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Abstract: In this paper we briefly discuss the main points of salinity gradient energy (SGE). First we
discuss the sources of SGE and the methods to harvest it. Then we calculate, using the laws of physical
chemistry, the amount of energy that can be harvested with three selected methods based on the
diffusion of ions, of liquid water and of water vapor respectively. Then we give an overview of the
applications, highlighting a number of new developments such as assisted reverse electrodialysis
(ARED) and energy storage. It turns out that reverse electrodialysis offers unexpected possibilities
such as energy storage, utilizing waste heat and the administration of transdermal drug delivery; a
technique that has been launched very recently.

Keywords: salinity gradient energy; renewable energy; reverse electrodialysis; assisted reverse
electrodialysis; pressure retarded osmosis

1. Introduction

It is possible to harvest so-called salinity gradient energy (SGE) from two salt solutions with
different salt concentrations by means of reversible mixing. The amount of this Gibbs energy is small
compared to energy contained in fossil fuels. For example, the theoretical potential of 1 m? of river
water with an equal amount of seawater is approximately 1.5 MJ (0.5 kWh) while the same volume
of gasoline represents 32.2 GJ (895 kWh) or approximately 20 000 times as much. It is clear that SGE
can only be economically attractive if both feed waters are available close to each other and if pre-
treatment and pumping are carried out very efficiently. Worldwide, there is - if all river water is used
- a potential of 2.7 TW [1], which is comparable to the average global electricity consumption of 3 TW
[2] and this huge amount is an incentive to develop methods to exploit this energy source. The main
possible sources for SGE are river water, sea water, concentrate from reverse osmosis desalination
units as well as brine from salt lakes. Figure 1. shows how much SGE can be harvested theoretically
by reversible mixing of 1 m3plus 1 m? of these feed waters.
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Figure 1. Energy potential in kWh by reversible mixing different combinations of feed waters (each 1 m?).

Based on Figure 1, we arrive at the following feed water combinations:

A. River water + seawater. These feed waters are most abundant. SGE generated with this
combination is known as Blue Energy. The Dutch company REDstack is developing SGE using the
reverse electrodialysis (RED) technology for economic deployment [3].

B. Sea water + desalination concentrate. Most reverse osmosis (RO) systems operate with a
recovery rate of about 50% which results in a concentrate having twice the salinity of seawater, about
1 M [4]. The energy content of this combination is 4 times smaller than combination A and is therefore
not very attractive. However, in contrast to RO systems, the recovery of thermal desalination plants
is much higher and the concentrate may be in the order of 3 M. Moreover, this concentrate is relatively
hot and in this case the generation of SGE with seawater is a good option [5].

C. River water + desalination concentrate. Desalination plants are placed in dry areas where
there are usually no rivers. However, municipal waste water from the neighboring city, which also
has a low salt content, may be available to generate SGE in combination with desalination concentrate
[6].

D. River water + salt lake. If the water from a salt lake together with the inflow river is used, no
net change of the salinity conditions in the lake occur. If the lake has no outflow — known as an
endorheic basin — the salinity can be very high. An example is the Great Salt Lake in the USA [7].

E. Seawater + salt lake. The Dead Sea is drying up and the reason is that more and more water
is being extracted from the inflowing Jordan river. Ideas have been put forward to raise the water
level again by supplying water from the Mediterranean Sea or from the Red Sea. Because the Dead
Sea is 400 meters below the sea level, energy can in principle also be generated with a hydroelectric
power station. In addition, there is the possibility of using the difference in salinity for SGE. The latter
was first proposed by Sydney Loeb and later further elaborated by others [8].

F. Salt lake + desalination concentrate. This combination is not very realistic and is included here
only for completeness.

2. Methods of SGE, a Brief History and the Ideas That Follow from It

There are three basic methods to generate SGE: diffusion of ions, of liquid water, and of water
vapor.

2.1. Diffusion of lons

When using the diffusion of ions, in most cases ion exchange membranes (IEM)s are applied.
There are two types: anion exchange membranes (AEMs) mainly allow anions to pass through and
cation exchange membranes (CEMs) mainly cations. In addition, there is also a technique that does
not require a membrane, the so-called external charged capacitive mixing.

2.1.1. Reverse Electrodialysis (RED)

In 1942 Manecke published an article called Membranakkumulator [9]. At that time
electrodialysis (ED) was already a well-known technique, but Manecke came up with the idea of
using ED in a battery. By passing an electric current through a KCl solution, a solution with low
concentration (LC) and one with high concentration (HC) were created. After loading the battery in
this way, he reversed the ED process and then electricity was generated, a technique that is now
known as reverse electrodialysis (RED). In 1954 Pattle picked up this idea again and improved the
RED stack. Especially his vision that RED can be an energy source if seawater together with river
water are used, was a novelty. The principle of RED is shown in Figure 2.
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Figure 2. Principle of a RED. The stack has only one cell pair for clarity.

RED can be performed with four different electrode systems. These include systems with (i)
participating electrodes, (ii) inert electrodes with evolvement of gasses (Hz and Cl2 or O2), (iii) inert
electrodes with a redox couple, and (iv) capacitive electrodes [10]. In addition, there are some
applications that do not require electrodes.

(i) Participating electrodes undergo chemical reactions. In 1976, Clampitt and Kiviat suggested
to harvest SGE with a so called ‘concentration cell’: a device with two compartments separated by a
anion exchange membrane (AEM) and equipped with Ag/AgCl electrodes. The generated EMF is
due to the difference of the electrode potentials and the membrane potential; both generate about the
same voltage. This principle is still widely used today in the field of nanofluidic membranes where
most newly developed membranes are of the CEM type with very promising specifications.
However, because there is no AEM counterpart, testing for usability in RED involves very simple
systems: a cell with two Ag/AgCl electrodes with only one CEM in between.

