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Abstract

The prospects and potential of Reverse Electrosiml{RED) for energy harvesting
from natural streams with salinity gradient demamate in-depth studies to understand
and overcome the limitations posed by divalent .iddswer performance is greatly
influenced by the ionic resistance displayed by #iernating cation and anion
exchange membranes (CEMs and AEMSs, respectivelyddtbin RED stacks, which in
turn is determined by the type and concentratioon$ and counter-ions in the water
streams.

The effects of divalent ions on power output haeerbexperimentally approached in
several works by using real or synthetic water. Ewsv, the development of
comprehensive models including the effect of dirlens on membrane resistance and
power performance under different scenarios id s@ry scarce. Thus, this work
investigates experimentally the effect of ion spe@n membrane resistance, providing
for the first time mathematical correlations usatupredict power performance in RED
stacks under a wide range of compositions of sgligiadient solutions. To this end,
electrochemical impedance spectroscopy (EIS) measents have been performed for
CEM and AEM commercial membranes in contact wiffedent concentration of NaCl
solutions and including different mixtures of dieat ions (C&, Mg, SQ%). These
correlations have been implemented in a previoagyeloped model to determine
power outputs as function of ion mixture compositioScenarios of general interest for
RED practical implementation have been addresspdcifecally, solutions with a
composition representative of seawater or higmgglbrines have been studied as high
concentration solutions (HCS) and, on the otherdhasgpical concentrations of
wastewater treatment plant effluents, river wateb@ckish water from desalination

plants were used as low concentration solutionsS)LC
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1. Introduction

The potential of reverse electrodialysis (RED) arvesting saline gradient energy has
awakened the interest of the scientific commun@ynce the first report with the
principles of the technology by Pattle in 1954 [dlany interesting works have been
published, especially in the last two decades [Z]3]eoretically, a total power of
approximately 0.8 kWh could be generated from tbe bf 1 n? of freshwater into the
sea. Potential power generation can amount to yn@€affW on the basis of the total
freshwater flow of the major rivers worldwide [3h general terms, estimated gross

global potential of salinity gradient energy (SG&higher than 27,000 TWh/year [2].

A RED stack is composed of alternating anion arttbecaeexchange membranes (AEM

and CEM, respectively) separated by spacers tdecajacent compartments that are
fed with streams of different salinity gradientymed as HCS and LCS [4]. The salinity

gradient induces a potential difference over thenbranes and the passage of ions
promotes electrical current when the HCS is sugdpdieone side and LCS is driven to

the other side of the membranes [5]. Another kemmmnent of RED stacks is the

electrode couple. At the ends of the stack, antrelee rinse solution (ERS) feeds the
electrode compartments to maintain electronewrdly means of redox reactions,

which take place at the cathode and the anodé@boratory scale plants, an external
load connected to the electrodes through an exteir@iit is used to consume the

electrical power generated inside the stack [7].

The presence of divalent ions in water can neggtaiect the SGE-RED performance.
Previous works have experimentally studied diffexgerational scenarios by operating
SGE-RED units fed with real water streams and stithwaters containing divalent
ions [5,8-16]. The most common scenario consistthefuse of seawater and river
water to provide salinity gradient [5,8,11,12,14,1Besides, other authors employed
brines and seawater or brackish water as HCS arfd, k€spectively [9,10,15,16].
Finally, the performance of fish wastewater as H&C8ombination with water coming
from an urban wastewater treatment plant (WWTP).@S was also assessed [13,16].

The results reported in these works clearly prdwa the presence of divalent ions in



RED water streams leads to a reduction in poweputuand thus their role in RED
stacks requires to be specifically addressed. These display a strong influence on
RED operation and especially on membrane resistdnedo their interactions with the
fixed charged groups present in the ion exchangabrenes [8,9,17-19]. The divalent
ions at the highest concentration in these streammlly are magnesium (M,
calcium (C&") and sulphate (S@). For instance, Avci et al. [9] reported a 7-fold
increase in the CEM resistance when instead oMgure NaCl a solution composed
of 0.3 M MgChk and 0.2 M NaCl was employed, due to the presehoegnesium ions.
On the other hand, Rijnaarts et al. [8] comparedpérformance of different types of
IEMs, namely heterogeneous membranes (Ra@WH-PES) and homogenous
monovalent-selective and multivalent-permeable nramds (Fuji). For these cases, the
membrane resistance increased up to more than 8hé&a 10 % of pure NaCl was
replaced by MgGl This rise in the ionic resistance was higheregpgected, when

monovalent-selective membranes (to NaCl) were used.

