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Abstract

This workreports experimental data collected the first timeon a fultscale REDpilot plant
operatedvith natural streams in a real environméirtie planfi locatedin the South of Italy
representghefinal accomplishmentf the REAPower projedivww.reapower.euA RED unit
equipped wittalmost 50 rof IEMs (125 cell pairs44x44 cni) was testedusingboth artificial
and natural feed solutionthese lattecorresponding tbrackish wate(® 0.03M NaClequivalen)
andsaturatedrine (4-5 M NaQequivalen). A poweroutputup toaround40 W (i.e. 16 W/m? of
cell pair) was reached usimgturalsolutions while anincreaseof 60% was observedvhen
testing the system with artificial NaCl solutigmeachingup to®65 W (2.7 W/nt of cell pair).
The unit performance was monitored over a period of five montider and no significant
performance losses were obserder to scaling, fouling or ageing phenome®ach results
areof paramount importance to assess the potential of the technology, towasdsdassful
developmenbn the industrial scale.

A scaleup of the pilot planis plannedhroughthe installation ofwo additionalRED modules
with an expecteghower outpuin the order ofl kW.
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1 Introduction

Salinity gradient powgiSGP)technologies aim at trexploitationof the energyavailable vihen

two natural streams with differenbncentratiorare mixed togethelA number ofprocesses
have beerproposedso farto capturesuchrenewableenergy sourceamong thesereverse
electrodialysis(RED) representsa promising option that might be brought to industrial
implementation as soamsnew stackcomponentandsuitableion exchangenembranes will

be available at competitive co$is2].

In the RED process, the mixing of concentrated and dilute streams is regulat@degfion
exchange membranes (IEMs)hich selectivelyallow the passage aftions and anionghus
generating anetionic current This latter is thenconverted into electric current by means of
suitableelectrode reacti®at the end compartments closing the membranes, stadkinally
collected by an external load.

Recently severalexperimental workst thelaboratoryscalehave demonstrated thedgverse
electrodialysicanbesuitablefor different applications, e.§or power productiorirom natural
salinity gradientqd3i 9], for waste heat recovenysing artificial solutionsin a closed loop
[10,11], and for wastewater treatment wheroupled withelectrochemical andbiological
processeg12,13]. Such experimentainvestigationsnotably contributed to understand the
fundamental aspects tiie RED process. Howevdhe great majority osuchworks were
performed oraboratoryscaleRED units usinga relatively smallcell pairarea (e.g10x10
cm?) andsmall number of cell pairs (typically-30, up to 50 in some casf&9]). The only
example of a scaledp unitreported in the literatuiie a RED stackwith 75x25 cn? membrane
area and 50 cell pairavhichwas testedh laboratory conditionsvith artificial river water and
seawater reaching power output of 16 W (i.e. &6 W/m? of membrane are4)4,15]

The use of real fresh water and seawater has been recently investigated by ¥eahfEs,
analysing the effect of fouling within laboratesgak RED units. In that case, a heavy impact
of fouling was detected: in particular, a 40% reduction of the power output was observed during
the first day of operation, when only a 20 um filter was used fotrpegmen{16]. The main
cause of this performance reduction was attributed to colloidal and organic fouling, which is
especially crucial for AEMs, as the fouling layer was composed by large anions (e.g. clay
minerals and silicashell of diatoms). The adoption of afituling strategies is therefore
necessary to ensure a suitable-fpeatment of natural streams. With this regard, periodic air
sparging and switching of feed streams have been proposed as valuable methods to reduce
colloidal fouling[17].

In order to furthempush thedevelopment of RED technology, grototyping and scalg-up
phase is now of paramount importanaeningto shift the target of power production towards
the industrial scaleith this regard, the official opening of tfiest pilot-scale installatiornn

The Netherlandsyithin theBlue Energy proje¢twas announced in 2018uchplant is located

on the Afsluitdijk, a 32 klong dyke that separates tllsdel Lake from the Wadden Sead

is fed withseawater (~28 g/l) and fresh wateym the lake(0.2-0.5 g/l). Up to now, no data
have been publicly reportedhse the official openng (November 2013 the only published
information was provided by Post al. [14] in 2010, i.e. when the pilot was still in its
conceptual desigstage. According to the availaliieratureinformation, theBlue Energypilot
plantin its final configuratio will be fed with220 n¥/h of seawater and freskater, aiming at
the generation d0 kW gross power output asaximum target

An interesting alternativeo the use of seawater and fresh water as feed stisahes use of
concentrated brireein combinaion with low-concentration saline waterghich allows to
further enhance th@ower outputof the proces$18i 20]. As an example, a power density
above6 W/nmfmembranewas recentlyachievedin laboratory investigatisusing concentrated
brines and lowsalinity watersas feed solution®,20]. In particular, egarding the dilute stream,
fresh watercan oftenrepresenthe man contribution to the internal electniesistancef the
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stack thus limiting the power outputherefore the use of dow-concentratiorsaline stream
instead of freshwvaterallowsto lower the internabtackresistancethoughreducing thenlet
concentration difference. For this reasatradeoff has to badentifiedregardingthe optimal

value of concentratiothat reduces the stack resistance withappreciable Issin terms of
driving force This conceptvasthe basis of the REAPower proj¢2t], whose main goal was

to demonstrate the potential odverse electrodialysigechnology usingsaline streams and
concentrated briness feed solutions

Thisideawas firstly addressed through modellwgrks[22] and experimental demonstration

at laboratory scal¢9,23]. In particular,a process simulator was developedTiegesccet al.

