have traveled the first part
in vain, only causing frictional losses there. Therefore L is a main
design parameter.

The main finding in Sections 5.2 and 5.3 was that a stack in co-
current operation with undivided electrodes is a good choice. Based
on this configuration, we used the developed RED model for cells
with two types of membranes and two spacer configurations. For
eachinvestigated cell we study the influence of the flow path length
on the various response parameters, power density and energy effi-
ciency. For each length, thicknesses of both compartments and flow
rates of both feeds are adjusted for maximal output of the different
response parameters.

To study the influence of the flow path length, to find the
theoretical limits of the performance and to quantify the contri-
bution of the membranes and spacers to the losses, we continue
the calculations, using with the response parameters P;_ o (net
power density) and Rp? (response product; Rp? =ZpetP, _ pet) for the
optimization. We did not use Zp¢; (net river water yield) for max-
imization because this resulted in extremely long residence times
and very low power densities. A compromise between net power
density and net efficiency is the response product (Rp?). We shall
refer to the maximization of the net power density (Py_ ) as
a-mode and to maximization of the response product (Rp?) as -
mode.

We used the model to determine the performance of four cell
configurations:

(A) without spacers and with ideal membranes
(B) with real spacers and with ideal membranes
(C) without spacers and with real membranes
(D) with real spacers and with real membranes

The ideal membranes have no electrical resistance, no osmo-
sis and no co-ion transport (i.e. a permselectivity o =1). The real
membranes are the Qiangiu homogeneous membranes. For spac-
erless cells, there is supposed to exist a laminar flow between the
membranes. The real spacers are similar spacers to those studied
in[17].

In order to compare the four cell configurations in a similar
way, in each configuration was used an obstruction factor f=1, a
flow path length L=0.25 m and input concentrations Cs=512.8 and
Cr=17.1mol/m3 (i.e. 1 and 30 g/L).

5.4.1. Cell configuration A: design optimization of flow channel
dimensions without spacers and with ideal membranes

Normally, spacers are used between the membranes. They are
used for mechanical stability of the stack and may furthermore
promote mixing within the compartments, thereby reducing the
thickness of the diffusion layers. However, in our ideal hydrody-
namic model we ignore the effect of spacers in the compartments.
Reynolds numbers can be determined as follows:

__wDp
n

where v is the mean velocity, D the hydraulic diameter, p the den-

sity of the feed water and p the dynamic viscosity (0.9 x 10-3 Pas

for pure water at 25°C). For a flow between two parallel planes,
the hydraulic diameter equals two times the distance between

Re (35)
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Table 3

Main properties of the cell configurations A-D. Data are tabulated for two cell lengths (L=0.01 m and for 1 m) and for two maximization modes (maximization of Py _ e and

sz).

Cell configuration spacer membranes A, none, ideal

B, real, ideal C, none, Qianqiu D, real, Qianqiu

0.001 1 0.001 1 0.001 1

Cell length (m) 0.001 1

. Maximization of Py _ er

Net power density Py _ et (W/m?2) 60.2 6 11.6 1.2 2.4 1.3 1.6 0.5
Net river water yield Znet (KJ/m?) 371 373 373 373 32 105 78 156
Flow ratio Ds|DPg 2.8 2.8 1.5 1.5 0.8 1 0.9 14
Thickness seawater comp. 8s (pm) 19 185 96 965 56 331 194 1430
Thickness river water comp. Sg (um) 9 92 48 478 29 160 96 672
B. Maximization of Rp?

Net power density Py _ pee (W/m?2) 51.6 5.2 10 1 1.3 0.9 1.1 0.4
Net river water yield Znet (KJ/m?) 557 555 555 554 290 300 298 272
Flow ratio Ds|Pg 24 24 2.9 29 139 4.5 5.8 33
Thickness seawater comp. 8s (pm) 23 232 121 1200 75 398 240 1590
Thickness river water comp. Sk (pum) 9 89 46 461 11 108 54 553

them. Applying Eq. (35) to a standard small cell as described in
[15] (dimensions 0.1 cm x 0.1 m with a compartment thickness of
200 wm), we obtain for a relative short residence time of 5s (cor-
responding to a mean velocity of 2 cm/s) a Reynolds number of 4.4,
low enough to be sure of a laminar flow.

With a laminar flow between the membranes, the pressure drop
over the sea and river water compartment (APs and APg) is:

aps = 2085 - ppy = 2P (36)
bé? b&3
The hydraulic power l0ss Ppyq, is then
Ppyar = APs®s + APrPg (37)

The second assumed ideality of the cell is that they are equipped
with membranes without electrical resistance and with permselec-
tivity « =1 and no osmosis.

