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ZERO BRINE
Executive Summary

In this report the main research findings of the pilot activities in the Netherlandswieat part of
work package two of ZERBRINEproject are presented and discussethe pilot activities and
thereafter the resultsdescribedare separatedto covertwo pilot demonstration plantsSite 0land
Site 02.

Site Olpilot treated the regeneration efflent (spent regenerant) of the softening ion exchange unit
of the EvidedDemin Water Planibcated in Botlek industrial aredheexperiments were separateid
three categories based on the spent regenerant qualigyper limit, nominal conditions and lower
limit. The spent regenerant was filgtreated by a nanofiltratiomunit whereseparation of multivalent
and monovalent cations was succesdfegjections of multivalent above 90% were achiewatiile NaCl
permeatd by 5468% .The nanofiltration concentrate, which was highly concentrated id*igd C&"
ions was treated by erystallizemnit (the MFPRE. Both cations wereffectivelyremoved (00%Mg?*
removal and > 90% C&* removal) and moreover they were recovered lagdroxide crystals with
purities that reacked 8% for Mg(OH)and above 90% for Ca(OH)he target purityfor Mg(OH)
crystalsbased on the grant agreement 7303@@s achieved in some experiments, but foall due
to the coprecipitation of CaCOThe NF permeatand the MFPRFcrystallizereffluent were treated
by the MED evaporatounit, where hgh-purity water was recovered by 80.3#nder nominal
conditions whichwasalsothe overall recovery of Site (dilot. Moreover,a highly concentrated NaCl
solution (3.9%7.5% NaClWvith a purity above 93%vas recoveredas well with the MED evaporator.
Finally, it was found thahominal and low limit conditionsvere more favorablefor Site 01 pilot
operationbecause obetter separation of multivalent and monovalent ioimsthe NF unit.

Jte 02pilot treated the reverse osmosis concentrate stream of the EViRkysin Water Planibcated
in Botlek industrial arealhe experiments were separated two modes of @eration; Mode | and
Mode I1.The configuration of the units was different in the two mod@esModel, the reverse osmosis
concentrate was firstly treated with the Nyeamit, where TOC was removed BY.3%. Then, the
effluent of the Nyexunit was treated by a nanofiltrationinit achieving 93%ejection of SQ*, 18%
rejection of Cl and 89%recovery of water.The nanofiltration perreate was treated by a reverse
osmosisunit resulting ina water recovery 090% The nanofiltration concentrate wgsannedto be
treated bya crystallizerunit (the EFC)However, it was found that furthezoncentrationof Na and
SQ?Z in the NF concentrate was required for the operation of the &#tfunable to reach the eutectic
concentration of NgSQ). The RQunit was usedo further concentrate theNF concentrate before it
wasfed to the EFQunit. Thereafter, the EEunit successfly recovered icéclean waterlby 81% and
NaSQ salt with a purity of 99.97%.The RO concentratevas treated by the MED evaporator
recoveringwater by 67% and golutionrich in NaCl with a purity 6f0% In Mode Il,the reverse
osmosisconcentrate was first treated with th@anofiltration unit recovering90% of water and
rejecting S& and Clby 94% and 52%, respectiveljrereafter, the nanofiltration concentrate was
treated bythe Nyexunit removing89.7% TOC. The Nyefiluentwasplannedto be treated by the EFC
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crystallizerunit. However, similar to Mode | it was found that furthesncentrationof Na and SG*
was required in order to reach the eutectic concentration o:®a No EFC experiments were
performed in Mode |l becauseresults were expected to be similar those from Mode |. The
nanofiltration permeate was treated by a reverse osmasig resulting in a water recovery of 90%.
TheMED evaporator treated theeverse osmosisoncentrateresulting in avaterrecovery o80% and
aNaCrecoverywith a purity 0f95%.Therecovery of Site 02 pilot in Mode | was 94¥hereasn Mode
Ilwas 88%without operation ofthe EFQnit. The expected recovery of Site 02 pilot in Mode Il in case
the EFQunit was in operatiorwas estimated a96%.
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1 Overview of thé?roject

The ZERO BRINE projectairat facilitating the implementation of the Circular Economy package
and the SustainableProcess Industry through Resource and Energy EfficiSR\REroadmap in
various process industries by developing necessary concepts, technological splationsusiness
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models to redesign the value and supply chains of minerals and water while gigdtim present
organic compounds in a way that allows their subsequent recovery. These resawgeeso be
recovered from saline impaired effluents (brines) generated by the process industry while eliminating
wastewater discharges and minimizing thesieonmental impacts of industrial operatiotisrough
brines (ZERO BRINE). ZERO BRidEpted to bring together and integrate several existing and
innovative technologies to recover products of high quality and sufficient purity to represent good
marketvalue.

ZERO BRINE project coreilsif four largescale pilot plants, each one developed ddferent process
industries. Theseindustrieswere a demin water plant, a coal mining, a silica factory and a textile
factory, which arelocated in the Nethednds, Spain, Poland and Turkey, respectively. This report
dedicated tothe pilot activities in the Netherlands thatere part of work package two (WP2) of ZERO
BRINBproject. TheDutch pilot wasalargescale demonstration plant consisg of two sitesthat were
tested at PlantOnepremises in Botlek area of Rotterdam Pd?tant One which is located nearby
Evides Demin Water Plant (DWH,a test facility focused on sustainable technology and innovation
research in the Energy Port and Petrochentitadter of Rotterdam PofBotlek) The influent of the
demonstrationpilot plant were the salinewastewater streams (brines) @WP of Evides Industry
Water (EIW) located in Botlek industrial area. Sitepiddt treated the regeneratioreffluent (spent
regenerant) of the softening ion exchange (IEX) unit oBbide<DWP while recovering minerals, salts
and water. Site Opilot treated the reverse osmosis (RO) concentrate stream oEide DWP while
recovering salts and water. The aim for theality of the recovered products was to meet local
market specifications.
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2 Objective

The main objective oZERO BRIN#oject is todemonstrate a circular economy approach to treat
industrial wastewatewhile redesigning the current water treatméprocess from linear to circular by
combining commercial and innovative technologi@fe best current practices applied in water
treatment are related to lineamprocesegs that result in high brine streamdischargesZERO BRINE
targets a circular process thegcoversand internaly and/or externaly reuses valuable mineralsalts
and water while residual heat is used to partly cover the energy requiremdims treatment of brine,
recovery of resources and trade pfoducts andresidualheat will introduce a new supply chain of
water and minerals antkad toa series of benefitfor the process industriethat arelisted below:

1. Lowerwater withdrawalwith the same water demanty reusing recovered water
No brine dischargesNo extrawater demand for dilution of the brinand no environmental
levies

3. Lowermineral and salt consumptioffom external source®y internal reuse of recovered
minerals and salts (internal valorization)

4. Possible profits fronexternalsupplyof produds

5. Offsetting the operational costs of brine treatment bgingresidualheat from neighboring
industries

6. Reducing the environmental impact of production by eliminating brine discharge and using
residualheat

For the Dutch pilot plant, inorder to demonstrate the ZERO BRIWEP2 concepf ), two
individual pilots (site) were designed constructed andperatedto treat the reject brine of Evides
DWP and to recover valuablesources. Theswvo pilots are introduced below

A Site 01 for the treatment of the spent regenerant of IEX softener
A Site 02 for the treatment of RO concentrate

The main objective of this dieerable is to describe the staup, the operation, the main results and
the optimization of the two pilot plants (Site 01 and 02) of WP2.
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Figurel: ZER@BRINBANP2CONCEPTBITH1 & 02 BRINETREATMENTECHNOLOGIESRWATERSALTANDMINERALS
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3 Introduction

3.1 Background Information

ZERO BRINE

The DWPof EIWproduces @mineralized water (industrial process water) froaw surface water
withdrawn fromthe Brielse mee(branch of river Maasyith amaximumproduction capacityf 1400
m3h. The process flowliagramof the DNP is given ifigure2. At first, the surface watel(feed water)
passe through apretreatment phase DAFF unjtthat consiss of coagulation, media filtratiorand
DAFF flotatiorin orderto remove suspended solidéSS) Thereafter the waterenters into thelEX
softening columngcationic IEX)where divalent ions such asalcium (C%) and magnesium NIg**)
from feed water are substituted byodium (&) ions.The softened water then enters into the RO
units (cartridge filtes areplaced prior the R@nit). The RO membraneseparate the softened water
into permeate and concentratédfter polishingvia a mixed bed IEXhe permeate is supplied to the
processndustries In the RO concentrate both uitivalent andmonovalent anion®f the feed water
can be foundThe cationsthat can be foundn the RO concentrate are mostiyonovalentNa' ions
sincethe main multivalentationsareremoved during IEX softening. Also, the RO concentrate contains

someorganic matter.

Figure 22 PROCESS_.OWDIAGRAMOF THECURRENPROCESSES THEEVIDE®DWPAT BOTLEKROTTERDAMHE
NETHERLANDSYDTHERELEVANIOCATIONSFTHESITED1 ANDSITE?2.
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The operation ofhe cationiclEX columnésoftening is a batched process that consists of a production

(loading phase) and regeneration phase. WhenrédSis reach the exhaust point, they need to be

regenerated. To regenerate the IEX resins, first38are washed out with demineralized water, then
concentrated sodium chloride solutio%NacCl) passes through the resins bed in order to replace the
removed multivalent cations with N& ions, finally the resin bed is rinsed temove the excess
chemicals. The stream produced during regeneratappfoximatelyl 50 n¥/day/column), also known
aslEXspent regenerant, contains €and Mg*among otherions In deliverable D2.2 a detailedater
quality analyses of the IEX spent regenerereported. The ions with the highest concentrations are
chloride(Cl), Na', C&"and Md". Theconcentration range of these iofis given infable1. Also, total
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dissolved solig (TDS), electricabnductivity(EChnd pH ranges can be seen in the same talfelEX
spent regenerant is considered agvastewater stream anth the EvideDWP it isurrently disposed
after dilutioninto brackish surface watéBrittanni€havercana).

Parameter

Unit Range
Ct g/L 18¢31
ca* g/L 6.5C85
Na* g/L 17¢8.1
Mg?* g/L 1.0¢1.4
TDS g/L 28.0¢50.0
EC mS/cm 40-80
pH 5 6.5-7.5

The RO unit of th®WP of EIV¢onsists o8 linesthat resulisin RO concentrat@rodudion of 200to
250 n#/h, which is dischargedirectly into Brittanniéhaven canal (Brackish watek) detailed water
quality analyses of th&O concentratés reported in deliverableD22. Theions with the highest
concentration areCl, Na', bicarmnate(HC@) and sulfate(SQ?) ( ). This brine streanmight

be less concentratedompared tothe IEX spent regeneranut it is considered extreme due its
high volume

Parameter Unit Range
Ct g/L 050¢1.1
Na g/L 0.85¢ 12
HCG g/L 0.85¢0.95
SQ? g/L 0.25¢0.35
TDS g/L 25¢35
EC mS/cm 3¢4
pH - 8.8-9.8

It isclear thatboth IEXand RQreatment processesesult in the production of brine streasthat need
to be managedThe disposal of brines is costly, requegternalresources (dilution water, enerdgr
transport) and it isassociated witrenvironmental concerndoreover,in most European countries a
ban on the disposaif brine streams is gradually implemeuwk In the same timethe demineralized
water demandisincreasinglue toglobal rapidndustrializationput the available water resourcese
limited due to climate changeTlherefore greaterwater reuse and reducedischarges is important to
keep demineralized water production sustainalfferther researclon innovativebrine management
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methodsisadvisedn orderto reduce thenegative impact of brine dispokandto advancethe circular
economy business model

3.1.1 Evides Prospect on ZERO BRINE Concept

EIWin an effort to contributein the circular economys searching for solutiorthiat canincrea® the
sustainability of existing processasch as that of th®WP in BotleKThe mairgoalof EIW isto achieve
production of water without producing wastgtreamsand in parallel to reduce the consumption of
raw materials ifninerals and salts) that are requirddr cleaningand regenerationpurposes ZERO
BRINE project offers a solution to the brine disposal challemhgerecovering valuable salend
minerals.The main brine streams produced during the process of the DWP of EIW are the IEX spent
regenerant and the RO concentrate. As it can been seeiimne2, these two bme streams of DWP
were the influent water of Site 01 and Site 02 of ZERO BRINE pilots, respedthelyecovered
products neeedto be evaluated on whether or ndhey meetrequiredpurity specifications foreuse.
Specificallyfor a possiblereuse ofthe recoveed productsin the regenerationprocessof the IEX
softening columnsan assessmento determineif the product meets the required specifications for
regeneration and under which operational conditiar@ be reuse@as consideredrucial Moreover,

an investigatioron the possibilitiesfor externalvalorization of therecoveredoroducts that cannot find

an internal application can benefit the business case by increasing the financial feasibility of the
implementation of ZERO BRINE project full-scale It must be pointed out that guaranteeing
operational reliability is aompellingcriteria for EIW before implementing any new process. The
challenge for EIW is to guarantee operational reliability when integrating complex components to an
existing systemr hisinvolvesthe automation of the systepwhich results in maintaining or decreasing
the required operational action3.herefore, he system robustness needs to be evaluated.

3.1.2 Site 01 Pilot Objective

To be able to treat and recover resources from the generated l{gpent regenerantyvithin the 1IEX
softening process, ZERO BRINE offeredadntrent process. The proposed solution was implemented
in an industrial scale demonstration pilot called Site The main objectiveof Site 01was the
treatment of the IEX spent regenerant whitecoveing (i) a NaClsolution that meets required
specificationdor useasregenerationsolution for the IEX softeningplumnsof DWR (i) Mg(OH) and
Ca(OH)minerak and (iii) clean water.

The process flow diagram (PFD) of Siteifgiven in . The treatment line consiet of a
nanofiltration (NFunit provided by Lenntech B.V, a crystallization unit provided by the Universita degli
Studi di Palermo (UNIPA) and an evaporatoit provided by the National Technical University of

l GKSya obe¢! !t od ! RSGFAT SR RSQWadiNIubdhaptery3.12F { A G S
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3.1.3 Site @ Pilot Objective

ZERO BRINMers a process to treat and recover resources from the RO concentrate stream of Evides
DWR The proposegrocessvastested inan industrial scale demonsdtion pilot that was named Site

02 of ZERO BRINE projetie main objective of Sit&@vas the treatment of thd&rOconcentratewhile
recovering (i) a NaCl solution that meets required specifications in order to be used as regeneration
solution for the IEX softening columns of DWP, §gdium sulfate (NaSQ), sodium bicarbonate
(NaHC@) saltsand (iii) clean water.

The PFD of Site 02 is given-in . The treatment line consist of Nyexunit, whichwas a TOC
removal unit provided by Arvia technolobtd, a NF unit and a RO unit both provided by Lenntech B.V,
an Eutectic Freez€rystallization (EFC) unit provided by Delft University of Technology (TUaDélft)

an evaporator provided by NTUA. The operation of the pilot in Site 02 was tested in two configurations
(Mode land Mode Il), where the position of the NF and the Nyexsumés different. More information
aboutthe{ AGS nH LIAE 20Qa 2 LIBoddsid divenn subchapted KBS (o2 GSa
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Figure3: PROCESFE OWDIAGRANDFSITE1 - ZERBRINFPROJECT
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Figure4: PROCEFE OWDIAGRANDFSITE?2 - ZER@RINFPROJECT
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The concept of the ZERO BRINE project was descrilibd grant agreement 730390n order b
proceedfrom a concepto a fullscaledesign apilot scale researcls usuallyrequired The unitdor
both Site 01 and Site ORere designed based oaseries of requirements that werdefined and
explainedin previous deliverables. Specifically, first two steps for the design of all units wetlee
wastewater characterizatio(physiochemical analysesfthe influent waterfor both sites (deliverable
D2.2)andthe simulationwith PHREEQ® the chemicaprocesses that can occur in thdluent water
as well as ithe streams producedrom all process unitgdeliverable D2.1)The third step werébench
scaletests (BSTthat took placefor all unitsaiming to addresgreliminary design question¥hen the
designof each componentonsistingof complete piping and instrumentation diagrams (P&l&sja
detailed description of the control philosoplyas carried ouaindis presentedin deliverableD2.4.In
the following subchapters the design fundamentals and control philosophy followed for emith
component ofgte 01 andSte 02 pilotsare summarized

3.2.1 Site 01DesignFundamentals

Nanofiltration unit provided byLenntech B.V.

The design of the NF unit for Site Was based on a predefined feed, permeate and concentrate flow
rates, as well as a predefined feed water analgidiverable D2.2)n the BST for the NF unit, several
commercial NF membranes were tested and the dquaiif permeate and concentrate of these
membranes was determined. Thus, the most suitable NF membraneséparatedthe monovalent

ions from multivalent ions wal®und and selected to be used in the ufdeliverable D2.3Based on

the ion rejections agletermined during the BST, a two pass NF configuration was required; the
permeate of the first pass should be treated by the second pass of NF.

The software Avista Advisor (Avista Technologies) was used to calculate the maaitainable
recoveryof the unit based on the feed water compositidar several options of chemical antiscalant
dosing, dosing rate, and pkhlues Therecovery,the feed water flow rate and composition, aritde
specific membrane characteristiogere used to design a singkray of the first NF passTo allow
flexibility in the pilot plant operation and to ensure that the permeate quality is adequateyrifigvas
designedtaking into accounthe possibility to use a single pass or a {passunit as well as the
recirculation of concentrate from the second pass to the feed of the firsd. fdoe array of the second
passwas calculated in the same way as the first pass, using the permeate of the first pass as feed water.