Despite the availability of previous validated misd®,20-22] for the prediction of the
performance of SGE-RED processes under differemtastos, operational variables and
stack characteristics, most of these models focushe study of synthetic sodium
chloride solutions without addressing the effedtdigalent ions on RED performance,
with the exception of the model reported by Honglet[23,24]. However, the latter
model was only validated with open circuit voltadggta. Thus, further efforts are still
needed to develop more robust and flexible tocdd #re capable of predicting RED
performance under the presence of mixtures of €ntalions at representative
concentrations of real water streams, includingir@htand industrial waste streams, in
order to go one step forward towards the optimiratif the technology and its practical

implementation.

The aim of this work is to investigatiee effect of ion species on membrane resistance
and power performance in RED stacks by establishingdiptee correlations of
membrane resistance as a function of representativgpositions of real water streams.
For this purpose, electrochemical impedance spmmipy (EIS) was employed to
measure membrane resistance in contact with Naldti@o including mixtures of
divalent ions (C&, Mg®", SQ?); the membrane resistance was mathematically
correlated to the composition of HCS and LCS. Mweeep SGE-RED experiments at

laboratory scale were used to validate the matheatahodel describing the effect of
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divalent ions on RED performance for the recovensGE under different scenarios.
These scenarios, that have been assessed both pmetbence and absence of divalent
ions, include (i) typical concentrations of seawatad brine as HCS and (ii) water
solutions with concentrations close to 0.02 M Na@thievable from wastewater
treatment plant streams, river water, brackish whtem desalination plants, among

other options, as LCS.

2. Experimental and Modelling

2.1 Materials

Solutions were prepared using extra-pure sodiunoricid (NaCl, assay >99.5%),
provided by Fisher Chemicals, magnesium chlorideg@i 6HO, assay>98%),
calcium chloride (CaG) assay>95%) both supplied by Panreac, sodium atdph
(NaSO,, assay>99%) delivered by Scharlau and distilletewa

2.2 Membrane Resistance Measurements

The effect of the solution composition on the iomgsistance of lon Exchange

Membranes (IEMs) was studied with the electrochamimpedance spectroscopy (EIS)
technigue, which is commonly employed to measurenbmane resistances [25-28].

EIS measurements were performed by placing the mamab in a nylon cell system

(Figure 1). Prior to EIS measurements, membraneg webmerged in the different

solutions for seven days to ensure impregnationmbtane samples were then placed
between the semi-cells, with a circular shape awdlof diameter (Figurel) and then
the compartments were filled with the respectivetsans.

o

Pt electrodes

\

IEM —>» Nylon Cell

Figure 1. Nylon cell system [29].



Afterwards vacuum was applied to the system in rotoléemove the air dissolved into
the solution while maintaining the solution retalri®y the membranes. Both semi-cells
were filled with mercury displacing the solutioncess. Platinum electrodes were
dipped in the mercury to close the measuring dirdihe system was isolated from the
external electromagnetic field using a stainleselstessel as Faraday shield and the
temperature was kept constant at 297+1Ditailed information about this technique
has been previously reported [29]. In all cases,ctbncentration was measured at least
3 times to ensure the measurement reproducibNiCl solution concentrations were
varied from 6-18 M to 1.1 M and both pure NaCl solutions and Na@lsons with
different concentrations of divalent ions were gaadl.

EIS measurements were performed using a Solart2f® YAmetek, Berwyn, PA,
United States) with frequencies from 10 MHz to 1®znand under 50 mV. The
equipment was controlled by the Solartron Analytszdtware [29].