A new development are the battery electrodes that are mainly used in Battery Electrode
Deionization (BDI), a desalination technique that is closely related to capacitive ionization (CDI) [11].
The difference is that BDI uses battery electrodes and CDI uses activated carbon (AC). Battery
electrodes (often based on the multivalence of transition metals) can specifically accept or release one
specific type of ion, in contrast to AC which can exchange both anions and cations. Battery electrodes
have been described for use in various forms of energy storage but not yet for RED [12], [13].

(ii). If the system uses only NaCl solutions in the electrode compartments, gasses are formed
such as Hz and Clz2 or O2. For these chemical reactions, a part of the generated energy is used.
Moreover Hz is explosive and Cl toxic whereas at the cathode, OH" ions are formed and can be the
cause of scaling on the electrode if calcium or magnesium ions are present.

(iif). Systems with inert electrodes use an electrode rinse solution (ERS) with a redox couple and
a bulk salt for good electrical conductivity. Most used are the iron ion couple (Fe?/Fe*) and the
hexacyanoferrate couple ([Fe(CN)s]*/[Fe(CN)e]*). There are no net chemical reactions and the power
losses are relatively small.

(iv). The fourth possibility is using capacitive electrodes. Vermaas et al. used activated carbon
(ACQ) for this purpose [14]. In one electrode anions are adsorbed and in the other cations. When the
electrodes are saturated, the process can be inverted by switching the feed water inflows. Wu et al.
used the CRED technique with a single membrane to study the membrane performance [15]. Feed
water switch always introduces dead times during the feed water changes. A theoretical opportunity
(but almost impossible in practice) is changing the solid carbon electrodes periodically. A more
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practical implementation of this idea is to pump a slurry of AC around the inert electrodes; a method
investigated by Simdes et al. [16].

(v). Murphy used a RED system to drive a ED system for desalination and called it Osmotic
Demineralization [17]. Both systems are direct coupled and electrodes are not needed. A similar
concept with only four compartments was studied by Veerman as shown in Figure 12a [18]. Another
application of electrodeless RED is powering transdermal drug delivery. Patches loaded with the
drug are attached to the skin and the drug is transported through the skin by the generated voltage
[19].

2.1.2. Capacitive Mixing (CapMix)

In 2009 Brogioli published a paper about an SGE generator consisting of a flow cell with only
two capacitive electrodes [20]. The cell is connected to an electrical circuit that can both supply and
extract energy. The water inflow is switched regularly; during the passage of seawater the ions are
directed to the electrodes by an applied voltage. If these are saturated, the inflow is switched from
seawater to river water which causes a reversal of the process and a higher voltage is now generated
than during the previous phase. This externally charged capacitive mixing (also known as Capacitive
energy extraction based on Double Layer Expansion, CDLE) triggered other researchers to improve
this concept. In 2010 Sales connected an AEM to one electrode and a CEM to the other [21]. An
external energy source was no longer needed and Autogenerative Capacitive Mixing (also known as
Capacitive energy extraction based on Donnan Potentials, CDP) was born. Later developments were
the replacement of the capacitive electrodes by battery electrodes. These provide a larger capacity
and therefore a feedwater switch was needed less frequently which is advantageous because during
this switch the system is out of operation.

2.1.3. Microbial Reverse Electrodialysis

“Blue energy meets green energy in microbial reverse electrodialysis cells" is the beginning of
the title of the recent review by Pandit et al. [22]. The combination of both techniques in a single
device was launched by Younggy Kim and Bruce Logan in 2011 and is known as the ‘microbial
reverse electrodialysis cell” (MRC) [23]. Figure 3 shows the principle of an MRC. The electrode
compartments of a classic RED stack are modified as follows: air is injected into the cathode
compartment while the anode is loaded with exoelectrogenic bacteria. The RED part is fed with salt
and fresh water while the anode space is rinsed with an acetate solution that is a model for urban
waste water.
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Figure 3. A microbial reverse electrodialysis cell (MRC) with 3 cell pairs.
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At the cathode oxygen is reduced:

H0 +% O2+2e > 2 OH-

At the anode acetate (or other organic material) is oxidized by exoelectrogenic bacteria.

Partial oxidation [24]:

2 HsC-COO- & HsC-CHs +2 CO2+ 2e

or total oxidation can occur:

HsC-COO +2 H20 2 2 CO:2+7 H* + 8e

The MBC can purify wastewater and supply energy. In addition, the problem of charge transfer
from the ions to the electrodes is solved.

The success of the MRC has led to a number of new applications. We will mention a few. Cusick
et al. showed that the MRC also works well with ammonium bicarbonate instead of NaCl [25]. This
salt is volatile, which means that the feed waters can be regenerated with heat. Due to a closed feed
water system, the MRC is independent of fresh and salt water, but derives its energy from waste heat.

Zhu et al. modified the MRC on two points [26]. They omitted the air supply to the cathode that
results in hydrogen generation. Furthermore, a bipolar membrane was incorporated into the cell,
which dissociated water into acid and alkali. Sequestration of the COz with serpentine mineral was
performed outside the cell with the help of the obtained acid and alkali.

Luo et al. added a biocathode to the MRC, which produced methane [27]

D’Angelo et al. showed that Cr(VI) ions are reduced to less toxic Cr(III) by a MCR based Fenton
process [28] and Li et al. succeeded in abatement of azo dye polluted wastewater in a MRC [29].

Using seawater in a RED part of a MCR leads to reduced yield due to divalent cations. This
problem was solved by Jwa et al. by treating the seawater in an external microbial electrolysis cell
[MEC] where these ions were precipitated as Mg(OH)2 and CaCOs [30].