The design was verified ag calculation tools Theunit parameters such as the produced water
composition, membrane element flux, operating pressure, pH of the resulting permeate sivesn
estimated to make sure thaall valueswere within acceptableoperational rangesThereafter,the
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concentrate and permeate flow rates and the feed pressure requirements for both passeset

The selection of equipment, instrumentation and control systevas made insuch away tat
automatedsystem operabn was possibleTheP&ID diagram and 3D desighthe NFunit including

all required equipment and instrumentgere drawnto facilitatethe construction and assembly of the

unit. Pass one and Pass two of the NF systemre built with ample flexibility, allowing to test diffent
combinations of pressure vessels (up to 6), different recoveries and different presshiesnablel
operation with a varying feed water salinéyndallowed the constructedunits to be usedor both Site

01 and02. The resulting PFD of the NF unit is given figure 5. For flexibility during testing, the
recirculation of the second pass concentrate back to the feed of the first pass, as well as the complete
isolation of the second pasgere kept as options.

Figure5
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The crystallization univas a multifeed plug low reactor (WPFR). Theesign ofthe MFPFRwas
developed to process the concentrated flow coming from thesNE Thisstreamcontainsthe divalent
ionsMg?* and C&'that canbe removed by reactive crystallization.efleedwasmixed with a suitable
alkaline reagent to produce a slurry whevig?* and C&"ionswere precipitated as hydroxides.

The firstdesignstep was the choice of the alkaline reagent, tisegodium hydroxideNaOH because

it guarantees gurer product and a better separation than other reactants. Thestallizatiorprocess
took place in two stagedrrst, Mg?* was removed as magnesium hydroxide (Mg(@Hecond,C&*
wasremoved as calcium hydroxide (Ca(e)H3othhydroxidesare insolublénorganiccompounds The
separation is possible because the solubility product constant is different enough, more precisely six
orders of magnitudeThe nextdesignstep was to use thénformation described in the previous
paragraph andhat obtained during the BST of the crystallization unjtleliverable D2.3)The NF
concentrate stream (crystallizer influergihd alkalinesolutionwere mixeduntil adesired reactiorpH
levelwas reached.Forthe crystallization oMg?* the targeted pHvasbetween 10.4 and 10.8Then,
the solid formed from the liquid pasas separated and independently treated with a drum filter. The
permeate at this poinuinderwenta second reactive crystallization, this time a differezdiction pH
was reackd, that was above 13for the crystallization of Ga Again the solid productwas
independently treated with a drum filteflhe resulted PFDf the MFPFRunit isshown inFigureé.

Figure6:
Alkaline 300V
solution 1
Crystallization one
magnesium recovery
Alkaline « Drum filter
solution 2 l
Crystallization two Acid
calcium recovery solution

To allow greater flexibility of operating conditions, while also maximizing the separatidinadént

ions, the design of thenit took into consideration the construction of a crystallization reactor that
would allow the best possible mixing. The choicedrlh drill coaxial tube positioned inside the main
tube. In this way, only one inletasneeded for the brine solution after whichuwasmixed with the
alkaline reactant in the main tube. Regarding the protection from chemicals, materials with high
chemical resistance were chosen such as polypropylene or Plexiglas. Furthermore)ittiveas
equipped with sensors, such as pressure transdude@meters, flow meters, pH meters and control
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systems actuated by motorized regulating valves. Wihi was able to operate in a wide range of
concentrations without compromising the effectiveness of teparation of the twadivalent ions.

MEDEvaporator unit provided by NTUA

TheMultiple Hfect Distillation (MED}vaporatorunit was designed within the framework of the SOL
BRINE project. The main goal of BRINE project was to design, develop, test, demonstrate, optimize
and evaluate an innovative energy autonomous brine treatment system for water recovery and
production of drysalt with potential market value. Thenit is able to eliminate brine, produced by
desalination units, in line with the Zero Liquid Discharge concept and Water Framework Directive
(2000/60/EC).

For each component of the MED evaporator unit a mathematicalel was developed, based on mass
and energy balances and on the equations used for sizing and designing purposes. These models were
used for the development of a simulator that was built in Visual Basic Environment.

Thus, the MEDevaporatorwas made upf two consecutive effectand it operatel below atmospheric
pressure, limiting the boiling temperaturdselow 100C. In each of the MED effects, bringas
evaporated resulting in the production of two subsequent streafijsa watervapor stream that is
then condensed and recovered as fresh water ada(more concentrated brine stream. Thapor
stream of the first effectvas used to heat the concentrated brine produced in the second effect that
wassprayed on top of the bundle, runnimipwn from tube to tube by gravity. Therefore, the necessary
latent heat for brine vaporization in the second effeeas provided by internal heat gain (heating
steam from the first effect) and thus energy recovesachieved. Thgaporstream produced Y the
second effecwas used for préheating purposes. Specifically, tkaporwas passed through a plate
heat exchanger where was condensed, transferring its thermal energy to the brine stneaf inlet
feed. The PFDf the MEDevaporatorunit isdepictedin
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Figure7: PFDOFMEDEVAPORATARNIT
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3.2.2 Site 02DesignFundamentals
Nyex unit provided by Arvia technologytd

A series 0BSEtook placeto determine the effectiveness of removing TOC from the RO concentrate
with Nyex technologylt was found thata combined pH correction, Nyex eleciogidation and
adsorption into Granular Activated Carbon GAQ was required followed by pHneutralization
Therefore,a pilot scale unit ofthe Nyex16-50Ewas designed that was alsombined with pH dosing
anda GAC treatment stegnd it wasintegrated into al2 mcontainer.ThePFDof ! NJJ énit iSgiven

in Figures.

Figure8: PFDOF! NJ2 NylexZBECTROCHEMIQXIDATIONNIT
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Nanofiltration and Reverse Osmosisits provided by Lenntech B.V.
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BSTs were performed to treat the RO concentrate ftbenDWP of EIWBased on the respective BST
results, a one pass NF would suffice for the treatment of the RO concentrate. For the NF membrane
selection, BSTs were conducted using two NF membranes totlredRO concentrate from the DWP

of EIW before and after treatment with Nyex. An NF membrane that highly rejegtsa@permeates

Cl ions was found and selected to be used in the pilot experiments (deliverable D2.3). For the RO
membrane permeate/conagrate water quality expectations no BST took place. RO is a conventional
treatment process and it can be easily predicted by commercial software. In this case, ROSA software
(developed by Dow) was used (deliverable D2.3).

The twoNFunits used in Site Odrere designedvith the flexibility to operate with variousflow rates,
pressures and recoveries and with eitiéFor RO membranesSubsequently, the samanits were
used in Site G2Zhe first pass NF unitf Site01 was usedor the NF unit in Site 02nd the second pass
NF unit ofSte 01 was usedor the RO unit of Sité2. For the design fundamentals of both units please
refer to subchapter3.2.1 The PFD ahe NF unit and the RO unit are giverrin

Feed Water

1 m3h

25 micron filter

]

5 micron filter ]

1 m3ih
Anfiscalant
*“Brine 0.1 m3h Nanofitration 30% ]
0.9 m3lh
25 micron filter
]
5 micron filter
0.9 m3ih
Anfiscalant
Reverse Osmosis 90%
ring 0.09 m¥

081 mih

Permeate water

EFQinit provided by TU Delft
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A few BST with a 2 L EFC setup were performed using a synthetic solteésemblingthe NF
concentrate in order to test the EFC equipmemid observe the eutectic conditions of the system
(investigate scaling issues aidéntify the eutectictemperature) The effectiveness of EFC for the
selective separation of a salt from hypersaline compléxebis not fully explored in the literature. The
EFCunit was designed based on the BSTs to selectively recouSQyassuming that the main
compounds on the NF concentrate stream will be NaGiS8and NaHC® Thus, the aim of ER@it

in Site 02was to demonstrate the applicability of EFC to recovep®@ in a particular hypersaline
brine (the NF concentrate). Thanit is split into three different blocks of equipment that function
simultaneously; (i) the crystallizer module, (ii) the salt or i¢eafibn unit and, (iii) the cooling unit.
The PFD of the EFC unit is givenidn

In , the EFQnit usedduring Site 02 study is given. The crystallizer module was designed in
modular and flexible manner. It consestof three crystallizers which can be operated in parallel or
series mode to provide flexibility for different salt concentrations in the feed stream. Three 20 L
scraped cooled triple wall glass crystallizersre used in this study for conducting the eutectic
crystallization experiments. The working volume of each crystallizer was 20 L with an inner dimeter of
20 cm. The scarper congsitof three blades mounted tahree equally spaced plates/discs along the
heightof the crystallizer, the scraper speed was set to 80 rpm, which was sufficient for good scrapping
and mixing. The three crystallizer were operated in sequencing bath mode. The time of each batch was
between 90 to 120 min depeimgon the feed concentratio. So considering a maximum of 4 batches
per 8 working hour, the total capacity of the crystallizer unit was R4@r 8 hours. Cooling was
performed using a Lauda Integral XT 1590 W waathlingcapacity of 9.2kW.
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Figurel0: PFDOFTHEEFQINIT
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TheMEDevaporator unit used in Site Qfilot wasalsoused inthe pilot research of Site 0ZI'husfor

the design fundamentals please referdob-chapter3.2.1 An important alteration in the operation of
the MEDevaporator in Site 02 compared to Site 01 wlzet the unit was upgradeih orderto work

with residualheat. Theunitin Site01 used thenot water fromaboiler as a heat supply but for Sii@

the hot boiler water wagaken out of operation, since steam was the main heat supply. The steam
flew into the first effect (heat exchanger) transferring heat to the brine. A steam trap was idsitalle
order to drain any remaining water or condensate in tingt. A steam regulating valve (upstream
pressure) and a pressure reading valve (downstream pressure) were installed@sitdhealheat part

to ensurethat their pressureswere below 3.3 bar and 1.1 bar, respectivelyhe residual heat
connectiorsand the P&ID of the instaltl equipmentare depictedin Figure12 andFigurel3.

Figurel2: INSTALLEBQUIPMENFORRESIDUAHEATUSHN MEDEVAPORATOR
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Figurel3: P&IDOFINSTALLEBQUIPMENFORRESIDUAHEATUSHN MEDEVAPORATOR.
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3.2.3 Site01 Gontrol Philosophy

The following paragraph describes the main control features ofuhi components. A detailed
description is issued ideliverable D2.5 with specific equipment code relatinig all reference
documents and detailed engineering work.

Nanofiltration unit provided by Lenntech B.V.

The unitwas controlled by an advanced control system and operated in sartomatic mode. All
operation seqenceswere automatically controlled except stattp and maintenance. Staup was
controlled in a semautomatic manner. Maintenand®ok placemanually. Adjustments for operation
based on orsite conditionsvasperformed by the operator by means of regtihe throttle valves and
potential frequency drivesPermeate productiowasadjusted based on recovery using concentrate
regulation valves and variable speed drive (VSD) / throttle regulation pump valves. Closing the
concentrate control valves reselt in a concentrate flow restriction, thus an increase in permeate
production and recovery. High pressure pumps discharge presseresadjusted by means of throttle
valves or local VSD and contriglain safety functionsvere controlled by alarms and warngs within
the control system limits. Instrumentatiowas mainly composed of switetype equipment. The
operator was responsible for operation within the equipment specifications when no safety
engaged.

Crystallizerunit provided by UNIPA

The control sgtemof the crystallizatiorunit was based on the regulation of pH and feed flow rates ,
whichwereread from analogsensors connectedith a data acquisitio(DAQ system A virtual "ring"

was then created where the control system cldgbe loop with an electrical connection between the
physical process and the internal processing logic, thus allowing for the actuation of a regulation action
operating on the control valves in the alkaline and feed lines.

The pH valusvas a key parameteto achieve efficient separation between the two cations?(@ad
Mg*) by fractional reactive crystallization.partially automatizecpH control loopwas implemented

to control the pHvalue measured at the outlet dhe crystallizer. This loop adjusd the alkaline
reactant flow rate using an electimotor valve. An effective flow rate of alkaline solution dispensed
within the crystallizer consequently alled the operator to obtain desired pkialues.

MEDEvaporator unit provided by NTUA

The control of lhe unit was accomplished via a Peasedsupervisory control and data acquisition
(SCADAInterface. Multiple temperature, pressure and flow transmittexgre connected in many
positions within the system, receiving all the important data for process control. The overall control
and monitoring were achieved using SCADA. All datas collected and controlled using a
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programmable logic controlleP(Q. The aim 6the automation systenwas to display and record
information related to the processes, the operation of the equipment etc.

3.2.4 Site 02Control Philosophy
Nyex unit provided by Arvia technologytd

I NJ2 cdnt@iderizedNyex electrochemical oxidationnit was controlled by a PLC to maintain
continuous operation of thenit. Theunit, shown in , comprisedf a feed tank into which the
brine to be treated was transferred to allow the Nya@xt to operate continuously. As the brine was
pumped from the feed tank, it passed through ashefilter to remove any solids in the brine and
sufuric acid(H:SQ, 40% solutiohwasdosed An inline mixer ensured that the acid/brine solution
was fully mixed before passing into the Nyex reactor tank.

In the Nyexreactor tank, the brine passethrough a number of electrochemical cells where the
organics within the brinevere oxidized At the anode the organiasere oxidizedto carbon dioxide
and water, with the possible production of chlori(@}) from Ct ions in the water. Reduction of wate
occurredat the cathode, producing hydroxid®H) ions and hydrogen gdsb). TheH, wasvented via
an extractor system, sized to ensure that thie concentration remaied below 10% of the lower
explosive level. A, sensor providd a final safety check that thergvere no build up inH
concentration.

After treatment in the Nyexinit, the brine passaéthrough a GAC adsorption column to ensure that
any breakdown productaere removed from the brine and that an@b that mayhaveremaned in
solutionwas removed.

Prior to discharge from the Arvia container, the pH of the brirescorrected back to neutral usirg
25%NaOHsolution

Nanofiltration and Reverse Osmosisits provided by Lenntech B.V.
Please refer to subhapter3.2.3
EFQinit provided by TU Delft

The EF@nit consised of three crystallization reactors operated in sequencing batch mode. These
crystallizationreactorscould be operated in series or parallel to provide flexibility for different salt
concentrations in the feed stream and subsequent concentration to the eutectic point. Thevised
added to the reactors and the ice and the concentrate solutions including theysaduct were
removed from the reactor. The concentrate solution including the salt progastsent to the vacuum
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filtration unit. The saltwas separated from the concentrated brine solution and the solutias
recycled to theunit.

The key control pameters for the EFC unit was the temperature gradient between the coolant
temperature and the reactor bulk temperature. this study, the logarithmic mean temperature
difference between coolant and crystallizer bulk solution was set to be betweénto10 °C when

the ice formation occurred. Since the temperature of the crystallizer bulk solution remained almost
constant when ice and salt formation occurrethe only control parameter was the coolant
temperature. The mixing rate was kept constant at @din all reactors throughout the tests.

PT100 temperature sensors were placed inside the crystallizers to record the change in temperature
2F GKS azfdziAzy gAGK Fy | OOdzN> O 2F pndnwm | © ¢
coolant were moitored using Applikon ADI controller. The LabVIEW software was used for the
recording and capturing of temperature readings every 10 s to allow monitoring online the key

parameters of the process.

MEDEvaporator unit provided by NTUA

The control of theunit was accomplished via a ®@sed supervisory control and data acquisition
(SCADA) interface. Multiple temperature, pressure and flow transmitters were connected in many
positions within the system, receiving all the important data for process controloVéell control

and monitoring was achieved using SCADA. All data were collected and controlled using a
programmable logic controller (PLC). The aim of the automation system was to display and record
information related to the processes, the operation bétequipment etc.
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4 PilotOperation and Maintenance

In this chapter, the installation, the stardup, the operational methodology and the sampdj
methodology ofStes 01 and OZilot will be discussedSpecifically, for each site tHellowing sub
cheptersare presented

A Integration: installation, commissioning and Stai on site
A Operational methodology: operational process, maintenance and operational challenges
A Pilot data collection

LenntechB.V.was responsible for the integrated plant assemtfiite 01. Theinstallationof the pilot
took placefrom April to August2019.The startup and the trial runs took place in September and
October 2019The operation of the pilot started in November 2048d it officially ended in March
2020 LenntechB.V.provided the required inlet and outlet hydraulic connections between alltfées
and installed in/out electrical connections from the local control cabinet of aaghto the main
control cabinet.l m® buffer tanks equipped with level switches were plaggdhe feed, concentrate
and permeate side of thpilot.

All technology suppliers were responsible for the stgstoperation of their respective technologies.
Two F*day trips (2 persons) were made by UNIPA (from ltaly to the Netherlands) and by NTUA (from
Greece to the Netherlands) to assist in the stgpt operation of Site Ollnformation about the
commissioning and the stattp on site of each unit is giverlow.

Nanofiltration unit provided by Lenntech B.V.

The NFunit was assembled inenntect2 & ¥ | O Auhitwasin8uated inttHéskidand transferred

to Botlek area in the beginning of April 20Ihe commissioning and the starp of the unit was
finished by the end ofAugust2019.The plant commissioning was carried out by qualified personnel
The latterwas responsibléor performing site acceptance tests (SATS), institgtthe operatorswho
were responsible for plant supervision amgtoviding safety instructions to avoid accident$he
following activitiesvere carried out:

A SAT after installation: several visual inspections in order to determine if all equipment, valves
and instrumentsvere installedaccordingo the P&ID and part list.

A Flushingwascarried out to clean all pipes from welding material before proceeding with the
interconnecting piping pressure test and loading the skids WEmembranes.

A Ensuring that the various chemicalsilng systemsvere primed with chemicals, tested for
leaks and connected to the related injection points.
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The following steps were carried out to initiate the stag process:

The plant was imanual operation.

The plant was flushed on low pressure forrBihutes at a flush gauge pressure of bar.

The plant ran normally for one hour to allow the system to stabilize.

System parameters were calculated and compared with design values: water recovery and
permeateEC

A Plant was shut down and restartedamto-mode.

> > > >

With the plant in autemode, a final test was performed Bymulatingset pointsthat determine start/
stop and rinse sequences. A final function wss carried out on the plant, checking:

Operating sequences;

PID regulations;

Alarms: simulaton of alarms to verify the consequences of the alarms and the correct
shutdown of the plant;

Startup and shuidown in automatic mode.

