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1. Inledning

1.1 Allméant om membranteknik

Membranteknik & en véxande behandlingsmetod for olika typer av vatten. Framst har
membran anvants for framstéllining av dricksvatten, i industriella applikationer och for
avsaltning, men nu borjar tekniken &en studeras for behandling av kommunalt
avloppsvatten. Det & dock annu mycket ovanligt att membranteknik anvands som
huvudprocess for behandling av primart avlioppsvatten fran hushdll. | de fall
membranteknik férekommer &r det i kombination med biologiska behandlingsmetoder,
sasom membranbioreaktorer (MBR).

Vid reningen av ett vatten kan olika typer av membranprocesser vara aktuella beroende
pa vattnets karaktar och vilka reningsresultat man vill uppna (se figur 1). | manga fall
behover vattnet filtreras | flera steg, med glesare membran fore tétare, t ex
mikrofiltrering (MF) som forbehandling till omvand osmos (RO — av eng. reverse
osmosis) om vattnet till exempel innehdler altfor stora méangder partiklar som riskerar
at sitta igen det tétare membranet. En férteckning Over termer som & vanliga |
samband med membranteknik finnsi bilaga 1.

Partiklar,
_/mol ekyler >0,2 um
Mikrofilter — ]
/'Molekyler >0,001 pm
Ultrefilter—
Joner
Omvand osmos
Vatten
Figur 1. Avskiljningsomraden for olika typer av membranfiltrering.

Membranbehandling & en effektiv och bra separationsteknik, om den anvands pa rétt
sétt. Problem sdsom exempelvis igenséttning (sk fouling eller scaling) av membran kan
dock komplicera anvandandet. Det &r darfor viktigt att valja rétt teknik for applikationen
ifréga. Va av membrantyp, porstorlek, forbehandling osv & alla mycket viktiga faktorer
for behandlingens utfall.



Vid membranfiltrering & det manga faktorer som inverkar pa vilket resultat man kan
uppng; det specifika vattnets sammanséttning & av avgorande betydelse. Varje vatten &r
unikt och det & svart att dra generella sutsatser om kapacitet och avskiljningsformaga.
Viktiga faktorer for detta & bland annat vattnets sasmmansattning (de ingdende amnenas
molekylstorlek), till exempel salthalt, komplexbildare, temperatur etc. Det & svart att
forutse i vilken utstréckning faktorer som fouling kommer att inverka pa den aktuella
processen.

1.2 Litteraturinventeringen

Det dvergripande maet med litteratursokningen var att hitta bra konceptlosningar —
vilka tekniker och delprocesser som var lampligast att kombinera i applikationer och
forhallanden liknande dem i Hammarby Sjostadsverket.

Andra mer specifika uppgifter som soktes i litteraturen var mer ingdende data for de
olika delstegen i reningen;

? avskiljningsgrader for kvave, fosfor, salter, BOD och suspenderat material

? vilka kapaciteter man kan forvantas uppna vid behandling av vatten liknande det i
Hammarby Sjostad?

? frégor rorande fouling-problematik — vad & att vanta och hur kan man undvika
problemen?

| inledningsskedet soktes tamligen forutsattningslost efter dokumentationer av
hushdllsavioppsvatten behandlat med membranteknik och sokord som “sewage’,
“domestic wastewater” och “municipal wastewater” kombinerades med termer som
“membrane filtration”, “microfiltration” och “reverse osmosis’. Stkningar gjordes
bade enskilt av IVL och med végledning av KTHs @amnesspecialister i olika databaser
(CAPLUS, COMPENDEX, ASFA och ENVIROLINE) med tackning 6ver ett mycket
stort antal tidskrifter, konferenser mm. Generella sokningar gjordes dven pa internet, i
allménna sokmotorer, bland membrantillverkare och "Membrane Onling” — dar lankar
finns till manga olika aktérer inom membranbehandling. Utifran det funna materiaet,
cirka 450 titlar, riktades den fortsatta litteraturstudien in mot de aktuela
forutsdttningarna och det material som beddémdes kunna vara av intresse, omkring 40
titlar, bestélldes hem. Dessutom har sokningar gjorts bland patent vérlden 6ver, men
utan nagra intressanta fynd.

Det visade sig vara skrat med litteratur Over membranfiltrering av obehandlat
kommunalt avloppsvatten — i de flesta fall handlade det istéllet om kombinationer av
behandlingsmetoder baserade pa biologisk nedbrytning, dar mikrofiltrering till exempel



utgjorde en delprocess i en aktivslamanléggning eller dar omvand osmos anvénds som
polersteg efter biologiskt behandlat avloppsvatten for att ytterligare hdja kvaliteten pa
det utgdende avloppsvattnet.

2. Malsattning

Malet med hela projektet &r att hitta nya innovativa metoder och processiosningar for att
rena avloppsvattnet fran Hammarby gostad. Kraven pa reningen & hoga; for halterna i
det utgdende vattnet gdler for tota-kvave max 6 mg/l och for fosfor max 0,15 ny/l.
Dessutom stélls kravet att 70% av det inkommande kvavet och 95% (75% som delmal)
av fosforn ska kunna é&erforas till jordbruket i en acceptabel form. Vaet av
processiosningar ska goras utifran ett livscykelperspektiv  dar faktorer som
resursforbrukning; energi och kemikalier ska spelain.

3. Tankbara koncept

Utifran litteraturen har inga fullstandiga konceptlGsningar kunnat utformas, eftersom
inga kompletta motsvarigheter har kunnat hittas, dar membranteknik utgjort ssommen i
hela reningsprocessen och motsvarande krav stéllts pad bade utgdende vatten och
"biprodukter”. Vid utformandet av konceptlosning har istéllet olika delsteg lagts in och
med hjdp av uppgifter om avskiljningsgrader mm har flera processésningar
modellerats fram. For de tankbara I6sningarna har modeller och berékningar gjorts, for
att forsoka hitta den basta méjligheten att nd de uppsatta malen och utsl&ppskraven.
Utgangspunkten har varit att ta fram sa vardefulla produkter som majligt, vilket bland
annat stéller krav pa separation avammonium fran 6vriga losta salter.

Membranteknik anvands for att koncentrera upp |6sningarna sa langt det & ekonomiskt
mojligt, for att sedan behandla de betydligt mindre mangderna koncentrat med andra
metoder for att kunna fa ut attraktiva produkter till exempel till jordbruket. Uppgifterna
for de olika delstegen har baserats pa data funnen i litteratur samt pa egna erfarenheter.

3.1 Exemplet Australien

Ett exempel har hittats dar primért avloppsvatten behandlats med endast membranteknik
i laboratorieforsok under nio méanader i Australien (ref. 1). Det inkommande
avloppsvattnet behandlas i tre steg. Inledningsvis silas vattnet med roterande stlsilar
(200 pm) for att skilja av fibrer och storre partiklar samt en del (25%) fett och olja
Dérefter mikrofiltreras vattnet med Memcor hdfibermembran av polypropylen (0,2
pum), varvid huvuddelen av suspenderat materiad och en del BOD avskiljs. Det
mikrofiltrerade avloppsvattnet behandlas vidare med omvéand osmos (RO) for att kunna



ateranvandas i industriella processer. | forstken har man testat membran av bade
cellulosa acetat och polyamid och forsoken & genomférda vid tryck mellan 816 bar.
Flodet & beroende av trycket dver anlaggningen och varierar mellan 12-24 |/nf/hr.
Resultaten & lovande, da mycket hoga avskiljningsgrader uppnaddes i omvand-osmos-
steget och fouling inte utgjorde nagot betydande hinder. Halterna i det ingaende vattnet
och efter de ingdende reningstegen redovisas i tabell 1 nedan.

Tabell 1. Hater (mg/l) av olika &nnen i de olika delstegen hos anléggningen i

Australien.
Inkommande: | Jfr. inkommande | Mikrofiltrat: | RO-
H-by sj6stad permeat:
BOD 270 470 93 2
Susp. 269 400 <2
Amm.-N 40 87 (N-tot) 39 2,5
Tot-P 11,2 13 91 0,1

Artikelforfattarna redogér dock inte for vidare behandling av uppkomna slam- och
koncentratstrommar (ref.1).

3.2 Exemplet Lund

| ett annat exempel har ett avloppsvatten, framst bestdende av urin fran en grisfarm
behandlats med omvand osmos med goda resultat. | det fallet var det dock fréga om ett
betydligt mer koncentrerat vatten (se tabell 2) med delvis annat innehdl.
Forbehandlingen i detta fall bestod endast av filtrering med 30 resp. 100 pm i
flatbaddsfilter. Vid RO-behandlingen anvandes tubmembran av polyamid, AFC 99 fran
PClI Membrane Systems. Vid varje férsok anvandes 100-150 |, flédeshastigheten
varierade mellan 24 m/s och temperaturen holls under 30?C. Fddet gynnas av hog
temperatur, men vid hoga temperaturer avgar ammoniak i hogre utstrackning. Flodet
reducerades inledningsvis, troligen beroende pa att organiskt material lagrades pa
membranytan, men 18g sedan tamligen stabilt under forstkets gang cirka 20 I/n?, h.
Retentionen av narsalter, COD och TS var Over 99% forutom for ammoniak dar
retentionen |&g mellan 93-97%. Vid lagre pH-véarden var dock retentionen av ammoniak
hogre. For att Oka retentionen av ammoniak under forsoken sanktes pH, men det visade
sig vara svart pa grund av vattnets starkt buffrande effekt. Artikelforfattarna forordar
istéllet en efterbehandling, till exempel skrubber for att sdnka ammoniakhalten
ytterligare i utgdende vatten. Fouling tycktes inte utgdra nagot stort problem under



forsoken: renvattenfluxet efter forsoket var nastintill lika bra som fore forsoken
Volymen avloppsvatten reducerades i forsoken med 80% (=VRF 5) (ref.2).

