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SUMMARY
Renewable power generation from the controlled mixing of sea and fresh
water is relatively unexplored when compared to the development for solar, wind,
and other sustainable power alternatives. When global river discharge was taken
into account, an estimated 2.6 TW of obtainable energy exists in untapped salinity
gradients. Reverse electrodialysis is one proposed power-generating mechanism for
harnessing energy from brackish environments and relies on the transport of
aqueous salt ions through an apparatus of ion-exchange membranes. In this thesis,
operational parameters, including flow direction, salinity composition, and membrane
selectivity, are investigated. For optimal performance, I have employed countercurrent flow mode with monovalent ion selective membranes and pure 0.5 M NaCl
saline solution. The results show that a maximum open circuit voltage (OCV) level of
2.01 V is obtained with an active membrane area of 0.0756 m2. The presence of
multivalent ions in the feed solutions hinders OCV levels, but the effects are reduced
with monovalent-selective membranes. Preliminary results are insightful; in order to
increase the commercially viability of this technology, future work is needed to
enhance the performance properties of the ion exchange membranes.
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I. INTRODUCTION
1.1 Motivation for Research
Historic consumption of energy resources has shown significant dependence
on traditional fuels and a lack of contribution from renewable fuels. In 2006, global
consumption percentages for various energy resources were: petroleum-based
liquids (35.8%), coal (26.7%), natural gas (23.5%), hydro-electric (6.5%), nuclearelectric (6.4%), and renewable techniques (1%) [1]. Renewable energy production is
lacking due to the state of their development, inadequate investing, and required
scale for significant power production. Despite these drawbacks, contributions from
renewable power production must increase in order to satisfy the limits and
demands of the future. In 2040, researchers estimate global power consumption to
reach 25.5 TW. This projection implies a 50% consumption increase from the 2010
level and an 8.5 TW increase in demand within the next three decades [2]. Energy
and climate researchers argue that we should be moving as fast as possible towards
non-polluting, non-carbon-producing energy resources rather than transitioning to a
less-dirty alternative to coal and oil through natural gas fracking [3]. The historical
reliance on fossil fuels, the harsh methods required for their extraction, and toxic
residual effects have unraveled a vast network of ecosystem disruption. As a result
of historic consumption trends, future demand projections, and the need for
biosphere preservation, the development of novel, renewable power systems is
crucial for the future success of an expanding world.
Renewable systems acquire natural fuel from ambient environments and
numerous mechanisms have been proposed. Heat, thermal electricity, and
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photovoltaic power systems harness energy from influxes of solar radiation; wind
farms utilize turbine systems to convert mechanical energy into electrical power.
Together, wind and solar power are highly modular and provide diverse fuel
resources that are free of pollution [4]. Groundheat exchangers utilize subsurface
temperature gradients to heat and cool houses and/or buildings. The subsurface
temperature at a specific depth remains nearly constant throughout the year and the
ground capacitance is regarded as a passive means for providing sustainable
heating and air conditioning [5]. Several devices have also been evaluated to
harness energy from the flux of ocean tides and waves in coastal zones. The
theoretical ocean wave energy resource potential exceeds 50% of the annual
domestic energy demand and such resources are located adjacent to coastal
population hubs [6].
Currently, solar and wind power have been regarded as the ultimate sources
for sustainable power [1] and have received notable consideration in research and
industry. A less popular technique, known as salinity-gradient power (SGP), utilizes
the Gibb’s free energy of mixing in coastal salinity gradients. Natural mixing energy
is otherwise wasted when a fresh water source discharges into the sea. The
difference in concentration is the driving force for SGP which has the potential to
supply electricity wherever a river discharges into the ocean. When global river
discharge was taken into account, the worldwide availability of SGP constitutes a
massive energy resource with an estimated power potential of 2.6 TW [7]. The work
in this research focused on the development of a particular mechanism for
harvesting SGP known as reverse electrodialysis (RED). An extensive literature
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survey was performed to understand and construct a lab scale RED power system.
Results from experimentation provided insight on the feasibility of RED power
production and recommendations for the future RED research direction at Georgia
Tech.
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1.2. Salinity Gradient Power by Reverse Electrodialysis
Salinity gradient power harnesses the free energy that is otherwise lost during
irreversible mixing processes that occur in brackish, costal environments. In 1954,
Pattle first postulated: “When a volume V of a pure solvent mixes irreversibly with a
much larger volume of solution, of which the osmotic pressure is P (for seawater ~
20 atms), the free energy lost is equal to PV. Accordingly, when a river mixes with
the sea, the fresh water becomes saline and free energy equal to that obtainable
from a 680 foot waterfall is lost” [8]. In 1974, the concept for harvesting energy by
reverse desalination was proposed by R. Norman: “Since energy is required to
extract freshwater from seawater in any desalination process, in theory, the reversal
of such a process should produce energy” [9].
Of the existing mechanisms for harvesting SGP, pressure-retarded osmosis
(PRO) and reverse electrodialysis (RED) are the most frequently studied membranebased technologies. In PRO, the hydraulic pressure of river water is less than the
osmotic pressure of seawater so that water flux through the membrane is against the
hydraulic pressure gradient, this fact being the basis for energy production [10]. RED
utilizes a flow system between electrodes and alternating cation and anion exchange
membranes. The transport of dissolved salt ions through a stack of alternating
membranes creates an electrical potential capable of generating electricity. Both
techniques have demonstrated high power density and energy recovery in their
respective environments. PRO seems to be more attractive for power generation
using concentrated saline brines whereas RED shows more affinity using sea and
river water [11].
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Electrodialysis (ED) is a process used in industry for desalination,
demineralization, and acid recovery. In desalination ED, voltage is applied across
the conductive membrane module to drive a salinity gradient between two feeds:
one concentrate and one dilute. Ion transport is enabled by the voltage potential
across the ED module; the transport of dissolved salts through a series of oppositely
charged ion exchange membranes facilitates the production of desalinated water.
Alternatively, in RED, salinity gradients are established by controlled mixing of saline
and dilute solutions and electrical power is extracted in the reverse process.