> > >

>\

Crystallizerunit provided by UNIPA

The shipment and the commissioning were carried out in spring,20it®the MFPFRunit installation
and the hydrauliconnections. The operationtdsts as standalone unitere started in summer 2019
and endedn the first week of November 2019hen, all other unitswere connectedandall tests for
assessment of the loragrm operabilty of the plant, monitoring and control systems followél the
first two months,two PhD studentsf UNIPA with support déadoperator, worked on the installation
of the unit. The following commissioning steps were taken:

A Checking theinit condition afer transport
A Assessing the physical integrity and operation of all the components
A Performing necessary repairs after potential damage created during transportation/storage

Connections between eaahnit followed this precommissioning step by UNIPA. The-RFR was
connected both to theNF unif from which it received the feed, and tbe MEDevaporator, where it
suppliedthe concentrated brine. The integration of the NPFFR with the other units (i.e. [MRd MED)
was carried out through two buffer tanks with a volumgl m?. These buffer tankwere placed in
order to avoid the direct connection between the various unitBich also easgprocess control: more
control on solutions passing between unitseTdrystallizer was also connected to a drainage tank with
a volumeof 3 m*in order to dispose/store the effluent for further use. The final PFD ottistallizer
unit isgivenin (previous chapter)
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Asimplified P&IDbf the crystallizationunit isgivenin Figure64 of AnnexA: P & ID of UnitsThe unit was
divided in three main section3 hesevere:

1. Precipitationsection, consisting of the MPFFRand relevant auxiliary devices (e.g. pumps,
tanks and sensors);

2. Filtration section, consisting of the drum filter and auxiliary devices;

3. Neutralization section, consisting of a pH control loop vé#tisociatecpbumps,sensors and
tanks.

The general layout is shown fifgure14. This layout was designed according to the P&ID in order to
facilitate the connections between various vedvand piping with the unifhis layout design include
eighttanks of various sizes whietere chosen to ensure functionality for a day's work according to
project conditions. The fulicale installation was completed with a final drum filter.

Figurel4:

23 5cm

Brine IN MF-PFR WA STE
2300 It 2000 It

Dmum Filter

JdSerm

NaOH sol NaOH sal 1° stage OUT h:l:ﬁ%:]s:l

{17 step) {2° step) 2° stage IN
1000 It 1000 & 4300 It

MEDEvaporator unit provided by NTUA

For a safe and easy transport of the MED evaporator from Greece to the NetherlandgEDe
evaporatorwas refurbished and containerized as it can be seeiime15. NTUA was responsible for

the MEDevaporator startup and training oflead operator on the unit. A representative of NTUA
visited Site 0land carried out the startip process and operator tming. The training included a
complete familiarization with thaunit and the different values thatvere measured inthe SCADA
system Furthermore, severdtial experimentswere performed under NTUA supervisidn order to
monitor the process and to provide feedback during the operation. This activity ensured that the
operation onSite Olwasaccording to the NTUA experimental process.

ZERO BRINHndustrial Wastewater; Resource RecovegyCircular Economy 37



ZERO BRINE

Theunitwas placed at a defined position within the plant atch® above for level for safety reasons.

Theunit was then connected with thBlFand crystallierunitse ! mé T S Bhlakfifingk2 84S 4 A
wasinstalled on the tanks for the connection with othenits. Electrical connections and tap water
connections were the final installation activitiesfter the installation, testing of thenit and trial

operations followed.

Figurel5: MEDEVAPORATGREFURBISHEBRNDCONTAINERIZED

4.2 Site 02Pilot Integration

As it is already mentionedbove, tree outof five unitsof Site 02pilot (NFunit, ROunit and MED
evaporatorunit) wereused again in th&ite Olpilot. Thus, they were already in pladée adjustment

of the existing and th@ew units (connections, membrane chandesn NF to R@tc.) based on the
needs of Site 02 took pladem April until June 2020 hedelivery of Nyexinit wasin April 2020 and
its assemblyasteduntil June2020.Then, in July and August the stagt, commissioning and trial runs
took place All unitswere operational byhe endof August 2020exceptthe EFQnit. The upgrade of
the MEDevaporator for theuseof residualheat took placdater duringthe experimental period of Site
02 in September 2020 he delivery othe EFQunit wasin December 2020 and its assembly lasted till
January 2021.

All technology suppliers were responsible for the stgstoperation of their respective technologies.
However, due to Covid 9 restrictions no visstof the technologysuppliersto Site 02took place during
the assembly andtart-up (expect ofLenntech and TU DelffERO BRINE key researdretthe lead
operatorwere responsible tgerform all required actions for the assembly of the nemits and the
upgrade of the existingnitswith the remote assistance tie technologysuppliersInformation about
the commissioning and the staup on site of each unit is given below.

Nyex unit providedby Arvia technology.td
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tested before shipment, and once again after delivery and installation. Upon arrival on Site G8itthe
was electrically and hydraulically connected to the process stream.
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Prior to commencing trials once the unit was on site, the voltage acrosspeaadr supply unit (PSU)
at a range of applied currents was recorded to bench mark the operating conditions waithe

). This was achieved by passing wateotlyh theunit. This showed that thenit was operating as
expected.As prior laboratory testing had been undertaken to enable the design ofdaheinerized
unit to be undertaken, a flow rate of 1.0%h at an applied current of 400 A for each bank afefis
(current density 20nA/cn?) were used as the baseline operating parameters.

Current Current Density PSU1 Voltage PSU2 Voltage

(A) (mA/cn?) V) V)

10 0.5 2.8 3.0

20 1 35 3.8

40 2 4.9 55

60 3 6.4 7.1

80 4 7.9 8.7
100 5 9.4 9.0

Nanofiltration and Reverse Osmosisits provided by Lenntech B.V.

Both NF and R@nits were dready inPlantOne after Site 01. Forhe operation of Site 02, it was
required to replace the NfFRembranesof the NFunit (former first pass NF unit of Site G&ixh new NF
membranes and change tHermer NF membraneso ROmembranes of the RO unit (formsecond
pass NF unit of Site 0X)ne pressure vessel that was used at Site 01 was isolatélaefoperation of
Site 02 Moreover, the connections between trgifferent units were adjustedbased on the neeslof

Site 02 operationln addition, some flow transmitters were replaced to adjust to the new measuring
ranges of the flowsAll required changeswere performed byLenntechwithin 2-3 daysand theunit
wasready for operation byvlay 2020. After the adjustment of thaunits, Lenntech operated bothnits

to ensure that everything was well adjusted.

EFQnit provided by TU Delft

The EF@nit was built by DEMO at TU Delft amdvasdelivered at Plant One on October 16th, 2020.
The installation and start up lasted two weeks. The @#CGvas skid mounted using three trolleys for
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quick installation and easy operation. The staptand first tets were carried out under supervision

of aresearcherfrom TUDelft. The operation started in November 2020 and ended in April 2021. An
operator was assigned for running only the ERE in a frequency of three to four batches per day
from December 20200t Febuary 2021. Extraruns in March and April 2021 were performed by the
researcher fromASdepartmentof TU Delft Thelatter wasalsoresponsible to control and monitor
the operatioral parameters including the batch time and the cooling rate.

MEDEvaporator unit provided by NTUA

Theunit was already in place. The required changes for the steam took place with equipment that
NTUAsentto the Netherlands during August 2020 and the overall installation took one month. After

that, NTUA sena manual to the operator and the first experiments were performedier close
adzZLISNBAAAZ2Y 2F be¢! ! Qa NBdsilBhes was thélléngirg) during O&ober LIS NI
2020due totechnical issues witthe part for the residual heat useMore specifically, the steam was

not flowing through theunit so thenon-return (NR) valve had to be removed and replaced by a new

piece of pipe. As soon as thecessary connectiorfer the re-use of theresidual heatvasfunctional
sometestswere performed and theinit was set in operation.

This sukchapter provides an overview of the operational proassiuring Site 01 resrch The
influent water of Site 0O1lwas thelEX spent regenerant frothe softening unitsof DWP of EIWThis
brine stream was transporteth batched amountswith transportation carts from thédorine tanks of
EIW to theZERO BRINEe, whereit wasstored inthe mainfeedtank (30 nf). An experienced process
engineerfrom the DWPof EIWwas given the role of brine facilitator within the proje@hena brine
deliverywas planned, thdrine facilitator was responsibl®r ensuringthat the delivered brine had
the expectedwater quality.

Thepilot wasmaintainedand operated bya lead operatorunder daily supervision dhe ZERO BRINE
key researcher. In addition, the operation of individual process units was moniameslpervied by
the respectiveresponsibleof the unit suppliers(Lenntech, UNIPA and NTUBglow the allocatd
tasks forthe lead operator are listed

A Filling up the brine tank after each brine transport and taking samples

A Preparing pilot for daily experiments (making sure all units are in good condition and ready to
be operated)

A Operaing thepilot and performing experiments based on the provided instructiothiekey
researcher

A Taking samples during the daily operation and recording the operational parameters in daily
datasheet

A Performing some measurements such as quality control factorar{g@H)
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Optimizing process conditions by close communication igtechnologysuppliers.

A Pilot troubleshooting together witthe key researcher and technologyppliers

Performing daily and weekly cleaning and maintenance based on the provided irstrbgti
the key researcher and technologyppliers

Reporting process observation and recording all the challengesvinatfaced
Communicating withlihe key researcher and technologyppliersaboutany issueduringthe
operation

> > >

> >

4.3.1 OverallOperation of the Pilot

The generabperationalprocedureof Site Olpilot is described as follow3.he IEX spent regenerant
(brine stream)was passed througthe NF units followed by the MAPFR and lastly tfdEDevaporator.
When operation staetd, water from the mairfeedtank flowed to the feed tank for the firsNFunit
using hydrostatic pressur@he NF membranes separdtéhe spent regenerant into permeate and
concentrate. NF permeathouldcontain mainly water and monovalent ions such asaa Cl while
the NF conentrate should contain mostly divalent ions such as Mand C&". The NF perforrad
filtration in 2 passesthe permeate formed by the firdiFunit was used as the feed for the secoN#
unit. The concentrate produced by bolFunitswas stored in a tank. The permeate from the second
NFunit was stored in a separate tank. The mixed concentrads the feed for thefirst stage of MF
PFR while the permeateasthe feed for theMEDevaporator unit. The concentratgasrich in divalent
ionssuch as Caand Mdg*, while the permeateavas rich in monovalent ions such as*idad Cl

The mixed concentratevas processed by the first stage of the NFFRIn which sodium hydroxide
(NaOH) dosing and pH adjustment enablbe recover Mg(OH) After being processed by the first
stage, the brinavastransferred to a settling tank to allow the settling of the formed Mg(&irystals
After settling, the dense slurmyasseparated and processed in thacuum drum filter for dewatering
and crystalrecovery, while the clarified bringas used as feed for the second stagfdhe MFPFR.
Similar to the first stage, after the feed padtbough the unit andrystallizatiorof Ca(OH)occurred
the brinewas directed to a settling tank for the separatiof Ca(OH)ense slurry from theemaining
brine (virtually Mg*- and C&*-free). The formed (Ca(Okrystalswas separated from the liquid phase
using a vacuum drum filteiChe final clarified bringvas neutralizedto a pHof 7 andwas fed as the
second feed stream to thklEDevaporator unit.

TheMEDevaporator operatd on two different feed streams. Also, two product streawesre formed

in the MED evaporator: (i) a highly concentrated NaCl solution (concentrate) and (ii) pure water
(condensate). & this demonstration pilot plant, all the products were discharged at the end. An
overflow tank was added to prevent leakages from MiEDevaporator productsTheoveralllay-out

of Site01 pilot hall ispresentedin Annex BPilot Floor Plang ).

4.3.2 Operation,Maintenance andthallenges pefTechnology

Nanofiltration unit provided by Lenntech B.V.
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The NF process was composed of two passeandftwas treating0.8 to 1.4m%h of brine. During

the NF process, water and monovalent ions permeated through the membranes while divalent ions
were rejected and concentrated in the -salled concentrate stream. The-salled permeate stream

of the first pass NENF1)that was still rich in monovaht ions was treated by the second pass(NF2)

so that the concentration of divalent ions was further decreased.

The operation started in November 2019 and ended in February 2020. An operator was running the
NFunit in a frequency of three times per wkelLennteclB.V.was responsible to setnd monitorthe
operating parameters(flow rates of the permeate, concentrate and recirculation stream and
antiscalant dosingh orderto ensure the smooth operation of thenit. TheECof the feed stream was
measued, and the brine quality and the ionic composition were assessed. Based on the brine quality
and thedzy” Apérfarénance (feed pressure, water recovery), the operation was step by step optimized.
By not exceeding the maximum press(8 bargto be applied in the membranes and by meeting the
hydraulic requirements of the membranes, the water recovery was adjustter one month of
operation, the NF configuration was changed by recycling back the NF2 concentrate to the NF1 feed
stream. The NFFconcentrate stream contained lower concentrations of divalent ions compared to the
NF1 concentrate stream. The dilution of the second stream was prevented by not mixing the two
streams.

After the end of each operation, thenit was manually rinsed to remve the salts present in the
membranes that could cause scaling. In case of an alarm that was shutting downit{tee automaic

rinse was performed. Thenit wasalso equipped with tanks and chemicals for chemical cleaning in
case of scaling, but theras no need for this during the experimental campaign. At least once per
month the cartridge filters were replaced by new filters as there were contaminated by rust or
particulate fouling. Th&CQtransmitters were calibrated once.

Difficulties were encouered sometimes during operation such as unstable operation or missing data
logging. Therevere also several issues that hindered tte/ Astalgigy:

A For a few days, thdzy” Aréc@véry was not kept stable as the concentrate flow rate changed
by manually adjusting the concentrate needle valve

A Duringsomedays, data recording was hindered due tp@or connection between theunit
and thelaptop

A When the gerating parameters wereeported using daily pictureghe stability of theunit
was not ensured

In addition,the planning was challenging as several tests were performed with different ranges of ionic
composition without knowing the exact brine composition at the start of eagfeément. Knowing

the exact brine composition facilitates the performance assessment and the definition of optimum
operating parameters.
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Crystallizerunit provided by UNIPA

First, the concentrate brine was processed in order to recoigi* as Mg(OH)by adding an alkaline
solutioni.e. NaOHsolution. The recovery dfig?* was carried out by mixing the brine with the 0.5
mol/L NaOHsolution until the pH reachithe value of 10.5. After precipitation, the produced slurry
was sent to tanlone of the setting tanksto enable the settling othe crystals. The sedimentation
process rangeébetween 1216 hours. After crystal sedimentation, the clarified bnmas sentback to
the reactorfor the recovery of Cdas Ca(OHwhile the concentrate slurry of Mg(OHyas sent toa
storagetank for filtration. The Ca(OH)precipitation followed the same procedures explainduit
using a higher concentration NaOH solutfon the Mg?* precipitation. However, a higher pH value
was required. In this case, a pH value dqwal3 or higher was maintained for the process. The
produced slurry was collected @anothersettling tank.The clarified solutiorwas sent toa buffertank
for neutralization while the concentrate slurwas sentto a storage tank for filtration.

At theend of each test, the MPFR was cleaned usingMithydrochloric acid (HCI) in order to remove
the scaling of Mg(ORr Ca(OH) The crystallizer was then flushed using tap water. During the
majority of the testing period, the responsibility of operatiand maintenance was under UNIPA staff
consisting of 1 or 2 PhD students. Only a few weeks of operation (8 Jan@dgbruary 2020) were
attended bythe leadoperator.

The main operational challenges encountered during the testing were related to ttadility of brine
composition. This was caused mainlytlwp causes acting together: (i) the natural variability of the
feed brine to the NF unit (as large volumes of brines were sampled from EIW plant in different times
and stored for testing); (ii) strditcation of brines stored in tanks for days, which generated a difference
in composition from the top to the bottom of the tank. In both cases, the variable concentration of
Mg?*and C&'ions in the brine led to the necessity to modify the actual flotesaf feed and alkaline
solution in the MFPFRIin order to maintainthe optimal condition for precipitation i.e. optimal
stoichiometric ratio between the reactantd his causedsome issues in the control systehat were

fixed by the intervention of operatorsThis highlighted the necessity of developing a more robust
control system, able to act also in the presence of large variations in the composition of feed brine
Another operational issue was encountered wittetcoprecipitation of CaCQwith Mg(OHj), which
compromised the purity of precipitated product in some tests.

MEDEvaporator unit provided by NTUA

The MED evaporatavasa 2stage forwardfeed evaporator with a capacity of 2’fday. Theunit was
designed to work 20 h/d buduring Site 01 researdhe average operational hours rangédm 3to 5

h/d due to the brine characteristics and energy consumption. The trial week showed that 3 operational
hours with different inlet volumes providithe neessary results for achieving the Grand Agreement
goals.
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The brine effluentvas pumped from the two brine vessel units using a dosing metering pump. The
inlet flow from the dosing pumps relado the brine temperatureTheMEDevaporator unit operatd
under vacuum. The first stage requdra pressure of approximately @®arandthe second stage 0.15
bar. A vacuum pumgwas used to maintain constant pressure. The presswasregulated in each stage
using the SCADA control system and electric valves.

The maintenance includé running theunit with clean water after four experimental circles. The
operator performed general checkprior to experimentatiorsuch as turning theow Temperature Hot
Water LTHWelectric boiler on for 90 minutesheckngthat all pumpswvere operational and that the
unit was ready for operation.