[24] to describe the operation of a RED pléed withsuchhigh saline solutiongnvestigating

the effect of salt concentration on power denfitya laboratory RED uniglOcmx10cm cell

pair area)optimal feed conditionsvereidentified in the use dbrackish water (0.08.1 M

NaCl) adiluteand biine (4.55 M NaCl) as concentraf24]. Assuming similafeedconditions

on a pilot scalea power output ofmore than 1 kWivas predicted foa plantequippedwith 3

RED modulesof 44x44 cm and 500 cell pairf25].

Following thesemodelling predictions, a demonstration plant was designed and constructed as
final accomplishmenof the REAPower projeciThe plant is locatewvithin the saltworks of
Ettore e Infersa iMarsala (Trapani, Italy): such locatipnovides both feed streams for power
production, i.e. brackish water (from a shoreline well) as dilute, and almost saturated brine from
saltworks as concentrat€igurel).
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Figurel. A) Location of the REAPower pilot plant in Marsala (ltaly). B) Satellite image of the REAPower plant

installation site Ettore-Infersasaltworks, Marsala, Italy). Saturated brine frbasinsand brackish water from a
shoreline well are available in the same area as feed streams for the RED process.

Focus of thiswork is to presentthe activities carried out during theéesign,installationand
testingof the 15! phase of th(REAPowerdemonstration plantA RED unit with 44x44 cnd
membranareaequippedwith 125 cell pairavasinstalled insuchenvironment andestedboth
with real solutions (brine and brackish water) awndh artificial NaCl solutions.The
performanceof the plantwasmonitored over a p&rd of five months of operatiomroviding
for the first time experimental data on a fstlale REDpilot plant operating in a real
environment

2 Plant designand installation

2.1 The installation site

The Ettorelnfersasaltworks in Marsala (Trapani, ltaly), situated on the west coast of Sicily
(Figurel.A), is one of the most important areas in the Mediterraneafogee productionof
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seasalt With its availability of large amounts afoncentratedrines, this site represents a
perfect location for demonstrating the feasibility of RED technology with highly concentrated
solutions.

A saltworkss a delicate naturanvironmentvheresodium chloride igxtractedrom seawater
exploiting the naturalevaporation caused tsplarenergy and windProcess waters (starting
from seawaterjlow alonglarge basinglriven by gravity oty low-prevalence pump®ue to
evaporation, salt concentration increases atbadpasingnding witha brinesaturated in NaCl
which is used for the final crystallisation processareful flowdistribution (regulated through
small canals and gatea)lows to precipitataindesired salts such asafcium sulphates and
carbonates intermediatdasinswhile sodium chloriderystallisenlyin thelastbasins The

final product has a purity in Na@brmallyhigher than 97%i.e. foodgrade salt)26].

Clearly, any saltworks area is a feasible location for salinity gradient power proddcista,

the large availability of seawater andoncentratedrine in the samesite In particular, the
Marsalasaltworkshas been selectes installation sitéhanks also téhe presence of brackish
water, which is available from a shoreline wéligure1.B). It is worth mentioning thain the
present experimental campaigmetuse of brine for RED power production does not
compromise the salt production process of the saltworks, amillyerolumes requiredor the

RED plant(about 5 r/d) arenegligiblecomparedo thetotal volume othe basinglarger than
2000 n¥). Moreoverthe slightlydepleted brine coming out from the RED plant carelgcled

to the basinsyhere the evaporation rate due to sun and wind (typibatlyeen 5 andiO I/nm¥/d,

i.e. abait 60-120 n¥/d in total for the 4 basins) can rapidly restore the brine concentration,
without affecting appreciably the evaporation proc€ssisidering that the 4 dedicated basins
constitute only a small percentage of the total crystallisation basihe e&ltworks of Trapani
and Marsala, a processaleup of 34 orders of magnitude in this site could be still considered
technologically feasible and well integrated within the conventional production cycle.
Themain characteristics of the feed strearhthe plant areeported inTablel. Theavailable
brine has a conductivity ranging betwees01220 mS/cm (i.e. NaGluivaienrconcentratiorup to

4-5 M), according to the period of the year: a saturated solution is available in summer, while
the brine is diluted by rainfallduring winter Conversely, the conductivity of brackish water is
rather stable, equivalent to a 0.03 M NaCl solutibablel).

Tablel. Characteristicef feed streamsf the REAPowerrplantin Marsala (Italy)

Solution | Conductivity T Typical ion composition (g/1)®
(mS/cm) (°C) Na* K* ca* Mg?* Cl- SO*
. 27 64 11 0.4 45 192 39
a
Brine 150220% | 1g31) | (4894) (714)  (0-1.3) (2458) (175219) (0-75)
Brackish 24
water 3.4 (17-27) 0.41 0.02 0.27 0.08 1.19 0.11

aThe brineconductivity changes appreciably during seasons, ranging fs0rm$/cm in winter up to 220 mS/cm
in summer.

b Brine composition can significantly change along the ytvar most representative value of concentration is
reported for each species, whitetypical range ofvariation isindicatedbetween brackets

Table1 reports alsotte typical ion composition of brine and brackighter Apart from Nd

and Cl, other ionsare present in considerallencentration in the brine, especially Magnd
K*, while brackish watepresents relativelyhigh concentration of Gaand SQ*.The content
of NaCl (expressed asquivalentpercentageconsidering Naas a limiting specigsn brine

andbrackish watewas 47% and 4%, respectively

Both feed solutions wereather clean especiallybrackish water wagpractically free of
suspended mattéas expected, being extractiedm a shoreline well The use of cleafeed
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streams is aemarkableadvantagdor the unit operationdetermininga lower risk ofchannel

pluggng and membraniuling.