	
  
Figure 1: Conceptual flow for ED and RED membrane processes

	
  

	
  
Figure 2: Schematic representation for ED and RED membrane processes
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The mixing process of sea and river water is controlled within a membrane
apparatus. The apparatus, or membrane stack, consists of repeating cells of
alternating anion and cation exchange membranes (AEM, CEM) separated by thin
spacers to provide mechanical stability for the stack and promote mixing within the
compartments. The stack of repeating cells is sandwiched in between electrodes
embedded within each electrode case where the conversion from chemical to
electrical energy occurs. Electrical leads are attached to each electrode terminal,
facilitating the transfer of electrical current to an external resistance source.

Figure 3: Exploded schematic of an RED membrane module.

	
  
In an RED power generation system, high concentration seawater and low
concentration river water are pumped through alternating spacer compartments
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creating a salinity gradient across each membrane interface. When a concentrated
salt solution flows through alternating cells and fresh water flows through the others,
a voltage is generated across each ion exchange membrane. When the number of
cells is high enough, the sum of cell-pair voltages exceeds the electrode reaction
potentials and useful power may be obtained from leads to the electrodes [12].

	
  
Figure 4: Process schematic for RED energy generation.

Process summary for RED energy production:
•

Two solutions of different salinity concentrations are pumped between
alternating ion exchange membranes

•

The concentration gradient across each membrane consitutes a driving force
for ion diffusion