Tabell 2 Halter i in- och utgéende vatten vid RO-behandling av urin och
avloppsvatten fran grisfarm, mg/l (ref 2).

In: Permeat: (fr H-by in)
Tot-N 1050 42 90
Tot-P 60 0,02 13
COD 8850 39 560

3.3 Beskrivning av ingaende delprocesser

3.3.1 Fo6rbehandling

Det inkommande avloppsvattnet har innan membranbehandlingslinjen genomggatt ett
galler och et sandfang, dar de storsta partiklarna avskiljts. Det orenade vattnet
innehdller dock annu stora mangder partiklar och behdver forsedimenteras eller silas
innan vidare behandling for att inte orsaka problem vid mikrofiltreringen.

Olika metoder finns som skulle kunna fungera i detta sammanhang. | ett fall anvandes
roterande stalskivor, med 200 um hd som framgangsrik forbehandling innan det
priméra avloppsvattnet mikrofiltrerades. Behandlingen reducerade méngden
suspenderat material, olja och fett med 25% (ref.1).

3.3.2 Mikrofiltrering

Vid mikrofiltrering avskiljs huvudsakligen partiklar och suspenderat material. Hér
avskiljs &ven merparten av de bakterier som finns i avloppsvattret. Mikrofiltrering kan
vara ett viktigt steg infor omvand osmos-behandling, dd RO-membranen &r kandliga for
igenséttning (sk fouling och scaling).

Manga exempel finns dar mikrofiltrering anvands som behandlingssteg vid rening av
kommunalt avloppsvatten, bade vid filtrering av priméart avlioppsvatten eller i
kombination med andra behandlingsmetoder sasom biologi - sa kallade membran
bioreaktorer (MBR) - som &r ett koncept pa frammarsch.



Flera varianter av mikrofiltrering forekommer — en mangd olika material och designer
forekommer, for delvis skiljande applikationer, vanligast & cross-flow-filtrering i tub-
eller hollow-fiber-membran (ref.3-15).

3.3.2.1 Tubmembran

Ett tubmembran & uppbyggt av “ror” (6-25mm) av syntetiskt material, dar vattnet och
mindre molekyler gar igenom porer i materialet medan stérre molekyler och partiklar

avskiljs (se figur 2). Tubmembran kréver lite storre utrymme an halfibermembran och
tuberna & kopplade i serie.

Tillflode

Figur 2. Principskiss 6ver membranmodul med tubmembran.

3.3.2.2 Halfibermembran

Halfibermembran, sk "hollow fibers’ & uppbyggda av langa smala spagetti- liknande
ihdliga fibrer eller "ror”, dar vattnet filtreras genom porer pa fiberytan vanligen inifran
och ut, men motsatt riktning férekommer ocksa (ref 14). Denna typ av membran & i
grunden uppbyggda enligt samma princip som tubmembran (se ovan), med skillnaden
at “"roren” ha & smaae (0,52mm), & paralelkopplade och ligger tétt
sammanpackade . P4 detta séitt uppnas en storre yta per volymsenhet och blir da mindre
utrymmeskravande. (ref. 1, 7- 8, 14-15, 35, 37, 40).

| ett fall har mikrofiltrering av halfibertyp anvants som enda behandlingsmetod vid
behandlingen av primért avloppsvatten. Det gallde da ett avloppsvatten fran en septic
tank. Vattnet silades inledningsvis genom en 0,5 mm sil innan det mikrofiltrerades med
halfibermembran med porstorleken 0,1 pum. Avskiljningsgraden var god for savél
organiskt material (BOD 93%) saval som suspenderat material (99,8%). Genom att med
jamna mellanrum minska ner trycket Over anldggningen uppnadde man en
backspolningseffekt som innebar en viss rengdring och anldggningen kunde koras i 120
dagar utan rengoring (ref.7).



Vid en jamforelse mellan tre olika typer av mikrofilter; halfilter-, platt-, och
tubmembran, ala med samma porstorlek (0,2 pm) visade sig halfibermembranet ha den
basta avskiljningen av fosfor, samt vara mest energieffektiv (ref .8).

3.3.2.3 Keramiska membran

Keramiska membran & uppbyggda av ett pordst oorganiskt material. Membranet ar
cylinderformigt med ett antal kanaler inuti, dér det orenade vattnet leds in, for att sedan
pressas ut genom porerna i vaggarna. Fordelen med keramiska membran & att de ar
taliga mot saval mekanisk pafrestning som kemikalier och htga temperaturer. De har
ocksa en lang livdangd. En nackdel & dock att de & dyrare & membran gjorda av
organiskt material (ref. 10-11, 15, 39).
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3.3.3 Omvand osmos

Omvand osmos & en behandlingsmetod som blir alltmer attraktiv i takt med att
tekniken utvecklas och kraven pérent vatten och bristen p& detsamma 6kar. Annu &r det
mycket ovanligt att anvéanda omvénd osmos som huvudprocess vid reningen av
kommunalt avloppsvatten, men ett exempel har kunnat finnas i litteraturen, dar forsok
har utforts i labskala under nio manader med lovande resultat (se ovan, samt ref 1). Ett
flertal exempel har sétt att finna dar omvand osmos kombineras med andra
behandlingsmetoder, framst biologi, for att ytterligare htja kvaliteten hos det utgaende
vattnet, som i vissa fall adteranvands som processvatten (ref.16-27 och 34-40).
Membranen bestar av syntetiska material, sdsom cellulosa acetat eller polyamid (ref 23-
24). Forutsittningen for omvand osmosfiltrering &r att det palagda arbetstrycket kan
Overvinna vattnets osmotiska tryck (se figur 3).

0Smos omvand 0smos
P
?P = osmotiskt
tryck
Salt- y
|6sning
Vatten
1 Koncentrerad i
— Vatten saltlésning 4
Semipermesbelt Semipermesbelt

membran membran

P = Palagt tryck

Figur 3. Osmos och omvénd osmos.

Hydrofila membranytor & att foredra vid behandling av kommunalt avloppsvatten,
eftersom de har |&gre affinitet for 16st organiskt material och risken for igenséttning inte
a sastor (ref. 16, 35).

10
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3.33.1 Spirallindade membran

| spirallindade membran uppnas en stor behandlingsyta pa liten volymsenhet. Dessa
membran |dmpar sig bra vid behandling av stora mangder létbehandlat vatten.
Principen for spirallindade membran visas i figur 4 nedan Problem med igenséttning
kan uppkomma vid behandling av mer koncentrerade vatten, eftersom det mellan varje
lager finns ett litet utrymme (sk spacer eller distans, se figur 4) av skiftande storlek.
Spirallindade membran ar betydligt billigare per kvm an tub- och plattmembran.

Hal for pp\meatuppsamling

Ing. Koncentrat
[6sning

Uppsamlings-
material \

Stodskikt Permeatflode (efter passage
genom membran till uppsam-
lingsmaterial)

Figur 4. Principskiss 6ver membranmodul med spiralmembran.
3.3.3.2 Tub- och plattmembran

| likhet med mikrofilter (se avsnitt 3.1.2.1) finns &en omvand osmos- membran i form
av tubformiga membran (se figur 2). Med denna design minskas risken for igensattning
jamfoért med spirallindade, men en storre anlaggning krévs.

Plattmembran bygger pd samma princip som tubmembran, med skillnaden att
plattmembranet & just platt istélet for tubformigt (se figur 5). | frdga om kostnad och
prestanda &r plattmembranen likvardiga tubmembranen.

11
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Distansplatta

Distansplatta

—  Permeatfltde
Koncentratfl6de

Figur 5. Princip fér RO med plattmembran.

3.3.4 Jonbyte med zeolit

Jonbyte med zeolit som jonbytarmassa kan anvandas for att selektivt avskilja
ammonium. DA zeolitmassan méttats med ammoniumjoner kan den regenereras med
exempelvis svagt alkalisk natriumklorid, varvid en koncentrerad 16sning bestdende av
ammonium och sat erhdlls. Ett naturligt zeolitmaterial — clinoptilolit — har provats
under manga ar och uppges ha en kapacitet pa 4,5 mg ammonium-kvave per gram zeolit
(ref.43-44).

3.3.5 Destillation/avdrivning/indunstning

Amnen i en losning kan separeras genom forangning, forutsatt att det &r skillnader i
deras kokpunkter. Dedtillation och indunstning & principiellt snarlika tekniker men
skiljer sig & genom att vid dedtillation &r inriktningen att fraktionera upp amnen efter
dess kokpunkt medan avsikten vid indunstning & att kvarhdlla amnen i
indunstningsresten/koncentratet.  Vid  dedtillation kan  sammanséttningen  /
koncentrationen pa det uppsamlade destillatet paverkas genom utformningen av
destillationskolonnen, antalet steg/bottnar. Vid avdrivning avskiljs amnen genom att
blésa en |uftstrom genom en 1Gsning. Om jamviktskoncentrationen for amnet i gasfas ar
lag medfor det en stor erforderlig luftmangd/avdrivningstid.