The feed solutions were constantly monitored in terms of electrical conductivity, being the only
measurable variable related to salt concentration in online standard measuring systems. Indeed,
electrical conductivity can be easihglated to the salt concentration in case the solutes
composition can be considered stable (as in the case of the brackish water), whigonlgive

an important, yet qualitative, information when a variability in composition characterises the
feed soltion (as in the case of saltworks brines).

2.2 Pilot plant description

Feed streammtake

The pilot plantis connectedavith two intake lines (~200 m long each), one forabacentrated
brinefrom saltworks basinand one for the brackish water frashoreline wel(Figurel.B).
In particular, be concentrated brine is taken from four dedicated basimsainingsaturated
brine normally adopted fdNaCl crystallisationln addition,two storage tanks (2 htapacity
each)were installedor testingthe systenwith artificial (NaCl) solutions.

Both brackish wateand brine ardirstly sent toa filtration stage then toa buffer tank (125 |
capacity) and finally fedto theRED unit for powergenerationThe solutions exiting from the
RED unit are a slightly diluted brine and a slightly concentrated brackish water: the éarmer
be recycledlirectlyto the saltworks, wheligs original concatrationwill be naturally restored
by the sunand wind evaporatigrthe latteris discharged ira seawater channelose to the
installation sitgFigurel.B). A simplified scheme of the plant layout is showrrigure?2.
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Reverse electrodialysimit

The installed RED module hasell pairarea of 44x44 cfand is equipped with 125 cell pairs
(i.e. 48 n¥ of total membrane area installe@he RED unit, provided by REDstack BV (The
Netherlands) is designed dr a crosdlow arrangement othe feed solutions with four
segmented electrodes Bfu-Ir oxide coated Ti mesh (Magneto Special Anodes BV, The
Netherlands) installed in the externahgmartmentsThe stack components an exchange
membranes purposely developed for highly concentrated solutions (Fujifilm Manufacturing
Europe BV, The Netherlandsand280 um woven net spacers (Deukum GmbH, Germany)
The main properties dhe installednembranes aneportedn Table2.

Table2. Physical properties of Fuijifilm ion exchange membranes installed in the REAPower pilat plant

Electrical Hydraulic lon
Membrane Thickness Permselectivity resistance permeability Exchange
(m) ) @ &m  (mibarhmz  Sapacity
(meg/g)
AEM RP18004501 120 0.65 1.55 4.96 1.28
CEM RP18005G04 120 0.90 2.96 4,72 1.45

* Data provided byhe membrane manufacturer
a Permselectivity measurdpbtweerD.5 M NaCli 4 M NaClconditionsat 25°C.
b Electrical resistance measured in 0.5 M NaCl solution at 288@pted fron{27].

The electrode rinse solution (ERS) wasrposelyselected to minimse theenvirormental
impact in the unlikely case of leakage from the electrode compartments in&althe
compartments. For thigasonthe use ohexacyanoferrate compoundasavoided, although
such redox coupléas beerwidely adopted fodaboratoryscale investigation of th®RED
procesg28]. Conversely, iron salts (FefHeCk) have been identified as suitable redox couple
for such delicate environmej29]. Therefore, an aqueous solution of 0.3 M Ee@CB M FeCd
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and 2.5 M NaCl as supporting electrolyte was used as electrode rinse solution. A small amount
of HCl was addetb theERSto keep the pH in the range of32and avoid precipitation of iron
compound$30].

Pre-treatment section

Both brackish water and brine were {reated througha 50 pm cleanable filter and two
cartridge filters of 25 um and 5 yrm addition, a shock treatment with sodium hypochlorite
was performedby feeding the stack with & ppmNaCIO solution preparedn the storage
tanksfor brackish watertwice per week)this allowedto prevent the growth of bifouling

film in the dilute compartment®f the RED unit The hypochlorite dosing was not necessary
for brine, as bidouling isalreadyinhibited by the high salt concentratiohthe solution

Pumps

Three centrifugal pumps with variable speed (Schmitt MPN 130, Kreiselpumpen GmbH &
Co.KG, Germany) were usedfeed all solutions (i.e. concentratéute and ERS) to the RED

unit.

A centrifugal pump was used to extract the brackish water from the well in order to continuously
fill the buffer tank. An immersed pump (centrifugal pump with open impeNeak instdled
directlyin the ponddor the brine intakeThe use of suchumpi especiallysuitable forwaters

with suspended mattérwasnecessary due to the precipitation of gathin the brine basins
occuring in summemonths whenthe brine reaches the saturatimnsodium chlorideln this

way, the saturated brine wasacked by the pumglong withsalt crystalswhichwereeventually
blocked in theprefilters (though thisrequired frequent washirg the filters)

For testing with afficial feed streamstwo membrane pumps (Shurflo $4111-03) were
adopted for pumping the solutions from the storage vessels to the buffer tanks.