•

Ion diffusion induces a membrane potential across each ion exchange
membrane

•

Electrical power is harvested when the net membrane stack potential exceeds
the redox potential at each electrode
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1.3. Prior and Ongoing Research
Pattle initiated the research for salinity gradient power in 1954. Most of the
early research for SGP focused on osmotic power generation using pressureretarded osmosis. Lacey, Belfort and Guter, Forgacs, and Weinstein and Leitz
collaborated in subsequent years to develop a comprehensive theoretical approach
for RED performance and forcasted reccomendations for improving the feasibility of
large-scale RED power generation.
Lacey [13], and Belfort and Guter [14] presented the initial performance
modeling equations for electrodialysis units and showed that predicted values were
consistant with experimental results. Factors for current density, diffusion potential,
concentration polarization, membrane potential, and internal power loss were
additionally factored into their theory.
Work by Belfort and Guter was validated with operating data from two
industrial-scale ED plants. Results indicated that ohmic-scale polarization on the
membrane surface was the largest factor in total cell resistance; resistance in the
diffusive layer from the effect of concentration polarization was significantly less.
Together, ohmic-scale polarization and concentration polarization promote
membrane fouling and induce internal resistance by clogging or obstructing the
diffusive membrane layers. Perhaps the most significant conclusions for this work
highlighted the vulnerabilities of the membrane components and the future direction
for feasible ED membrane applications.
Forgacs [15] adapted the initial ED theory to model the performance of RED
units for generating power. Forgacs’ model considered ionic concentration rather
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than activity, neglected the effect of concentration polarization, and assumed the
membranes to be perfectly permselective. Model predictions were consistent with
data obtained from an experiment that simulated the mixing of Dead Sea brine with
more dilute seawater. Despite assumptions in the adapted RED theory, the
predicted gross power outputs were only slightly higher than values from the
experiments. Forgacs [16] later published a more comprehensive performance
analysis which addressed:
• Theory for predicting the maximum obtainable mixing energy that can be
harvested by a single RED cell (only 30-40%)
• Economic feasibility of developing ion exchange membranes with extremely
low resistances (0.4 – 0.6 Ω-cm2) and high transport numbers (> 0.85)
• Mechanical design for RED stacks with ultrathin compartments and modular
scalability
• The effect of cell configuration on power output from which it was concluded
that short flow paths (10 – 50 cm) produce optimal generating conditions
• An investigation on pumping power from which it was concluded that optimal
solution velocities would be less than 1cm/s
Weinstein and Leitz [17] published a simplified performance model and
validation analysis with data from a small RED unit. For a stack with N number of
cells, the open circuit voltage (OCV) potential is expressed as the sum of the
individual membrane potentials. The internal resistance of the membrane stack
represents the sum of the specific area resistances for each stack component. The
current I passing through the resistance load RL is calculated by dividing the open
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circuit voltage V ostack by internal stack resistance Rstack. Finally, gross power W can
be obtained.
Open Circuit Voltage:

[Volt]

(1)

Internal Stack Resistance:

[Ohm]

(2)

Gross Power Consumption:

[Watt]

(3)

Equation Detail: (1) R, universal gas constant; T, temperature; α, membrane
permselectivity; F, Faraday constant; and a, NaCl activity. Superscript o indicates open
circuit stack conditions; r and s denote river and seawater compartments. (2) A, active
membrane area; R_, specific area resistance (Ω-cm2); a and c denote anion and cation
exchange membranes.

The simplified model predicted maximum power output of 0.235 W with a
riverwater concentration of 0.259 M and external resistance of 8.9 Ω. Results from
experimentation were 0.22 Watts, 0.2 M, and 10 Ω, respectively. Slight differences in
the results can be explained by the assumptions that neglect the effects of
concentration polarization, water osmosis, and electro-osmosis at the membrane
interface. Weinstein and Leitz concluded that maximal power generation will occur
with the least amount of internal stack resistance. Internal stack resistance is caused
by hydrodynamic, or flow resistance within thin mixing compartments, electrical
resistance of the ion exchange membrane structure, and induced membrane
resistance influenced by the degree of fouling on the membrane surface.

	
  

10	
  

Lacey [18] concluded that the experiments by Forgacs, Weinstein, and Leitz
demonstrated the technical feasibility of RED power generation and presented a
comprehensive economic analysis based on a model optimization. Lacey highlighted
economic incentives for RED power generation, but recommended several
strategies to minimize the internal resistance of the RED cells and to maximize the
net voltage output from the membrane stack:
•

The use of large ratios for the concentration of brine solution to the
concentration of the dilute solution

•

Selection of a dilute concentration that will maximize the gross voltage output

•

The use of proper materials to maintain the thickness of the mixing
compartments and provide minimum thicknesses for diffusive boundary layers

•

The use of membranes with low electrical resistance and high selectivity
combined with long service lifetimes, acceptable strength, and dimensional
stability

•

The development of methods for manufacturing low-resistance membranes
that can be used to produce millions of square feet annually at a low cost

•

The development of methods for manufacturing optimized RED modules at a
much lower cost than current hand-assembled ED units
The previous literature summarized the preliminary evaluation for harvesting

salinity gradient power by reverse electrodialysis which primarily occurred in the
mid1970s and through the 1980s. More recently, a number of RED papers have
been published by the Wetsus Center of Excellence for Sustainable Water
Technology located in Leeuwarden, Netherlands. Sea water and river water
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discharge are abundantly available in the Netherlands. On average, the Rhine river
discharges 2,200 m3/s into the North Sea which translates to an energy potential of
1.5 MJ/m3 and enough electricity to supply 6 million households [19]. Researchers
at the Wetsus center have validated experimental models with much larger RED
stacks [20], [21]; developed models to quantify internal power losses and optimize
membrane stack and spacer design [22], [23]; performed a comprehensive analysis
of multiple electrode systems [24]; compared the performance of several commercial
grade membranes [25], [26]; and provided the most comprehensive feasibility
analysis to date [19].
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II. EXPERIMENTAL APPROACH
2.1 Pumping Station

	
  
Figure 5: Lab scale RED system. Solution reservoirs and digital multimeter (top), saline and
dilute pump (bottom left), membrane module (bottom middle), and electrode rinse pump
(bottom right).