Ovan angivna tekniker har en stor tillampning i industriella processer. Indunstning har
dock pa senare tid borjat att tillampas altmer vid behandling av industriella aviopp, men
vi har g hittat ndgra referenser i samband med kommunal avloppsvattenrening.

12
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Daremot finns det ett flertal exempel pa avskiljning av ammonium genom
forangning/strippning. Vid en jamforelse av olika avdrivningstekniker for behandling av
rejektvatten, (ref.45) konstaterades att strippning med luft var billigast men att en
destillation skulle kunna vara tillampbar om man har tillgang pa billig anga. Vid
strippning absorberar man ammoniak i exempelvis svavelsyra, medan man vid en
destillation kan kondensera ut enammoniaklGsning.

3.4 Val av processldsningar

Nedan presenteras tre olika alternativa lGsningar som baseras pa litteraturen, men framst
pa egna erfarenheter fran ett stort antal forsokskorningar for avskiljning av bland annat
kvave och fosfor ur avloppsvetten. Alternativ 1b) & en forenkling av aternativ 1a) och
innehdller samma processosning, men vissa delsteg har tagits  bort.
Avskiljningsgraderna dver omvand osmos-steget & nagot osdkra, eftersom inga
entydiga uppgifter har kunnat hittas i litteraturen och darfor skulle négra inledande
forsok i storre labskala vara av stor nytta for utformandet av pilotanlaggningen. Det
gdler framst avskiljningsformaga och eventuella foulingproblem 6ver spirallindade
respektive tubmembran samt hur |angt uppkoncentreringen kan drivas.

3.4.1 Alternativ 1 a)
Principen for alternativ 1 a) framgar av figur 1.

A/ Inkommande vatten forsedimenteras och fortjockas. Alternativt kan en grovfiltrering
(t ex vakuumtrumfilter) racka som forbehandling till den efterkommande
mikrofiltreringen B.

B/ Dekantatet fran A behandlas 6ver en mikrofiltreringsanléggning (MF) for avskiljning
av framst suspenderat material (Susp). Detta & en viktigt forbehandling fére den
efterféljande omvand osmosanlaggningen (RO, C) vilken annars riskerar sttas igen av
de suspenderade partiklarna.

C/ Permeatet fran MF:n behandlas vidare 6ver omvand osmos (RO) fér avskiljning av
BOD (ca 95 %), N (ca 85 %), P (néra 100 %), Susp (100 %), Salt (ca 99 %). Detta &r ett
av de mer kritiska behandlingsstegen och avskiljningsgraden av BOD respektive N &r
mycket avgorande. Vidare & volymreduktionsfaktorn (VRF) viktig for hur stegen E
(Aerobi), F (anaerobi) och H (destillation) ska dimensioneras. Vi har tyvarr ganska liten
forhoppning att finna svaren via litteraturen, varfor vi forordar forsok i laboratorieskala
(ca 200 | forsoksvatten) for att béttre kunna dimensionera dessa enheter.

D/ DA vi inte tror att RO-behandlingen formar avskilja N i tillracklig omfattning, bor
troligen RO-permeatet behandlas 6ver jonbytei form av zeolit. Relativt de applikationer

13
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som oftast gar att aterfinna i litteraturen kommer denna zeolitapplikation att i relativt
ringa omfattning belastas med andra salter &n ammonium. Detta ger forutséttningar for
relativt god koncentreringsfaktor av N Over zeoliten. Eluatet fran regenereringen av
zeoliten med svagt akalisk natriumklorid innehdler ca 1 g/l ammonium och blandas
med inkommande vatten fore destillationen. Det & dock osakert om denna
zeolitbehandling ar noédvandig. Detta avgors helt av avskiljningsgraden dver omvand
osmosteget (C).

E/ Denna |&gbel astade aerobi (BOD-belastning ca 22 mg/l) anvands for att minska BOD
i utgéende vatten. Med tanke pa den 1&ga belastningen, & reduktionsgraden av N inte
tillrécklig for att nedbringa RO-permeatets restkoncentration av N (ca 12 mg/l) i
tillrécklig omfattning. Detta & anledningen till att ett zeolitsteg (D) lagts in mellan
RO:n (C) och aerobin (E). Det ar dock osikert om denna aerobibehandling &r
nodvandig. Detta avgors helt av avskiljningsgraden 6ver omvand osmosteget (C).

F/ Anaerobin behandlar koncentraten fran forsedimenteringen A, mikrofiltreringen B
och RO:n C. Den totala volymen pa dessa koncentrat & ca 5 % av inkommande volym.
Denna laga volymsandel & gynnsam for anaerobin. BOD-hdten i inkommande
koncentratet till anaerobin & ca 9000 mg/l och N-halten 1600 mg/l. Behandlingen
beréknas nedbringa BOD:n till ca 60 mg/l.

G/ Fosfat i rejektet fran rotningen falls genom tillsats av kalciumhydroxid och darefter
avskiljs slammet (fran rétningen samt fallning med kalk). Harvid berdknas néra nog allt
fosfor avskiljas. Mindre méangder N hamnar ocksd i slammet (ca 4 v-%).
Kalciumhydroxidtillsatsen hojer ocksa pH, varvid ammonium overfors till 1&tflyktig
ammoniak.

H/ For att separera ammoniak anvands destillation (eventuellt vakumdestillation).
Volymen som drivs av & mycket 1&g, ca 0,01 n¥/dygn &terfinns som destillat. Troligen
kommer &ven léttflyktig BOD (dock inte &tiksyra vid detta pH) att aterfinnas i
destillatet. Koncentratet blandas med det zeolitbehandlade RO-permetatet och
dutbehandlasi aerobin (E).
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rP S ¥ S ¥ S —» "~ | I perobi> 1—P»
Forsed. Me Y i L1
Koncentrat
\ 4
F
Anaerobi
Slam Kalciumfosfat Ammoniak
A 4
Flode 50 m3/d Flode 0,07 m3/d Flode 50,0 m3/d
% av ink 100 % av ink 0,14 % av ink 100,1
Parameter kg/d g/m3 Parameter kg/d g/m3 Parameter kg/d g/m3
BOD7 23,3 467 BOD7 0,02 327 BOD7 0,1 2
Ptot 07 13 0,7 9310 Ptot 0,0 0
Ntot 43 87 3,9 54898 Ntot 0,3 5
20,0 400 12,2 171739 Susp 0,0 0
20,0 400 0,6 8273 Salt 19.0 380
In, obehandlat Narsaltsfraktion Ut, renat
Figur 1: Principen for membranalternativ 1a). De med streckad linje markerade teknikerna kan

eventuellt uteslutas (se aternativ 1b). Det & framforallt avskiljningsgraden avseende BOD
och kvéave over behandlingssteget C (omvand osmos) som avgor detta. Mer utférligt
flodesschema aterfinns pa projektplatsen.se .

3.4.2 Alternativ 1 b)

Alternativ 1b) & i grunden samma koncept som 1a). Skillnaden ligger i att tva av de
ing&ende delstegen — zeolit och aerobi - har tagits bort i detta alternativ i forhoppningen
att avskiljningsgraden 6ver omvand osmos-steget &r tillracklig for att uppfylla de stéllda
kraven pa utgaende avloppsvatten.
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\ 4

Flode 50 m3/d 49,9 m3/d
% av ink 100 99,9
Parameter kg/d g/m3 Parameter kg/d g/m3 Parameter kg/d g/m3
BOD7 233 467 BOD7 0,02 328 BOD7 11 2
Ptot 07 13 Ptot 0,7 9366 Ptot 0,00 0
Ntot 43 87 Ntot 3,6 50412 Ntot 0,7 14
Susp 20,0 400 Susp 12,2 172762 Susp 0,0 0

200 400 06 8322 194
In, obehandlat Nérsaltsfraktion Ut, renat
Figur 2: Principen for membranalternativ 1b). Alternativet & en forenklad variant av alternativ 1a).

Mer utforligt flodesschema terfinns pa projektplatsen.se.

3.4.3 Alternativ 2

Alternativ 2 (se figur 3) skiljer sig fran alternativ 1 &) och b) genom att
zeolitbehandlingen ersatts av ytterligare ett RO steg (D) samtidigt som det aeroba
steget, E (se figur 1) har utesutits. Detta kraver dock att detta extra RO-steg formar att
avskilja BOD till under 5 mg/l och 4 mg/l N i permeatet. Det rader dock en viss
osdkerhet om detta & mgjligt. Fullskaleanléggningar for behandling av lakvatten |
Osterrike klarar kraven pA BOD < 10 mg/l och N < 10 mg/I (ref. Rune Bergstrom, IVL,
studieresa 1999). IVL forordar praktiskt utforda forsok i storre labskala for att erhalla ett
béttre underlag i denna centrala fraga.