Instrumentation

The measuring instrumentationwas constituted by temperatusmnductivity
sensors/transmitters (Jumo E300)and pressure transducers (Jumo Midas SW) for both inlet
and outlet solutions. The inlet flow rate of both concentrate and dilege streamsvas
measured by magnetic flowmetersh(one IFC 100 C).Likewise, conductivity, temperature
and flow rate othe electrode rinse solution were monitovdth similar sensors

All measured signals, along withe voltageifference between the electrodesre collected

by a data loggerL@bVIEW™ National Instruments, 8A) at a frequency of 1 Havhile the
electric currentl) was measured by an exteraaiperemeter.

An external loadwas used during the testingonstituted by a variable resistori(2 2 q )
connectedn parallel with five lamps (10V nominal powe). These allowed to have a visual
indication of the power generation. Moreover, finesence olamps inparallelincreasd the
accuracyof the equivalentvariable resistom the range ofi-2  (@igure 3.A), i.e. when the
external resistance is equal to the stack resistandehe maximunpower is producedas
already demonstrated previousliteratureworks[8,9]).

The pumpspiping and instrumentation were all installed arcompact supporting structure
built with corrosionresistant materials (PVC sheets and Bosch aluminium profiled baes).
front panelof the supporting structure is shownRigure3.B, where all the membrane valves
and measurers (conductivityeters, flowmeters, pressuransducers) are visible
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poweroutput (I 2 q) .

B) Frontend panel of the supporting tray. Five pipelines can be identified: HIGH inlet (1), LOW inlet (2), HIGH
outlet (3), LOW outlet (4), ERS (5). Two RED units are shown on the tray for visual dsowaa laboratory
stack (about 10 fiimembrane area) and the RED unit adopted for the experimental campaign.

3 Experimental procedure

The RED prototype wastestbdot h under fc o ng t.eacannhectingtleedRED ¢ 0 n ¢
unit with afixed resistancé andunderii v ar i ab |l e Is dyctiamging thexteindl i o n
resistancén order to study the entinltagecurrent E-I) curve.

Before the measuremebithdilute and concentrate compartmentare washed with brackish
water forsomeminutes ensurng thatuniform conditions offlow rate andpressure drops in
bothcompartments were reachddhis procedure was necessaryamovethepossiblechannel
plugging caused by tharecipitation of salfrom thesaturated brineuring staneby periods
Conversely the shutdown operatigrconsisted in rinsindgpoth compartments with brine, in
orderto store the membranes undeet, high-salinity, conditions thusavoidng membranes
drying and preventing the formation of bfouling. For long inactivity peods (i.e. days), all

the compartments (including electrode compartments) were filled with artificial (NaCl) brine.
During the testingthe stack voltag€Estacy andtheexternal currentlf were directly measured

as previouslydescribed Therefore, the powegeneratedy the systen{P) can becalculated
according to Ohmés | aw:

P=E

stack I 1

The internal electric resistandgsfacy can be evaluated as the slope of the experimeuatae
on theEstack| plot, according to the equation:

stack — OCV - Rstack | 2

whereOCVis the open circuit voltage (i.e. the stack voltage underaam@nt condition)
The net power is evaluated from &dpy subtracting the pumping power due to hgglic losses
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P =pP- I:X)LOW QLOW + I:X)HIGH QHIGH
net
h

pump

3)

whereq are the pressure drof3js the volumetric flow rate, argpumpis the punp efficiency
(assumed as 75%); subscriptEsH and LOW refer to concentrate ardilute compartments
respectively.

Dividing botheq.1 and3 by the totalcell pairarea N A), the gross and net power density are
obtained

P P

Pn — _ net 45
NA d,net NA ( )

P, =

Aside from goss and net power densitpther figures of merihave been analysetihe yield
of the RED systemY() can be defined as the amount of net power produced per cubic meter of
feed solution:

P

Qay

whereQay is theaverageflow rate of dilute and concentratd=inally, the energy efficiency is
evaluatedasthe ratio between the power output and ttieoreticalpower obtainable if the
concentration equilibrium of the mixed solutions was achievedier a reversible
transformation(Prey):

h=— (7)

The theoreticalpower is related tothe Gibbs free energy of mixing of the two solutions,
thereforeactivity coefficients and molar concentratsaf all ionsshould be taken into account.
For the sake of simplicitfNaClhas been assumed key component of the feed solutiamsl
the reversible powdras beemstimated as

o

a Cy - C _
Prev — 2 RT %LOW CLOWYin |n gLOW,ln CLOW,ln + QH|GH CH|GH . |n gHIGH in CHIGH Jin
¢ geq eq geq eq

(8)

|-O: 00

whereR is the universal gas constaifitis the average temperature eefl solutionsC anda
are the molar concentration and the mean activity coefficieequifzalentNaCl solutions The
equilibrium concentrationdeg) is evaluated as

C = QLOW CLOW + QHIGH CHIGH
eq
QLOW * QHIGH

(9)

Activity coefficients andNaClequivalenitoncentrationsvere evaluateffom the conductivity
of both solutions. The relevant correlations are reported iAppendix



4 Resultsand discussion

4.1 Testswith real brackish water and brine

The RED prototype wafrstly tested with reabrackish water and brine under constant load
conditiors, in order to investigate the stability of the system when fed with natural solutions.
As areference test condition, a flow rate of 8 I/min was assumed fodidoteand concentrate,
i.e. ideally carresponding to 1 cm/s of fluid flow velocity within the compartmehRts. the
electrode rinse solution, a flow rad&~3 I/min was used for all tests, ensuring a good tcttie
betweenenhancing themass transport and avoiding high pressure drops in ldutrade
compartments.