An operational challenge faced during the given operational circumstancesheasobling water
temperature. Theavailable vater did not have a constant temperature whie tothe adjustment of
the inlet brine flow according to the cooling water temperatulre] the requiredinlet brine flow
in relevanceo the brine temperature igiven Beforeeach experiment the operator had to check the
temperature of the cooling water and according to the tabéehtad to operate with the corresponding
inlet flow. In most experiments,he brine flow ranged between 33h and 50 L/hAnothertechnical
issuethat was faced andesolvedwas theabnormalbehaviorof the vacuumpump and recirculation
pump during stadups Moreover, some ptimizationsof the operation weregperformed which were:

A Installing flow meters in order to monitor the outlet flow. The operateas able tomonitor
the flow of the two effluents.
A Installing an &-pump for cleaning purposes

Brine temperature (°C) Inlet flow (L/h)
-1to 4 40
4to0 10 50
10to 15 60
15to 20 70
20to 25 90+

This sukchapter provides an overview of the operational processes during Site 02 research. The
influent water of Site 02 was the RO concentrate from the RO unitseoDWP of EIW. This brine
stream was transported in batched amounts with transportatiantgin aweeklybasisfrom the RO

brine tanks of EIW to th&ERO BRIN##te, where it was stored in the main feed tank (38).nAn
experienced process engineer from the DWP of EIW was given the role of brine facilitator within the
projectandwas responsible to eablethe brine delivery.
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The pilotwasmaintained and operated by a lead operator under daily supervisithea ERO BRINE
key researcher in WP2. In addition, the operation of individual process units was monitored and
supervised bythe responsible for its unit partneréArvia, Lenntech, TU Delft and NTURhe
responsibilities of théead operatorhavealreadybeenmentioned insub-chapter4.3.

4.4.1 OverallOperation of the Pilot

The general operation procedure of Site 02 piwtdescribed as followSwo differentmodes of
operation were tested for Site Q%i) Mode I¢ Nyex prior to NF unind (i) Mode ll¢ Nyex in the NF
concentrate stream prior to the EF@. and simplified PFI3 of the two modes are
given.

In case of Mode I, the RO concentrate of D8¢ed in themainfeed tankwasfed directlyto the Nyex
unit. Theeffluent of the Nyexunit (storedA y & b C T S SdRtrough Ithg NFounitLkthereitds
separated in the permeate and the concentrate. feemeate of the NF, which wasch in Nd and

Cl, unit was used as the feed for tHeOunit. TheSQ? rich concentrate produced bthe NFunitswas
stored in a tankfrom where itwassert to the EFQ@nit. Theproducts of theEFQunit were the clean
water in ice form and thé&aSQ salt, while thee was also areffluent stream produced (slurrfrom
crystals dewatering The permeate from the RO unitas clean water. ThROconcentraterich in N&
and Cland the slurry of th&FC thaivere both stored in buffer tanksvere fed tothe MEDevaporator
unit® from where two product streamsvere generated; (i) a highly concentrated NaCl solution
(concentrate) and (ii) pure water (condensate). For this demonstration pilot plant, all the products
were discharged at the end.

In case of Mode I, the RO concentrate from the DWP (stioréttk mainfeed tank)wasfed to the NF
unit. The concentrate of the NF unit, whichdhaigh concentrationof SQ* and TOGvas set to the
Nyex unit in order to remove TOC before the concentrates fed to the EFC for théNaSQ salt
recovery. The rest of the procewasthe sameas inMode 1.The overall layput of Site01 pilot isgiven
in Annex BPilot Floor Plang ).

It must be pointed out that the initial plan was ted the NF concentrate icaseof Mode | and the
Nyexeffluentin case of Mode Wirectlyto the EFQinit, however,this was not feasibleAs explained
in detail in subchapter4.4.2 (EFC part)uirther concentration of EFC feed (NF concentratéNyex
effluent) via the RQinit was needed

31t must be pointed out that the initial plan was to operate the MED evaporator with EFC slurry, but this was not possible as
it is explained in sulbhapter4.4.2(MED evaporator part).
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4.4.2 Operation,Maintenance andthallenges pefTechnology
Nyex unit provided by Arvia technologdytd

The Nyexunit provided by Arvia Technolodytd removed organics in the brine using a process of
electrochemical oxidation of the organiemthe production of hydroxyl radicals at the anode. This
can sometimes be achieved more effectively in acidic conditions so the brine was acidified prior to
treatments.Operation of the unit was undertakery thelead operata under the supervision ZERO
BRINE key researchas the covidl9 pandemic made it very difficult for Arvia personnelisit the

site. Hence commissioningnd operation of theNyex unitwas undertaken remotely by Arvia working
closely with thdeadoperator.

The Nyexunit was sipplied by a batch of brine stored in a brine feed tank alongside the Niyiex
This provided the feed to allow the Nyarit to operate at a rate of 1 #h for short periods. All the
brine entering the Nyexunit passed through the process with minimisses (possibly some
evaporation of water as the brine passed through the Nyeik).

The operaibn lastedfrom October 2020 until the end of March 2021, operating a few days per week.
This operation occurred without Arvia personnel on site, althoughuleggmeetings were held
between site personnel and Arvia. This close collaboration between Arvia and the site personnel was
beneficial in addressing a number of technical issues that arose during the trials.

9 High pressure within the GAGhe in-line mixe downstreamof the GAC column and tidaOH
addition resulted in a high pressure within the GAC coluwtrich shut down theunit. This
was addressed by installing a break tank with a submersible pump after the GAC column.

1 Blackcoloredwater from GAC tank after a period of shut down, black water was observed
exiting the GAC column. This was believed to have been caused by the acidic nature of the
brine being treated that over a period of time and in the presence»aflizingchemicals
produced within the Nyexinit causing a breakdown of the GAC particles. Anabfsikese
samples proved complex due to the high TDS within the sample, but it was concluded that the
blackcolorwas due to very fine carbon particles (< 0.2 um) caused idydacnage to the GAC
particles.A fresh GAC column was supplied to replace the damaged GAC in the initial column,
which addressed the problem.

1 Extractiong to prevent the build-up of H, and Cb within the Nyexunit, a high capacity
extraction system wamistalled. However when this was operational, thererainsufficient
vents within the container to allow sufficient air to flow resulting in 8teitdownof the unit
due to low air flow within the extractor. This was solved by operating the containérthgt
door open An alternative would be téit additional vents into the container.

1 Smell ofChk ¢ On a still, calm day, the smell 6% was reported fromoffices close tothe
container. This was caused by t# being produced within theunit not being sufficiently
dispersed. This was believed to redutim the presence of a mushroom cap on the extractor
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pipe designed to prevent the risk of birds nesting. Removal of this cap allowed the air to be
expelled upwards at faster velocities to encage dispersion of the gases.

1 Sedimentation within the pipelines/pumps some of the brines had higher than expected
suspended and dissolvelidsresulting in their sedimentation ancrystallizationwithin the
pumps and pipework. This was addressed byaeing and cleaning the pipes. Prevention in
the future can be achieved by maintaining the brine to the design parameters.

1 Pipes freezing operation of the Nyexinit was stopped as a cold period at the beginning of
2021 resulted in the freezing of pipdglLJA G NB 'Y 2F | NDAI Q& O2y il Ay SN
up, this problem disappeared. Although the Arvia contawes insulated, operation in cold
climes would necessitate either providing heating within the container or sdraee
heating/lagging.

1 Data logging; some historical datavasdifficult to recover from the PLC. Hence for 2020 the
datawasbased on the information recorded on site rather than the information stored on the
data logger.

Nanofiltration unit provided by Lenntech B.V.

The NFprocess was treating 1 # of brine with a recovery of 90%. During the NF process, water and
monovalent ions permeated through the membranes while divalent ions were rejected and
concentrated in the concentrate stream.

The operation started in July 202@0id ended in March 2021. During the period of 9 months, the NF
unit was operated continuously only for 4 months due to some problems that were encountered. In
July and August 2020, all the other upstream/downstream technologies were not operational and for
this reason the integrated pilot operation and the sampling had not started.

During normal operation, th&lF unitwas running in a frequency affew times per week foa few

K2dzNB RSLISYRAYy3 2y 2LISNF G2NDa | g ddnd rackiforitied @ [ Sy
operating parameters (flow rates of the permeate, concentrate and recirculation stream and
antiscalant dosing) in order to ensure the smooth operation ofuh#&. TheECof the feed and the

permeate stream were measured, and the ioniengmsition was assessedfter the end of each

operation, theunit wasrinsed to remove the salts present in the membranes that could cause scaling.

In case of an alarm that was shutting down thdt, anautomaticrinse was performed. The unit was
equippedwith tanks and chemicals for chemical cleaning in case of fouling

During the Sit@®2 operation, three different operator®llowed one anotherresulting in less effective
operation of theunit in each start until theoperator becameamiliarized with theunit. Very often

contaminated water was being filtered through the membranes and caasgthnge in the color of
the cartridge filters For this reason, the NEnit needed cleaningsin place (CIP) or membrane
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replacement quite oftenas indicated in . The cartridge filters were replaced at least once per
week.

Overall, thedzy” Apérf@rénance was difficult to be assessed and optimthedughout the operational
period because of the frequ& cleanings that caused unstable operation. In addition to this, the
samples were analyzestveraimonths after the operation. For this reason, the ionic separation by the
NF was also evaluatesgtveralmonths later.

Month Activity
August CIP
September CIP
November Membrane replacement
January Membrane replacement
February CIP

Reverse Osmosisit provided by Lenntech B.V.

The RO process was treating 0.9mof brine with a recovery of 90%. During the RO process, water
permeated through the membranes, while NaCl was rejected and concentrated in the concentrate
stream.

Similarlyto the NFunit, the operation started in July 2020 and ended in March 2021,itbwas

operational only for 4 months. During normal operation, thét was runningwith a frequency of few

times perweekfoa¥ S¢ K2 dzNE RSLISYRAYy3 2y 2LISNI G§2NDa | @F At
set and monitor the operating parameters (flaates of the permeate, concentrate and recirculation

stream and antiscalant dosing) in order to ensure the smooth operation afrite TheECof the feed

and the permeate stream were measured, and the ionic composition was assessed.

After the end of ach operation, theunit was rinsed to remove the salts present in the membranes
that could cause scaling. In case of an alarm that was shutting dowmiheanautomaticrinse was
performed. The unit was equipped with tanks and chemicals for chemicaliokgin case of fouling,

but there was no need for this during the experimental campaign because NF, that was the upstream
technology, was removing all the contaminants. The cartridge filters were replaced by newofilgrs
afew times.

EFQnit provided by TU Delft

The design of the EFC was based on the separation.8QNfom the concentrated stream coming
from the NFunit or Nyex unit The main chemical compounds in the feed stream were assumed to be
NaCl, Ng5Q, and NaHC® Although EF@Gas beerprovento be effective in separating a single salt
and water, its potential for selective separation of a salt from the complex hypersaline brines has not
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been explored. Thus, the aim of this pilot plant was to demonstrate the applicability of EFC to a
particular hypersaline brine containing high leveld\af, Cl, HCQ and SQ?.

The crystallizer consisted of three crystallizitvst were operated in parallel. The working volume of
each crystallizer was 20 L. The three crystallizers were operated uarsgng batch mode. The time

of each batch was between @hd 120 min depending on the feed concentration. Considering three
or a maximum of four batches per 8 working hours, the total capacity of the crystallizer unit was
between 180 to 24Q per 8 hous. The operation of the EFC unit started in November 2020 and ended
in April 2021.

The initial plan for the feed of the EFC unit was in two configuration modes as follows:

U In Mode I, the concentrate of NF unit was the influent of the EFC unit.
U In Mode llthe effluent of the Nyex unit was influent of the EFC unit.

After 3 months of operation, it was found that the concentration of the feed used wadotwdo
achieve the eutectic point and salt formatioRecausesamples werenalyzedmonths later and the
exact concentration of the feed used was not known, at first the opportunity to reach the eutectic
point and salt formatiorwaslost.

The typical feed concentrations for the EFC unitgavenin and of subchapter6.2.1
Becauseén the EFC unit each batch the solutioshouldbe concentrated from 10 to 15% to achieve
the eutectic concentration oN&SQ, which is about 3&y/L, it was necessary to run about 10
subsequent batches, which was practically impossible. TheretbeeROunit was used after the
output of the TOC/ NFnits to concentrate the feed to the EFC unit in February 2021 cdheentrate
of the RO unit was stored in ar® tank, and the EFC tests were performeaih this concentrated
feed afterwards.

It should be noted that the problem of low salt concentratimas related to the glass unit used in
which the ice formed cannot be continuously removed from timit. On an industrial scale, low salt
concentrations would not pose a particular problem when the EFC woitld be operated in
continuous mode and ice remwalwould becontinuous.However,at very low salt concentrations the
use of the EFC umbaynot be economically justified due to its high energy consumption for cooling.
In January 2021, due to the cold weather and some techissaks there was a interruption in
supplying brine from Evidd3WPto Site 02units, making itimpossible to supply feed tBFQunit as
well. Therefore, after solving the problem, the R@ncentrated feed was stored in tworh® tanks,

and the operation of the EFC unit conigd until the end of Apri2021, even after thedismanting of

the other units.

A typical operational process for the Bt goes as follows:
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The feed was added to the reactors and the ice and the concentrated solution were removed from the
crystallizerat the end of each batch. After the end of each batch, uh& wasmanually rinsed with

tap water to remove the ice crystals. The concentrate solution was drained and collected for further
concentration in subsequent batches. When the concentration of salt reached the eutectic point,
further cooling resulted into the sioitaneous formation of ice and salt crystals. Then, the
concentrated solution including solid was drained from the reactor and was sent to the filtration unit
for salt separation. As the slurry was fed to the filter unit the product cake was recoveretheand
mother liquor was collected and then it was pumped to the buffer vessel for further salt recovery.

MEDEvaporator unit provided by NTUA

The MED evaporatavasa 2stage forwardfeed evaporator with a capacity of 2fday. Theunit was

designed to work0 h/d .During Site 02 researche average operational hours ranged from 3 to 5

h/d for each experiment depending on the availability of the operator and the required concentration

that had to be achieved. Each day 1 or 2 experiments were performedANEd responsible for

monitoring the operating parameters (flow rates of the inlet brine, concentrate, condensate and

cooling water). Also, the flow of the steam was monitored via SCADA every dagCohthe feed

stream as well as the concentrate andndensate streams were measured after each experiment.
Furthermore, the pressures and the temperatures for the two effects were recorded regularly and
oFraSR 2y SIOK RIFI2dQa YSIadiNBYSyida GKS 2LISNIGAZ2Y ¢
water were performedfor removing any remaining salt.

During the operation some challenges with ttesidualheat part occurred due to the blockage of the
NR valve aswas already mentionedin sub-chapter 4.2. Furthermore, a greenish color of some
concentrate samplavas observed ). An analysis wasarried outat the Department of
Environmental Science and Technology of NTUA and the greem@aslexplainedby the presence of
nickel salts After a few cleaning runs wittap water the greenish color had faded, so the operation
continued as usual. Another challenge was the presence of sorfiegS$19). The SSafter drying at
105 °C were characterized b ray diffractometric (XRD) analys&$e diffractogram iri

exhibits two major peaks at 20 and 23 degrees. These pealesattributed to gypsum (blue linggnd
CaS®@anhydrate (red line)The presence of Cagid the SScouldnot be excluded also.

4The mother liquor is the solution remaining after a component has been removed by the crystallization.
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Moreover, ae of the project objectives was to recover NaH&Oone more engbroduct. Thus, NTUA
provided a crystallizer for Sit@l and Site02 that was locatedn the same container witthe MED
evaporator However, the concentration dfla” and HC®@ at the inlet brine wasound to be not
sufficient for crystallizationbecauseduring TOC removal and pH adjustment inorganic canvas
removed fom the solution

Finally the MED eaporator did not operate with the Ef@it because¢he EFQ@nit was not operational
duringmost ofthe experimental period ofhe MED evaporatarThe EFGinit was opeated only for a
short periodin the end of the research, buhe effluent volume of EFC was raifficient tobe used
continuoudy in the MEDevaporatorunit and after a prolongedstorage(in order to obtain sufficient
amounts)the quality of the effluent wasegativelyaffected.

4.5.1 Pilot Operation and Observation Data
Thelead operatow & NB aALR Yy aArof S (2 Fanex Dalydatd She@téofdn & KS S
a daily basisThe data that had to beecordedfor eachunit based on the data sheare giverbelow:

1. NF units both for NFL andNR2:
a. Feed flow (L/h)EC (mS/cmandpressure (bar)
b. Recoery rate
c. Permeate flow (L/handEC (mS/cm)
d. Concentrate flow (L/handEC (mS/cm)
2. MFPFR unit both for stage 1(Mg(OH) andstage 2Ca(OH):
a. Feed flow (L/h) and pH
b. NaOHconcentration (M) and flow (L/h)
c. Volume ratio slurry/supernatant
d. Settling time(min)
e. Operation duration (h)
3. Drum filter:
a. Feed flow (L/h)
b. Flow mother liquor (L/h)
4. MEDEvaporator unit
a. Feed flow (L/h) and EC (mS/cm)
Effect 1 pressure (bar) and temperature (°C)
Effect 2 pressure (bar) and temperature (°C)
Condensate 1 flow (L/h) and EGS/cm)
Condensate 2 flow (L/h) and EC (mS/cm)

® oo o
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Moreover, the morning and evening values of tvater counter, the electricity counter and the'?2
electricity counter had to béogged Finally, the volumes of the samples taken on that day from all
units wasrecordedin the in the data sheet.