Permeatet frdn den dubbla RO-behandlingen blandas med koncentratet fran
destillationen (H) varvid totala konc. BOD blir 11 mg/l och N 6 mg/I.
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&IA RQ?7_ N
Koncentrat v 1
F | | N H |
Anaerobi ~ ~
allni Destil.
Slam Kalciumfosfat Ammoniak
A 4
Flode 50,0 m3/d Flode 0,07 m3/d 473 m3/d
% av ink 100,0 % av ink 0,15 94,7
Parameter kg/d g/m3 Parameter kg/d g/m3 kg/d g/m3
BOD7 23,3 467 BOD7 0,02 327 0,5 11
Ptot 07 13 Ptot 0,7 9076 0,0 0
Ntot 43 87 Ntot 4,0 54245 0,3 6
20,0 400 12,3 168407 0,0 0
20.0 400 0.6 8150 19.4 410
In, obehandlat Narsaltsfraktion Ut, renat
Figur 3: Principen fér membranalternativ 2. Den med streckad linje markerade andra omvand

osmos-steget kan eventuel It uteslutas (alternativ 1b). Det &r framférallt avskiljningsgraden
avseende BOD och kvéve over behandlingsteget C (omvand osmos 1) som avgor detta. Mer
utforligt flodesschema dterfinns pa projektplatsen.se

3.4.4 Alternativ 3
Principen for alternativ 3) framgar av figur 4.

A/ Inkommande vatten behandlas efter grovrening, sandfang och utjamning i med
forfallning 6ver en forsedimentering. Slammet som avskiljs gar vidare till E se nedan.

B/ Forfallt vatten fran A behandlas 6ver ett kolfilter. Filterbelastningen dimensioneras
till 5 n¥/n?, h. Kolet behdver inte vara aktiverat utan anvands enbart som filtermaterial
for att hdlla nere spolvattenflodet. Uppskattad spolvattenméngd ca 5% av inkommande
flode. Kravet efter filtret & att partikelstorleken inte Gverskrider 10 mikrometer.
Spolvattnet fran filtret leds tillbaka till inloppet.

C/ Filtratet fran B leds till RO-anlaggningen. Permeatet fran RO:n leds till recipienten.
Den totala avskiljningen dver hela anldggningen berdknastill BOD ca 95 %, N ca 95 %,
P 100 %, Susp 100 %, Salt ca 95 %. For RO:n har ett vattenutbyte: RC 80 % dvs.5 ggr
uppkoncentrering(VRF 5) antagits. RC bestdmmer reduktionen: RD (retention beréknad
mot tilloppet) vid en given regjektion: RJ (retention réknat 6éver membranet). Med
foreliggande filtersteg fore RO:n forhindras "fouling” av membranet(igensattning av
elementet). Med RC 80 % minskas risken for "scaling”(utfallning av kalciumkarbonat).
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Vidare foreslas intermittent drift for att under osmosen lyfta av polarisationsskiktet och
undvika behovet av rengéringskemikalier.

Stockholmsdricksvattens koncentration av kalcium & 32 mg/l som okar till 160 mg/l (5
ggrs uppkoncentrering) vid Rcmax 80 %

Reduktion: RD m.ap. N-tot har satts till 95 % under forutséttning att andelen
ammonium Overvager ammoniak. Med en hdgre andel ammoniak minskar reduktionen
av N p g aatt ammoniak diffunderar igenom membranet. Rejektionen: RJ av nitrat resp
nitrit & hogre &n for ammonium (har uppmétts till 99,8 %)

D/ Koncentratet efter RO:n leds till en indunstningsanlégggning dar fortsatt
uppkoncentrering sker. Vi antar att uppkoncentrering kan ske till en faktor 10 utan att
storre energimangder krévs. Indunstningsresten antas till 2 % av tilloppet. Denna
fraktion kan vid en ev vidarebehandling omvandlas till pulver i Kristallisator alternativt
slam pellets tillsammans med avvattnat dam. Koncentratet &r i detta alternativ tankt att
tillforas akermark efter ca 6 manaders lagring. Lagring sker lokalt i bassang.

En parameter som & osdker att berdkna & vart fraktionen med |&ttflyktiga organiska
amnen tar vagen vid indunstning.

Villkor for N-tot i Indunstningsrest &r att Rejektets andel av ammoniak &r 13gt p.g.a. att
ammoniak diffunderar genom membranet ev kan det kravas pH-justering for att undvika
ammoniak avgang i kondensatet.

E/ Anaerobin behandlar primér- och kemslam fran forsedimenteringen
F/ Efter rétningen avvattnas lammet i en centrifug eller liknande

Innan en ev anlaggning byggs bor forforsok utforas dar bl a féljande fragor besvaras.

a) Forsok med ett standard membranelement for att beldgga forutséttningarna som
fordaget grundas pa

b) Tilloppsvatten ar kolfiltrat av Hammarby- S dstads avloppsvatten

c) Intermittent drift: 15 mnuters drifttid och 5 minuters paustid med bestdmning av
kortaste paustiden

d) RC 80 % & livdangd

€) RD och RJfér olika N-fraktioner
f) RD och RJfor BOD

g) RD och RJfér K, Mg, tungmetaller
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E D
Anaerobi Indunstning

A

\ 4

<«—F
Avvattning
o v
TILLOPP " INDUNSTNINGSREST RENAT VATTEN
Flode 45 m3/d Flode 0,75 m3/d Flode 40,99 m3/d
Parameter kg/d g/m3 % Tillopp 2 % Tillopp 91
BOD7 21 467 Parameter kg/d g/m3 Parameter kg/d g/m3
Ptot 0,6 13 BOD7 5 6667 BOD7 0,4 8,56
Ntot 3,9 87 Ptot 0 0 Ptot 0,0 0,07
Salt 19 400 Ntot 2 2667 Ntot 0,13 3,16
Salt 20.90 27867 Salt 1,1 0
Turbiditet <0.1
Y—> avvaTTnATSIAM
Flode 0,015 m3/d
% Tillopp 0,03
Parameter kg/d g/m3
BOD7 14,4 960000
Ptot 0,6 40000
Ntot 0,585 39000
Salt 0.02 1000
Figur 4: Membranalternativ 3. Mer utforligt flodesschema terfinnsi pa projektplatsen.se.

3.5 Kostnader och energiatgang

3.5.1 Allméant

Grova uppskattningar av kostnader och energidtgang for de olika alternativen och deras
ingdende delprocesser har forsokt tas fram for att fa en uppfattning om
storleksordningen. Observeras bor att uppgifterna & mycket grovt tillyxade och &r
framst avsedda for att kunna jamféra de olika alternativen sinsemellan och att i stora
drag kunna avgora vilka delprocesser som ba de storsta kostnaderna och
energibehoven.

3.5.2 Investeringskostnader for Alt 1-3

| uppstéliningen nedan redovisas investeringskostnaden for de fyra alternativen
(dimensionerat for 300 pe). Berdkningsgrundernavisasi sin helhet i bilaga 2.

Alt1a) 7.800 000 SEK
Alt1b) 7.100 000 SEK
Alt 2) 8.000 000 SEK
Alt 3) 9.200 000 SEK

| berdkningarnaingdr ett antal bedomningar av delkostnader for resp dternativ.

19



20

Exempelvis har kostnaden for El & Styr uppskattats till 30 % av Ovriga
anlaggningskostnader. Pa detta har lagts en post for of orutsett och ospecificerat pa 30%.

Ovriga kostnader (projektledning, projektering, byggledning m.m.) har antagits till 20 %
av den totala anlaggningskostnaden.

Den enskilt storsta kostnadsposten & rotningsanléaggningen for slam, vilken &
uppskattad till 1,2 MKr. Hela damhanteringsdelen motsvarar ca 60% av
investeringskostnaden.

Vidare kan konstateras att investeringskostnaden inte & proportionell mot flodet, vilket
medfér att bygga anlédggningen i mindre skala inte ger motsvarande kostnadsminskning
i forhadlande till anlaggningens fldeskapacitet. Fragan &r i stéllet om slamhanteringen
ska byggas eler inte.

3.5.3 Driftkostnader

Berdkning av driftkostnaderna ger foljande resultat:

El(240 kwh/d, 0,50 Kr/kWh) 120 kr/d
Kemikalier (fallning, polymer, kalk, syra) 20 kr/d
Utbyte av membran (20.000 kr/ér) 55 kr/d
Kvittblivning av slam m.m. (200 kr/nt) 15 kr/d
Underhdll ( 1% av investering) 200 kr/d
Tillsyn och skotsel (2 timmar/d, 350 kr/h) 700 kr/d
Summa 1110 kr/d

Utslaget per inkommande nt avloppsvatten blir driftskostnaden ca 22 kr/nt.

3.5.4 Kostnader for en fullskaleanlaggning

Att bygga en full skaleanl&ggning foér ca 20.000 pe kostar grovt réknat ca 40-50 MK,

3.5.5 Energiatgang

Energidtgangen for de olika delstegen har uppskattats grovt for att ge en indikation pa
var energidtgangen & som storst. En uppskattning av andutningseffekter for de olika
teknikerna har gjorts utifran energiforbrukning i fullskala.

Sandfang 0,5 kW
Pumpning 1kw
Forfilter 2 kW
RO 2 kw
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Rotkammare 3 kW
Destillation 3 kW

Summa 11,5 kw

Energi&tgangen vid behandling av 2 ni/h blir i s fal ca 6 kwh/n? Den verkliga
energiforbrukningen kommer dock att bli hogrei pilotskala.

4. Slutsatser och kommentarer

Membranbehandling av kommunalt avlioppsvatten & en ny foreteel se och annu finns det
ont om dokumentationer pa omradet. Ett dokumenterat exempel fran en anléggning i
Australien visar dock p& goda méjligheter att uppna bra resultat med membranteknik
(ref 1). Eftersom kraven pa reningen standigt 6kar kan man vanta sig en stark 6kning av
membranteknik &en i dessa sammanhang.

Processl Gsningarna ovan &r vara huvudalternativ infor utformandet av pilotanl ggningen
vid Hammarby §ostadsverkets membranlinje. Att vi valt att presentera flera olika
alternativ beror framst pa osakerheter avseende avskiljningsgrader i omvand-osmos-
Steget.