Results collected during a typical measurement are shokigune4, wherethe RED unit was
connectd to a variableexternalresistance for 1 hour of operation. In particulalt, the
monitored variables are shown as a function of time.
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Figure4. Power measurement usingal brackish water3(4 mS/cm and brine {87 mS/cnj at 1 cm/s fluidlow
velocity (i.e. ~8 I/min feed flow ratep) Temperature. B) Pressure drops. C) Flow rates. D) Stack volthge
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resulting power is shown as a function of the stack voltage as inset plot. iRldiy)rate of the electrode rinse
solution:2.6l/min.

A continuous and stable operation was registered for all variable, but the stack voltage. This
latter varied from the maximum value achieved under Open Circuit Voltage (OCV) conditions,
i.e. when an infinite external resistance was applied, to a valuttedd@V/2 (obtained when

the external resistance matches.dg, corresponding to the condition of maximum power
output of the system, being in the present test above (Bdyre4.D). It is worth noting that
suchtest was carried out when the temperature of brine in the basins raise2Bg0t€ (late

June) Converselythe temperature of brackish water (coming from a wediy around26°C.

The experimental campaign was carried out during summarths(May 20141 September
2014) A lower powerproductionis expectedduring winter period due to botha lower
temperaturg15-17°C)anddilution of the brine resulting in lower values@inductivity(e.g.
100-150 mS/cm)

Notably, Figure 4.A shows a crossingf the outlet temperature of solutions, reacharg
average27-28°C and 26C for brackish water and brine, respectively. A crossing in the outlet
temperaturéthatwould nd be possible in a eourrent configurationis not surprising in this
case,asthe RED stack was fed in cross flamrangement, working similarly to a counter
current configuratiof31].

The brackish watercompartmenshowed lower pressure drops thhe brine compartment
(Figure4.B) due toboththe lower viscosity of the dilute solutioand thepartial plugging of

the spacefilled channelcaused byhe likely precipitation of NaC{though this phenomenon
occurred esgcially when feeding the stack with natural saturated brines)

The RED prototype was tested with real solutions under different conditions of flow rates.
Figure5 shows the effect of increasing floxelocity (bothfor brackish wateandbrine) onthe
power output

60 r - 25 -
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[ @ Viow =Vhen = 1cm/s =
50 F e Vigw = 2.4 cm/s, vygy = 1.6 cm/s 2
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Figure 5. Influence of feed flowvelocity on process performance. Power measurenmet®rmedfeeding the
prototype(44x44 cm, 125 cell pairs) wittreal brine €ond.196 + 11 mS/cMThicH 4 2 8&°C) and backish
water (cond. 3.4+ 0.1 mS/giiowd 25 N 1 AC) .

Increasing thdlow velocity can be benefial in the enhancement of power dendiby two
reasons: 1) reduction dhe residence time of solutions insidlee stack leadng to higher
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driving force andOCV [32]; 2) improwed mass transfer phenomena, thus reducing the stack
nonohmic resistanciB3i 35]. As an overallresult, a 30%igherpower output was reached by
increasinghe flowvelocity from 0.8 up to2.4 cm/s(Figure5). However, in general, a regular
trend for OCV andstack resistancas a function of flow velocity was not detected during th
experimental campaignith real solutions (see Fig..Aprovided in theAppendiX. In fact, the
experimental scattering due to the variability of several operating parameters (e.g. feed
temperature, brine compositiaeyversible salt precipitation occiurg in someests etc.)tends

to hide the weak influence that fluid flow velocity normally has on the process.

It should be also noted that high flow rates lead to a rapid reduction of the net power density
and the process efficiend®,34]. In fact, doubling the flow rate generates an increase in
pumping lossesby 4-8 times (depending on the laminar/transitional/turbulentinreg
characterising the flow in the piping, manifolds and RED channel). The second effect is related
to the reduction in the residence time and subsequent reduction in the conversion of the
available salinity gradient into electricity.

Moreover,maximum valies offlow rates for practical applications are limited by the pressure
drops which should generally be kept below values of 1 bar for avoiding mechanical stresses
and limit internal leakagedn this case, at the maximum investigated flow r&e>g = 18

I/min, i.e. 2.4 cm/sQwicH = 12 I/min, i.e. 1.6 cmjs pressure drops were 0.7 and 0.9 bar for
dilute and concentrate, respectivelg fact, brine iow velocity higher thanl.6 cm/swas
avoided in order to keep the pressure drop below 1 bar, assted)g the stack manufacturer.

4.2 Testswith artificial solutions

Aside from the operation with real brine and brackish water, the RED system was also tested
with artificial solutions

Thesewere prepared using tap water and-sai from the saltworképurity in NaCl between

95% and 97%and also with almost pure NaCl (>99.5%he typical concentration of seailt

used for tests with artificial solutions is reported’able3. As already indicated iparagraph

2.1, the electrical conductivity was selected as a reference variabi¢he same reasons, the
comparison with artificial solutions was performexzbpingthe same conductivity &sthe case

of the real brine (~20@20 mS/cm) and brackish water (3.4 mS/cm). It is worth mentioning
that this choice leads to NaCl concentratiothe artificial solutions larger than in natural ones,
althoughtheoverall saltconcentrationn both casess similar. A referencecase is identified for

the systemcamtdrea!l Ifefdede doper ati ons, i . e. us i
passingo natural solution with similar conductivities (and, in facts, adopting a NacCl artificial
brine close to saturation as in the case of the natural biieejetrimental effect on the power
generatiorcan be thus observed.