2.3 SGE-RED experiments

The SGE experiments were performed using a REk stéb 20 cell pairs formed by

AEMs and CEMs of 200 cfifFumatech®, Germany) and commercial polyetherselfon
spacers with a porosity of 82.5% to separate thelon@nes. Detail of the inner stack
configuration can be found in a previous work [2Z2he main characteristics of the

stack, membranes and spacers are displayed in Table

Table 1.RED stack specifications.

Cell width (m) 0.063

Stack Cell length (m) 0.32
Membrane pairs 20

Membrane thickness (m) 510

Membranes o AEM permselectivity (0.1/0.5 M) | 0.92-0.96
o CEM permselectivity (0.1/0.5 M) 0.97-0.99
Spacers Spacers thickness (um) 270

The electrode rinse solution (ERS) was compose®.05 M KsFe(CN), 0.05 M

K4Fe(CN) (Scharlau, purity >99.0%) and 0.25 M NaCl (Fishdreicals, assay
>99.5%). The ERS solution (adjusted to pH 2-3 wH€I) was continuously
recirculated through the electrode compartments.



The stack was continuously fed with the HCS and L& onstant temperature of
2971 K. In all cases, the same flow rate was fik@dboth streams, equivalent to a
Reynolds number of 5.4 (200 mL-rln Different concentrations of HCS and LCS
were used to validate the model that incorporabes membrane resistance values
measured by EIS. As can be seen in Table 2, sewemapositions of both agueous
NaCl and solutions including divalent ions weredisAds HCS, NaCl concentrations
close to 0.55 M, corresponding to seawater, and, Thel typical composition of sea
water desalination brines, were employed. NaCl eotration in LCS was varied from
0.02 M to 0.04 M, which are typical values of waséer treatment plants effluents;
this concentration also represents brackish watem fdesalination plants, e.g.
intermediate streams in two-step reverse osmosalidation plants. Table 2 gathers

the concentration of HCS and LCS analysed in tlugkw

Table 2. SGE-RED experiment compositions.

Solution Scenario N° NaCl (M) | MgC} (M) | CaCl, (M) | Na,SO;4 (M)
wastewater 0.02
plant
LCS  fpeffluentsriver 5 0.0172 0.0024 0.0015 0.0014
water or low
salinit
) y 3 0.042 0.0011 0.0002 0.0006
brackish water
Seawater 4 0.49 0.06 0.011 0.032
0.55
Seawater 5 (synthetic) 0 0 0
HCS Brine 6 0.874 0.103 0.02 0.063
. 1
Brine 7 (synthetic) 0 0 0
Brine 8 1 0.114 0.022 0.058

An electronic load (Chroma Systems Solutions 631088A) in the galvanostatic
mode was employed to measure the current and eotibthe RED stack. In order to
know the maximum power output, polarization testrevperformed by varying the
current load from O A (open circuit voltage, OC\Y) 1 A. For each measurement,
current load was maintained until the voltage outmached the steady state. Each

experiment was repeated at least twice as indepétek.



2.4 Model development

A comprehensive model reported in a previous wariplemented in the software
Aspen Custom Model V9 (AspenTech), was used toigrdute RED stack performance
[22]. This model takes into account the equatiohat tdescribe the phenomena
occurring inside the RED stack, establishing tHeo¥dng assumptions: (i) co-current
flow distribution, (ii) purely sodium chloride agmés solutions and, (iii) evaluation of
the following parameters at the average conditioetsveen the inlet and the outlet of
the cell: cell pair voltage, voltage output, cedbkistances, current density and power.
The fluxes of HO, Na and Cl promote a variation in the solutions concentratitong
the compartments, which are described through massce equations. A summary of

the main equations employed is detailed below.

The cell pair voltage is determined by the Nerggiagion:

R-T yNat (x) - CNa" (x) R-T
[ ( )l AEM F

Fer (0= ccan | 1) G
1 Yic (x) - C (X)>l
|1
[Zion n()/LC (X) Cfé (.X') (1)

where acem and aagv are the permselectivity of IEMs, F is the Faradagestant (C
mol ™), R is the Universal gas constant (8.314 J™niol), T is the temperature (K), C is

the ion concentration (mol-f, zis the valence anglis the activity coefficient.