5.4.2. Cell configuration B: design optimization of flow channel
dimensions with real spacers and ideal membranes

We will compare the pressure drop in spacer filled systems with
spacerless systems. Therefore we extend Eq. (37) (describing the
pressure drop in a spacerless compartment) with a factor Q. In this
way Eq. (38) is obtained, which describes the pressure drop in a
spacer filled system:

2uLd
AP=Q b3 (38)

From formerly experiments [17] the hydraulic properties of
a special woven polyamide spacer is determined experimentally
with a large stack containing 50 cells (compartment thickness
8=200 pum, stack width b=0.75m and length of the flow path
L=0.25m). The pressure drop in this stack was correlated with
the flow rate: AP=1.0 x 10° @. From Eq. (39) a value of Q=715 is
derived.

The used spacer in [17] was of the ‘balanced plain weave’ type:
warp and weft are made of threads of the same size at the same
distance and are indistinguishable in the fabric. We will restrict
ourselves to similar spacers of this type. It is reasonable to assume
that the resistance through the spacer in the lateral direction is -
as in the case of the spacerless compartment - proportional to the
third power of the thickness. Therefore, we can use Eq. (38) for
the pressure drop over compartments with similar spacers with
thickness §. For pure water at 25 °C, Eq. (38) becomes:

LD
AP=13— 39
b5 (39)
With this pressure drop the calculations of cell configuration A
are repeated. In this model we use again “ideal membranes” and

ignore also any shielding, consequently f=1.

5.4.3. Cell configuration C: design optimization of flow channel
dimensions without spacers and with real membranes

To investigate the effect of the membranes, a model is used
with Qiangiu homogeneous membranes without spacers. Mem-
brane values are used as described in [16].

5.4.4. Cell configuration D: design optimization of flow channel
dimensions with real spacers and real membranes

Now the complete real cell configuration is used: a cell with
Qiangiu homogeneous membranes and with real spacers. In fact,
the cell configurations A and B are combined in this cell configura-
tion. In Table 2 the results are listed. It can be concluded that:

e Short cells perform better than long cells on power density.

e Net power density and net river water yield are counteracting in
the a-mode; in the B-mode the net river water yield is almost
independent of the cell length.

e In all cases (for different values of the cell length L; for the a-
mode as well as for the B-mode) the optimized seawater spacers
are 2-4 times thicker than the river water spacers.

e For maximal power density, the flow rate ratio (®s/®g) is about
unity; for maximal river water the optimal value of this ratio is
much more.

We repeated the optimization procedure with cell configura-
tion D by maximization of RpZ with fixed spacer thicknesses as
found at the maximization of P;_ .. Under these conditions we
achieved a net power density and a net river water yield quite near
the values achieved with optimized spacer thicknesses. This is an
important finding. The conclusion is that a RED cell as designed for
maximal net power output also can be used for maximal RpZ, only
by adjusting the flow rates of the sea and river water.

In the next paragraph we will discuss the four models and give
general conclusions.

5.5. Comparison of the four models for optimal cell parameters

It is useful to compare the results of the four discussed cell con-
figurations. In Table 3 the main results are listed for these four
cell configurations (A-D) and the two optimizing modes (¢-mode:
optimized for maximal net power density, Py _ ,oc and B-mode: opti-
mized for maximal response product, Rp?). The results include net
power density, net river water efficiency, flow rate ratio and the
thicknesses of the compartments. Tabulated are the two values as
achieved at the two extreme values of the flow path length as used
in our calculations (L=0.01 m and 1 m).

From Table 3 it can be concluded:
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Fig.9. ARED cell with fractal profiled membranes. Feed channels are pressed in the
membranes (thickness 0.5 mm) until a depth of 0.4 mm. Compartments are pressed
with a depth of 0.1 mm. All cell dimensions are arbitrary, for illustration only.

(a) Membranes and spacers. Membranes should have a minimal
electrical resistance and spacers a minimal hydrodynamic resis-
tance. The cell equipped with ideal membranes and real spacers
(cell configuration B) performs better with respect to net power
density and net river water yield than a cell equipped with Qian-
giu membranes without spacers (cell configuration C). It can
be concluded that improvements of the membranes have more
effect on power density and efficiency than improvements of
the spacer.