2.2. Diffusion of Liquid Water

Most used technique based on diffusion of liquid water is pressure retarded osmosis where
water diffuses through a membrane. Other methods are based on swelling of hydrophilic material in
water.

2.2.1. Pressure Retarded Osmosis (PRO)

In 1748, Jean Antoine (Abbé) Nollet discovered the phenomenon of osmosis [31]. Initially,
osmosis was made visible using prepared pig bladders. If these are used as a semi-permeable
membrane between two vessels containing solutions with different salinities, water will selectively
diffuse into the vessel with the higher salt concentration (the real reason is of course that the water
diffuses from the compartment with a high water concentration to the compartment with the low
water concentration). If this latter vessel is sealed, a high pressure can be built up, namely 27 bar if
one vessel contains seawater and the other fresh water.

This process can be reversed to desalinate seawater, but this placed high demands on the
membranes. It was not until 1964 that Sidney Loeb and Srinivasa Sourirajan were able to make reverse
osmosis (RO) membranes consisting of a porous support layer with a thin skin layer on top [32]. The
development of RO has been rapid and today it is the main desalination technology for the
production of drinking water from seawater.

Almost ten years after the RO patent, Loeb came up with another patent: this time a method to
reverse that RO process [33]. In this way, energy can be generated by reversible mixing of fresh and
salt water. Loeb called the technique 'Pressure retarded osmosis' (PRO). Almost simultaneously with
Loeb's patent, Norman published a hypothetical machine for generating energy by osmosis [34].
From this time on, PRO took flight that was more or less parallel to the developments of RED.
Nowadays PRO, together with RED are the most studied methods for SGE production. On Google
Scholar "reverse electrodialysis” yields 8970 hits and "pressure retarded osmosis” 8860 hits (October
2024).The principle of PRO is shown in Figure 4. The input of salt water to the high-pressure system
requires little energy because in the pressure exchanger each liter of input is energetically
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compensated by each liter of output. Actually, a better name for this apparatus would be ‘volume
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Figure 4. Principle of PRO. High pressure streams are colored dark blue.

2.2.2. Swelling and Shrinking of Hydrophilic Material

Five years before Loeb’s PRO patent, Sussman and Katchalsky published a paper titled
“Mechanochemical Turbine, A new power cycle” [35]. The authors constructed a working SGE
machine based on shrinking of a crosslinked collagen cord in salt water; it returned to its original
length in fresh water. Figure 5a shows a simplified model of their generator. In 2014, Zhu et al.
published a paper describing their experiments with a hydrogel in a cylinder that could push a piston
away as it swelled upon contact with fresh water and shrank again upon introduction of salt water

(Figure 5b) [36].
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Figure 5. Swelling-shrinking methods: (a) Simplified model of the Mechanochemical Turbine. The collagen belt
(green) is shrinking if in contact with seawater. This sets the system in motion: the wheels will turn clockwise.
The chain (black) causes the upper pully to turn faster so that the distance between point x on the upper pully
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and point y on the lower pully is getting smaller. This corresponds to belt shrinkage. (b) Cylinder and piston
model generating SGE by swelling and shrinking of a hydrogel.

2.3. Diffusion of Water Vapor

In 1979, Olsson et al. published a paper entitled Salinity Gradient Power: Utilizing Vapor
Pressure Differences [37]. The method - known as VPDU - is based on the difference in vapor pressure
of fresh and salt water. Water vapor will find its way from the fresh water to the salt water (Figure
6d). The researchers tested this principle in a vacuum chamber in which a turbine was placed in the
vapor stream. The heat of condensation in the salt water was returned to the fresh water via a heat

exchanger, largely compensating for the huge heat of evaporation. The method has not been followed
up to date.
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Figure 6. Batch processes: (a) Mixing solutions by removing the partition. (b) A single cell pair of a RED stack.
(c) A model of a batch PRO device. A piston made of a semipermeable membrane is pushed upwards by the
osmosis of the water to the lower vessel. (d) Principle of VPDU where water vapor flows from the fresh water
to the salty compartment. Good heat transfer through the copper septum is essential. (e) Results of Post et al.
[38] with two RED stacks, one equipped with 0.5 mm spacers and one with 0.2 mm spacers. The energy yield is
calculated based on the theoretical value for the reversible mixing of non-ideal solutions. The solid lines are

parabolic regression lines.

3. Exergy of Different SGE Processes

Suppose we mix NaCl solutions of equal volume (1 L) and the same temperature (25 °C). One
solution, which we will call 'river water', contains 1 g/L and the other (sea water) contains 30 g/L. If
these solutions are mixed isothermally, the free enthalpy changes as follows:

AG = AH — TAS 1)

If the solutions are supposed to be ideal, the change in enthalpy AH is equal to zero. If the
solutions are also mixed reversibly, an amount of work can be harvested equal to:

W =AG = AH —TAS = —TAS 2)
AS can be calculated as
AS = Spix = Ssea = Sriver ®)
the individual entropies can then be calculated from
S=2ixlnx; 4)

The calculation is presented in Figure 7. It follows that 1.4485 M] is available due to the increase
of entropy from ions and water. If only water is considered, this amount is a little less (1.4473 M]J). In
this approach, ideality of the solutions is assumed. Post et al. corrected these values for nonideal
behavior of the solutions and found that 88% of the ideal value is available in reality. [38]. The same
authors performed also batch processes with RED with two types of spacers (0.2 mm and 0.5 mm).
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In these experiments most of the calculated energy was harvested especially at low current densities
where reversibility is best approximated. Figure 6e shows the results and from the regression lines a
recovery at extreme low current density is expected at about 85% of the available energy.