	
  
Peristaltic pumps (Cole Parmer, USA) were used to circulate saline, dilute,
and electrode rinsing solutions through the membrane module. A dual-headed 600
RPM drive equipped with size 18, platinum-cured silicone tubing (Cole Parmer,
USA) was used for pumping saline and dilute solutions; a single-headed 100 RPM
drive circulated the electrode rinse solution. Three 5L batch containers (McMasterCarr, USA) were used for the solution reservoirs. The maximum allowable flow rate
for the membrane module was specified at 70 L/hr.
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2.2 Electrical Measurements
A DDM 4050 multimeter (Tektronix, USA) was used to record data during
each trial. Electrical leads from the FT-ED-40 membrane module were inserted into
the positive and negative terminals; measurements were recorded via USB store
function. It should be mentioned that the previous method was only capable of
recording voltage and current as a function of time. In published literature, the use of
expensive potentiostats produced simultaneous plots of voltage, current density, and
power density to provide a more comprehensive analysis of experimentation [20].

	
  
Figure 6: DDM 4050 multimeter.

2.3 FT-ED-40 Membrane Module
The module consisted of membranes, spacers, and the electrode system.
Component details are further discussed in the following sub-sections.

	
  
Figure 7: FT-ED-40 membrane module.
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2.3.1 Membranes and Spacers

	
  
Figure 8: Membranes and Spacers. (From left to right) Schematic of cation exchange
membrane (CEM), anion exchange membrane (AEM), and spacer.

FKB cation exchange membranes and FAB anion exchange membranes
(Fumasep, Germany) were initially equipped in the membrane stack. In later
experimentation the module was upgraded with ASV and CSO monovalentselective, ion exchange membranes (Selemion, Japan). The effective membrane
area for the module was 36 cm2 per membrane; 756 cm2 total. Fiber woven spacers
with a thickness of 500 µm were placed in between alternating exchange
membranes to form saline and dilute flow compartments. Spacers created a thin
control volume to allow the flow of solutions and to promote mixing between saline
and dilute compartments.
Distinct flow ports were designed on the top and bottom of each spacer.
When several spacers were aligned in a repeating, inverted fashion, flow routes
were established for two separate solutions within the membrane stack. Flow
barriers diverted each feed to alternating control volumes which created the
concentration gradient across each membrane
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2.3.2 Cells and Membrane Stack

	
  
Figure 9: Cells and Membrane Stack. Schematic exploded view of a membrane stack
consisting of 3 repeating cell units. Cell 2 is further exploded for clarification of the cell
arrangement. An additional outer membrane is required to seal the stack.

A single RED cell consisted of two spacers and two ion exchange
membranes. A membrane stack was formed when many cells were aligned in a
repeating fashion. The FT-ED-40 unit contained 10 repeating cell units consisting of
11 CEMs, 10 AEMs, and 22 spacers. Spacers were inverted in the stack to enable
separation of the feed solutions; notice the difference in position of the circular and
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triangular shaped flow barriers within the spacer compartments. For a unit of 10
repeating cells and spacers with a thickness of 500 µm, the approximate membrane
stack thickness was 1.15 cm.
An additional outer membrane was required to seal the exterior cell in the
membrane stack. The outer membranes served to maintain selective barriers
between the membrane stack and electrode compartments. The charge of the
outermost ion exchange membrane had an effect on the transport of the redox
couple used in the electrode rinse solution. CEMs had an overall negative charge
and attract cations, thus the redox couple must be anionic. AEMs were overall
positively charged and attract anions, thus the redox couple must be of cationic
nature. If an improper outer membrane-redox couple configuration was used, the
result would lead to the transport of the species through the membrane stack and
deterioration of the ion exchange membranes. Both CEM and AEM outer membrane
configurations were tested in this work.
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2.3.3 Electrode System

	
  
Figure 10: Electrode System schematic view.