In order to avoid any influencef natural solutions residues in the channels and within the
membranes, the RED unit was rinsed with the artificial solutions and conditioned overnight
before starting the testing.

Table3. Typical ion composition (in w/w %) okssalt adopted for tests with artificial solutichs

Na* K* Ca?* Mg?* Cl- SO
377 0.0 0.3 08 60.9 0.3
(3338)  (0-0.5) (0.21.1)  (0.32.3) (57-61) (0.31.6)

2The most representative value of concentration is reported for each species, while the typical range of variation
is indicated between brackets.
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The influence of the dilutéeed concentration and flowate on process performancgas
investigatedoy carrying outhe power measurements changing the dilute ftelacity in the
rangel i 1.5 cm/sand conductivityin the rangel.2 7 5.9 mS/cm. Conversely, constant
conditions were kept for the concentréed consisting inartificial brine 15 mS/cm at 1
cm/sflow velocityfor all tests.The results of such analysis aeported inFigure6 in terms of
OCV and stack resistance variation.

18.2
169 17.7
171 1.59
20 16 16.2 20 1.48
15 15 a 22 1.42
15 : g 1.35 1.34
15 § 15
s & 1.1 11 1
; 0
o 10 210
=
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Q
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0 0.0
1 1.25 15 1 1.25 15
Flow velocity (cm/s) Flow velocity (cm/s)
A) B)

Figure®6. Influence ofdilute conductivity and flow raten OCV (A) and stack resistance (B). Power measurements
performedfeeding theprototypewith artificial brine (NaCl solution at 215 mS/¢ritow velocity 1 cm/s Twich a
28°C) and artificial brackish water (NaCl solution at 1.2.9 mS/cmTiowd 25 AC

The strongest dependenoé OCV was observed whemdreasing the dilute conductivjty
leading to areductionrelatedto the lowersalinity gradientavailable for the proceq§igure
6.A). An increase of dilute flowelocity leads toa very slightincrease of OCV, though the
dependence is so weak todmmparable witkexperimental erroiTheoppositedependenceas
foundfor the stack resistancd-(gure6.B), which was enhanced by the reduction indiiate
conducivity. No significant dependence was found between the stack resistaohite flow
velocity.

The counteracting effect on OCV and stack resistanceventuallyreflected in the power
outputtrends characterised by scattering of measured poveertputvalues aroundn average
above50 W (Figure7). This value is 3810% higher than that obtained with real solutions, thus
indicating a detrimental effect tiieuse ofnatural solution®n the system performance.

From Figure7, it can be noted thdhe power production in th&ED system was stable in a
wide range of operating conditigrisghlighting only small variation with respeotthe average
values of power density and with no indication of a sharp value of optimal conductivity or
velocity. This evidence is in good agreement with the findings of Tedesed. [25], who
carried out process simulations identifying soelatively widerange of LOW concentrations
as an optimal choice for maximising the power output of the system.
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Figure7. Influence of diluteconductivity and flow raten power output. Power measurements perforfeeding
the prototypewith artificial brine (NaCl solution at 215 mS/, flow velocitycm/s Thich a 2 §and atificial
brackish water (NaCl solution at 1.5.9 mS/cmTiowda 25 AC

Although the use of the above mentioaetficial solutiondeads taan increas inpoweroutput

with respect to thease ofnatural solutionsthis is not yet representaéi of operations with
pureNaCl solutions. In factseasalt from saltworksstill contains small amounts of ions
different from Na* and Cl (K*, Mg?*, SQ?%), which may have a relevant impact tre
performancethough being normally below5% in terms ofnass fraction

For this reason, the RED unit was also tested with artificial solutions prepared with 99.5% pure
sodium chloride (SOSALT S.p.A., ltaly). The power measurements were performed changing
the conductivity otthe dilute, ranging from 0.6 up t6 mS/cm, while the conductivity of the
artificial brine was kept close to the saturation pdirB{OmS/cm). Results are shownkigure

8, where the relevant electric variad(stack voltage, resistance, power and power density) are
reported as a function of the conductivity of feed dilute solution.

14



20 20 35
o
S | bl g o
<15 R [ 6 o L 25 L
it s so 3 |, 2
i 4 2 o o
i 10 - 1.0 © ~ 40 | o
£ 7 230} £
o) () - 10
> 5t L o5 = Qoo t o
~ eOCV < =i
Q
% A Rstack 5 10 F 05 o
n (7] =
0 M 1 M 1 M 1 M 1 M 1 M 00 0 1 1 1 1 1 L L L L 00 no-
0o 1 2 3 4 5 6 o 1 2 3 4 5 6
Diluate conductivity (mS/cm) B) Diluate conductivity (mS/cm)

Figure8. Influence ofdilute feedconductivity on process performan@g Stack voltage and resistance. B) Power
and power densityPower measurements perfornfeeding the prototype with artificial solutions prepared with
99.5% NacCl. Brine conductivity: 210mS/cm.Flow velocity: ~1 cm/s 8 I/min feedflow rate). Ta 2C3

In accordance withhe previous cased-i{gure 6), a decrease of stack resistance and OCV is
observed when increasing tddute conductivity Eigure 8.A). As a consequence, a rather
constant power output was reached when using 0.6 and 3.4 mS/cm NacCl solutions, while a
reduced power was measured at 5 mSkigufe8.B).