Energy harvesting from salinity Gradients - theoretically
from from 1 m3 river water (1 kg NaCl per m3) with 1 m3 seawater (1 kg NaCl per m3)
J. Veerman, November 20

d

Constants  Mwater:=0.018015 kg-mol~' d:=1000 kg-m° B:= =T (5.551.10%) mol.m™*
Msalt:=0.058443 kg-mol~'  R:=831432 J.mol .k~ """’
Volumes and temperature (subscripts:: s=sea and r= river water, m=mixture) .
Vr=1m® Vsi=Vr Vm:=Vr+ Vs T:=298 K
lonic initial concentrations and mixed concentration
(each mole NaCl results in 2 moles of ions, therefore the factor 2).
cr=1.%0._2 Cs=30.1991, |2 G eI CS S e 7 578 mol
m® Msalt m® Msalt Vr+ Vs m’|

Number of moles of ions
Nri=Cr. Vr=34.221 mol Ns:=Cs-Vs=(1.027-10%) mol Nm:=Nr+Ns=(1.061-10%) mol
Number of moles H20. (assumed each ion takes the volume of one mole H20 )

Hr:=Vr-B—Nr Hs:=Vs.B—Ns Hm:=Hr+Hs

Mole fractions ions Nr Ns Nm
T:= Xsi= Xms=———
Nr+ Hr Ns+ Hs Nm+Hm
Mole fractions H20 Yr:=1—-Xr Ys:=1-Xs Ym:=1-Xm
Entropy Sri=—Vr«B+R+(Xr-In(Xr) + Yr-In(Yr))=(2.388.10%) J. K"

Ssi=—Vs.B-R-(Xs-In(Xs)+ Ys-In(Ys))=(4.252.10%) J. K"
Smi=—Vm.B-R+(Xm-In(Xm)+ Ym-In(Ym))=(4.98.10%) J.K™"'
dS:=Sm—Sr—Ss=(4.894.10%) J.K™'

Gibbs Energy
W:=T.dS=(1.4584.10°) J

Approximation ignoring the entropy increase of water
W':=B+R-T-(=Vm.Xm-.In(Xm)+ Vr-Xr-In (Xr) + Vs Xs-In (Xs)) = (1.4473.10°) J

Using ionic concentrations instead of mole fractions gives almost the same result

W'=-R.T. (Vr- Cr-In (ﬂ) +Vs.Cs-In (E)) =-1.4473.10° J
Cm Cm

Figure 7. Theoretical amount of energy harvested from river water and seawater. Assumed is an isothermal

process with ideal solutions of NaCl in water.

An interesting question is whether there is a difference between the different methods of SGE
harvesting, namely by diffusion of ions, of liquid water or of water vapor. For this purpose we have
analyzed batch processes for three representatives (RED, PRO and VDU) in which always a
combination of 1 m? feed waters of 1 and 30 grams per liter was used exhaustively Figure 6b,c,e. Ideal
solutions were always assumed in the calculation. The results for RED (Figure 8), PRO (Figure 9) and
VPDU (Figure 10) lead to a great mutual agreement and are in all cases almost the same as the
theoretical model that only considered the entropy of the ions (Table 1). The agreement is surprising
because the various derivations are based on very different theories: the theoretical derivation uses
the increase of entropy, RED is based on Nernst's law, PRO focuses on Van 't Hoff's law, while VPDU
uses Raoult's law.

Table 1. Comparison of exergy amount, theoretically and with different harvesting methods.

Calculated from Used law Energy (M])
Entropy increase of salt and water S = in In xi (salt and water) 1.4585
Entropy increase only salt S =) xiIn xi(salt) 1.4473
RED Nernst 1.4473
PRO Van ‘t Hoff 1.4473
VDPU Raoult 1.4492
With non-ideality correction [38] 1.2890

Experiments 85% from value above 1.10
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Energy generation with RED
from 1 m*3 river water (1 kg NaCl per m*3) with 1 m"3 seawater (30 kg NaCl per m"3)
J. Veerman, November 2024

Costants  R=8314._ Y zi=1  F:==96485. ©  Msalt:=0058443. K¢

mol-K mol mol

mol 1 mol

Cr=1.09 . 1 _q7411 M  (cs30.00 . 1 _g5q3351 MOl
’n3 Msalt ’n3 rn3 sall '-n3

Initial number moles salt in river and sea
Nr:=Cr.Vr Ns:=Cs.Vs
Concentrations (Cm) and transported moles salt (m) at equilibrium

szzwzzes_zm’"_‘;’ m=(Cs—Cm)-Vs
Calculationvr+ Vs W
Transport parameter is n mol salt. Transport ends at equal concentrations Cm. The calculation
below is for the cation exchange membrane (CEM) and is also valid for the AEM in the cell
pair. E is the membrane voltage. The ionic concentration of Na+ is equal to the salt
concentration.

_Ns—n ). Nr+n e BT i Cs(n)
C3(n)= Vs G = vr E)r L] (Cr(n))

The same applies for the AEM thus a factor 2 is included for the whole cellpair. The minus
sign is consistent with the thermodynamic definition where all flows into the reactor are
positive.

Wred:=—2.F [ E(n)dn=—14473.10° J
0

Figure 8. SGE of RED. Modeled for a batch process where the feed waters are used exhaustively.