The electrode system consisted of endplates, an anode and cathode, and a
specific electrode rinse solution. Two electrode endplates or cases constrained the
membrane stack and provided flow chambers for saline, dilute, and electrode rinse
solutions. The cases were cast from reinforced polyphenol formaldehyde and tightly
sealed with 7 stainless steel bolts (see Figure 7).
Titanium, mesh-end electrodes, coated with an iridium-plasma layer were the
materials used for the anode and cathode. The anode and cathode were constrained
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in the electrode compartments. The large borehole in the center of the case enabled
the attachment of an external, electrical connection to each electrode. Electrical
measurements were taken from the leads attached to the anode and cathode caps.
During the energy generation process, electrode rinse was circulated through
each electrode compartment to convert ionic current into electron current. Each
compartment was sealed from the membrane stack by electrode spacers and the
proper outer membrane configuration. For the experiments performed with standard
grade membranes and outer CEM configuration, a rinse solution of 0.25 M NaCl was
circulated through the compartments. For the Na+/Cl- redox couple, the net electrode
reactions were:
Cathode: 2H2O (l) + 2e- → H2 (g) + 2OH- (aq)
Anode:

2Cl- (aq)

→ Cl2 (g) + 2e-

Net: 2H2O (l) + 2Cl- (aq) → H2 (g) + Cl2 (g) + 2OH- (aq)
The rinse solution for tests with monovalent-selective membranes and AEM
outer configuration contained 0.05 M FeCl2 and 0.05 M FeCl3 supported in a bulk of
0.25 M NaCl. The net electrode reactions for the Fe2+/Fe3+ redox couple were:
Cathode: Fe3+ (aq) + e- → Fe2+ (aq)
Anode:

Fe2+ (aq)

Net:

nil

→ Fe3+ (aq) + e-

It should be noted that the electrolysis reactions involving the NaCl electrolyte
consumed a significant portion of the generated energy; the electrode losses for iron
based electrolytes were much lower [23]. The presented electrode systems were
only suitable for laboratory experimentation and were validated in Veerman’s
comprehensive analysis of suitable electrode systems [24].
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2.4 General Procedure
Under zero-current conditions, the open circuit voltage (OCV) of the
membrane module represents the maximum potential difference that can be
achieved from the RED system. At the laboratory scale, measuring OCV is directly
proportional to power density (W/m2) which is the primary parameter used to assess
power generation capacity.
The primary objective of this research was to maximize the open circuit
voltage (OCV) level of the FT-ED-40 membrane module by assessing various
operating conditions. Laboratory work took form in two phases: (i) Analysis of flow
rate and flow direction, and (ii) Comparisons of membrane performance with various
ionic compositions in the feed solutions. Each trial required preparation of saline,
dilute, and electrode rinse solutions. The specifics of solution concentrations and
specific procedures were discussed in greater detail in the following subsections.
It should be mentioned that before and after each trial, the FT-ED-40
membrane module was flushed with distilled water to clean and preserve the
integrity of the ion exchange membranes. Eventually, precipitation of salts on the
membrane stack was observed after repeated trials. To ensure accurate results, the
membrane stack was periodically flushed with a dilute cleaning solution consisting of
0.5% nitric acid and distilled water.
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2.4.1 Evaluation of Flow Rate and Direction
The solution flow rates influenced the hydrodynamic resistance within the
mixing compartments. Hydrodynamic resistance contritbuted to the overall internal
stack resistance which should be minimized for maximum OCV. At low flow rates,
concentration polarization occurd at the membrane-solution interface. The resulting
phenomena inhibited ion diffusion and thus a higher internal resistance and lower
concentration gradient for salt and water flux [27]. On the other hand, at higher flow
rates, concentration polarization was less likely to occur resulting in less internal
resistance and thus, higher OCV levels [28]. The maximum allowable flow rate
specified in the operation manual was 70 L/hr. Saline and dilute flow rates of 30, 50,
and 70 L/hr were tested to observe the resulting OCV levels. The NaCl electrolyte
solution was circulated through electrode compartments at 100 mL/min. The
respective NaCl concentrations for saline, dilute, and electrode rinse solutions were
0.5 M, 5mM, and 0.25 M.
Co-, and counter-current operation modes represented two flow
configurations utilized in gradient-driven, transfer processes; the difference lies only
in the direction of flow path. In co-current mode, saline and fresh solutions enter flow
compartments in the same parallel direction, and thus mix in the same direction. In
counter-current mode, solutions flow counter to each other, and thus mix in opposite
directions. In most cases, counter-current processes were more efficient due to a
higher driving force for transport and it should be investigated whether this is also
the case for RED [23]. Flow schematics below illustrated the difference between coand counter-current operation modes.
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Figure 11: (Top ) Co-current flow schematic for a single RED cell. (Bottom) Counter-current
flow schematic for a single RED cell. The red and blue arrows represent feed streams 1 and
2. Note that exit flow paths are not shown for the sake of visual clarity.