The voltage output (E) can be calculated as therétieal voltage from all the stack cell

pairs minus the voltage drop due to the total mdEeresistance in the stacks(R).

E = z Ecent — J * Rstack (2)

where ) E..; is the sum of all the cell pair voltages (Y)is the electrical current
density (A-nf) and Ruc is the sum of all the cell pair internal resisesmd-nr).
These internal resistances comprise two main coemsnof ohmic and non-ohmic
nature, respectively: (i) ohmic resistances compagehe membrane and compartment
resistances and (ii) non-ohmic resistances formg®Rk:, which is caused by the

streamwise concentration change, and the boundgey tesistance,dR.



Finally, gross power, P (W), is calculated as thadpct of the output voltage and the

electric current (A), as shown in equation 3.
P=E-I 3)

For the model solution, only Nacomposition was considered for the inlet stream
concentration, and the effect of the presencewaleint ions was considered through the
resistance of the membrane using empirical coroglatproposed through experimental
tests. Empirical correlations were obtained for ta¢ionic and anionic membranes,
respectively, for LCS and HCS. All correlationslude two main parts, the first one
that considers the Naor CI contribution and the second part that considees th

contribution of divalent ions.

3. Results and discussion

In this section, membrane resistances measuredebirieal impedance spectroscopy
(EIS) and the outcomes of SGP-RED experiments aesepted; furthermore, the
validation of the proposed model, which includeg tbffect of divalent ions on

membrane resistances, is also displayed.

Membrane resistances were determined after beirapmtact with solutions of NaCl
and divalent ions, Mg, C&* and SQ@", at the concentrations of HCS and LCS

collected in Table 2.

3.1 Membranes resistances

The resistance of the membranes was firstly assassag pure NaCl solutions. For
this purpose, four different solutions with coneatibns ranging from 6-10M to 1 M
were prepared. Figure 2 shows the respective aesistvalues determined for the
CEMs and AEMs.
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Figure 2. Membrane resistance values measured using puredia@r+1 K

As can be seen in Table 3, the CEM resistance lshdegreases with increasing NaCl
concentration from 6-10M to 0.02 M, with a total reduction of 30 %. Irethase of the
AEM, the observed decrease is lower (20 %) for targge of concentration. Besides,
for both membrane types, the membrane resistanoéinuaes decreasing as the
concentration rises up to 0.55 M, but it tendst&bisise in the range from 0.55 M to 1
M, which is in agreement with previously reportearits [17,30]. An empirical
correlation for the membrane resistance of each t#dé is proposed as a function of
sodium and chloride mole fractions, respectively. £a and 4.b show the correlations
for CEMs and AEMs as function of the molar fractigf) with regression coefficients
R?>0.99 in both cases.

0.686
RinembraneCEM (NaCl) = 5 0.089 (4.a)
Na*t
0.809
RmembraneAEM (NaCl) = W (4.b)

cl-

Membrane resistances with NaCl and different commagans of divalent ions were also
determined. Table 3 shows the concentration of gbkitions together with the

measured values of membrane resistance for the CEMT).



According to the results, two general trends fonthene resistance were observed as a
function of NaCl concentration when divalent iongrev added. On one hand, the
addition of divalent ions promotes a strong inceeasthe CEM resistance for NacCl
concentrations below 0.043 M (Table 3). On the oHand, this rise is less pronounced
when NaCl concentrations are higher than 0.5 M résmonding to high salinity
waters). This fact is also in good agreement vhithresults reported in previous works
[31,32].