Energy harvesting with PRO
from 1 m3 river water (1 kg NaCl per m3) with 1 m3 seawater (30 kg per m3)
J. Veerman, November 2024

Constants

R:=8314. Msalt:=0.058443 . X9_

mol-K mol

Initial volumes and temperature (subscripts: s=sea and r=river water; m=equilibrium)..
Vri=1.m> Vs=1.m> T:=298.K
Initial ionic concentrations (each mole NaCl results in 2 moles of ions, therefore the factor

2).
Cr=1.291 2 L3459 Mol Cs=30.19.. 2| _(4007.10%) M
nv,3 Msalt n-,3 n-,3 Msalt m’
Initial number of moles of ions in river and sea
Ns:=Cs.Vs Nr:==Cr.Vr
lonic concentration and volumes at equilibrium.
Ce=Cr-VI+Cs-V5 _igag 431 MOl | \u OV _ (065 m?® | vse=C5"V5 _1 935 m?
Vr+ Vs m® Ce Ce
Calculation

Van 't Hoff equation: mV=nRT,  Produced energy: W = TV

The proces is analoguous to the power released on a piston of an expanding gas.

The PRO process can be approximated as isothermal becaus the temperature effect is
less than one degree. [The minus sign in Wpro is due to the thermodynamic definition.

Vse Vre
Wsea:=—Ns-R- T-ledv=—1‘68- 10°J  Whiver=—Nr.R- Tle dv=(2.324.10%) J

Vs vr
Wpro := Wsea + Wriver=—1.4473.10° J

Figure 9. SGE of PRO. Modeled for a batch process where the feed waters are used exhaustively.
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Energy harvesting with VDPU
from 1 m3 river water (1 kg NaCl per m3) with 1 m3 seawater (30 kg per m3)
J. Veerman, November 2024

Constants (with vapor pressure Pw and density d of water at 25 C).

R=8314 Pw:=3169 Pa  Msalt:=0.058443 —X9_ Mwater:=0018015 %9_  g.=1000 K&
mol mol m

mol-K
Initial volumes and temperature (subscripts: s=sea and r= river water, m=equilibrium)

Vri=1m® Vsi=1m® T:=298 K
Initial ionic concentrations (each mole NaCl results in 2 moles of ions, therefore the factor 2 )

G 1la 290, 121 _by5oq Mol | ol a0 (M)l 2 L (§097.40%) @O
2| Msalt 3 3] Msalt m®

m m m
Initial number of moles ion in river and sea
Nr:=Cr- Vr=34.221 mol Ns:=Cs-Vs=(1.027-10%) mol
Concentrations and volumes at equilibrium
istillation stops as concentrations in both compartments are equal (Cm).
From Cm follows the end volume Vre. From this, the total moles distillated H20 (m) is calculated.

CnICliViECs VST o1 |CNsVE Vtrans:=Vr—Vre  m:=Vtrans.

Vr+Vs Cm Mwater

Number of moles of ions in river and sea during the process
Transported water during the proces is n (gol‘)/. Assumption: each ion takes the volume of 1 molecule H20
- Vs

Hr(n):= dVr__Nr—n Hs(n):= —Ns+n
Mwater Mwater

Vapor pressure Pr(n) and Ps(n) calculated with Raoults law and volume of one mole water vapor VR(n)

Hr(n) Ps(n)=Pw-—50) _  p(n).=pr(n)—Ps(n)  VR(n)=-R:T

Pr(n):= Pw-m Hs(n)+Ns Pr(n)

Generated Gibbs energy (negative value due to the thermodynamic definition)

Wvdpu:=—[ dP(n)- VR (n) dn=-1.4492.10° J
1]

Figure 10. SGE of VPDU. Modeled for a batch process where the feed waters are used exhaustively.

4. Applications of SGE

As mentioned earlier, it was Manecke who first reported a form of SGE in his "Membrane
Accumulator” in 1952, using a RED/ED stack for electricity storage. Nowadays, SGE finds
applications in many areas, and in the following overview we will discuss some lesser-known
applications in more detail.

4.1. Energy Generation

The largest reservoir of SGE is formed by the rivers in cooperation with the sea and it is therefore
not surprising that this aspect has been studied most with regard to both to RED and PRO. However,
applications at the level of pilot installations have been limited so far and the actual effort presents
so many challenges that some authors consider it as impossible [39]. We will mention two examples
of PRO and two of RED on pilot scale.

- The PRO-installation of Statkraft in Tofte, Norway. The installation, which started in 2009, had
a capacity of 2-4 kW [40]. However, the performance/price ratio was not high enough to be
economically viable and the project was terminated in 2014 [41].-

- The use of highly concentrated salt solutions ensures that more energy can be harvested per m?
of membrane, so that PRO can still be made possible on an industrial scale [42]. This is the approach
of the company Saltpower in Denmark. The brine is extracted by leaching from deep salt layers. The
caverns thus created can then serve as storage for natural gas or hydrogen [43] [44].

- In Trapani (Sicily, Italy) a project ran in which RED power was extracted from brackish water
and brine. With artificial solutions 700 W was gained. With natural solutions from the saltworks the
output power dropped to 50%, which was ascribed to the influence of multivalent ions] [45] [46].

- In the Netherlands, a RED pilot was constructed at the closure dam between the Lake IJssel
and the Wadden Sea with an infrastructure enabling the installation of 50 kW RED stacks [47] [3] [48].
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The company REDstack BV is developing the whole process technology and also the development
and manufacturing of their own innovative cross flow stacks ((Figure 11).

Figure 11. A cross flow RED stack, also suitable for ED [3].

4.2. Desalination

SGE is based on mixing salt and fresh water and applications for desalination seems
counterintuitive. However, there are two applications that can be used for desalination purposes,
namely direct coupling and assisted reverse electrodialysis (ARED).

4.2.1. Direct Coupling

As previously reported, Murphy managed to desalinate water with a device based on a direct
coupling between RED and ED [17]. Direct coupling or RED and ED was also studied by Veerman
[18] and by Cheng et al. [49]. A ring-shaped stack even makes it possible to make such a system
without electrodes, as seen in Figure 12a. Osterle and Feng have also proposed something similar for
the coupling between PRO and RO [50]. In their idea, both techniques work with pistons that are
coupled to each other (Figure 12b).