Infor upphandlingen av pilotanlaggningen skulle vi vara mycket betjénta av att utfora
négra inledande forsok i storre labskala, dar ett par olika RO-membran testkors pa det
aktuella vattnet eller motsvarande for att verifiera avskiljningsgraderna av BOD och
kvéve. Valet av process 6sning kan sedan styras av dessa forsok, da de kan ge en
fingervisning om huruvida givna krav pa utgaende vatten uppnas redan med alternativ
1b och 3 eller om ytterligare polersteg behdvs (se alterretiv 1aeller 2).
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Bilaga 1

REVERSE OSMOSIS SYSTEMS
PARAMETERS AFFECTING RO MEMBRANE PERFORMANCE

Osmosis

Osmosis is involving fluid flow across a semipermeable membrane barrier. It is selective
in the sense that the solvent passes through the membrane at a faster rate than the
dissolved solids, viz. the ions & molecules. The direction of solvent flow is determined by
its chemical potential, which is a function of pressure, temperature, and concentration of
dissolved salts and ions. Pure water in contact with both sides of an ideal semipermeable
membrane at equal pressure and temperature has no net flow across the membrane
because the chemical potential is equal on both sides. If a soluble salt is added on one
side, the chemical potential of this salt solution is reduced. Osmotic flow from the pure
water side across the membrane to the salt solution side will occur until the equilibrium of
the chemical potential is restored, see Figure 1.

Equilibrium occurs when the hydrostatic pressure differential resulting from the volume
changes on

both sides is equal to the osmotic pressure: pO. This is a solution property independent of
the membrane.

Reverse Osmosis: RO

Application of an external pressure to the salt solution, concentrate side equal to the
osmotic pressure will also cause equilibrium. Additional pressure will raise the chemical
potential of the water in the concentrate and cause a solvent flow to the pure water side,
now at a lower solvent chemical potential.

This phenomenon is called reverse osmosis: RO, see Figure 2.

An ideal membrane would allow only pure water to pass through, rejecting 100 % of the
dissolved salts / ions and organic molecules at the membrane surface. In actual practice,
membranes are not perfect. They allow some passage of ions and low molecular mass
organics through their surfaces.

RO purifiers
Purified water / permeate is continuously drawn off, and its "contaminants” is removed
with the reject (water) / concentrate stream, see Figure 3.

PERMEATE
PRODUCT STREAM & PERMEATE WATER & PURE WATER & PURIFIED WATER
Purified water is referred to as permeate.

REJECT
CONCENTRATE STREAM & BRINE
Contains all the rejected "salts"

FEED
FEED WATER & INFLUENT & INLET WATER & SUPPLY WATER
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Water to be purified.

Osmotic pressure
Different ions (salts in solution) contribute different osmotic pressure. The osmotic
pressure: pO in diluted solutions is directly proportional to the solute concentration:

pO = Cc*n*R*T

where: ¢ = solute concentration
n = the number of independent entities of solute
R = gas constant
T = the absolute temperature; K (T =t + 273)
t = temperature; °C

Osmotic pressure: pO in diluted solutions can be calculated from an approximate
equation by experimentally measuring molar concentration of all the individual ions in
solution:

pO =Ky *T*cF
where: Kg = conversion coefficient
cF = concentration; mg/l

The value of the conversion coefficient depends on composition of ions. The lower the
molecular mass of involved ions, the higher osmotic pressure and conversion coefficient.
If osmotic pressure is expressed in Pa (psi), the value of the conversion coefficient ranges
from 0,14 (2,0*10°) to 0,28 (4,0*10°) for ions of magnesium sulfate and sodium chloride,
respectively. A conversion coefficient of 0,24 (3,5*10°) is a good approximation for a
common composition of brackish water.

pO = 8205 * T * ?m;
where: pO = osmotic pressure; kPa (100 kPa = 1 bar)
?m; = the sum of molalities of all constituents in solution; -

An approximation for the value of osmotic pressure may be made by assuming that 100
mg of solute

(in 1 litre of solution) equals to 6895 Pa or 6,895 kPa (1,0 psi or 0,06895 bar). For
example, the osmotic pressure of sodium chloride solution is about 7,929 kPa (1,15 psi)
for each 100 mg/l; it is about

4,137 kPa (0,6 psi) of sodium sulfate.

WATER FLOW
The rate of water passage or permeate flow: gP through a semipermeable membrane is
defined in equation:

gP =Kw*S/d?* (M -pO)
where: Ky = membrane permeability coefficient for water
S = membrane area
d = membrane thickness
pM = hydraulic pressure differential across the membrane
pO = osmotic pressure differential across the membrane

This equation is often simplified to:
gP = A * pND
where A a unique constant for each membrane type
pND net driving pressure / force for the mass transfer of water across
the membrane.

FLUX & PERMEATION
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The permeation or flux is the movement of water through the membrane.

The relationship between membrane area and water flow capacity is established by the
flux, or flux rate. The flux is the amount of water forced through a given area of membrane
during a specific amount of time. It should be expressed in litres in a minute and per
square meter, but is usually expressed in gallons per square foot per day or gfd.

MASS TRANSPORT

SALT FLOW

The rate of mass transport or mass flow (salt flow) through the membrane is defined by
equation:

gM =Ku*S/d*Dc
where: Ky = membrane permeability coefficient for mass transport
S = membrane area
d = membrane thickness
?c = the mass concentration differential across the membrane

This equation is often simplified to:

(o]\Y =B *7?c
where B = a unique constant for each membrane type
? 7?77 ?c = driving force for the mass transfer of ions ("salts") across the

membrane.

WATER FLOW & MASS TRANSPORT

The equations for water flow and mass transport show for a given membrane:

* rate of water flow through is proportional to net pressure differential across the
membrane

* rate of mass flow is proportional to the concentration differential - is independent of
applied pressure

The fact that water and ions or molecules have different mass transfer rates through a
given membrane creates the phenomena of mass rejection. No membrane is ideal in the
sense that it absolutely rejects ions; rather the different transport rates create an apparent
rejection.

PERMEATE SALINITY
Salinity of the permeate: cP depends on the rates of water flow and mass transport rates
through reverse osmosis membrane:

cP =gM / gP

WATER FLOW & MASS TRANSPORT & PERMEATE SALINITY

The equations for water flow and mass transport and permeate salinity explain important
design considerations in reverse osmosis systems. For example, an increase in operating
pressure will increase water flow without changing rate of mass transport, thus resulting in
lower permeate salinity.

VOLUME FLOW
Balance of flow rate:
qF = gP +gR dimension: litres / minute

Conversion factor:
GPD * 3,785412 / 24 / 60 or GPD * 0,0026287 I/minute
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RECOVERY

PERMEATE RECOVERY RATE & RECOVERY RATIO & WATER EFFICIENCY &
CONVERSION

Recovery or water-efficiency or conversion of water as product / permeate from feed
water supply defines the ratio in volume flow rate between permeate and feed or
permeate produced from a given volume of feed or specifies the amount of feed required
per unit of permeate produced.

Mathematically, the recovery: RC is expressed in equation:

RC = 100 * gP / gF dimensionless or %
RC" = gP/qgF dimensionless or ratio
=gP / gP+QgR

Recovery affects mass transport and product flow. As recovery increases, the
concentration of mass on the feed brine side of the membrane increases, which causes
an increase in mass transport rate as indicated by the equation describing mass
transport. Also, higher concentration in the feed brine solution increases the osmotic
pressure, reducing the net driving pressure and consequently reducing the product water
flow rate as shown in equation for water flow.

Recovery is a very important parameter in the design and operation of RO systems.

SHEAR

Shear is the force created by water moving tangential to the feed-surface of the RO
membrane. Shear is the "scrubbing effect" which helps keep the membrane cleaner
longer.

MASS TRANSPORT
Mass transport:
gF*cF =qgP *cP + gR * cR dimension: grams / minute

MASS PASSAGE
Mass passage is defined as the ratio of mass passed the membrane relative to the
amount of mass in feed or brine supplied to the membrane surface during the same
period:

gM = 100 * gP *cP / gF *cF

Applying the fundamental equations of water flow and mass transport illustrates some of
the basic principles of RO membranes. For example, is an inverse function of pressure,
that is the passage increases as applied pressure decreases. This is because reduced
pressure decreases permeate flow rate, and hence results in a more diluted solute.

REJECTION

SALT REJECTION & RETENTION

Rejection is the opposite of passage. Rejection or mass transport efficiency defines the
ratio in mass transport between reject and feed.

Rejection: RJ is defined by equation:
RJ 100 * gR*cR / gF *cF dimensionless or %
1001 -gP*cP / gF *cF)
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30

= 100 (1 - RC" * cP/cF)

Recovery: RC as a function of ratio between concentration in reject: R and feed: F (when
rejection: RJ is total, i.e. close to 100 %) is presented below:

Recovery Concentration ratio

% - digits 10 log
5 1,053

10 1,111

20 1,25

30 1,43

40 1,7

50 2

60 2,5

66,7 3

70 3,33

75 4

80 5

85 6,7

90 10 10* 1
92 12,5

94 16,7

96 25

o8 50

99 100 10? 2
99,9 1000 10° 3
99,99 10 000 10* 4
99,999 100 000 10° 5
99,999 9 1000 000 10° 6
99,999 99 10 000 000 10’ 7
99,999 999 100 000 000 10° 8
99,999 999 9 1000 000 000 10° 9
99,999 999 99 10 000 000 000 10% 10
99,999 999 999 100 000 000 000 10™ 11
99,999 999 999 9 1000 000 000 000 10% 12

REDUCTION

Reduction: RD is an easy, simplified calculation instead of rejection, in a similar way as

recovery. Usually, only the permeate and feed conductivity are measured.
RD =100 (1- cP/cF) dimensionless or %

This expression and term are generally accepted and used in the RO industry, described
as rejection.