The direct comparison of stack performance with natural and artificial solutions is shown in
Figure9, comparing testevhere bothdilute and concentratstreamsvere fed to the stack at 8

I/min flow rate.
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Figure 9. Power measurements performed with real (brackiatew brine) and artificial(seasalt and 99.5%
NaCl) solutions.A) Polarization curve. B) Power and power density cuBréne conductivity: 196 + 11 mS/cm.
Brackish water conductivity: 3.4 + 0.1 mS/chtow velocity: 1 cm/s (~8 I/min feed flow ratél).= 25+ 3°C.
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Significant differencein process performance anbservedvhen feeding the plant with the
three different sets of solutions. In particulae tise of real solutions leads to a 13% reduction
in the OCV with respect to the casebofth artificial solutions with seaalt Figure9.A). This
indicates how the presence of significant quantities (up #6040 in mols) of nofNaCl ions
(eg. K', C&*, Mg?*, SQ?) reduce thelectremotive force of the membranes pilkhis effect
might be related to thdifferent activity of salts in the brine and the reduced IEMs
permselectivity with nofNaCl salts Conversely, a lower stack resistance is registerdyg
whenpassing from the sesalt to the99.5% NacCl solutionghus confirming that even small
guantities (35%) of nonNaCl ions present in the sealt can significantly affect the membrane
resistanceas already demonstratedgreviouslaboratory investigation®3,36,37] The effect

of bivalent ions on RED performaneasalsoinvestigated byPost et al[36] andVermaaset

al. [37]. In particular Veermas et alperformedexperimental testadding 10% MgS®to the
NaCl feed solutionsobservinga power reduction ranging from 29 up to 50% (depending on
membrane typ€37]).

As a final resulta power output of 65 W was achievedising 99.5% NaCl solutionshus
exceeding a 600% increase with respect to the caseeal solutiongFigure9.B).

The use of natural solutions in a real environnrentarkablyaffects the performance of the
processSuch findingsrein agreement witkhe outcomes of laboratory investigatioaported

in the literature[23]. In particular,using artificial backish water and brine with salt
compositiorsimilar to the present caseal solutions, Tufat al.[23] measured a 63% reduction
in power density with respect to the reference eaepting artificial solutionsThe main effect
was attributed to the presence of ¥ipns, which drastially increase théEMs resistance.

4.3 Long-term performance of the plant

During thewholeexperimental campaign, a significant amount of data was collected from May
2014 to September 2014, feeding the system with real brine and brackish water, and then with
artificial solutions prepared with saalt or pure NaCl. The overall performance of the
prototype over five months of operation is showrkigure 11, where the maimperformance
indicators(gross and net power, yield and efficighare reported for the most relevant tests
carried out during the experimental campaign.

In most cases, the experimental points reporteBiguire 11 are obtained as a mean of 3
different measurements. The reproducibility of the experiments was gdePediscrepancy

was normally encountergavhen the same feed solutiorere adopted (i.e. tests performed
within the same dayHowever, he scatterin@f datashown inFigure11is mainly due to the
different experimentatonditions investigated (e.g. changing flow rate or conductjviy)
caused by the variable conditiongloéreal brine (temperatureonductivityand composition

during the periodor by different operating choices of the experimental campdgmall
changes in inlet/outlet channel configurations, inversion of concentrate and dilute channel, etc.)
More detailed information on the variabla®nitoredduring the tests (conductivity, flow rates

and electric variables$ reported in thé\ppendix

The pover achieved with real brine and brackish water in typical conditionareasd 3540

W (i.e. 1.51.7 W/mZeei pai), With peak valuesround45 W. The net power outpubscillated
around an average o052V, with higher values registered for the artificsalutions and lower
values when using the natural brines and saline wdtersarticular,Figure 10 reportsthe
observed trend of net power output versus total pressure drops in the HIGH and LOW
compartments, indicating how the net power significantly decreased when increasing pressure
drops.It is worth noting thathe use of natural solutions also affectesspure drops, especially

in the HIGH canpartment.th one case the operation of the prototypenresulted in a negative

net power {7/ W), due to thevery highpressure dropsccurring in that specific tegflow
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velocity of 2.3 cm/s for brackish water abd cm/s for the brine)lespitea grosspower output
slightly above the averadé3 W).
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Figurel10. Observed trend of Net Power output versus total pressure drops (intended as a sum of pressure drops in
the LOW and the HIGH copartments).

Using NaCl (99.5% pureagrtificial solutions the power output increased up-t65 W (2.7
W/mPcel pai), Which represents the highest value registered during the experimental campaign.
The vyield of the plant restl in values from0.03up to 0.06kWh/n?® of feed solution when
operating with natural feed streams, and increéageto 0.1 kWh/min the case of artificial

NacCl solutions. Such finding is in accordance with the efficiency, which rdacthees in the
range of 23% for the casef brackish watebrine and up talmost 5% with artificial solutions.
These values are relatively lower thi@swsecommonlypresentedor the RED processwith

fresh water and seawateedlistic prediction by Feinbergt al.[38] indicate arangefrom 10

to 20%). In fact, the use of highly concentrated brine leads to a reduction of the membranes
permselectivity{9,39] and, therefore, of the energy efficiency of the process.