Nacl'30gll < NaCl 1 g/L
w
()
A Na g B
cly - A
++++ A LS+ AN T
- e g o= e —
- - & Hp0 c |pisten & oo
= a
o -——— ¢ 5 gl E
- Nat brackish & @ | brackish £ fresh
NaCl 1 g/L - NaCl 1 g/L water ¢  Seawater water O  water

a b

Figure 12. (a) Top view of a setup for the direct coupling between RED and ED. The vessels D, A and B form
the RED part while B, C and D represent the ED unit. The process stops when the EMFs of both systems are
equal. Starting with NaCl concentrations of 30 g/L in A and 1 g/L in B, C then 0.88 g/L NaCl can be transported
from A and from C to B and D under ideal conditions resulting in a final concentration in D of 0-12 g/L. Due to
the cyclic structure, no electrodes are required [18]. (b) Direct coupling as suggested by Osterle and Feng [50].
The left two vessels are the driving part: by diffusion of water to the seawater compartment the piston is
driven to the right. Therefore water from the adjacent compartment is forced through the RO-membrane and

this results in the production of fresh water in the most right compartment.
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422, Assisted RED (ARED)

Figure 13 shows an experiment with a RED stack equipped with Fumasep membranes (FAD and
FKD) [51]. If the current density is below -82 A/m?, the RED process requires the input of energy and
is called ‘assisted reverse electrodialysis’ (ARED); above 0 A/m? normal electrodialysis (ED) occurs.
With ARED, salt transport occurs from high concentration to low concentration, the same direction
as in RED. Transport by ARED costs considerably less energy than ED. In the figure it is seen that
ARED at -100 A/m? costs about the same amount of energy as ED at 20 A/m?, therefore 5 times more
mass transport takes place with ARED than with ED.

A special opportunity is scortcut RED (scRED) whereby the electrodes of the stack are short-
circuited. This is the situation at — 82 A/m? in Figure 13. The stack now functions as a regular dialyzer
and the advantage is — apart from the energy neutrality — that no external circuitry is required [52].

Fumasep FAD-FKD L
15 [
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g X
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Figure 13. RED-experiment with Fumasep membranes. Power is produced at a current density between -82
and 0 J/m?2. At lower current density, the RED process requires the input of energy (assisted RED, ARED) and
with higher values we are dealing with normal electrodialysis (ED). A special case is when the stack is short-
circuited, indicated by scRED. The plot is extracted from Figure 7a in [51]. Measured data (X) are fitted with a

parabolic regression line.

If a city located on the coast depends on a seawater RO desalination unit (SWRO) for its drinking
water, then that city will also discharge a quantity of wastewater into the sea that is comparable to
the production of the SWRO. This low salinity outflow of the SWRO can be used together with the
inflow of the RO to feed a RED unit. This has two advantages: the RO operates with less energy due
to the lower inlet concentration and, in addition, the RED unit energy.

Vanoppen et al analyzed this system and came to the conclusion that the profit of the RO part is
much greater than the energy supplied by the RED [53]. It is therefore worth considering assisting
the salt transport in the RED part by an imposed voltage that thus helps the ions in the direction from
high to low concentration - exactly the opposite of what is the case with ED. Although this assisted
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RED technology (ARED) costs energy, the profit in the RO part more than compensates for this.
Figure 14 shows a concept of an integrated system of RO, ARED and RED for the production of
potable water to a town. It is simplified in some aspects: assumed is that the flow rate of the produced
sewage of the town equals the consumed drinking water flow rate and the: treatment of inlet seawater
and outlet sewage from the town are omitted.

As mentioned, the main function of the module RED-1 in Figure 14. is to reduce the salt inflow
into the RO section. Other options than the use of RED that are worth investigating further are to
place a regular dialyzer here, equipped with an ultrafiltration, nanofiltration or mosaic membrane.
Due to the salt gradient, there will be a tendency for a salt flow downwards and a water flow
upwards. Both flows influence each other; with mosaic membranes there is even a chance of negative
osmosis [54] [55].

RED-1 =
< 0.5290 0.1
35 290104~~~ ~~— ~ == ‘..‘ RO
—> =
35 1000 35 25 1000 25
9 L kg .. 0.5 500 0.2
L M min
-
RED-2
——>— DR
7.3 35 500 17.5 m
49.5500 248 = = = = = = -
[sea J=—— =
3521074 0.5 210 01 J. Veerman - Oct. 2024

Figure 14. Concept of a RED-RO-RED configuration. A city with 5000 inhabitants receives 500 liters of drinking
water per minute, i.e. 144 liters per person per day. It is assumed that the city's sewage has the same salinity
and flow rate as the incoming drinking water. Pre-filtration of the used seawater is ignored for simplicity, and
the same applies to the cleaning of the sewage. The RED-1 module can be operated as normal RED, but more
efficiently as ARED. The city's wastewater is divided between RED-1 and RED-2. In this example, the division
is adjusted so that all flows to the sea have salinities equal to those of the sea. In the scheme, blue numbers

represent salt concentrations (g/L), red are flow rates (L/min) and green are salt transport rates (kg/min).

4.3. Production of Gases Hz and O:

If inert electrodes and an electrode rinse with NaCl but without a redox couple are chosen for
RED, H: will be developed at the cathode and Clz and/or O: at the anode [10]. This Hz is a marginal
by-product in a stack with many cell pairs, but can also be a main product in a modified stack design.
A RED stack with approximately 50 cell pairs and fed with solutions of 1 and 30 g/L yields an OCV
of about 6 V in practice [56]. while about 2-3 V is required for the electrolysis of water (1.23 V Nernst
voltage and an overvoltage depending on electrode material, temperature and current density). If a
similar cell is short-circuited, there will only be gas development without electricity production.
Generation of Hz2 and Oz was already described by Weinstein and Leitz in 1976 [57], however Logan
et al. managed to obtain a patent on this in 2014 [58] and various publications on the subject appeared
in the years that followed. Electrolysis can occur in an external electrolyzer [59] or on the electrodes
of the RED stack [60] [61] [62]. In addition to salinity gradients as a primary exergy source,
temperature differences can also be used to drive a RED generator. Sollberg et al. described a
combination of such a heat-to-power system in which the RED stack generated hydrogen using waste
heat [63].