Four different flow configurations were tested to observe the effect on OCV
levels. Saline and dilute solutions were fed to the membrane stack at 70 L/hr. The
NaCl electrolyte rinse solution was circulated through electrode compartments at
100 mL/min. The respective NaCl concentrations for saline, dilute, and electrode
rinse solutions were 0.5 M, 5mM, and 0.25 M. Diagrams of each flow configuration
for the experiment were depicted below.
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Figure 12: Flow depictions for various operation modes. Configurations I and II represent
two co-current operation modes. Configurations III and IV represent two counter-current
operation modes.

	
  
2.4.2 Influence of Ion Valence and Membrane Selectivity
	
  
RED technology has a large potential for energy generation in areas where
brackish and freshwater environments merge. In the reported research on RED so
far, the presence of other ions than sodium and chloride was hardly taken into
account [26]. In sea water, the most concentrated ions are chloride (0.546 mol·kgsoln-1), sodium (0.496 mol·kg-soln-1), magnesium (0.053 mol·kg-soln-1), and sulfate
(0.028 mol·kg-soln-1) [29]. In order to understand the viability of this technology in
realistic, marine environments, it is necessary to observe the OCV response to
saline solutions containing mono- and multivalent ions. Four different ionic
compositions were tested against two commercial grade membranes. The various
saline mixtures were: (i) 0.5 M NaCl, (ii) 0.45 M NaCl + 0.05 M Na2SO4, (iii) 0.45 M
NaCl + 0.05 M MgCl2, and (iv) 0.45 M NaCl + 0.05 M MgSO4.
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Two classes of ion exchange membranes with different affinities for ion
valence were analyzed to observe the effects of multivalent solutions on OCV
performance. The first study was performed with standard grade exchange
membranes (FKB CEM and FAB AEM, Fumatech, Germany) prepared by solution
coating of aromatic polymers on a woven sheet of polyether-etherketone (PEEK)
reinforcement fabric. The FKB cation exchange membranes were functionalized by a
sulfanation process to introduce sufonic acid (–HSO3) functional groups. The FAB
anion exchange membranes undergone a series of reactions to introduce quaternary
ammonium groups (–NR4) to the polymer network. Standard grade membranes did
not undergo any additional functionalization reactions to enhance ion specificity.
The monovalent-selective membranes (CSO CEM and ASV AEM, Selemion,
Japan) were higher quality membranes capable of exchanging only monovalent
ions. The improved membranes were composed of cross-linked styrenedivinylbenzene copolymer with supporting functional charge groups. The CSO cation
exchange membranes were sulfonated in sulfuric acid to introduce sulfonic acid
functional groups (–HSO3) to the polymer network. The distances between fixed
charged groups in the CSO membranes were altered with electric repulsion therapy
to achieve monovalent ion selectivity. The ASV anion exchange membranes were
chloromethylated with chloromethylstyrene to promote a bonding site for the
subsequent functionalization reaction. ASV membranes were functionalized with
trimethylamine to introduce quaternary ammonium functional groups (–N(CH3)3–Cl).
ASV membranes obtain mono-valent selectivity by size exclusion of the fixed charge
groups.
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The extent of the previous information regarding the chemical nature of each
membrane type was subject to the cooperation of the manufacturers. Several
important membrane characteristics and properties of were summarized in table 1
below.
Table 1: Characteristics and properties for ion exchange membranes
Manufacturer
Polymer Structure
Membrane Type
Functional Group
Product Name
Thickness (µm)
Transport Number
Electrical Resistance (Ω*cm2)

Standard Grade
Fumatech, Germany
Polyether-etherketone
CEM
AEM
(–NR4)
(–HSO3)
FKB
FAB
80-100
100-130
>0.96
>0.98
<1
<4