Table 3.CEM resistance measured using pure NaCl and Nd@li@us containing divalent
cations aR97+1 K

NaCl (M) | MgCl, (M) | caCl, (M) CE“{'&?E:?%&”C‘E
6-10" 0 0 1.92
0.02 0 0 1.34
0.02 1.0-10 0 2.36
0.02 1.0-16 0 4.87
0.02 0 1.0-1¢° 2.04
0.02 0 1.0-10° 4.40
0.02 0 5.0-10° 5.81
6-10" 2.86-1¢ 1.19-10° 5.47
0.02 2.4-108 1.5.10° 5.46
0.043 1.1-18 2.0-1¢ 3.56
0.55 0 0 1.05

1 0 0 1.11
1 0.05 0 2.14
1 0.1 0 2.53
1 0.2 0 2.72
1 0.01 1.93
1 0.02 2.03
1 0.1 2.91

Furthermore, the individual effects of the additioh Mg>* or C&" ions to CEM
resistance are quite similar. In both cases, wherdivalent ion concentration (Mgor
ca*, respectively) was varied from 10M to 10° M, the membrane resistance

experimented a significant increase by more thaublilog its value. In particulathe

10



CEM resistances rose from 2.86cnf (Mg®) and 2.04Q-cnf (C&™) to 4.87Q-cnf
(Mg®") and 4.40Q-cnf (C&™), respectively. It is worth noting that divalerdations

display a notable effect on the CEM membrane mst& even at very low
concentration. For higher NaCl concentrations,iticeease in membrane resistance due
to the addition of divalent ions is lower. When 81of these divalent ions were added
to 1 M NaCl, CEM resistances were 283cnt (Mg?") and 2.91Q.cn? (C&"), while

the resistance corresponding to 1 M NaCl was ©idnf. According to these results,
two correlations for CEM resistance are proposé&dhg¢pinto account the presence of
these divalent cations within the two previouslyfatentiated NaCl concentration
ranges, which would represent LCS and HCS respgtivihese correlations are
presented in eq. 5 and offer regression coeffisi@fitR>0.93 (Eq. 5a) and &0.95
(Eq. 5b).

6-10"*M < NaClM < 0.043 M

0.686 359
RmembrameCEM = 50.089 +X_0'456 (Eqsa)
Nat divalent cations

05M < NaClIM<11M

0.686 5.51
Rmembrane CEM = — 5555 +X—0.209 (Eq.5b)
Nat divalent cations

In the case of the AEM resistances (Table 4), tbedt is the same as that found for
CEMs. Two correlations, one for the lowest NaClammtration range (3- TOM < NaCl

M < 0.05 M) and a second one for the highest NaClesa(0.6 M< NaCl M< 1.3 M)
are proposed in Eq. 6 with correlation coefficieri§ R?>0.94 and R>0.96,
respectively. However, in this case, the contrimutof the S@ ions to the total
membrane resistance was lower than that displaydtebcationic divalent ions on the
CEM. When 5:18 M of SO was added to a solution of 0.02 M NaCl, the AEM
resistance value increased from 1@2nf to 2.04Q-cnf. In contrast, when the same
concentration of C4 was added, the CEM resistance increased from Q@.34f to
5.81Q-cnt. Moreover, the addition of different quantities®®&” to 1 M NaCl (1.22
Q-cnt) had negligible influence on the AEM resistancel(E 4).

11



3:-107*M < NaClM < 0.05 M

0.809 2.261
RmembraneAEM = X0'069 + X_0'131 (Eq 6a)
a

cl- ivalent anions

0.6 M <NaClM<13M

0.809 0.731
RmembraneAEM = X0'069 + X_0'181 (Eq 6b)
a

cl- ivalent anions

Table 4. AEM resistances measured using pure NaCl and divatgons.

AEM resistance
NaCl (M) | Na,SO, (M) @ crd)
6-10° 0 1.78
0.02 0 1.42
0.02 1.0-10 1.79
0.02 1.0-18 1.99
0.02 5.0-10 2.04
0.55 0 1.11
1 0 1.22
1 0.01 1.23
1 0.06 1.27
1 0.1 1.31

3.2 SGE-RED experiments

In this section, the effect of divalent ions inntarof gross power is studied taking into
account the representative concentrations of reahagios. For this purpose, several
experiments were performed with pure NaCl and eéivialions at representative

concentrations of real water streams suitable dovgy generation as shown in Table 2.