4.4. Decomposition and Synthesis of Chemicals
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In a classical RED stack (without capacitive electrodes) electrode reactions take place: oxidation
at the anode and reduction at the cathode. By passing polluted water through the electrode
compartments, chemicals can be rendered harmless. Examples are oxidation of Acid Orange 7 mainly
to biodegradable carboxylic acids [64] and reduction of Chromium(VI) to Cr(Ill) [65]. Besides
removing unwanted substances, the electrode compartments can also be used for the electrosynthesis
of desired chemicals [66].

4.5. Energy Storage

In order to tackle the climate crisis, a large-scale transition from fossil fuels to renewable sources
is being made. However, the two most important ones - solar and wind - are very variable and pose
major challenges for energy suppliers. Solutions are dynamic energy contracts, expansion of the
network, and energy storage. The latter can be achieved by creating salinity gradients and using them
for electricity generation. This can be done electric (ED with RED) or based on pressure (RO with
PRO).

4.5.1. Electric Systems

Classical electric batteries have their solid or liquid electrolytes together with the electrodes in
the same housing and therefore have a limited storage capacity. This in contrast to flow batteries (FB)
which have their liquid electrolytes stored externally and therefore have an arbitrarily large capacity
but a lower specific energy (in kWh/kg) which makes them especially suitable for stationary
applications. FBs are based on redox reactions, acid-base reactions or salinity gradient energy. The
vanadium redox flow battery (VRFB) is reasonably well developed and has a specific energy of
approximately 20 Wh/kg.

The concentration battery is in fact the forefather of the salinity gradient energy through the
work of Manecke [9] but received renewed interest about ten years ago. The modern concentration
gradient flow battery (CGFB) is essentially a combination of ED (for charging) and RED (for
production). Experiments by Van Egmond et al have shown that this is possible, but the specific
energy is initially rather low (0.3 Wh/kg) [67] [68].

The latest addition to the flow battery branch is the acid-base flow battery (ABFB). The heart of
this technique is a bipolar membrane in which water is dissociated during charging and the H* and
OH- ions recombine into water during discharging, This emerging device has a reported specific
energy of 10 Wh/kg [69] or even 17 Wh/kg [70] and has also advantages in terms of the environment
and cost price [71]. Given the rapid developments of the ABFB, it is to be expected that the ABFB has
more future then the CGFB and will become a formidable competitor for the VRFB.

4.5.2. Pressure Systems

Besides ED/RED, SGE can also be stored with RO/PRO [72] [73]. In principle, storage and
recovery can be done with the same device. To our knowledge, no real experiments have been
performed so far in which a complete cycle was tested. As mentioned in section 4.5.1 the energy
content of salt gradients is quite small. With electrical methods the step was made to the acid/base
battery by using a bipolar membrane, but this is not possible with ED/PRO and it is questionable
whether there is a future for an ED/PRO system based on salt gradients.

4.6. The RED Heat Engine

There are many methods to produce mechanical or electrical energy using temperature
differences, e.g. with Peltier elements or with the Stirling engine. This conversion of heat to power is
also possible with RED by using closed loops of feed waters that are regenerated after passing
through the stack. The maximum achievable yield of all these techniques is determined by the Carnot
efficiency:
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9= (5)

where Th is the temperature of the heat source and T. of the heat sink (both in K). For waste heat of
100 °C together with a condenser temperature of 20 °C, this results in a Carnot efficiency of 21%. A
system efficiency of 50% would be achievable with a good design, resulting in a gross efficiency of
about 10% [74]. Worldwide there is a large supply of hot waste water. Papapetrou et al. arrived at a
thermal equivalent of 480 TWh/year (a mean power of 51 GW) of water of approximately 100 °C,
mainly of industrial origin [75].

In the framework of the EU project RED-Heat-to-Power (the European Union’s Horizon 2020
research and innovation programme under grant agreement No 640667), a consortium of 7
participants worked on the realization of a RED heat engine during the years 2015-2019 [75].
Tamburini et al described the principle of the RED heat engine from which we summarize the main
points below [76]. The RED heat engine works with closed loops of feed waters: one with high (HC)
and the other with low salt concentration (LC). After passing through the RED stack, the
concentrations and flow rates are returned to the original values in a regenerator. This can be done
in two ways:

(i) A volatile salt is extracted from the LC stream by heating and added to the cold HC stream.
Ammonium bicarbonate or ammonium carbonate are suitable salts that decompose at elevated
temperature (Figure 15b):

NH4HCOs ---> ..NHs + H20 + CO:z

(NH4)2COs ---> 2 NHs + H20 + CO2

(if) Water is extracted from the HC stream by distillation and added to the LC stream. The choice
of salt is fairly free in this case (Figure 15a).

The final conclusion of the project was that multiple effect distillation is the best option [75].

high concentration i .
high concentration

H20
RED N RED 7
> NHH20
P . COs
" =
I low concentration b low concentration
(a) (b)

Figure 15. RED heat engines. (a) With a distillation regenerator (b) With ammonium(bi)carbonate evaporator.