III. RESULTS AND DISCUSION	
  
3.1 Evaluation of Flow Rate and Flow Direction
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Monovalent-Selective
Selemion, Japan
Styrene-divinylbenzene
CEM
AEM
(–N(CH3)3–Cl)
(–HSO3)
CSO
ASV
100
120
>0.97
>0.97
<2.5
<4

	
  
Figure 13: Open circuit voltage levels for various different flow rates

The objective of this study was to observe RED performance with respect to
various flow conditions. The results of the flow rate tests are presented in Figure 13
above. Overall, variations in flow rate affected the initial, transient stage of power
generation. During the transient stage, solutions had not had adequate time to fill the
flow compartments, thus faster flow rates would have shorter transient stages. In the
later, steady state power generation stage, each flow rate produced very similar
OCV levels. From the results of the experiment, the increased magnitude of flow rate
did not constitute a higher driving force for generating power. Lower flow rates
produced OCV levels comparable to those of higher flow rates, which emphasized
the potential for conserving pumping energy. For subsequent trials, the 70 L/hr flow
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rate was used to prevent concentration polarization in the diffusive membrane layers
which induced internal stack resistance [28].

	
  
Figure 14: Open circuit voltage levels for various flow configurations

The results from the flow direction tests were presented in Figure 14 above.
Counter-current configurations 3 and 4 produced steady state OCV levels more than
double the amount for both co-current configurations 1 and 2. The maximum
obtained OCV levels for each trial are summarized in Table 2 on the next page. The
magnitude of OCV with respect to the number of cells was consistent with results
from a published study comparing the use of different commercial grade membranes
[25].
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Table 2: Max OCV level for various flow configurations

Operation Mode

Trial
Configuration 1
Co-current
Configuration 2
Configuration 3
Counter-current
Configuration 4

Max OCV Level (V)
0.221
0.493
0.93
1.09

In the flow direction study, counter-current operation mode produced
significantly higher OCV levels for a stack with 10 cells and total membrane area of
756 cm2. In a published study for a large stack with 50 cells and total membrane
area of 9.4 m2, counter-current mode produced values only 2% higher than those of
the co-current trials [21]. In counter-current mode, the pressure at the ends of the
stack was much higher than the pressure in the middle. The use of co-current mode
was recommended due to lower pressure differences and reduced hydrodynamic
resistance between the mixing compartments [23]. Decreased pressure differences
could prevent potential leakages, maintained the dimensional stability of the mixing
compartments, and preserved the mechanical integrity of the ion exchange
membranes.
Overall the results from the flow studies did not provide any significant
conclusions, but highlighted several issues: Higher flow rates promoted turbulent
mixing conditions within the mixing compartments which reduced the effects of
membrane polarization to maintain ideal diffusive conditions at the membrane
surface. Alternatively, the reduction of flow rate did not hinder OCV output which
reduced the energy required for pumping.
For a small stack, counter-current operation mode produced OCV levels
significantly higher than those of co-current mode. The FT-ED-40 stack was much
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smaller in scale which suggests why the flow direction results did not accurately
match those from the previously mentioned articles. It was possible that higher
pressure gradients within the smaller mixing compartments of the FT-ED-40
contributed to the driving force for ion transport, and thus cumulative magnitude of
membrane potential.
3.2 Influence of Ion Valence and Membrane Selectivity
The objectives of this experimental design were to observe the performance
of two commercial grade membranes against feed solutions of several ionic
compositions. For each grade of membrane, a control solution of 0.5 M NaCl and
three other multivalent ion solutions were tested. To simulate realistic conditions of
seawater mixing, each multivalent solution consisted of 0.45 M NaCl plus 0.05 M of
either MgCl2, Na2SO4, or MgSO4. The results from both membrane types can be
viewed on the next page in Figures 15 and 16.
The NaCl control solution produced the highest OCV level of 1.88 V with
standard grade membranes. The Na2SO4 and MgCl2 multivalent solutions produced
similar OCV levels around 1.6 V, while the solution containing MgSO4 produced the
lowest level at 1.4 V.
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Figure 15: Standard grade membrane performance for various solution compositions

	
  

	
  