The correlations obtained to estimate the resistaoicthe CEM and AEM were

implemented in the mathematical model previouslyettgped to predict the power
output accounting for the effect of the divalemismn RED performance. Experimental
data were compared to simulated results underrdiffescenarios to validate the model

proposed including the membrane resistance cooefatin all cases, the Reynolds

12



number was 5.4, which is equivalent to a lineawfleelocity of 1.2 cm-$and the

temperature was maintained constant at 297+1 K.

1.1 -
1.

0.9 A
0.8 A \
0.7 A

$ 0.6 1
o 0.5 - F4
041 /4
0.3 - //'
0.2 1 ;’
0.14/

0 b““ T T T

0 02 04 06 08 1 12 14 16 18
1 (A)

Figure 3. Power curves for (i) Pure NaCAHCS =1 M and a LCS = 0.02 M@ HCS = 0.55
M and LCS = 0.02 M; (ii) NaCl and divalent ions:HCS (Nd) = 1 M and LCS (N9 = 0.02
M, B HCS (Nd) = 0.55 M and LCS (Na = 0.02 M. Experimental (points) and simulated
(lines). T2 =297+1 K.

Figure 3 shows the gross power achieved for thebamations 1-0.02 M and 0.55-0.02
M, in the presence and absence of divalent iohd.cbrresponds to brine concentration
and, on the other hand, 0.55 M is the typical salcentration for seawater. As
observed, experimental data are in good concordattbethe simulated results when
using the empirical correlations proposed for memberresistances. When 1 M pure
NaCl was used as HCS, the maximum power achievedlw&, equivalent to a power
density of 1.25 W- A, and the limiting current was as high as 1.7 A.tlnother hand,
when pure NaCl was used at concentrations of HES=Bl, a maximum gross power
density of 0.63 W (0.8 W-1) was reached. Comparing the maximum power outputs
obtained for HCS at 1 M pure NaCl and 0.5 M (fdixad LCS of 0.02 M), it is worth
noting that there is not a linear relationship lestw the HCS concentration and the
maximum power obtained. Thus, doubling the NaClcentration in the HCS does not
lead to double the power due to the effect of themimrane resistance values

corresponding to each concentration.

13



In order to analyse the effect of the presencevalent ions on the stack performance,
experiments were carried out by adding the divaiens Md*, C£* and SQ” at the

representative concentrations of the scenariosigiecl in Table 2 for HCS and LCS.
Furthermore, simulations were run taking into actotne correlations proposed in

section 3.1 to calculate membrane resistances.

Figure 3 also shows the results obtained for thenatos corresponding to the
combination of HCS=0.55 M (seawater) with a LCS20M (Table 2, LCS=N° 2 and
HCS=NP° 4) as well as the combination of HCS=1 Mn@s) with LCS = 0.02 M (Table
2, LCS=N° 2 and HCS=NP° 6). In the first case, asgrpower density of 0.58 W was
reached working with divalent ions, equivavent teduction of 8.6 % when pure NaCl
was used. On the other hand, when the combinat@®® @Nd) =1 M and LCS (N§ =
0.02 was studied, a maximum gross power densityl.675 W-m was achieved
equivalent to a reduction of 16.3 % with regardht® use of pure NaCl. However, these
maximum gross power density values are higher tharvalues reported by previous
works that compare synthetic and real waters. Teedet al (2016) described a
significant decrease down to 40 % in gross poweasitie with respect to theoretical
power density when the feed solutions were switcliesn synthetic brackish
water/brine (pure NaCl) to real natural solutiod®][ For its part, Kingsbury et al.
(2017) reported reductions of 43 % and 32 % whenvager was used in combination

with brackish water and river water respectivel§][1

14



1 (A)

Figure 4. Power curves for (i) pure NaChk HCS=1Mand LCS=0.02 M, HCS=1.1 M

and LCS = 0.043 M; (ii) NaCl and divalent iomsHCS (Nd) = 1.1 M and LCS (N3 = 0.043
M, ¢ HCS (Nd) =1 M and LCS (N9 = 0.02 M. Experimental (points) and simulated€§).
Ta=297+1 K.