4.5.2 Samplingand Lab Analyis

In Figure21 the owerall sampling schemfar Site Olpilot is given. Thelescriptionand the sampling
frequency forl2 sampling pointsf Site 01 are giveim Table6.
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Table6: SITH1 SAMPLINEOINTANDFREQUENCIES
Label Description Frequency
Ola  Brine(feed water) before transport 2 times/ week
01b Brine (feed water) from next batct 2 times/ week
02 Feed NF1 3 times/ week
03 Permeate NF1/ Feed NF2 3 times/ week
04 Concentrate NF1 3 times/ week
05 Permeate NF2 3 times/ week
06 Concentrate NF2 3times/ week
07 Feed MFPRF 1-2 times/ week
08-Mg Effluent stream stage 1 MPFR 1-2 times/ week
08-Ca Effluent stream stage 1 MPFR 1-2 times/ week
09 Effluent stream stage 2 MPFR 1-2 times/ week
10 FeedMEDEvaporator 3 times/ week
11 NaCl rich streanviIEDEvaporator 3 times/ week
12 CondensatéMEDEvaporator 3 times/ week
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In order to characterize the physthemical properties of each stream and to monitor mass transport
within the process ung, the following analysegperformed at T Delft laboratories,were done for
every sample collected during the operation:

i N e e

Basic analysis; pH and EC

HCQ@and Si@concentrations using measuring kits and a spectrophotometer

Anion concentration using lon Chromatography (IC)

Cations andtrace elements concentration using Inductively Coupled Plasmiass

Spectrometry (ICIRIS)
U TOC using TCanalyzer

Moreover, XRD analyses were used in order to derive the type of precipitatevénatfiormed during
the produdion of crystalsin the crystallizerunit. Theseanalyses were performed by the UNIPA

laboratory.

4.6.1 Pilot Operation and Observation Data

The operation of all units from Sit@ &vas monitored by the lead operatty following astep by step
check list documenprovided by TU Delftvhichassured the smooth operation of all unitddoreover,

I aRIFGl

& K AnfekiDé DBily Fhfa EhBeySite V2fvas filledon a daily basisA series of data

were noted the outline for each unitof the gathereddata is given below

1. Nyex:

o T

d.
2. NF and RO units:

a.

® oo T

Feed, acid, product andaOHflows (L/h)

pH transmitters values

Current (A) and the voltage (V)

pH and EC (mS/cm) of grab samples on location measurements

Feed flow (L/h), EC (mS/cm), pressure (bar) and temperat@e (
Permeate flow (L/h), EC (mS/cm) and pressure (bar)
Recirculation flow (L/h)

Concatrate flow (L/h) and EC (mS/cm)

pH and EC (mS/cm) of grab samples on location measurements

3. MED Evaporator unit:

® 2 06 T o

Feed flow (L/h), temperatureC) and EC (mS/cm)
Cooling flow (L/h) and temperature (°C)

Effect 1 pressure (bar) and temperature (°C)
Effect2 pressure (bar) and temperature (°C)
Condensate 1 flow (L/h) and EC (mS/cm)
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f. Condensate 2 flow (L/h) and EC (mS/cm)

g. Ratio of condensate recovery (%ov)
4. EFC:
a. Batchvolume at 20 L
b. Crystallizer temperature (°C)
c. Inlet and outlet coolant temperature (°C)
d. Icevolume (L)
e. Slurry Volume (L)
f. Ice formation time I{)
g. Batch duration (h)

The total operational time and the time of sampling wasordedfor all units. Also,timust be noted
that the EF@nit wasnot included in the daily datasheet. Since its operation delayed it was not
included in the daily routine of the pilot operatiomhe datasheet for EFC was sepatsteausedt was

operated by specialized personnel, and it was integrated into the pilot datalater phase(EFC
datasheet can also be found AmnexD: Daily Data SheetSite 02

4.6.2 Sampling and Lab Analysis

In Figure22 the overall sampling scheme for Sit2 filot is given. The description and the sampling
frequency forthe 14 sampling points are given ireble7.

Figure22:
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Label Description Frequency
01 Feed Nyex 1-2 times/ operational day
02 EffluentNyex 1-2 times/ operational day
03 Feed NF 1-2 times/ operational day
04 Concentrate NF 1-2 times/ operational day
05 Permeate NF 1-2 times/ operational day
06 Feed RO 1-2 times/ operational day
07 ConcentrateRO 1-2 times/ operational day
08 Permeate RO 1-2 times/ operational day
09 FeedMEDEvaporator 1-2 times/ operational day
10 NacCl rich streanMEDEvaporator 1-2 times/ operational day
11 CondensateMEDEvaporator 1-2 times/ operational day
12 Feed EFC 1-2 times/ operational day
13 Clean water ¢ Iceproduct EFC 1-2 times/ operational day
14 N&SQ saltproduct EFC 1-2 times/ operational day

In order tocharacterizethe physiechemical properties of each process stream and to monitor mass
transport within the process unit, the following analyspsrformed at TUDelft laboratories, were
done forevery sampleollectedduring the operation

Basic analysis; pdthdEC

HCQ and SiQ concentratiors using measuring kits araispectrophotometer
Anion concentration using IC

Cations and trance elements concentration usingM3?

TOQusing TOG@nalyzer

e e et e e

Moreover, someextra hickelanalyses withAtomic Absarption Sectroscopy(AASaANd XRD analyses
in the dried SSof certain problematic samples weparried outat the Department of Environmental
Science and Technology of NTUA
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5 Pilot experiments

5.1 Site O1ExperimentalDesign

In order to design the experiments of Site 01, it was importance to take into account the spent
regenerant patterns duringhe regeneration processlhe regeneration process of IEX resins in DWP

of EIWasts 3.5 to 4.5 hours. To regenerate resins, first the regeneration solution passes the IEX column
and afterwards the excess chemigalinsedfrom the column with clean water. As it is showrrinure

23, during theinjection of theregeneration solution, the spent regenerargachesthe highest TDS
concentration éverageEC=110 mS/cmpPuringthe rinsing the spent regeneranhasthe lowest TDS
concentration( averageEC=0.5 mS/cm).

Figure23: SPENREGENERAIRRTTERN3SURINGA REGENERATIGROCESHTHHEXCOLUMNSN THEDWPOFEIW
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The experiments of Site 01 were design in order to evaluate the performance of each technology and
integrated pilot in response to the fluctuations of brine concentration (nominal, low and upper). For
this reasonthe experiments planning ofable8 was created for Site 01 pilot research, in which the
targeted ranges of EC and TDS for the nominal conditions, the low limit and upper limit can de seen.
mustbe mentioned that for the NFnit resultsprocessing the lower limit was divided in low and lowest
limit. Also notethat in case of thtMEDevaporator unifan extra distaction between experiments took
place based on the source of the feed treated watBie two streams usedsafeed of the MED
evaporatorunit were (i) the NF permeate and (if)e MFCPFR effluentlt was important to evaluate

the performance othe MEDevaporabr receiving feed independently or mixed stream from these
sources, in order to investigate what option woule the best for fullscale implementationTherefore
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experimentswere performedwith different contribution ofeach one of the two streams$pecifically,
the different streamsested were

0] 100% NF permeate,

(i) 100% MFPFReffluent,

(iii) 50% NF permeate 50%MFPFReffluent,
(iv) 75% NF permeate 25% MFPFReffluentand
(V) 25% NF permeate 75% MFPFReffluent.

After the termination of each experiment and before proceeding with tiegt experiment allunits

were cleaned, all hydraulic connections were checkeddakages and the pumps were checked for
malfunctions. Moreover, the operating conditions of each unit were adjusted based on preliminary
projectionsresulting fromthe expected water quality.

Description Brine EC Brine TDS [g/L]
[mS/cm]
Upper Limit 50-100 3570
Nominal condition 30-50 20-35
Lower limit 10-30 5-20

The main purpose of the experimentaldesignin case of Site 02 was test different possible
configurations of the unitssince the feed water (RO concentrate) does demonstratesignificant
differences in water quality (unlike Site OTherefore as it was already explained in the previous
chapter,two modes of operation were tested for Site20Thegoalof the two modes wato investigate
the optimal point for TOC removiahe subsequent effect ithe associatedinits (Nyex,NF and EFC)
and the end products qualities

Several experimentwere carried ouin both modes as it can be seeniiable9. It must be mentioned
that due to the delay caused ifficulties with the EFC operation a lot of experiments took place
without the EFQunit.

Experiments Description Brine EC Brine TDS [g/L]
[mS/cm]
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1 Trial Run

2 Trial Run

3 Trial Run Mode | (NYEXNF); without EFC

4 Trial Run Mode Il (NF>NYEXyithout EFC

5 Mode | (NYEXNF); without EFC

6 Mode | (NYEXNF); without EFC

7 Mode | (NYEXNF); without EFC

8 Mode | (NYEXNF); without EFC

9 Mode | (NYEXNF); without EFC

10 Mode | (NYEXNF); without EFC

11 Mode Il (NF>NYEXwithout EFC

12 Mode Il (NF>NYEX) + Troubleshooting
13 Mode Il (NF>NYEXY only NF & RO

14 Mode Il (NF>NYEXY only NYEX & NF & RO
15 Mode Il (NF>NYEXY only NYEX & NF & RO
16 Mode Il (NF>NYEXY only NYEX & NF & RO
17 Mode Il (NF>NYEXY only NYEX & NF & RO
18 Mode Il (NF>NYEXwithout EFC

19 Mode Il (NF>NYEXwithout EFC

20 Mode Il (NF>NYEXWwithout EFC

21 Mode I(NYEXNF)

22 Mode | (NYEXNF)

23 Mode | (NYEXNF)

24 Mode Il (NF>NYEX)

25 Mode Il (NF>NYEX)

26 Mode Il (NF>NYEX)

27 Mode | (NYEXNF)

28 Mode | (NYEXNF)

29 Mode | (NYEXNF); without MED Evaporator
30 Mode | (NYEXNF); without MED Evaporator
31 Only EFC experiments

32 Only EFC experiments

3-6
3-6
3-6
3-6
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2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
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6 Evaluation of results

This chapter describes the evaluation of the experimental resultsit contains information about
the performance ofeachtechnologyseparately the quality and quantity of engroductsand the
process robustness CA Yl f f &8 5 (eHoBnacéaséwdlbiakd. LIAE 2 0 Q& LJ

6.1 Site 01 Performance Evaluation
6.1.1 Site 01Performance Evaluatioper Technology

Nanofiltration unit provided by Lenntech B.V.

As it can be seen ingure24, C&"and Mg* were highly rejected bthe double pas$NF, while Naand

K" showed much lower rejections. More specifically, divalent ions were rejected by 96% on average
and Nd and K were rejected by 32% and 15% on average, respectively. This proves thnedsNF
suitable for the separation of multivalent dmonovalent cations of thé&k-brine. The rejection of the
divalent ions wastableby showing a standard deviation of less than 3.7%. On the other hand, the
rejection of the monovalent ions showed higher fluctuations with a standard deviation -665%}
showing that the monovalent ion rejectiowas more sensitive to the feed water quality and the
operating conditions.

Figure24: IONICSEPARATIBYTHEDOUBLPASSIFUNIT
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Depending on the TDS of the feed water, the recovery,Titems Membrane PressuréNIP and the

flux of each Nipassare reported in . In addition, the recoveryand the energy consumptién

are also presented in the table. Limited by the maximum applied pressure (40 bar) that the NF
membraneswvas able tchandle, the NF1 recovery in high TDS concentrations had an average,of 32%
whereasfor nominal TDS concentrations the NF1 recovery was 68%. For low TDS concentrations, the
NF1 recovery was 724%. The flux of both passes ranged between 8 and 18/l/fihe energy
consumption of the double pass NF pet ofi permeate was equal to 25 kWhAyon average, in high

TDS concentrations, 141%.5 kWh/n¥ undernominal and low TDS concentrations and 10 kWhifm

the lowest limit. The pressure losses over the membranes from the feed to the concentrate stream
were always 11.5 bar. There was no neddr chemical cleaning of the membranes throughout the
experimental campaign.

EC NFFirst Pass NFSecondPass Overall
- (mS/cm) Recovery Flux TMP Recovery Flux TMP Recovery En.C
(%) (L/m?h)  (bar) (%) (L/m?h)  (bar) (%) (KWh/md)

Upper 68-82 32% 10 38 71% 8 14 23% 25
Limit
Nominal 3345 68% 14 37 75% 10 12 54% 16
Condition
Low Limit ~ 27-30 72% 18 34 80% 13 13 57% 14
Lowest 17-20 74% 18 21 79% 13 10 58% 10
Limit

The average water quality of the NF feed, permeate and concentrate during upper limit, nominal
condition, low and lowest limit experiments are givenTia , , and ,
NBaLISOGAGSted C2NJ Fff O2yRAGAZ2Y&ES GKS RAQGIE Sy
rejection that was 90% in the low limit condition. The monovalent cation rejection was less than 46%
in all conditions. For nominal TDS concentrations,divalent cations were concentrated by the first
pass NF approx. 3 times, allowing for more effective recovery of Ca@d)Mg(OH)by the
subsequent crystallizer. For high TDS concentrations, it was possible to concentrate the divalent
cations only by 4 times,whereasthey were concentrated by-8.2 times in the low limit conditions.

I A3KSNI 02y OSy (i NI A 2 yhdeFnborinaldh#itior? M low dndilewerllinfi®erea 3 u s
reached due to the higher water recoveries that were achieved compardee high limit.

5 Thedenergy consumptiobA & NB F BriN@lifStie tablés ofdhis report.
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Upper Limit
NFFirst Pass NFSecond Pass Rejection (%)

Parameter Feed Permeate Concentrate Permeate Concentrate

bla o 11.6 9.7 11.6 7.9 12.8 32

Ya o3 0.3 0.3 0.2 0.2 0.3 13
adusa ¢ 1.8 0.1 2.4 0.0 0.4 98

/' Fua « 13.8 15 18.8 0.5 4.0 97

/I te o 38.4 20.0 53.3 23.6 23.6 39

Nominal Conditions

NFFirst Pass NFSecond Pass Rejection (%)
Parameter Feed Permeate = Concentrate Permeate Concentrate
bl a o 6.2 5.2 7.3 3.9 7.8 37
Ya o3 0.2 0.2 0.2 0.1 0.2 22
adusa 0.7 0.0 1.9 0.0 0.1 99
[ Fua 4.9 0.5 134 0.1 1.5 99
/[ fte o 17.1 9.6 36.7 6.5 135 62
Low Limit
NFFirst Pass NFSecond Pass Rejection (%)
Parameter Feed Permeate  Concentrate Permeate Concentrate
bl a ¢ 5.4 4.1 7.9 2.9 7.4 46
Ya o3 0.2 0.2 0.2 0.1 0.2 17
adusa ¢ 0.3 0.1 1.2 0.0 0.2 920
[ | usa 25 0.4 9.3 0.2 1.7 94
/I te o 11.9 5.2 16.2 5.2 13.6 57
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Lowest Limit
NFFirst Pass NFSecond Pass Rejection (%)

Parameter Feed Permeate  Concentrate Permeate Concentrate

bl a o 3.7 3.7 5.6 2.2 4.7 41

Ya o3 0.1 0.1 0.1 0.1 0.2 40

a 3 Ygil) 0.3 0.0 0.8 0.0 0.1 95

[ ua 1.6 0.2 5.6 0.1 0.7 97

/[ fe o 6.1 7.0 12.7 4.4 10.9 27

The fully automatedNF unit provided a stable operation by only regulating the permeate, the
concentrate, the recirculation flow rates and the antiscalant dosing in the beginning of each
experimental campaign. Without changing the operating conditions,uthieé could continuously be
functional and operational without much supervision.

The ionic separation b)MFproved thatthe processvas always efficient, independently of the feed
water composition. Limitations in thenitQ &ecovery were observed in the higher feed TDS
concentratons(upper limit experiments)where the osmotic pressure of the water in high recoveries
overcame the maximum applied pressure of 40 bar that the NF could handle.

Crystallizerunit provided byUNIPA

Long run experimental tests were performed. Theation of these tet were onaverage 8 houts
The energy consumptioper m® of treated water was equal t08.1 kWh/n?. The mean ion
concentratiors of the feed brines exiting from the NF unit are showrTinle15. These long run tests
allowed the analysis of MPFR stability in terms of flovate and outlet pH. These tests also
demonstratedthe stability of the MFPFR in terms of the quality of the phacedMg?* and C4&'.

and display the concentration dflg?*, C&* and Na' for the three tested brines. These
figuresalso display the maximum and minimum value of each concentration

Brine coming from NF~ Na' K ca* Mg?* CcQo?* Ct SO
[g/L] (g/L] [g/L] [g/L] [g/L] [g/L] [g/L]

Lowand LowestLimit 9.2 0.20 12.5 15 0.33 305 0.11
Normal Condition 9.1 0.24 13.4 18 0.12 66.5 0.40
Upper Limit 11.7 0.24 174 2.2 0.17 45.3 0.65
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Firstly, the stability and robustness of the MFR wasnalyzedover time. During experiments,
relevantoperationparameters such as outlet pH and flow rate of the brine and alkaline solutions, were
recorded in order to assess thehaviorof the unit. The assessment was performed by plotting the
outlet pH and brine flowrate over time for both precipitatio(is ). The operative parameters

set to test a normal feed brine are displayed-in afor Mg?* precipitation and b for C&*
precipitation.
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As displayed in , the experiment consisted of three main parts: (i) stapt (ii) steadystate

condition and (iii) cleaning. This procedure was followed for the precipitation of the Amgl C&"
hydroxides. During the starup, the flow rates of the brine and the alkaline solutiere adjusted
until reaching the required outlet pH values. Once the two flow ratege set, the MFPFR reaclee
the stationary condition and remadd operational for 78 hours. At the end of the experiment, the
MFPFRuwvas cleaned using a solution dClin order to dissolve th#1g?* or C&* hydroxide scaling. The
cleaning process requidel 0-15 minutes foiMg?* precipitation and 20 minutes fa€&* precipitation.
Finally, the reactowasflushed using tap water.