Figure 16: Monovalent selective membrane performance for various solution compositions
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In experiments with monovalent-selective membranes, OCV levels for each
solution were higher than those from the standard grade membrane trials. The NaCl
control solution and MgCl2 multivalent solution produced the highest OCV levels at
2.02 V. The Na2SO4 multivalent solution produced an OCV level of 1.85 V and the
solution containing MgSO4 had the lowest level around 1.5 V.
The elevated OCV levels highlight the benefits of using more advanced
membranes, but the results suggest that RED power generating potential was
sensitive to the presence of multivalent ions (Mg2+ and SO42-) in the feed solutions.
For each set of experiments, the MgSO4 multivalent solution caused the highest
reduction in OCV output. Unlike the other multivalent solutions, MgSO4 will
contribute the highest concentration of multivalent ions to the bulk solution of 0.45 M
NaCl, thus lower potentials were appropriate outcomes.
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IV. CONCLUSIONS AND FUTURE DIRECTION
4.1 Conclusions
The overall goals for this research were to compare the performance of two
types of commercially-available membranes with those reported in literature and to
assess the most crucial components for improving the RED technology. Based on
my experimental evaluations, the following conclusions can be achieved:
1. The flow system and stack design establish concentration gradients and promote
mixing within solution compartments. A maximum OCV level of 0.2 V per cell was
obtained at a fixed flow rate, which is consistent with values of similar scale in other
literature [25].
2. Hydrodynamic resistance and membrane polarization are two factors that can
elevate internal resistance and reduce power generating potential, thus an optimum
flow rate exists to maximize pump energy efficiency and minimize internal
resistances from the effects of hydrodynamic losses and membrane polarization.
3. The counter-current operation mode produced voltage levels more than twice the
amount of co-current mode, but these results did not correlate with those from
previous studies [21], thus no significant conclusions were drawn from this data.
4. The ionic composition of the feed solutions had the most significant reduction
effect on power generating potential for the experimental RED stack. It was
demonstrated in this study that the use of more advanced membranes effectively
reduced the voltage reduction effects caused by the multivalent ions. The results of
the membrane and ionic feed composition study were consistent with results from a
similar article comparing other standard and monovalent-selective membranes. The
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presence of magnesium and sulfate ions hindered membrane potential by increasing
the membrane resistance [26].
4.2 Future Direction
To summarize findings from literature and the work in this research, the
following topics represent challenges for the implementation of commercialized RED
power plants: (i) there is no foundation for the requirements of stack design in
relation to optimized internal resistance, (ii) the development of specialized, low-cost
membranes for RED is lacking, and (iii) there are no current RED projects to assess
the economic feasibility. Post and Veerman estimated the cost for a 200 MW RED
plant at 0.079 €/kWh and showed the overall cost was comparable to that of a 200
MW wind energy plant [19].
Regarding topic (i), the design of experimental RED stacks was initially based
on the stack design for electrodialysis units with screen spacers, however, spacer
components were identified as undesired insulators [30], inductive agents for
hydrodynamic resistance [20], and mediums for biofilm accumulation [31] which all
resulted in the decline of electrical performance. To assess the challenges
presented by spacer components, a robust RED stack was developed in which flow
paths were fabricated within the membranes to promote a more hydro-dynamically
favorable design with fewer crevices for biofilm accumulation [32].
Regarding topic (ii), provided an optimized stack design, membrane
characteristics have the largest influence on power output [33] and overall energy
efficiency of the process [30]. Ideal membranes should exhibit perm-selectivity
greater than 95%, electrical resistance less than 3 Ω-cm2, high mechanical stability,
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and a lifetime greater than 5 years, all with a cost less than $3/m2 [19]. Producing a
membrane of this nature is rather challenging since properties like thickness,
swelling degree, and ion exchange capacity have counter acting effects on the
membrane properties. Thin membranes will exhibit lower electrical resistance, but
sacrifice mechanical stability and perm-selectivity. Thicker membranes will have
improved mechanical strength, higher charge densities for greater perm-selectivity,
but electrical resistance will increase as a result of thicker polymer networks. A
recent benchmark study [33] was performed to assess various properties of
commercial grade ion-exchange membranes for RED energy conversion, however,
monovalent-selective membranes were not included in the analysis.
The results from this research indicated the use of more advanced
membranes had the largest positive influence on RED power generation. The
general consensus from past RED related literature has placed a strong emphasis
on the importance of developing specialized, economically-feasible, RED
membranes. Based on these facts, the future RED research at Georgia Tech will
aim to screen more advanced membrane materials and understand the fabrication
methods for monovalent-selective ion exchange membranes.
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