Figure 4 displays both experimental (points) anchusated (lines) results for the
combination of the scenarios related to high sglibrines as HCS and WWTP, river
water or intermediate brackish waters of desalbmatplants as LCS, with the
corresponding concentrations of divalent ions. é@nparison purposes, Figure 4 also
includes the power curve for pure NaCl (in the abeeof divalent ions). The simulated
results obtained were in good agreement with tipeemental data, confirming that the
presence of divalent ions reduces the maximum gposger due to the consequent

increase in membrane resistance.

Considering the scenarios n°® 3 and n° 8 as LCSH{®E, respectively, both in the
presence and in the absence of divalent ions, ahee drends were observed as those
found for the combination 1-0.02 M. Once again siraulated results employing the
values of resistance estimated for the membrandéls the implementation of the
correlations obtained in section 3.1 fit well tqgpermental data. For this scenario, the
values of membrane resistance for CEMs and AEMdaoaver in comparison to those
found for the previous combination of 1M (HC) - .M (LC), but the increase in
power output accounts for only 7 % (1.15 W).nThis is because the ratio between

HCS and LCS (salinity gradient) is reduced by halfiich has a negative effect on
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power performance in comparison, and it hindersithprovement expected by the

reduction of membrane resistance.

According to the results presented, divalent iamshsas M§', C&* and S@* have a
negative effect on the maximum power output dueth® increase in membrane
resistance. And, this effect can be included inpitegliction of RED power performance
through proper correlations between the conceotratf divalent ions and the
corresponding AEM and CEM resistances. For theaten analysed, which comprise
real water stream concentrations, the maximum dseeréen power output due to the
presence of divalent ions was 16.3 %. Although tlesrease is relevant, it can be

considered acceptable for the deployment and sgat#-the technology.

The block diagram presented in Figure 5 summarilzesprocedure followed in this
work and the variables required to model RED perforce in terms of gross power.
IEMs play a key role on RED technology and therefooth CEM and AEM resistances
need to be quantified by the EIS technique takimg iaccount ion composition. In
addition, the main characteristics of the RED gystiickness and porosity of spacers,
IEM permselectivity and experimental conditions orate, temperature and
composition) have to be considered for a compretemsodelling approach.

RED system characteristics
(Number of cells. width & lenght)

Water stream

.\ Spacer characteristics
composition

(thickness, porosity)

—' CEM permselectivity |

‘| AEM permselectivity |

EIS

Experimental conditions

y

Rm f([NaCl] + [divalent ions])

Mathematical model

v

v

Performance of RED technology

Figure 5. Block diagram of RED power prediction.

16



4. Conclusions.

Reverse Electrodialysis (RED) offers great potémbiaharnessing the energy contained
in salinity gradient. The development of compredie® mathematical tools for the
prediction of power peformance under real scenasosssential for the design and
optimization of this technology. Due to its impaorte, the effect of divalent ions on
membrane resistance needs to be specifically appeda For this purpose,
mathematical correlations for the resistance ofroencial ion exchange membranes as
a function of both pure NaCl and divalent ions, ethpose negative effects on RED
performance, have been proposed and implementagraviously developed model to
accurately predict power output under differentnsems. The effect of the main
divalent ions present in water streams used in RED,C&" Mg*" SO, has been
determined experimentally in terms of CEM and AEddistances leading to predictive
correlations of membrane resistance as functioniasf concentrations. These
correlations have been integrated in a mathemanoalel in order to predict the power
output under a wide range of HCS and LCS scenafdsdel validation was
accomplished by experimental data obtained in a RE&EK using synthetic solutions at
representative concentrations of NaCl and the abueetioned divalent ions. The
results showed that the presence of divalent ieadd to a maximum reduction of 16.3
% in terms of maximum power output in comparisosdenarios that only employ pure
NaCl, for the combination of HCS (Ne= 1 M and LCS (N§ = 0.02 M. This reduction
is explained by the increase in the resistancehef ¢ation and anion exchange
membranes employed in RED stacks. Thus, a robugtematical tool, that considers
the effect of divalent ions on IEMs resistances, Ibeen developed in order to study the

power yield when using real water streams in RE®e3ys.
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