Concerninghe long term stability of the proces$ise experimental campaignshdemonstrated
howthe RED prototypéas beewable to work in a wide range of operating conditions, showing
stable performance over the entire period of testimgrestingly, ncsignificant problems of
scaling or fouling were encountered, as indicatethkytimeindependent performance of the
pilot unit.

Further research activitiegll have toinvestigatethe long-term operationsf theRED process
(e.g.days or weeks), typical of industrial scale processes.
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Figurell. Overal performance of the prototype over five months of operation. Range of variable conditions: brine
conductivity: 1% - 220 mS/cm dilute conductivity: 06 - 6mS/cm temperaturel7-31°C; flow velocity: 0.87 2.4

cm/s More detailed information on the monitored variables during the tests (condudéwityeratureflow rates

and electric variables) are reported in Appendix(FigureA.1).

5 Conclusions

The installation, commissioning and testing tbk first RED pilot plant operatingwith real
brackish wateand brinewerepresentedA RED unit with 44x44 crhmembrane area and 125
cell pairs has been testéar five months using natural and artificial solutioms.particular,
usingreal brackish water and conceated brine as feed solutigrem average power output of
40 W (i.e. 16 W/mZell pai) Was reachedThe same RED unit was testatbo with artificial
solutions adopted as a reference case for maximpawer output of the system. These solutions
wereprepareceitherwith seasalt(purity in NaCl 9597%)and NaCl purity 99.5%) and their
use as feed solutions has ledatsignificant increase in the power outpatthievingvaluesup

to 65W. All these values represahe highst power output reportesb farin the literature for
reverse electrodialyss/stems.
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Testing the unit with natural and artificial solutidnighlightedhowthe use of redked streams
can causa reduction of process performance in the range-&020(in terms of power outpyt
Such reduction is likely due to the presence of relevant amotinbon-NaCl salts especially
Mg?*, in the reakolutions

Interestingly the RED prototype was testeder a period ofive months, operating in a wide
range of operating conditions without showing any significant performancellosyy the
whole experimental campaighhe stable operatienvere assess&hen teshg the planwith
real solutionsas well as with the artdial ones thus demonstrating for the first time the
technologicafeasibility of theRED processon apilot-scaleand a real operating environment.
A future work will focus on thénstallationand testing of two largeand further optimiseRED
units, eah one equipped with 500 cell paiesming atreachingatotal membrane area installed
of more thard00 nt, with a target power capacity of the plamthe order ofl KW.
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Nomenclature

A Membrane argan?

C Molar concentrationmol/m?

Ceq Equilibrium concentrationmol/n?

I External currentA

N Number of cell pairs-

ocv Open circuit voltageV

P Electric powe, W

Estack Stack voltageV

P Power densityW/n? of cell pair

Pdnet Net power densityW/n? of cell pair

Pret Net power W

Prev Theoretical powerW

Q Volumetric flow rate m¥/s

Qav Average flow rate ofiilute and concentraten/s
R Universal gas constant moi* K1

Rstack Stack electric resistance q

T System temperature, K

Y Process yieldkWh/m? of average feed flow rate

Greek letters

2 mean activity coefficient of NaCl
pp pressure dropdar
d energy efficiency%
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Cpump

pump efficiency;

Subscripts

HIGH concentrate
LOWdilute

Acronyms and Abbreviations

ERS Electrode Rinse Solution

RED Reverse electrodialysis

SGP Salinity gradient power

E-l Stack potentiavsexternal current curve (also called polarisation curve)
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Appendix

A.1 Estimation of activity coefficients and equivalent conductivities
Activity coefficients were estimated according to the correlation proposed by J&jtes

_lezla
ng= 1+B, m”

+C, m+D, m* +E, m’ (A.1)

whereA; = 1.17625 k§? mol2, mis the molality of the solutiorg: andz are the cation and
anion valence numbers, respectively. The coefficiBat€,, D,, E; are function of the nature
of the electrolyte, and their values for NaCé reported in Table.A.

TableA. 1. Parameters of ABtaplesd correlation (eq.
Salt B, Co D, E,
Sodium Chloride 1.2751 0.0956 5.82E05 0.0005
The equivalent conductivity is edg4l mat ed
12
C
L=, A e w2
1+B, ¢

whereso is the equivalent conductivity of salt at infinite dilutiais the molaiconcentration
The values omodelparameteré\s, Bs, Cs for NaCl are reported in Tabk.2. Therefore, the
molar concentration was estimated as:

exp

S
Chaci :T (A-3)

w h e rP®&is thie value of the experimentally measured conductivity.

TableA. 2. Parameters of Jomlm@s and Dol ed correlation
Salt 50* A§ B§ C§
Sodium Chloride 126.5000 91.0239 1.6591 6.8041

A.2 Monitored variables

by

(e

The RED demonstration plant was tested over a period of five months, changing feed solutions

(natural or artificial) and with variable operating conditions (in terms of flow rates, temperatures

and conductivities).
The performance of the plant has beeal@ated through the figures of merit shown in Figure

10. In addition, FiguréA.1 reports all the variables (i.e. conductivity, temperature, flow rates

and electric variables) monitored during the experimental campaign.
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Figure A.1. Overview of thperformed tests with the RED prototype (44x44,ct25 cell pairs) over five months
of operation. Range of variable conditions: brine conductivity: 1220 mS/cm; dilute conductivity: 0.66
mS/cm; temperature: 131°C; flow velocity: 0.8 2.4 cm/s.
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