As shown in , the outlet pH and both flow ratesere stable which highlights the stability of

the MFPFR once the stationagonditionwas reached! also displays that it was possible to
precipitateMg?* and C&" in a fractionated way, through a fine control of the outlet pH. Moreover, a
small adjustment during the experiment was needed due to the change in brine composition as
mentioned insub-chapter4.3.2

In and ,the operative conditions for the recovery bfg?* andC&* hydroxideare given,
respectivey. The quality of the Mg(OkHand Ca(OHyecovered through the two precipitation steps
was assessed using sample analysis following the analytical procedure reipostdethapter4.5.2

The purity and conversion dig(OH)are reported in and for each performed test
respectivelyThe purity of the Mg(OHyvas determined in terms &% ofMg of the total mass of cations
detected in the solid sample. Crystal analysis results showed that orflyalid) Ca* were present in
the solid product and that the puritwas affected by the cgrecipitation ofCa&CQ, as onfirmed by
the XRD analysigs it can be seen in , Mg?* precipitated as Mg(OH) (Brucite), but theCe&*
precipitated as Ca&CQ (Aragonite and Calcite). The precipitation G8CQ occurred when high
concentration oHCQ ions in the feed brinevere observed.
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Brine coming from NF pH Operative Condition Volume Worked
Brine Flow NaOH Flow  NaOH ez Hours
Rate Rate
L/min L/min mol/L L
Nominal 03/12/2019 10.5 2 0.35 0.4 600 4
Nominal 11/12/2019 10.6 12 0.45 0.4 1,000 8.5
Nominal 13/12/2020 10.5 1.3 0.46 0.4 1,000 8.5
Nominal 17/12/2019 10.5 1.2 0.42 0.4 1,000 8.5
Low 12/02/2020 10.5 46 0.17 0.5 1,000 6
Low 14/02/2020 10.5 3.8 0.12 0.5 1,000 4.5
Nominal 18/02/2020 10.5 27 0.38 0.5 600 4
Nominal 20/02/2020 10.8 1.6 0.4 0.5 1,000 8.5
Nominal 22/02/2020 10.3 2.5 0.3 0.5 1,000 55
Nominal 26/02/2020 10.3 2.8 0.3 0.5 1,000 7.5
Nominal 03/12/2019 10.5 2 0.35 0.4 600 4
Brine coming from NF pH Operative Condition Volume Worked
Brine Flow NaOH Flow  NaOH el Hours
Rate Rate
L/min L/min] mol/L L
Nominal 04/12/2019 13.2 3 0.70 2 1,000 5
Nominal 12/12/2019 13.0 1.3 0.42 2 1,000 8.5
Nominal 18/12/2019 13.0 1.1 0.45 2 1,000 8.5
Low 13/02/2020 13.2 14 0.35 4 1,000 7.5
Low 15/02/2020 13.1 1.8 0.30 4 900 7
Nominal 19/02/2020 13.1 1.6 0.36 4 900 7
Nominal 21/02/2020 13.3 1.2 0.30 4 600 6
Upper 28/02/2020 13.1 1.5 0.32 - 500 5
Nominal 04/12/2019 13.2 3.0 0.70 2 1,000 5
Nominal 12/12/2019 13.0 1.3 0.42 2 1,000 8.5
Nominal 18/12/2019 13.0 1.1 0.45 2 1,000 8.5
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Figure28: BARCHART SHOWING THE PURITY OF THEARGOBWCED, THE CONCENTRATION@BLMEK LINE WITH

ORANGE MARKER) AP (BLACK LINE AND MARKER) IN THE FEED BRINE AND THE RECOVERY M§EISIENEY OF
FORM ORg(OH).
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Figure29: BARCHART SHOWING THE RECOVERY KR&TPIERING THE FIRST STEP.
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Figure 30: CUMULATIVE XRD RESULTS OF ALL MSOHILESTHE Y-AXISIS THEINTENSITYCOUNTS)WHICH
REPRESENM3ENTENSITOFX-RAYAFTERHEDIFFRACTIOMITHTHECRYSTAIATTICEHEX-AXISSTHEANGLEVITH
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The purity and conversion @gOH)are reported in and for each performed test,

respectively.The purity of the Ca(Oktyvas determined using theame method as for Mg(OH) The
results of IC showed that only Ffgand C&" were present in Ca(OkRwhich indicates that the purity
was only affected by the eprecipitation of Mg*as Mg(OH) Thiswas due to the incomplete recovery
of Mg?*in the first step of precipitation.

Interestingly, the overall recovery of Mfgonsidering the first and the second steps of 100% in all
tests performedwhereasfor C&* valueswere always above 90% and often approaching 10@8te
achieved, thus indating a very high efficiency of removaldi¥alent ions preparing the feed to the
evaporation/concentration step.

Moreover, it should be pointed out that during all experiments with-RFR no scalingasobserved
Duing operation there was a formatioof hydroxide scaling on the surface of the reactehich was
Mg(OH) (first precipitation step) and Ca(QHsecond precipitation step). Neverthelessdid not
Ol dzaS Ftye AyaluloAfAde 2N Y FdzyOuAazy 2sfariekS
out after every experiment in order to dissolve any formed scaling as explained-chapter4.3.2
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Figure31: BARCHART SHOWING THE PURITY OR(CH#E PRODUCED, THE CONCENTRAT I ‘QBLACK LINE WITH

ORANGE MARKER) AB& (BLACK LINE AND MARKER) IN THE FEED BRINE AND THE RECOVERY GEAICIENEY OF
FORM OEgOH}),
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Overall,satisfyingresultswere found both in terms of removal efficiency (between 95 and 10faf¥o)

the divalent cations (M&§ and C&), which allows for effective processing of the remaining brine in the
MEDevaporator.

However, the target purity of Mg(OHgrystals(above 90% based orgrant agreement73039Q
produced in the reactor was achieved in many, but not all experiments. As commented above, the
undesired presence of Cag@o-precipitated with Mg(OH) was likely due to the very high
concentration of C4 and HC® ions in the feed brine. The high concentration of these ions in
combination with the highpH values in the MPFR reactor, led to the qwecipitation of these
undesired products.
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A strategy to solve this problemasidentified, that consistof a simple andast degassing step of the
feed brine (for C@and HCQ@ removal), before the MHPFR. This strategyas tested in a new
experimental campaign carried out at UNIBAne ExcellenCenter(BEQ satellite laboratory using
artificial/real brines with a similar composition to the brines providediyP of EI\WTheoutcomeof
this research can be found #nnexE Further Testing for Improved Performance and Relialjl®jte 01

The experimental campaign highlighted the intrinsic robustness of the unit when operated irulong
tests. However, the lack of a fullyitomatedcontrol, required significant care fnothe operator, when
unexpected variation in the feed brine compositiooccurred which male this controlling system not
suitable for an industrial scalgp. On this basis, UNIPA along with collaborating partners, highlighted
the need of improving the coml system in order to allow a more robust management of the brine
and alkaline solution flowates minimizing any human erroneous evaluatidhe outcome of this
research can be founith Annexg Further Testing for Improved Performance and ReliahjlBjte 01

MEDEvaporator unit provided by NTUA

The MED evaporatavas the last part of theilot for brine treatment.As itwasalready mentioned, it
concentraed the inlet brine, producing two subsequent streams. Timit received brines from two
streams (i)the NF permeate angli) a mixed stream d¥IF¢PFR effluerandNF permeateThe average
concentrations of major ions in inlet bririe the different conditionsare presentedn and

for the two brine streams The NF permeate as expec@shtainedlow concentrations o€&*
(0.04g/L to 0.07g/L) and the average TDS for the different conditions (low limit, nocoimditions,
upper limit) that rangd from 6.4 g/L to 23)/L. The MAPFR effluent and the NF permeaiix stream
hadalso low concentrations &@&* and the TDS for the different mixed inputs raddgem 22.4 g/L to
35.8 g/L. The conditionsnder whichthe unit was tested with the mixed brine were the low limit and
nominal conditions.

Parameter Low Limit Nominal Conditions Upper Limit
Na' (g/L) 2.7 6.4 9.7
c&"(g/L) 0.07 0.04 0.04
Mg?* (g/L) 0.0 0.0 0.0

Ct(g/L) 3.6 121 12.7

TDS (g/L) 6.4 19.0 230

NaCl (%) 0.64 1.9 2.3

Parameter 100% MFPFR 50% Permeate 50%  75% Effluent; 25%  75% Permeate 25%
Effluent Permeate Effluent

Na* (g/L) 17.7 14.8 16.9 105
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ca*(g/L)
Mg** (g/L)
Cl (g/L)
TDS (g/L)
NaCl (%)

0.03
0.0
145
32.2
3.2

0.04
0.0
10.1
24.9
2.4

0.03
0.0
18.9
35.8
3.5

Experimental results from NF permeate brine

ZERO BRINE

0.01
00
12.0
22.4
2.2

The average concentrations of major ions of the product waimsndensate)and produced
concentrate solution from the NF inlet brine are presented in
conditions (low, nominal and upper limit). The following tables presentatherage values of each
condition.The water quality results show that the condensesporwas a highquality waterthat can

be used in several industrial sectors.

Parameter
Na" (g/L)
ca*(g/L)
Mg** (g/L)

Cl (g/L)
TDS (g/L)

Parameter
Na' (g/L)
ca*(g/L)
Mg** (g/L)

Ct (g/L)

TDYg/L)

NaCl (%)

In and

average value for (i) nominal conditions 65.6%, (ii) the upper limit 66.3% and (iii) the lower limit 73.3%.

Low Limit
0.16
0.02
0.0
0.18
0.40

Low Limit
15.6
0.63
0.0
235
39.7
3.9

Nominal Conditions
0.14
0.01
0.0
0.14
0.29

Nominal Conditions
23.9
0.93
0.0
442
69.0
6.8

for all examined

Upper Limit

0.13
0.03
0.0
0.13
0.29

Upper Limit
35.0
11
0.0
382
74.2
7.5

, the water recovery of theinit and the NaCl purity are presented. The most
representativeexperiments have been selected. The water recovery rdrigen 63 to 90%, with an

The NaCl purity rangfrom 92 to 98% with an average value fmominal conditions 93.3%, (ii) the
upper limit 95.5% and (iii) the lower limit 94%. The produced regeneration soluiibra NaCl content
from 3.9% to 7.5%eenedto have a sufficient quality to be reused by the same factoryEdresins

regeneration(

)-
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Figure33: WATER RECOVERY ORUNMEN CASE OF NF PERMEATE AS INLET BRINE
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Figure34: Nad PURITY OF THE BRWMEASE OF NF PERMEATE AS INLET BRINE
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The average concentrations of major ions of the product waimsndensate)and produced
concentrate solution from te NF permeate mixed with MPFR Effluent brine are presented
and . The following tables present the average valuHse water quality results show that

the candensatevaporproduced from the mixed streamvas alsoa highquality waterthat can be used
in several industrial sectors.

Parameter 100%MFPFR 50%NFPermeate¢ 75%MFRPFREffluent  75%NFPermeate;

Effluent S0%MF-PFREffluent ¢ 2505NFPermeate  25%MFPFREffluent
Na* (g/L) 0.12 0.14 0.13 0.12
ca&* (g/L) 0.01 0.01 0.01 0.01
Mg?* (g/L) 0 0 0 0
Cl (g/L) 0.12 0.13 0.13 0.14
TDS (g/L) 0.24 0.41 0.27 0.24
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Table23: BRINRQUALITOFPRODUCHREGENERATISNLUTIOMNaCREACHN CASE OF MIXED STREAM AS INLET BRINE

Parameter 100%MFPFR 50% NF Permeate  75%MFPFREffluent  75% NF Permeate

Effluent 50% MFPFR Effluent ¢ 2504 NF Permeate 25%MFPFREffluent
Na* (g/L) 262 28.8 32.9 22.35
ca&* (g/L) 0.03 0.03 0.02 0.02
Mg?* (g/L) 0 0 0 0
Cl(g/L) 28.4 17.1 20.2 163
TDS (g/L) 54.6 45.8 52.8 38.6
NaCl (%) 5.4 4.6 5.3 3.8

In Figure35andFigure36the water recovery of thenit and the NaCl purity are presented. The most
representative experimentsvere selected. The water recovery rargygrom 70 to 90%, with an
average value for (i) nominal conditions 80.6%, and (ii) the lower limit 87.2&dNaCl purity range

from 70 to 99% with an average value for (i) nominal conditions 98.4%, (ii) the upper limit 95.5% and
(i) the lower limit 91.2%. The obtained product (regeneration solutiith a NaCl contentanging
between3.8%and5.4%seened to have a sufficient gality to be reused by the same factory 1&X

resins regeneratiofirable23).

Figure35: WATERECOVERXFTHEUNITIN CASE OF MIXED STRESNMNLET BRINE
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Figure36: Nad PURITY OF THE BRWEASE OF MIXED STREAM AS INLET BRINE
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Regarding the energy consumption, during Sit@ildt operation theunit worked with electricity. The
energy consumption of thenit ranged from 30&kWh/m? of condensate to 50BWh/m? of condensate.
The monitoring wasarried outby the SCADA control system. inble24 a heat balance is presented
from a representative experiménThevolume of theinlet brine at this experiment was 1QQ the
condensate 7 and the concentrate 30. The temperature of thenlet brine was 12C, while the
temperatures of the condensate and the concentrate were®mnd 53C, respectively.

Table24: INLETANDOUTLEHEATTOTHEMEDEVAPORATQRIT(exampleon 14/01/2020)

Process Part Energy KkWh/100 L inlet bring
1t effect 26.7
2nd effect 21.7
in Preheater 16
out Preheater 217
Losses 35

The total heat input to theunit wasthe sum of the heat inlet at the®teffect, the heat inlet at the
preheater and the losses, whiggualedto 32 kWh or457 kWh/n? of condensate (water produced).
The heat input required for the"2effect wasobtainedfrom the vaporsof the 1 effect.

As an overall evaluation, tHdEDevaporator unit helped the pilot to reach the initial objectives of the
project. The rguired concentration for the IEX regeneration, as well as high quality and purity water
recoverywere achieved
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When theunit worked with NFfpermeate the TDSconcentration of the brine at the end of the process
rangedbetween39 g/Land 74 g/L and when the mixture of the MPFFR and Npermeatewas tested
the TDSconcentration rangedetween38 g/L and48 g/L. The NaCl purity rangeldetween92%and
99% and the water recovebetween70%and 90%.

6.1.2 Site 01 Overall Pilot Performance Evaluation

In an overview of Site 01 pilgierformance is giverAn important achievement of Site 01
operation was theproof of principle.The application of th&lF unit forthe separation of multivalent
and monovalent cations from th&X-brine was successfidincerejections of multivalentcations was
above90%whereas NaCl permeated by -58%.In this way a concentrate streawith highMg?* and
Ca&* concentrationwas produced for theoperation of the MFPFR The latter was found tdnighly
remove Mg and C&", while recovering them as hydroxides. Specifically, tmoval ofMg?* after
both stage reached 100%<90% after 1 stagewhile C& was above 90%lhe purity ofrecovered
Mg(OHj) crystalswas on average 88.69%nder nominal conditionsThe target purityof 90%was
achievedn someexperiments but not alldue tothe co-precipitaion of CaC@ The purity of recovered
C4OH) particleswas aboved(%. It can be cacluded thatMF~PRR performance was satisfactoiin
terms of Mg?* and C&' removal efficiency, whichiesulted in & effluent streamwith minimal
concentrationof divalent ionghat could effectively berocesed by thesubsequenMEDevaporator
unit. Snce theMEDevaporatorwasthe final component of the whole process at Site the results of
this unitreflect the effectiveness of the entire proceSherecoveredwater by the MED evaporator
obtained with either one of théVIEDevaporatof feed streans (NF permeateand MFPRR effluent)
as well as théested mix streanswas a highpurity water (TDS < 0.4 g/Lhat maybe used in several
industrial sectorsTheoverallwater recovery oSite Olpilot in case of the mixed streatreatment by
the MEDevaporator reachedh value of 8% (under nominal conditions)Simultaneouslya highly
concentrated NaCl solutiof8.9%7.5% NaCWvasrecoveed that may besuitable tobe used for the
regeneration of EX unitsFinally it can benoted that nominal andlow limit conditionswere more
favorablefor Site 01 pilobperationwhereasupperlimit conditionswasmore challenginglue to lower
separation of multivalent and monovalent ioimsthe NF unit.

From a research perspective, Sitefilbt results demonstratd ZERMBRINE as an effectieencept

for the treatment of the regeneration effluent dtie softening IEX unit while recovering minerals, salts
and water. Implementation of ZERO BRINE concept and technolmgiegotentiallyeliminae the
discharge of IEX brine into tharbor, furthermore, itcanreduce theoverallwater consumptionand
NaCl saltequirementsfor regeneration of IEX resins thie Evides DWP. However, from an industrial
application perspective, the energy and raw e@l consumption required for the process need to be
further investigated in order to assess the economic feasibility of thesdalle implementationit is
necessary to assess the environmental and economic impacts of brine treatment and recovets of sal
and minerals athe industrial area of Botlek. Thetails theinvestigaton of the life cycle costingpr
Ste 01 treatment process and thexplomtion of amarket for the recovered products arehergy
sourcesin orderto demonstratean economic circularity and tminimizethe environmental impacts
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andmaximize theeconomic benefits of productiofthese investigabnswere performed in WP8 and
WP9of the ZERBRINE projeft
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Figure37: OVERVIEW PILOT PERFORMANCTE 01
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research and innovation programme under grant agreement No 730390.
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6.2.1 Site 02PerformanceEvaluation per Technology
Nyex unit provided by Arvia technologytd

During the trial period, the Nyeunit was operated both upstream (Mode 1) and downstream (Mode
II) of theNFunit. In both positions the aim of the Nyexit was to remove the organicataminants
present in brine. The aim of theANinit was to concentrate both the ions and the organic content,
prior to organic treatment in the Nyaxnit. belowsummarizeshe main parameters that could
have an impact on the performance of the Nyait.