It is valid at ideal conditions, at very low recovery, i.e. 0 %! but then there are no product
water, none permeate at all. Consequently all standard tests are carried through at low
recovery, i.e. 5-7 %.

The mistake is based on the fact, that instead of the concentration of a specific
substance, a surrogate parameter for the "salt", salinity, (total) dissolved solids as the
conductivity is measured. The figures for permeate conductivity and feed conductivity is
used when the "salt" passage: SP is defined as the ratio of concentration of "salt", i.e.
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conductivity on the permeate side of the membrane: cP relative to the average feed
concentration, i.e. conductivity: cF, and expressed mathematically in equation:

SP = 100 * cP/cF

The salt rejection: SR is the opposite of salt passage, and is defined in equation:
SR = 100 - SP

The technically correct term rejection should be predestined to mass transport
calculations, and reduction as defined above, should be used:
RD = SR

Reduction is a very simplified calculation, it can be used to characterize one unit or
comparing elements when tested under the very same circumstances. In chemical
engineering, and in a technical point of view it is indefinable and nonsense depending on
that the calculation is made on the concentration just in 1 litre of feed and the same litre
as reject, and furthermore the very same litre of permeate! That means the RO
membrane is making additional water, much more, twice as much as the input feed.

Rejection is calculated as a function of recovery and at the same reduction.

cF =1000 1000 1500
cP = 100 10 7,5
RD = 90,00 % 99,00 % 99,50 %
RC RJ RJ RJ
0 100 100 100
5 99,50 99,95 99,9975
10 99,00 99,90 99,95
20 98,00 99,80 99,90
30
40 96,00 99,60 99,80
50 95,00 99,50 99,75
60 94,00 99,40 99,70
70
80 92,00 99,20 99,60
90 91,00 99,10 99,55
100 90,00 99,00 99,50

Reduction is equal to rejection if and only when the recovery is 100 %. In that case all the
feed will flow through the membrane, and equal permeate volume is produced,
consequently there is no water left to the rejected salts.

Standard tests are carried through under "ideal" conditions, which means at recovery
close to 0 %, or the opposite to the grounds for calculating reduction.

Furthermore, rejection is a function of recovery while the figure for reduction remains the
same.

The performance at standard test conditions, i.e. ideal conditions (i.e. RC ~ 0 %) should
give a rejection in the nearhood of 100 %.

CONCENTRATION POLARIZATION

As water flows through the membrane and ions & molecules are rejected by the
membrane, a boundary layer is formed near the membrane surface at which the
concentration exceeds the salt concentration in the bulk solution. This increase of
concentration is called concentration polarization. The effect of concentration polarization
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is to reduce actual product water flow rate and rejection versus theoretical estimates. The
effects of concentration polarization are as follows:
* greater osmotic pressure at the membrane surface than in the bulk: ?pO, and reduced
net driving

pressure differential across the membrane: ?pND
* reduced water flow across membrane, permeate flow: qP
* increased mass transport across the membrane: gM
* increased probability of exceeding solubility of sparingly soluble salts at the membrane
surface, and

the distinct possibility of precipitation causing membrane scaling.

The concentration polarization factor: CPF can be defined as a ratio of concentration at
the
membrane surface: cM to bulk concentration: cB

CPF =cM/ cB

An increase in permeate flux will increase the delivery rate of ions to the membrane
surface and increase the bulk concentration: cB
Increase of feed flow increases turbulence and reduces thickness of the high
concentration layer near membrane surface. Therefore the concentration polarisation
factor is directly proportional to permeate flow and indirectly proportional to average feed
flow: gqFavg
CPF
where: Kp

Ke * exp(qP /qFavg
proportionality constant depending of system geometry

Using the arithmetic average of feed and concentrate flow as average feed flow, the CPF
can be expressed as a function of permeate recovery rate: RC of the membrane element.
CPF =Kp* exp(2 RC / (2 - RQC))

The value of the concentration polaarization factor of 1,2 which is recommended e.g.
Hydranautics limit,
corresponds to 18 % permeate recovery (fora 40" long membrane element).

CONCENTRATION FACTOR
Average feed concentration and average osmotic pressure are calculated using the
logarithmic mean of the recovery ratio:

CF = In(1/(1-RC)) / RC
where: CF = concentration factor
RC = recovery ratio

Concentration factor figures are calculated under net driving pressure.

Confusing is when comparing the concentration factor to the osmotic pressure calculated
at the actual recovery, the osmotic pressure are increased in a much higher degree than
the concentration factor indicates. The reason to this dissimilarity depends on the
concentration factor represents a mean value, when the osmotic pressure is increased
from the inlet, across the membrane surface and to the membrane surface at the outlet.

HYDRAULIC DESIGN
The problem with the conventional design is that recovery can only be increased at the
expense of shear. This is due to the fact that hydraulic pressure alone (the result of a
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throttling process on supply-water flow across the membrane surfaces) is relied upon to
increase flux. This leads to increased fouling of the membranes, often rapidly and
irreversibly, since the conventional design cannot clean membranes effectively.

The conventional hydraulic design also often includes multiple arrays of RO modules;
elements where the reject stream of the first array is used as the feed for the second
array and that of the second as feed for the third...

This is a method of increasing recovery. The membrane elements of the last array tend to
foul excesively because of the near-saturated, sometimes super-saturated, levels of
scaling factors and dissolved solids, salts. For similar reasons microbiological fouling is
always greatest in the array furthest downstream.

Depending on supply-water characteristics, the use of multiple sequential arrays can also
lead to a flux profile indicating that the last array may often provide only limited permeate
flow, a cost-ineffective use of membrane surface area.

LOOP

Through variable internal recirculation of supply water within the RO device at a constant,

nominal hydraulic pressure relative to the application a high recovery can be established.
Shear is not compromised. This clean-in-place: CIP design contains an integral CIP

mechanism to provide rapid, safe and cost effective cleaning of the RO membranes,
eliminating the operational cost attributable to irreversible fouling of the membranes

TEST CONDITIONS
Membrane performance data is determined at reference test conditions and for a given
set of system parameters:

temperature 25°C

salinity 1500 mg/I (solution made up of sodium chloride: NaCl

pressure 15,5 bar (225 psi)

osmotic pressure ~1 bar

permeate flow gP

feed flow gF

brine conductivity CFavg

permeate conductivity cP

recovery RC 1045 % (at ideal conditions
RC =0 %!)

rejection RJ i.e. reduction: RD (RD =RJ if and when
RC =100 %)

Schematic sketch:
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IR e —== qP

qFl....E: = qP

PARAMETERS AFFECTING MEMBRANE PERFORMANCE

Coaxing reliable performance from a RO system can be a formidable task. While RO is
really quite simple in principle, the real-world application of this water treatment
technology can lead to excessive downtime, expensive maintenance or frequent
membrane replacement. These problems can be avoided by paying close attention to a
few important details.

The performance of membrane elements operating in a reverse osmosis system is
affected by the feed composition: temperature, pressure and permeate recovery.
Performance at a given set of system parameters can be calculated from nominal
membrane performance and reference test conditions.

FEED WATER SALINITY

Osmotic pressure of the feed water is directly proportional to feed water salinity.
Permeate flux is proportional to the available net driving pressure: pND. The net driving
pressure is the difference between the applied feed pressure and the average osmotic
pressure at the membrane surface.

Therefore, higher feed salinity will require higher feed pressure to produce a given
permeate flow.

Permeate salinity is proportional to the average feed salinity at the membrane surface.
Therefore, an increase in feed salinity will result in a correspondingly higher permeate
salinity.

APPLIED FEED WATER PRESSURE

Applied feed pressure affects net driving pressure, which in turn directly affects permeate
flux. Higher feed pressure will result in higher permeate flux. However, feed pressure
does not affect mass transport across the membrane. Therefore, an increase of feed
pressure will result in higher permeate flux with a lower concentration of ions in the
permeate stream (higher dilution of a given amount of "salt")

FEED WATER TEMPERATURE

Temperature affects the diffusion rate of water and ions across a semipermeable
membrane. The change in water flux with temperature is about 3 % per degree Celsius
Q)

An increase in temperature affects diffusion at a similar rate as water flux.



VAP VA-Projekt AB 35

Tibor Nemeth

Since RO systems are designed to operate at constant permeate flow, changes in feed
water temperature are compensated for adjusting feed pressure. For this reason, an
increase in feed water temperature with the corresponding decrease in feed pressure
results in higher permeate salinity.

PERMEATE RECOVERY RATIO

The maximum recovery rate at which a brackish RO system can operate is defined mainly
by water chemistry, the ion composition of the feed water. An excessive recovery ratio
may result in precipitation, formation of scale on membrane surface, scaling. In seawater
RO systems, the recovery ratio is limited by the required permeate salinity and feed
pressure limitations. Increasing system recovery ratio results in higher average salinity at
the membrane surface with a proportional increase in the average feed osmotic pressure.
This higher osmotic pressure requires a higher feed pressure to maintain a design
permeate flow. With this higher average feed salinity, salt passage across the membrane
also increases.