4.7. Transdermal Drug Delivery

Transdermal drug delivery is the administration of medicines or other substances through the
skin using prepared patches. These substances penetrate the skin through diffusion and enter the
bloodstream. The process is relatively slow and the speed is strongly dependent on the molar mass,
with a practical limit of 300 Da being used [77]. By applying a voltage difference across a piece of
skin, this process can be greatly accelerated, especially if the molecules have an electrical charge. With
this so-called iontophoresis administering drugs with a molar mass of 13 kDa is possible.

A new development is to generate this voltage with an electrodeless RED system that is
integrated into a patch. Kwon et al. described such a system in which the RED stack has an inverted
U-shape and both ends lie on the skin as shown in Figure 16 [78]. Depending on the charge, the drug
is applied to the gel layer of one of the ends. The researchers compared the uptake rate of a number
of substances in this system with a classic diffusion driven gel patch and found that their RED system
was much more active.
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Figure 16. The RED gel patch according to Kwon et al. [78]. AEMs are indicated by + + + and CEMs by - - -
Compartments with an H contained a saline solution of 4.4 M and those with an L a solution of 0.011 M so that
the concentration ratio was 400. With 10 cell pairs an OCV of 2.4 V was generated. The cell was tested on
prepared mouse skin with risedronate (anionic) and with ketorolac tromethamine and lidocaine (both
cationic). Positive drugs were applied as gel to the right side and negative ones to the left side of the device in

the figure.

4.8. Drainage of Lowlands Near the Sea

A large part of the Dutch coastal provinces lies below sea level, with the lowest polder water
level being up to 7 meters below the average sea level. Pumping stations ensure the discharge of
water to the sea and require a lot of energy, which will increase in the future with the rise in sea level.
The osmotic pressure of seawater is about 20 bar, which corresponds to a water column of 200 meters.
By replacing the dikes with RO membranes in these conditions, dewatering could be done without
energy input. Gerrit Oudakker patented this concept where the membrane was placed in the sea as
shown in Figure 17. [79]. He mentioned also the possibility of extracting also energy from this process
with a generator placed near the outlet in the sea. In fact, only a small part of the available exergy is
needed to pump the water to the sea, which is why the idea arose to place the PRO generator on land
as a more practical place than in the sea [80]. Such an osmotic power plant was given the name
'osmaal’ a portmanteau of 'osmotic’ and 'gemaal’, the Dutch word for pumping station.

Figure 17. Principle of the osmaal: diffusion from polder water through modified RO membranes to the sea.

5. Conclusions and Outlook
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Techniques that can harvest SGE are based on diffusion of ions (mainly RED), liquid water
(mainly PRO) or water vapor (VPDU). Theoretically, the available amount of extractable energy with
all these techniques is the same, but in practice only RED and PRO have practical significance until
now.

SGE systems can be open or closed. In an open system such as Blue Energy - the energy that is
extracted from river- and seawater - the composition of the feed water is fixed and the system should
be adjusted accordingly the ionic composition of the feed waters. On the other hand, in closed
systems the technique dictates the choice of the salt. For energy storage systems large quantities are
needed and cost price and environmental aspects are the most important factors, while the RED heat
engine requires salts that are directly linked to the technique in question (salt extraction or water
evaporation). In addition to salt, the feed water in open systems can also contain organic substances
that can lead to membrane contamination but also offer possibilities as fuel for the microbial reverse
electrodialysis cell (MRC).

The energy content of salt gradients is quite low and that means that a lot of water has to be fed
through the SGP generators to achieve a reasonable energy production. This places high demands on
the design because the power for pumping and pretreatment must of course be less than the delivered
power. Scaling up places very high demands on the design of generators, on the entire infrastructure
and on the development of affordable membranes. However, the development of RED and PRO has
also led to spin-off in terms of the development of new types of membranes and therefore RED and
PRO are also of significance for the two predecessors, namely ED and RO [81].

Interesting are the developments that have led to scaling down. Examples are the RED-based
transdermal drug delivery systems. Completely new are the ideas to build RED generators into the
human body as an energy source for pacemakers, insulin pumps or other medical devices. Initial
experiments have been done on harvesting energy from the difference in salinity of renal vein and
renal artery [82] or from the enormous differences in pH between stomach wall (pH=7.5) and stomach
juice (pH=1.5) [83].

To conclude the outlook in this article, also a look back. Earlier we said that SGE started in 1952
with the experiments of Manecke, but we actually have to adjust this idea. Japanese researchers have
recently demonstrated that the process of SGE also plays a role in the walls of the chimneys on deep
sea submarine vents [84]. These contain pores that selectively allow Na*, K*, H* and CI- to pass
through. The potential differences generated by this on the outside then ensure the transport of larger
divalent ions towards the wall, where they precipitate. Closed nanopores are created inside the walls
and these may have played a role in the origin of life 3.7 billion years ago.
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Abbreviations
ABFB acid base flow battery
AC activated carbon
AEM anion exchange membrane
ARED assisted RED
BDI battery electrode deionization
CapMix capacitive energy extraction by mixing feedwaters

CDLE CapMix based on double layer expansion


https://doi.org/10.20944/preprints202501.0606.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2025 d0i:10.20944/preprints202501.0606.v1

18 of 22

cbr CapMix based on Donnan Potentials

CGFB concentration gradient flow battery

CEM cation exchange membrane

CRED capacitive RED

CDI capacitive Deionization

ED electrodialysis

EMF electromotive force

ERS electrode rinse solution

FB flow battery

HC high concentration

IEM Ion exchange membrane

LC low concentration

MEC microbial electrolysis cell

MRC microbial reverse electrodialysis cell

ocv open circuit voltage

PRO pressure retarded osmosis

RED reverse electrodialysis

RO reverse osmosis

scRED shortcut RED

SGE salinity gradient energy

VPDU vapor pressure difference utilization

VRFB vanadium redox flow battery
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