Symbol Unit Mode | Mode I
Feed Effluent Feed Effluent
Ct g/L 0.78 0.71 29 2.6
Na* g/L 1.1 1.3 6.8 5.6
HCQ g/L 0.46 0.11 0.81 0.39
SQ* g/L 0.36 14 3.8 79
TOC mg C/L 130 2.3 314 32
EC mS/cm 5.0 5.7 209 19.8
pH - 8.7 6.2 8.9 6.9

From the data of the overall performance operating in the two modes, a number of observatoas
immediately apparent.These were:

1 The concentratioaof ions and organic contaminanits the brine afterNFwere significantly
higher than before concentrain. Hence the ECand organic concentration in the feed to the
Nyexunit operating in Mode Wwasmuch higher than when operating in Mode |. Thessa
10 fold increase in TOC content (aB@? ions) with lower increase in the ionic content of
smaller ions (for example thexgasa 6.2 and 3.7 fold increase ka" andCl ions, respectively),
due to the size selection of tHéFprocesgmore details in the NF discussion part)

1 Therewas a small drop in th€l concentrationwhen the unit was both operated in Mode |
andModell (9.00and8.6% respectively). Thigas likely due to the electrochemical oxidation
of Clions toCb. This is supported by thabservationthat Chwas producedluring the process
as the smell was noticeable, particularly days whee the unit was out of operationCh
production was expected due to the high concentration and &b sensorwasinstalledto
ensure that health and safety risk&re minimized

1 The treatment of the brine occurreghderacidic conditions (based on results from the earlier
research phase) which was achieved by adtis8Q to the brine. As expected, there was a
reduction inHCQ@ ions as the acidic conditions would result in the los$1GQ through its
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conversion to carbon dioxide. The use H¥SQ to achieve acidification also explains the
increase irSQ% ions in both Mode | & Il operation.

9 After treatment, the brine effluentwas neutralized using, in this casédl)aOH Hence an
increase irNa' concentration when the brinevasin more dilute form (Mode 1) was expected.
However, therewasa reductionin Na" concentrationwhen the brineTDSconcentrationwas
higher (Mode Il). This was not expected, but the resalsbasedon only 2 samples.

TOC reductions of 82.3% and 89.8% for Mode |r&dpectivelywas achieved.

shows that the organics removal Mode |, which wasypically 70¢ 90%, visually appead
to show small increases in the outlet TOC when theasan increase in the inlet TOC concentration.

below confirms that theravasa weakcorrelation (R = 0.55) between the inlet and outlet
TOCs, with the treated effluent having a higher TOC when tivaea higher inlet TOC. However,
there was a stronger correlation between the ma@€ = 0.98)and concentration(R = 0.99 of TOC
removed and the inlet TOC concentraticrig( ). These similar correlations between mass and
concentration removal with the inlet TO€n beattributed to the fact that the flow rate was
reasonably consisterfaverage flow rate 93Wh, range 907 990L/h). This result iso be expected as
electrochemical oxidation at the lower organics level is usually mass transport controlled with the
limiting factor being the transport of organics to the electrode surf@saldone, 2009 his suggests
that increasing the turbulence between the electrodes may enhance the removal rates as it will
increase the mass transport. Increasing the inlet organic concentration will achieve a similar increase
in organic removal rates.
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Figure38: INLETANDOUTLETOCSHOWINGHEVARIATIOMN ORGANICBREMOVAIN MODH
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Figure39: IMPACTOFINLETCONCENTRATION OUTLETOGCCONCENTRATIGNDPERCENTAGREMOVAIN MODH
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Effect of Inlet TOC on TOC removal
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Interestingly this pilot trial demonstratethat with the exception of the sample with a very low inlet
TOCconcentration (< 1.5 mgy), the removal efficiencywas not affected by the inlet concentration.
Therewas only one sample with an inlet TOC < 1.5Igwghich makes it difficult to make comments
on the significance of this sample. Since the treated brine TOC concenwhtlia samplenas very
much in linewith the outlet TOCs of the other treated brines, it may be that the result from the inlet
brine sample was either a samplingstakeor analytical anomaly. Alternatively it may be that there
is a limit to the final concentration that can be achievédthere was only one sample, ivas not
possible to speculate as to whethemiasan anomaly or a function dlfie design Further investigation
will be needed to validate thisypothesis

In Mode Il operation, the concentration of inorganics in the liqphdsewas over 10 times higher due
to the concentration achieved bMF This increased the removal efficiency of @t operating in
Mode llat 89.9%( ) comparedto Mode | (82.3%), but the concentration in the treated brine
effluentwas higher in Mode 32 mg/L)comparedto Mode | (2.3 md)).

In Mode Il operation theravasalso a good correlation between the inlet TOC and dbh#et TOC,

providing a good correlatioof the inlet TOQvith the TOC removal (mby, while with the removal

efficiency again not showing any correlation with the inlet TOG and ). However,as

it can be seen in , the TOC removatate (g/h) at the higherorganic concentration shoed

much greater scattethan TOC removalate (g/h) achieved at the lower inlet TOC concentration in

Mode | This is because the flow rate used during these trials varied frong 38D L/h. As shown in
there was a high correlation between the flovate and the TOC removal rate (g/h). This
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strong correlation between flow and TOC remowat expected because the electrochemical process

is mass transfecontrolled at these comparatively low organic concentrations (typically below 1,000
mg/L electrochemical oxidation processes will be mass transfentrolled (Scialdone,2009).
Enhancing the turbulence within theit is likely to result in improved removal efficiencies as the mass
transfer coefficient will be improved. As anticipated, the organic (as measured by TOC) removal rate
(g/h) wasmuch greater at the higher inlet orgardéoncentrations.

Figure4l: INLETANDOUTLETOCSHOWINGHEVARIATIOINN ORGANICBEMOVAIN MODHI

TOC Removal in Mode Il operation
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Figure42: IMPACTOFINLETTOCCONCENTRATIQNOUTLETOCCONCENTRATIGNDREMOVAEFFICIENOYMODE
Il
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Figure44: IMPACTOFFLOWRATEONTOCREMOVAIN MODHI
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The major energy required by the Nyanit wasfor the electrochemical treatment of the water. Hence
the energy usevasbased on this parameteiThe average energy required to treat £ of brine in
Modes land Il wascalculated to be 5.7 anfl.0 kwh/m? brine respectively. The key electrochemical
parameters aresummarizedn Table26.

Table26: VOLTAGENDCURRENISAGHN MODH ANDII

EC (mS/cm) Voltage (V) Current (A)
- PSU1 PSU2 PSU1 PSU2
Mode | 5.0 6.7 7.0 373 379
Mode I 209 5.3 57 400.4 399.8
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Figure45s:
Effect of Conductivity on PSU voltages
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Whilst Figure45 clearly shows a reduction in voltage when theras a large increase iBCas the trial
converied from Mode | operation to Mode Il operation and then back again, it is clear that there
appears to be no link between the smaller changeg&@within a mode of operation. The lack of
correlation between applied voltage aftOvhen operating in one mode @nother indicates that the
voltage fluctuations from internal processegere masking any small change in voltage dueEto
changes in the brine. The most likely cause of these internal variations is likely to be the bubbles
generated at both the cathodena anode. Within the electrochemical cell, when a curremassing,

a number of electrochemical reactioteke place. These include the generationtbfat the cathode
through the electrochemical reduction of water and carbon dioxide (from the oxidatifothe
organics)Ch (from the oxidation ofCtions) and oxygen, from the oxidation of waterjShestakova

& Sillanpda, 2017) All these form bubbles on the electrodes and these bubbles createna
conductingarea on the surface of the electrodes until they are large enough to coalesce and escape,
providing a varying surface area available for the current to pass through, which gives a fluctuating
current density at the electrodes resulting in voltage variasio These voltage variationsere
sufficient to mask the relatively small changes observed when tiere small changes i&C

However, theEGn Mode Il operatiorwas a factor ofour larger than during Mode | operation and this
was sufficiently large tht a noticeable difference in voltageas observed between the two modes of
operation (typical reduction in voltagegasabout1.4V).

The Nyexunit operated with two banks of cells within the treatment tank, treating the same water,
operating at the same nominal current of 480 Hence the voltage across both power supplies should
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be very similar. During this trial the differences in the applied voltage on PSU1 and PSU2 when
operating in Mode &ndMode Il were 0.3V and 0.3, respectively, a significadifference to sugges

that the unit operated slightly differently. The fact that the differenegassimilar suggests that there
wasan additional resistance within the electrical system from PSU2 to the cell as it is not impacted by
the change irEC(hence the change is a tdsof factors outside the electrochemical reaction zone).

Overall, it was observed that the energgquired was 5.7 an6.0 kwh/m? brine whenoperating in
Mode land Modell, respectively. The slightly higher value observed wbitgrationin Mode llwas a
result of the flow through theunit being lower during these trials (average flow 786 in Mode I
against 919/h in Mode 1). If a similar flow rate had been used during Mode Il then a lower energy per
m? brine would have been expected, as the vgkian Mode 1l operation was lower.

However, the mass of organic material removed pérmifithe brine treatedwassignificantly greater
in Mode Il observed removal rates were 9.9 and 190 g/h in Modasdll, respectively). Calculating
the energy requird to remove a kg of TOC in Mode | and Il, gives 535 artl k¥8¥h/kg TOC
respectively.

Labresearchby Arviahasshown that pH adjustmenat a value of Zjives better results, but this
requires additional chemical usage: belowsummarizeshe changes in pH through thait and
the chemical additions required.

Parameter Mode | Mode Il
Inlet pH 8.9 9.1
Acid added [/h) 3.6 5.7
Acid added (/m3) 4.0 85
pH pre Nyex 2.7 3.6
pH post Nyex 3.1 5.9
BaseaddedL/h) 38 13
Baseadded (/m?3) 4.1 19
Outlet pH 6.6 8.2

In order toobtain suitable treatment, it was found necessary to acidify the brine before treatment
through the Nyexinit. Treating the concentrated brine solution (Mode II) required over 50% more acid
and even with this addition the pH achieved was not as low as when acidifying the dilute solution
(acidified pH was 2.7 in Mode | and 3.6 in Mode Il). This is likely toebi doe buffering effect from

the higher ionic content within the concentrated brine.

However toneutralizethe brine before discharge required only a third of theOHoperating in Mode
Il (and it achieve a higher discharge p#8.2 comparedo 6.6 in Mode I). It can be seen from the table
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that lessNaOHwasrequiredbecauseafter electrochemical treatment, the ptas much higher when
a concentratedbrine wastreated (59 in Mode 1l compared with 3.1 during Mode 1). @kt ionswere
produced at a ratedhat dependens on the current and the current was similar both trials, it is
evident that the increase in pH during electrochemical treatment in Mod&aH not a result of
increasedOH production at the cathode. It should be noted that this is asuagption based on
previous Arvia experience that the only significant reaction at the catiagethe reduction of water.
Hence it is likely that the chandgmppeneddue to reactions at the anode.

When treating the concentrated organic brimeMode Il,significantly more of the electric chargesnt
into the oxidation of the organics, shown by the much higher organic removal rate. Similarly operating
in Mode Il means that thererasa higherCt concentration in the waterThus, sme of the charge also
went towards the oxidation of th&€tions toCb. However, a similar chargeaspassed when treating
the dilute brine solutiorin Mode I, but much lesshargewent towards the oxidation of organics Q.
Hence more of the charge resettin a different electrochemical oxidation reaction thaight have
taken place at the anode. Thigas the oxidation of water to forn®,. During this reaction, hydrogen
(H" ionswere also produced. Thedd" ions then reaatd with the OH ions produced at the cathode.
As moreH" ionswere produced in Mode | to react with th®H ions produced at the cathode, there
were fewer OH ions in the brine to cause an increase in pH. As fé#éonswere produced when
operating in Mode I, theise in pHvasmuch greater as less of th@H ions produced reaetd with

the H*ions.Hence in Mode |l therereretwo oxidation reactions reducing the water oxidation reaction,
so the pHwas able taise more in Mode I, reducing the quantity MdOHneededfor neutralization.

summarizathe effect of the two different modes to the Nyemit. Asit can be seen, operating
in Mode llgavea number of operational benefits compared with Mode | operation, particulamdy th
OPEX saving. Thisms due to the preconcentration stage wherblFincreases the ionic strength and
organic concentration within the brind.his obviously involwkadditional upstream processing and
the additional costs of this need to be considered. The higher organic contenE@hehds to
considerable OPEX saving and higher organic removal rates as the pvasesass transport limited.
However, the final organ concentration achievedias not as lowas whenoperating in Mode |. This
may be a deciding factor depending on the expected use of the brine downstream of thailiex
Each brine will need assessment to determine whether there is benefit in the upstpeacessing.
Two Nyexunits operating in series witiNF unitupstream may provide an optimal operational
arrangement for the treatment of brine solutions, but the additional CAPEX and operational
complexitywould need to be considered.

Conductivity Mode | Mode Il
Voltage s +
Removalrate - +
Removalefficiency = +
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OPEX -

CAPEX (Nyex unit only) -
Additional pre-treatment + -
Final organicconcentration + -

Nanofiltration unit provided by Lenntech B.V.

Not all acquired data from the Nihit was considered for the evaluation of its performance. Many
clearingin place (CIP) and membranes replacements occurred during the pilot operation. The reasons
that led to CIP and membrane replacement can be justified by the graphstii46, and

. Membrane fouling occurred in the end of July, resulting in high TMPs{medifference
between two sides of the membranej;id ). A sample of the concentrate stream was collected,
showing a whitecolor and having a pH > 1Zi( ). Moreover, when the sample was stored for
someminutes, a layer of white precipitate appeared at the bottom of the sample bottle.idsé@mple
was obtained from the NF concentrate, the white water was in contact with the NF membranes,
potentially causing inorganic fouling. The membranes were cleaned in the beginning of August.
Alkaline cleaning did not result in an improved performaatthe NFunit, based on the TMP and the
delta pressuref{P, the hydraulic pressure loss between the feed water and the concentrate). However,
acid cleaning using citric acid resulted in a decrease gffhend the required TMP to permeate water.
Hence, the fact that the acid cleaning proved to be effective, supports the suggestion that the white
pH>12 watedepicted in fouled the membrane. It is unclear how this water was used as feed
to the NFunit, since the RO concentrate from the RO units of Evides DWP has typically acblomwn
and a closdo neutral pH. Furthermore, spacer fouling resulting in higls €d to a second CIP of the
membranes in migSeptember. Interestingly, this time the alkaline cleaning, using NaOH, proved to be
effective, suggesting that the spacer fouling was caused by organic matter. Later in October, the
membranes were fouledyitnesseal bythe high TMP (up to 40 bars). The cartridge filters were black,
as it can be seen in (left). At that point, the NF membranes were replaced with new ones. By
the end of December, the TMP pressure was increased again, indicating membrane fouling. A photo
of the cartridges was taken in mMovember2020, and presented in (middle). The greenish
colormight be algal growth. In the end of January, the NF membranes were replaced once again. Finally,
in the end of February, thaP increased again, ngiéing in a final CIP. After the last CIP, the TMP
started to increase again until the end of March 2021. The cartridge filtersine50 (right) showed
a brown color, indicatingorganic pollution. As it can be seenfn , the dzy" Apgr@@nance
became stable in the beginning of November 2020, after the replacement of the membranes for the
first time. For this reason, the evaluation of the dfii Q& LJS NWagbsdéd oyi D&Soperational
period after the beginning of Novemb&020 until the end of March 2021. The period thatas
excluded from the data analysis is indicatedkiin : and with a pinkcolor. The
cause of fouling was assessed by further arglythat can be found innex F: Further Analyses for
Identifying the Fouling of the NF Membranes
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Figure46: DELTA PRESSUYRE OF THE NBNIT
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Figure48: ION REJECTION BY THENNTF
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Figure49: SAMPLE OF THEGIBNCENTRATE ON 14 JULY 2020

Figure50: CARTRIDGE FILTERS OF THEINBN 12 OCTOBER 2020 (LEFT), 18 NOVEMBER 2020 (MIDDLE) and 19 MARCH
2021 (RIGHT)
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The recoveries, fluxes, TMP and energy consumption pef permeate of the NEnit for both modes

are presented infable 29 and Table 30. It should be noted that minimum fluxesnd recoveries and

high TMP occurred when the membranes were fouled. More specifically, the recovery and the flux
decreased Kigure 51 and Figure52) in December because of the high TMR)(re 47). Overall, an
average recovery of 90%, a flux of 22 #hvand TMP ofpproximately20 barswere maintained. The
average energy consumption was 4% kWh/n? permeate Antiscalant VITEC 400@s used, and

the dose wa.1 mL/m? permeate

Table29:
En. C (kWh/m) Recovery (%) Flux (L/nt/h) TMP (bar)
Minimum 3.2 87% 23 11.5
Average 4.5 89% 23 18.8
Maximum 5.6 89% 23 24.8
Table30:
En. C (kWh/m) Recovery (%) Flux (L/n/h) TMP (bar)
Minimum 3.6 69 15 11.8
Average 55 90 22 220
Maximum 9.5 90 23 37.6
Figure51:
NF - Recovery
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Monovalent ions werdessrejected by the NF membranes compared to divalent ion8ldde I,the
averageCl rejection was18% , whilethe averageSQ? rejection was93%(
was always below 23%, excdpt one experimentwhere itwas 48%The SGF rejection wasstable
varying from 925%. TOC rejection fluctuatedoketween 43 and 68%. The concentrationof the
interesting for the NRInit componentsin the feed, permeate and concentrate streamdvnde | are

presented in

In Mode Il, Clwas rejected by 31% in average, while®S@as rejected by 93%

. SQ% wasconcentratedoy 89 fold.

). TheCl rejection

). Cl rejection

fluctuated from 5 to 46%. SO rejection reached a minimum of 65%. This occurred only in two
experimentswhereasin the rest of the experiments SOrejection was above 869%0OC was rejected
by 83%on average with a standard deviation of 1Z¥0C rejection in Mode | was lower compared to
Mode Il because the bigger particles were already removed by Njexconcentrations dhe ions in

the feed, permeate and concentrate stmaof the NF uniin Mode Il are presented in

was concentrated by 1®ld approximately.