MEMBRANE AGEING

During actual field operation, several changes occur in the physical structure and on the
surface of reverse osmosis membrane. As a result of applied high pressure, membrane
becomes more dense, membrane compaction and less permeable to water and ions.
Certain feed water constituents such as colloidal particles and sparingly soluble salts may
deposit on the membrane surface during operation, membrane fouling. Depending on the
nature and extent of the deposit, permeate flux, rejection and membrane elements
hydraulics may be affected to varying degrees.

FOULING

As RO systems works, the dissolved and suspended solids, and mircobiological growth
tend to accumulate along the membrane surface. If these solids are allowed to build up,
they restrict the passage of water through the membrane, resulting in loss of capacity.

Transport mechanisms

The mechanism of reverse osmosis is not fully understood. Current scientific thinking
suggest two transport models controlling the flow through the membrane: diffusion and
porosity. That is, transport of water through the membrane, through physical pores
present in membrane (porosity), or by diffusion from one bounding site to another within
the membrane. The theory suggests that the chemical structure of the membrane is such
that it will absorb and pass water preferentially to ions at the solid/liquid interface. This
may occur by weak chemical bonding of the water to the membrane surface or by
dissolution of the water within the membrane structure. Either way, an ion concentration
gradient is formed across the solid/liquid interface. The chemical and physical properties
of the membrane determines its ability to allow for preferential transport of solvent (water)
over solute (ions).

PERMEATE FLOW RATE & SYSTEM PRESSURE
Water transport through the membrane or the flow of permeate: gP is a function of
differential pressure, and can be stated as:
gP K* (?pM - ?p0)
where: K permeability coefficient for water for a particular membrane,
thus area and

thickness included
hydraulic pressure differential across the membrane
osmotic pressure differential across the membrane

?pM
?pO
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The more detailed function is:

gP =Ky *S/d?* (DpM - DpO)

where: Ky = membrane permeability coefficient for water
S = membrane area
d = membrane thickness

This characteristic equation describes and defines that the water passage is a function of
differential pressure.

The pressure in the system will be increased by 5 bars, from 15 to 20 bars. Are all other
parameters the

same, the equation indicates that the permeate flow will increase proportionally to the
increased pressure. The same flow rate can be kept at decreased membrane surface in
the relation to the increased pressure. This increased flow rate (the same membrane
surface) would be reduced by several rate controlling factors.

Permeability

The permeability coefficient decreases with pressure. The reason is compaction of the
membrane which result in lower permeation. Up to a certain pressure, this compaction is
reversible. Above that, an irreversible compaction of the membrane takes place resulting
in lower flux even at usual pressure.

Apart from operation at too high pressures, membranes are subject to an irreversible
long-time compaction. Accordingly, flux decreases with operating time. Experience shows
that the operating pressure should be kept constant, as large pressure fluctuations will
almost certainly increase the rate of irreversible membrane compaction. Thus the
increase of operating pressure from 15 to 20 bars will decrease the permeability and
certainly increase the risk for an irreversible membrane compaction.

Flow in pipes
Compared to flow in pipes Bernoulli's theorem applies:
P2/p1 = (ValVvi)?
and ?p = p2-p1
where : v; and Vv, velocity before and after changed pressure from p; to p»

The pressure increased by 5 bars, from 15 to 20 bars would give increased flow from 4 to
4,6 litres in a minute or the surface area could been decreased by 13 % (from 6 sgm to
5,21 sgm).

When a fluid like water penetrates through the membrane the expected increase in flow
rate should be much lower than given by Bernoulli' law. Thus the general expression for
water transport through the membrane overestimates the influence of the pressure. There
should be a critical, maximum pressure. Beyond this pressure the flow shouldn't increase
at increased pressure as in capillary flow or diffusion controlled transport model.

Flow through porous bed

Flux vs. pressure
The above expression for water transport through the membrane or the flow of permeate:
gP as a function of differential pressure, has to be modified to:
F k'* pNDa
where: F flux (F =qgP / aM)
aM surface of the membrane element
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k' = permeability coefficient
pND = netdriving pressure: (pND = f(?pM - ?p0O)
X2 = process variable exponents

Experiment can give workable numerical values to be used in the equations for predicting
the effect of changes in operating conditions.

Flux vs. temperature

Temperature is a factor to be considered in RO performance. An increase in feed water
temperature increases the permeate flux, but does not affect permeate quality. Depending
of the selection of membrane material, this temperature effect may be from 0,8 % to as
much as 1,5 % per degree Celsius.

Thus decreased temperature by only a few degrees very strongly influences the flux.
Increased system pressure can easily be compensated by decreasing temperature.

Due to these changes from other factors, it is necessary to normalize rejection values to
determine if the change in rejection is due to a membrane problem. Normalization refers
to the mathematical treatment of the raw data to account for differences due to feed
pressure or temperature.

Temperature correction factor: TCF is the ratio between actual flow and design flow. TCF
may vary slightly depending on manufacturer:

Temperature TCF
OC OF -

4.4 40 0,47
10 50 0,58
15 59 0,70

20 68 0,79
25 77 1,00
30 86 1,16

Net driving pressure
The average net driving pressure can be estimated with reasonable accuracy for high
rejection elements
as follows:
pND =pS - pO *In(l/(1-RC))/ RC-(?pS/2)

The net driving pressure: pND forcing the water trough the membrane is lower than the
pressure in the system: pS not only depending on the presence of the osmotic pressure of
the processed solution, but also of the characteristics of the system.

In the second term, the concentration factor: CF =In(1/(1 - RC))/RC is calculated as a
function
of the recovery: RC

RC CF

99 6,9765
95 3,1534
90 2,55
80 2,0118
70 1,852

50 1,3863
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40 1,26705

20 1,1157

10 1,0436
5 0,9758*
1 0,995 *

* should be >1,0000 (limit 1,0000 at RC = 0 %)

Thus at low recoveries ideal conditions, at increased recovery the influence of the osmotic
pressure is very strong. These conditions should be the reason for the dissimilar results
between testing and running state.

RO 400 is running at steady state conditions with the highest possible, maximum
recovery of 80 %. After start, the recovery is continuously increased to 80 %. The osmotic
pressure multiplied by this factor indicates a very strong dependency of the increased
recovery. The net driving force is decreasing very rapidly as the concentration in the
system, in the pressure vessel is increased.

Notice the value of the factor at very high recoveries, and at very low figures. This
indicates that the equation does not fit. Even if this is out of limits, when testing the
elements at 5 % recovery, the osmotic pressure is not influencing or has a very limited
influence to the net driving force.

The third term: ?pS / 2 indicates when the pressure is increased, the pressure drop has to
increase to, and consequently decreases the net driving pressure.

Increased pressure increases the permeate flow rate, and the concentration of the
substances and consequently even the recovery is risen faster. This results a more rapid
increase of the actual osmotic pressure: pO

If the pressure in the system will be increased by 5 bars, from 15 to 20 bars, the actual
increase of the net driving force is much less, and very limited when the conditions for
steady state is established. Perhaps some increase of the permeate flow will be
measurable in the beginning, immediately after each restart, within the very first minute.

A more accurate calculation, which takes into account the salt rejection characteristics of
the membrane, is described by the equation:
PND =pS - pO * In(cB/cF)/ (1-(cF/cB))-?pS/2

The concentration of the brine: cB is changing from being equal to the concentration of
feed: cF when started the reverse osmosis during the first seconds of run time, to being
five times as high at steady state, 80 % recovery.

Until starting the reverse osmosis ¢B should be the same as cF, thus 1- (cF/cB)=0

The equation indicates no ongoing reverse osmosis. After starting the unit cB is increased
from cF to the maximum level when steady state conditions have established, to 5 * cF

In the second term, the concentration factor: CF'=1In(cB/cF)/ (1-cF/cB) s
calculated as a function of the concentration in the brine and even concentration factor:
CF as a function of recovery: RC is presented:

cB/cF CF' RC CF
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100 6,9765 99 6,9765
20 95 3,1534
10 90 2,55

5 2,0118 80 2,0118
3,33 70 1,852

2 50 1,3863
1,67 40 1,26705
1,25 20 1,1157
1,11 10 1,0436
1,05 0,9758* 5 0,9758*
1,01 0,995 * 1 0,995 *

* should be >1,0000 (limit 1,0000 at RC =0 %)
Thus factors CF and CF' is equal as wanted.

An internal loop changes the operating conditions compared to the theoretical
consideration.

The concentration of feed is equal to the concentration of brine only during the initial
period, for a few seconds in touch with the membrane surface, thereafter the feed is
mixed into the circulating loop water and increasing by time. Thus the actual
concentration of the loop and brine is nearly the same, and this should be used in the
eguations.

This must be a differential equation because, as the operation proceeds along the
membrane surface the driving force, and the resistance, and hence the rate changes.

CALCULATION OF MEMBRANE PERFORMANCE

The objective of membrane performance calculations is either to define the system
operating parameters which would result in required performance or to predict the
performance at a given set of operating parameters. Engineering calculations are based
on membrane performance at standard test conditions and the net driving pressure: pND
model. The performance at standard test conditions provides membrane element
permeate flow and mass transport at a given pND.

Membrane performance is determined by calculating the pND and average feed salinity at
field conditions and comparing the performance under these field conditions with the
corresponding values at standard test conditions.