(b) Flow path length L. The crucial parameter is the flow path length
L, it should be very short. It is difficult to incorporate very
short values of L within the concept of classical plate-and-frame
stacks: a stack with hundreds of cells (e.g. resulting in a height
of 1 m)and very short flow path (e.g. 5 cm or shorter) is mechan-
ical very instable. The same holds for spiral wound modules as
designed for normal electrodialysis. Another approach - using
fractal spacers - is discussed in Section 5.6.

(c) Mode (« or B). In the w-mode, very short values of the flow path
(L) result in low river water yields (Zne). However, in the §-
mode the influence of L on Z; is minimal. Moreover, values of
Zner are substantial larger than in the o-mode.

5.6. Novel compartment and cell design

Post et al. [26] showed that it is possible to generate energy
from sea and river water with RED at a price comparable with the
price of wind energy. They based their calculations on the assump-
tion of a power density of 2W/m? and an energy recovery of 70%
(equivalent to a river water yield of 1.1 MJ/m?3). Our values with
real membranes and real spacers (cell configuration D, Table 2) are
much lower (1.6 W/m? and 0.08 MJ/m? in the ¢-mode or 1.1 W/m?
and 0.30M]J/m3 in the B-mode) and it is obvious that the current
spacers and membranes should be improved for use in economical
operated RED stacks. One solution is to integrate membranes and

spacers. Brauns suggested to use corrugated membranes in a RED
stack to avoid the use of spacers [27].

With the following reasoning, we arrived at the concept of frac-
tal design. The reasoning points are:

(a) Compartments in current systems have two functions: they act
as feed channels and as reactors. The first function requires
thick and the other thin compartments. Therefore, both func-
tions should be decoupled by a spatial separation between the
supply part and the reactor part.

(b) The electrical specific resistance of seawater is comparable with
ion exchange membranes and the specific resistance of river
water is much higher. Therefore the most profits are achievable
by decreasing the thickness of the river water compartment.

(c) Spacers are unwanted due to their large hydrodynamic resis-
tance.

(d) The shorter the channel length, the higher the produced power
density.

These arguments lead to the concept of fractal profiled mem-
branes. Fig. 9 shows a complete RED cell with a profiled AEM
(beneath; serving as seawater compartment) and a profiled CEM
(above; serving as river water compartment). To form an idea, the
following dimensions can be imagined: the membrane thickness
is 0.5 mm, in the membranes are pressed the feed channels with a
depth of 0.4 mm and the reactor cannels with a depth of 0.1 mm. In
the river water compartment, the electrical resistance is decreased
by the use of thin compartments (0.1 mm). The reactor channels
are short, and spacerless, and have a low hydrodynamic resistance.
Because of the low electrical resistance of the seawater, the reac-
tor channels in the seawater compartment can be deeper. A patent
with all details is submitted.

6. Conclusions

A process model is developed and validated for laboratory
experimental RED systems. The model is used to study response
parameters, suitable for optimization purposes. It was found that
there are two response parameters that give useful results on max-
imization: first the net power density and second the product of
power density and net river water yield. A RED stack as designed
for maximal net power density is also suitable for a high river water
yield. In this case other flow rates should be applied with an excess
of seawater. It is reasonable to suppose that when the first eco-
nomical RED plants are built, there is enough fresh water and high
power density is more wanted than high river water yield. There-
fore, a RED plant can be operated on high power density initially
and a more energy efficient mode can be used eventually.

Theoretical, performance of co-current and counter-current
operation is almost identical. However, experimentally a 4% power
increase for co-current operation was observed. Therefore, co-
current operation is preferred. Moreover, in this mode the local
pressure differences between the compartment are very low, which
enables the use of very thin membranes and very open spacers.
Thin membranes have a low electrical resistance but lack mechan-
ical strength; open spacers have a low hydrodynamic resistance but
are compressible. An extra benefit of the low pressure differences
is that leakage through pinholes in the membranes and around the
inlet and outlet holes is minimal.

Segmentation of the electrodes can increase the power density
with about 15%. If divided into two parts, most of this percentage
is achieved. The same effect can be achieved - in principle - with
two separate RED modules; for an optimal result, the length of the
flow channel of both stages should be half the length of the original
stack.
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The model showed the huge negative influence of channel
length on power density, the need for thin membranes with a
low electrical resistance and the requirement of spacers with a
very open structure (or no spacers at all). Therefore, fractal pro-
filed membranes are very promising. They do not require spacers,
the membrane is locally very thin, and the fractal structure allows
larger cell dimensions.
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