Parameter

bl s
/I t e
SQO%
TOC

Parameter
bl s

Unit

%
%
%
%

Minimum Average Maximum
27.0 320 37.0
6.0 180 48.0
92.0 93.0 95.0
43.0 52.0 68.0
Unit Feed Permeate
g/L 1.7 1.2

. S

SD
6.0
120
1.0
14.0

Concentrate
6.2
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/It e g/L 12 1.0 25
SQ% g/L 14 0.87 113
TOC mg CL 1.4 0.6 55
Parameter Unit Minimum Average Maximum SD
bl a % 520 59.0 68.0 10.0
/ f e % 5.0 31.0 46.0 110
SQ% % 65.0 94.0 100 12.0
TOC % 63.0 83.0 99.0 12.0
Parameter Unit Feed Permeate Concentrate
bl a g/L 1.0 041 6.1
/I fé g/L 0.65 0.45 2.8
SQ% g/L 031 0.022 39
TOC mg QL 130 2.8 260

The NFunit separated Clfrom SQ? in both modes, based on the $Cand Clrejections. S@ was
rejected by 9204 % in both modes on average. However, the rejection was more staMede |,
having a SD of only 1%. Furthermorew@k less rejeted inMode | (18%) compared tdode 1l (31%).
Therefore, on theone hand, it is concluded that the ionic separation was betteMiode I. On the
other hand, TOC wasore rejected inMode 1l. However, this was attributed to the different organic
compositon in the feed stream of the NF in the two modes. The TOC concentration in the permeate
stream was lower and equal to OmBg/L compared toMode Il,whereit was equal to 2.8ng/L. The
energy consumption was lower Mode | (4.5 kWh/rf) compared toMode Il (5.5 kWh/n¥). The
maximum values of the energy consumptions and TMHMade Il were much higher, indicating that
more severe fouling occurred when NF wadacedbefore Nyex. Overall, NF performed better when
Nyex was upstreanthus during Mode | operation

Reverse Osmosisiit provided by Lenntech B.V.

The energy consumption per’nof permeate, recovery, flux and TMP of the @ in Mode | and Il
are presented in and . In both modes, the average energy consumption wass®5
kwWh/m? while the average TMP was 224 bar. The average recovery and flux were 90 an@&4
L/m?/h, respectively. The low values of TMP (14 bar) in Mode Il can be related to the low EC values in
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the feed of the RO. For lower EC values (representative for the ion condgenjrate RO needs to
overcome a lower osmotic pressure to produce permeate, leading to a lower applied pressure,
resulting in a lower energy consumption. In addition, the decrease in the flux and recovery of the RO
unit in December K and ) were causedy fouling of the NFunit. Specifically, NF
membranes were fouled, resulting in lowering the capacity in order to continue the operation and not
exceed 40 bar. This also caused a decrease in the capacity of the RO so thaiuliddyoth run
simultaneously. Th@P over the RO memanes and the TMP remained stable during operation,
implying that the membranes also remained clean throughout the experimental campaign. Antiscalant
VITEC 4000 was used with a dose of lLiimipermeate.

En. C (kWh/m) Recovery (%) Flux (L/nt/h) TMP (bar)
Minimum 5.9 90.0 27.2 24.0
Average 5.9 90.0 27.3 24.0
Maximum 5.9 90.0 274 25.0

En. C (kWh/m) Recovery (%) Flux (L/n%/h) TMP (bar)
Minimum 4.2 85.0 18.2 14.0
Average 55 90.0 25.9 21.0
Maximum 6.5 90.0 27.4 27.0
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The RO performance was evaluated by the EC rejection. As presenrted-éns, the ROunit rejected
98% of the EC on average. The differendédihand Clconcentrations in the RO feed and concentrate
between Mode | and Il were caused by the composition fluctuations of the RO concentigtélet
DWR because also the NF feed and permeate had hifjfgérand Clconcentrations during the last
experiments irMode ll(March 202). The EC in the permeate stream is presenteddnres6. In

and , the feed, permeate and concentrate streams of thed®®reported.Na" and Clwere
concentrated by appramately10fold before theMEDevaporator, based on the ion rejection and the
achieved water recovery.

Overall, the EC rejections were stable and always higher th&b%tin both modes. In addition, the
energy consumptioshowedless than 10%lifference between théwo modes. Therefore, there was
not a significant difference in the RO performance betwesntivo modes.
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Parameter Unit Feed Permeate Concentrate
bl a g/L 11 0.08 112
/It e g/L 0.9 0.04 8.9
SQ% g/L 0.07 0.0 0.83
TOC mg/L 0.6 0.5 2.0
Parameter Unit Feed Permeate Concentrate
bl a g/L 048 0.02 45
I té g/L 0.46 0.06 4.9
SQ% g/L 0.03 0.03 0.09
TOC mg/L 3.5 0.5 44.0

EFQinit provided by TU Delft

Becausethe concentration of the solution used for the EFC tests was far less than the eutectic
concentration, it was not possible to achieve the eutectic point and therefore solid and ice production
simultaneously in one batch. Therefore, the solution had t@decentrated in sequential batches by
separating ice formed. The amount of ice formed determines the time of each batch. After the
formation of about 10 to 15% ice the crystallizers, the cooling and stirring were stopped to remove
the ice formedHrstthe concentrated salt solution was drained and transferred to the buffer tank, and
then the ice was removed from the crystallizer by washing using tap water. The collected concentrated
salt solutions of different batches in the buffer tank were transfen@dhe crystallizer to repeat the
concentration process. This concentration process was repeated in sequential batches. The
concentration process had to be repeated in successive batches until the salt content in the solution
approached the eutectic cono&ration. Cooling of the concentrated solution at the eutectic point
would result in the simultaneous formation of ice and solid.

In practice, it was found that the feed concentratioithe NFconcentrateand the Nyex effluent (used

as EFC feed dependind the mode of operationyvas too dilute for the EFC unit. The typical feed
concentrations for the EFC uiiit the two modesare givenin and . Since irthe EFC
unit each batch solution can be concentrated up tog15%, to achieve the eutectic concentration of
NaSQ, which is about 38/L,the sequecing batches had to be repeated several hundred times. This
was practically impossible due to the high volume of operational work.
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Parameter Unit Feed
bl a g/L 17
Mg g/L 0.01
/[ fe g/L 1.8
SQ% g/L 35

Parameter Unit Value
bl a g/L 0.1
Mg?* g/L 0.001
/[ fe g/L 3.2
sQr e g/L 4.0

The reasosfor the needof many consecutive batchegere the following

1. For proper separation, it was not possible to form more than about 10 to 15% ice per batch.
After 10 to 15% ice had formed, the reactor had to be stopped to first remove the solution
and then remove the ice fra the reactor.

2. Duringdrainage, some of the solution was lost along with the wet ice.

3. The initial volume of liquid inside the reactor for the batch should be abolt Z&erefore,
taking into account the formed ice and the lost liquid along with the wet about 14 to 16
were available for the next batciherefore for instance four batches had to be run to feed
up to about threesubsequenbatches.

To solve the problem of excessive dilution of the initial solutibe ROunit wasusedafter the output
of the TOC/ NF units to concentrate the feed to the EFCagniixplained already in swdnapter4.4.2
shows an average composition of tR&concentrated feed to the EFC udiiring MODE®]

The first ice formation point where the spontaneous ice nucleation occurred wasl3t. After seven
consecutive batches, in which the solution was concentrated about 10 to 15% in each batch to form
ice, the solution reached the eutectic point. Thereafter, simultaneous production of solid and ice
occurred. Again, after the formation of abbliO to 15% of the ice, the reactor was stopped and the
salt was sent to the filter along with the concentrated solution. The resulting salt was washed with

5The R@oncentrated feed for the EFC was analyzed by the external laboratory Groen Agra Control Co, since issues with TU
Delft laboratory were encounter at that time.
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saturatedpure NaSQ solutionat 20°C, with a mass ratio of 1:1 between the washing liquid and the
wet crystals on the filter

The eutectic temperature and composition for the binary pure.3@ 10HO systemin lab
experimentswasfound to beb m ®%¢ ardd 3.801 wt%, respectively. The eutectic temperature of the
RO-concentrated solution fed to the EmM@s-1.45°C andhe N&SQ concentrationobtained was3.71
wit% (starting point for salt production)The eutectic point for the ®concentrated solution was
significantly lower than the pure binary system eutectic p¢iht109C). This shows that the psence

of impurities, even in low concentrationsada clear effect on the eutectic temperature by depressing
the freezing point of ice and, subsequently, the eutectic point.

.In , the estimated composition of impurities (different salts) in the ice crystal are given
as well as the effect of the washing.

Parameter RGconcentrated Feed Unit
EC 320 mS/cm
pH 8.0 -

NH:* <0.001 g/L
K 0.20 g/L
Na* 104 g/L
ca* 0.14 g/L
Mg?* 0.02 g/L
Si 0.05 g/L
NGy 011 g/L
Ct 19 g/L
SQ? 194 g/L
HCQ 0.82 g/L
PO* <0.006 g/L

71t must be noted thaexperimentsin MODE Il with furtheconcentration of EFC feed with the RO unit were not performed
due to time limitations, not because they wereautcessful
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Fet
Mn?2*
Zn

Cu
Mo

Parameter Unit

Na&SO (% wiw)
KCI (% wiw)
Cad (% wiw)
MgCk (% wiw)
Ca(HC®): (% wiw)

Parameter
EC
pH

NHg*
K*
Na"
ca*
Mg2*
Si
NG
Ct
SQ?
HCG
PO*
Fe*
Mn2+
Zn

Cu
Mo

Unwashed

94.62
2.0
15

0.433
14

Unit
mS/cm

g/l
g/l
g/l
g/l
g/l
g/l
g/l
g/l
g/l
g/l
g/l
>3k f
>3k
>3k
>3k f
>3k f
>3k

502
151
425
169
77.5
22.1
15t Wash 2" Wash
99.74 99.91
0.11 0.04
0.06 0.02
0.02 0.004
0.07 0.02
Iceunwashed
3.4
7.8
<00001
0.06
4.0
0.06
0.005
0.02
0.01
0.12
7.07
0.06
<00001
0.47
0.09
0.03
0.09
0.04
<0.1

39 Wash

99.%
0.03
0.01
0.00
0.02

ZERO BRINE

>3k [
>3k
>3k [
>3k [
>3k
>3k [

99.97

0.005

0.02

0.00
0.01

Ice 1St Wash

0.8
6.9
<00001
0.02
0.9
0.01
<00001
0.003
<00001
0.04
1.6
0.02
<00001
0.02
0.01
<0.1
<0.1
0.01
<0.1

4" \Wah
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Parameter Unit Unwashed 1stWash
NaSQ g/L 10.5 2.3
KCI g/L 0.10 0.03
Cad g/L 0.11 0.01
MgCk g/L 0.08 0.03
Ca(HCe): g/L 10.7 24

Based on theROconcentrated feed used in MODE |, the recovery rate ofSa the energy
consumption per In® and thefraction of the ice and slurry as finglroducts are giverin

Parameter Unit Value
Electricity kWh/m?3 29.4
NaSQ production kg/m?3 19.9
Demi waterproduction - Ice stream m3m?3 0.81
Concentrate to Brine Managemerng Slurry strean m3m?3 0.16

MEDEvaporator unit provided by NTUA

As it hasalreadybeen mentioned, the unitsvere operated in twomodes. Theaunitin Mode | an with
electricity,whereasin Mode llresidualheatwas used The overall evaluation of the MED evaporator
was based on the following parameters

1 The water recovery (concentrating factor).
1 The quality of engbroducts (purity)
1 The energy (electricity aesidualheat) consumption per Aof recovered condensate

The main ions average concentrations of the inlet brine are presenteghin46. Several experiments
were performed using both operatingodes. As it can be seen the average TDS concentsaivene
173 g/L and 8.6g/L when using operating Modeandll, respectively The average concentration of
Mg?* and C& at the inlet brine was very low for the majoritf the experimentghigh rejection of
divalent ions during the NF procgs3heaverage TOConcentration during Mode Iwas169 mgl/L,
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whereasduringMode llwas5.6mg/L This indicates that better organic carbon remowvakachieved
in Modell.

Parameter Unit Mode | Mode Il
Nat g/L 6.4 39
Mg % g/L 0.01 n.a.
ca* g/L 0.05 n.a.
Ct g/L 5.7 4.3
NOs g/L 0.19 0.23
SO g/L 49 0.21
TDS g/L 173 8.6
TOC mg/L 23.7 5.6
EC >{kOY 21.9 16.3
pH - 8.0 8.5

The main ions average concentratioof the concentrated solutioproduced by MERre presented

in . The average TDS, after operatiorsie 02pilot in Mode I was33.5g/L, whichwas 2 times
more concentrated than the inlet brine. The average TDS after operation of treatment train inIMode
was 39.2g/L, whichwas approximately 5 times more concentrated than the inlet brine. The average
concentratiors of Mg?* and C&" were in both modes quitelow. The TOC contenvas 9.7mg/L after
operation ofthe treatment train in Mode | and 9.@hg/L after operation of treatment train in Mode II.
During the operation in Mode,ITOC concentratiowasalmost 2 times higher thathat of the inlet
brine. During operation in Mode | the T@@ncentrationdecreased from 23.7 to 9mg/L Thiscould

be attributed tothe presence of volatile organic compounds in the initial brine. These volatile organic
compoundscould havepassed during evaporation of water to thraporstream and this justifies the
observed TOC concentrations in the condensate streari{49).

TheNaClpurity of the endproductin all experiments for Mode | and Mode Il are giveRiin and

, respectively The purity of NaCl produced after operationtbé unitA y a2 RS 1 NI y3ISF
32% to 98% and after operation in Mode |l frats% to 99% ). The mairexplanationof low
purity of the endproduct wasthe existence of sulfates in the inlet brine. The sulfates in the brine
produced after the operation in Mode | rangeegtween0.5 gl and 22.4 g/L and at the second one
between0.2 g/Land10.7 mg/LAs it can be seen i for Mode l,in thefirst monthsof operation
the purity of the endproduct(NaClyanged from32% to maximum 80% due to the presence of sulfates
in the inlet brine, then ivasimprovedachieving a purity of 99%whichindicates abetter removal of
sulfates duringhe NF process

Parameter Unit Mode | Mode Il
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Mg?*
ca*
Ct
NG
SO
TDS
NaCl
TOC
EC
pH

g/L

g/L

g/L

g/L

g/L

g/L

g/L

(%)
mg/L
>{kOY

Concentration
135
0.007
0.02
129
0.31
6.9
33.5
2.1
9.7
38.7
8.9

SD
5.4
0.006
0.04
4.3
0.10
15.5
n/a
0.7
4.2
15.9
0.50

Concentration
16.4
0.003
0.04
15.2
0.36
7.2
39.2
25
9.2
28.5
9.1

ZERO BRINE

SD
2.4
0.004
0.02
3.2
0.45
3.4
n/a
0.5
2.2
12.4
0.13

Table48: MINIMUM, MAXIMUM AND AVERAGE NACL PURITY AFTER OPERATION OF TRAIN IN MODE | AND I

Mode |
32%
98%
70%

Minimum
Maximum
Average

Figure57: NaCl PURITY OF THE BRIN&DE |
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Figure58:

NaCl purity, Mode |l
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The average concentrations of main ions in toedensateafter dzy” Aopefadion in both Modes are
givenin Table49. The permeate, as expected, contained low concentrations #f(agingbetween
0.07g/Land0.01g/L) and in general the water quality parameters show that the permeatga high
guality waterthat reachel the specifications needed in many industrial processesthermore, the
water recovery that theMEDevaporator achieved during Site Il operationMode | and Mode Il are
presentedin Figure59 and Figure 60, respectively The maximum water recovery was 9@t both
modesand the lowest wag0%in case of Mode | and 44% in case of Mode Il

Table49:
Parameter Unit Mode | Mode Il

Concentration SD Concentration SD
Na g/L 0.13 0.11 0.08 0.24
Mg?* g/L 0.07 0.15 0.10 0.19
ca* g/L 0.01 0.21 0.03 0.27
Ct g/L 0.12 0.32 0.11 0.12
NG g/L 0.17 0.10 0.18 0.25
SOz g/L 0.23 0.13 0.19 0.18

TDS g/L 0.62 - 0.69 -
TOC mg/L 2.6 2.4 3.8 3.9
EC >{kOY 60.0 5.8 55.2 2.8
pH - 7.6 1.2 8.2 1.8
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Figure59: WATER RECOVERYTHIMED EVAPORATORMODH

Water Recovery, Mode |
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Figure60: WATER RECOVERY ORVIHEEVAPORATORMODE I

Water Recovery, Mode |l
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As itwas already mentioned, thanit operated using electricity when operated in Mode | aasidual
heat when operated in Mode.The monitoring of theunit for both energy sources wasrried outby
SCADAThe energy consumption of thenit when using electricity rangdaetween350and 600kWh
/m3of condensate. Imable50 the heat balance from a representative experiméngiven The inlet
brine at this experiment was 12Q the condensate 70and the concentrate 50. The temperature of
the inlet brine was 13C, while the temperatures of the condensate and the concentrate weC70
and 50°C, respectively. High temperatures of condensasze due to batch operation of the unit.

Table50: INLETANDOUTLEHEATTOTHEMEDEVAPORATQRIT(exampleon 24/09/2020)

Process Part Energy kWh/120 L inlet bring
1%t effect 28.5
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2 effect
in Preheater
out Preheater

Losses

ZERO BRINE

23.2
1.8
28.5
3.5

The total heat input to theunit was the sum of the heat inlet at the 1st effect, the heat inlet at the
preheater and the losses, whiaokas equal to 33.8 kWh or 4BkWh/m® of condensate (water
produced). The heat input required for the 2nd effecsacquired from thevaporof the 1st eféct.

The energy consumption of thenit with residual heat ranged from minimum 250 to 68&h/m?3 of
condensate. The SCADA during each experiment medithe residualheatinto kg/h (steam) and the
results are reported at the column FSC1 of SCflara available in deliverable 2.7}igure61 and
Figure 62 show the energyconsumption for some representative experiments in Mode | and Il

respectively.

Figure61: ENERGY CONSUMPRION ON SOME REPRESENATIVE EXRBERINDENTS

Energy consumption, Mode |
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Figure62: ENERGY CONSUMPRION ON RERRESENATIVE EXPERIMENTS IN MODE |l
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