The calculations are approximate and involve simplified assumptions. However, they have
been proven to provide a good estimation of membrane element performance in field
conditions.

Permeate flow capacity of membrane element can be calculated from the following
equation:

qPf = gPs * TCF * pND; * pNDs
where: qPs = flow in field conditions

gPs = flow at standard test conditions

TCF = temperature correction factor

pND; = pND in field conditions

pNDs = pND at standard test conditions
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Temperature correction factor:
TCF exp(Ke * (1/(273 +1) - 1/298))
where: K; constant, value depends on membrane material type;
range 2100 - 2800
temperature of feed; °C

t

Net driving pressure:

PND = pF - ?pS/2 - pP - pOayq
where pF = feed pressure

?pS = pressure drop

pP = permeate pressure

pO.,, = average osmotic pressure

Average osmotic pressure can be calculated:
POay = pOB * CF
where: pOB = osmotic pressure of brine

Permeate salinity can be calculated from the following equation:

cP = cF * CF * SP, * pND, / pNDf
where: cP = permeate salinity
cF = feed salinity
SP, = salt passage ratio at standard test conditions

It is assumed with this method of performance calculations that the passage of ions from
the feed to permeate is small and has a negligible affect on concentration in the
concentrate stream. It is also assumed that all ions pass through the membrane at the
same rate, which is not the case. Computer programs written for reverse osmosis system
design calculate membrane performance in a more rigorous way. The above calculation
results in a sufficiently accurate estimation of membrane element performance.

Membrane theory

All the equations contain constants whose numerical value is difficult or impossible to
determine directly.

An experiment can give workable numerical values to be used in the equations for
predicting the effect of changes in operating conditions.

RO membrane performance

There are several factors that will not allow product flow to be directly proportional to
pressure:

* less than proportional net driving pressure because higher concentration of polarization
at higher flux, leading to higher osmotic pressure

* usually higher pressure is obtained by restricting the brine flow without increasing the
feed, which again gives higher salinity at the membrane surface, having the same effect
as higher concentration polarization

* compaction of the permeate fabric (tricot) with increased pressure giving more
resistance to flow and less efficiency

* at ideal conditions, very low recovery and no permeate restriction, the flow would be
proportional to the new pressure, i.e. net driving force

RO SYSTEM SIZING
The most important design factor for an RO system is the amount of water required by the
user.
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OPERATING PARAMETERS
The major objective of system design is to specify system parameters which will result in
the most cost effective design and economical operation. In most cases this translates
into a design which will produce the required quantity and quality of permeate at the
highest possible recovery.
Major system parameters are: recovery / permeate recovery ratio

flux / flux rate

number of membrane elements

array

and feed pressure

RECOVERY

The recovery / permeate recovery rate / recovery ratio is a very strong economic
parameter for system design. The recovery ratio specifies the amount of feed water
required per unit of permeate produced, the size of pretreatment system, and the
consumption of power and chemicals (if used). Recovery also affects the permeate
salinity, required feed pressure and concentration in the reject. It is this last effect, the
increase of concentration in the reject with increasing recovery, that is usually the limiting
factor in defining the system recovery. At high recovery common sparingly soluble salts
such as calcium carbonate, sulfates of calcium, barium and strontium, and silica, may
exceed their solubility limits and precipitate onto the membrane surface, forming scale.
Brackish reverse osmosis systems are designed to operate at a recovery which will not
result in exceeding the saturation limits of constituents of the reject.

Recovery for brackish water systems, therefore, depend upon feed composition and are
usually in the range of 50 - 90 %. Higher recovery result in higher average "feed" salinity,
This in turn results in an increase in permeate salinity and increases the feed pressure
necessary to produce the required quantity of permeate. In seawater systems the major
factors limiting recovery are feed pressure and permeate salinity, the values of which
increase with increasing recovery. Recovery in sea water systems depends upon the
seawater salinity. The usual range for recovery is 25 - 45 %.

FLUX FLUXRATE

The choice of a flux is a balancing act. With high flux, the membrane may be suspectible
to fouling. With a low flux, the system becomes more expensive because more membrane
area is required, in addition to piping and vessels.

Membrane elements when tested at standard test conditions operate at relatively high
water flux ratios,

0,566 - 0,849 I/minute, m2 (20 - 30 gfd) for brackish water elements and about

0,424 l/minute, m2 (15 gfd) for seawater elements. (RO 400 flux is 0,6 I/m2, minute!)
Membrane elements can operate at such a high flux without excessive fouling only with
very clean feed, such as deionized water or RO permeate. Flux is a function of feed
temperature and the average net driving pressure: pND At higher feed pressure pND will
be higher, which will result in higher permeate flux.

Operation of membrane element at increasingly higher flux results in lower permeate
salinity and higher flux. At higher flux smaller number of membrane elements is required
to achieve design system capacity. There are, however, practical limitations of permeate
flux in field conditions.

Flux affects the concentration of ions, molecules and/or suspended matter at the
feed/membrane interface. Water flow perpendicular to the membrane increases
concentration at the membrane surface, concentration polarization. Axial flow of the feed
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promotes turbulence, mixing, and concentration equalization. If a condition of an
excessive concentration polarization exists, it may result in membrane fouling by
agglomerates of suspended particles and /or by scale formed by precipitation of sparingly
soluble salts. The design flux is limited by the concentration of fouling constituents in the
water.

RO system treating water with high fouling potential should be designed to operate at
conservative flux to prevent scale excessive membrane fouling and frequent membrane
cleaning. Based on long term field experience a relative fouling potential can be
associated with the source of feed. Accordingly, the recommended flux range has been
defined for RO system processing different types of feed:

design flux
feed source I/lh,m2 I/minute,m2 ofd
surface water
river / lake / ocean 13,5-23,8 0,226 - 0,396 8-14
well water 23,8-30,5 0,396 - 0,509 14 - 18
RO permeate 34,0-50,9 0,566 - 0,849 20-30

The average design flux also depends on the type of membrane material. At similar
operating conditions with high fouling water, membrane elements made of cellulose
acetate will usually experience lower fouling rates compared to polyamide membrane.
Once the flux has been specified, the number of membrane elements required can be
calculated by dividing system capacity by flux and by membrane area of single element.
Recent developments now provide an opportunity for enchancing both flux and rejection
rates, while lowering the net driving pressure required to produce a flux 25 I/h,m2 or
0,424 l/minute,m2 (15 gfd) at 4,3 bar (62 psi)

FEED PRESSURE

PERMEATE FLOW RATE AS A FUNCTION OF PRESSURE

Permeate flow can be calculated at ideal conditions, very low recovery and no permeate
restriction:

aPr = aPs * ((pS: - pO) / (pSs - pO))
where: qPs = permeate flow at new pressure
qPs = permeate flow at test conditions (15,306 bars)
pPSs = pressure in the system at test conditions
pS; = new pressure
pO = osmotic pressure

Test conditions for the 6510-LST-CPA2 elements:

pressure =15,306 bar (225 psi)
salinity (NacCl) = 1500 £100 mg/I (pO = 1 bar)
pH-value =65-70
recovery =5-15% (brine flow = 12 gpd
From the limits file: flow, max = 6,57 l/minute or 2500 gpd
min = 3,39 l/minute or 1293 gpd
target = 4,00 l/minute or 1522 gpd
effective area estimated = 5,2 m2 / 56 sq ft
total membrane area = 7,74 m? / 83,33 sq ft

Permeate flow at 20 bars (18 mS/m)
[/minute

3,645mcasured * ((20 - 0,1) / (15,3 - 0,1)) = 4,86
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3177extr«’:1pol.31tion * ((20 - 0’1) / (15’3 - 011)) = 5103
[/minute

" (172 mS/m) = 314measured&interpolation * ((20 '1)/(15a0 - 1)) =

4 61 [/minute

EXPERIMENTAL DATA
Permeate flow rate has been measured when the pressure has been varied. Results
presented in enclosured graph.
Experimental data results in direct proportionality between permeate flux and the pressure
within
5 and 14 - 15 bars
The proportionality factor is 2,43 (feed conductivity 18 mS/m)
2,20 (- 172 mS/m & spec: 200 mS/m)

The function is:

gP (I/minute)

resp. qP

0,120 + 2,43 * pS (MPa) (feed conductivity 18 mS/m)
0,100 + 2,19 * pS (- 172 mS/m)

Linearity between 6 and 14 bars. Lower limit is given by the pressure regulating valve,
and upper limit, at 15 bars or higher pressure probably the feed pump capacity limits the
permeate flux.

The permeate flow is determined to 3,6 litres in a minute at 15 bars (18 mS/m)
3,4 litres in a minute at 15 bars (150 mS/m)
The permeate flow is calculated to 4,98 litres in a minute at 20 bars (18 mS/m)

4,48 litres in a minute at 20 bars (150 mS/m) if
the permeability coefficient remains the same, and all other parameters are not changed

By empirical calculation the permeate flow will be increased to 4,86measured OF 5,03caiculated
resp. 4,61 litres in a minute or very close to the above calculated values.

The net membrane area can be decreased by 27 resp. 24 % while the pressure is
increased from
15bars to 20 bars. Remember, the flux will be increased in the same extent.

BACKPRESSURE

The efficiency of RO systems - typically expressed as recovery: RC or also as rejection:
RJ

& reduction: RD - is becoming more important and is affected by backpressure.
Depending on the decreased efficiency, it will take longer time to produce the same
volume of permeate, and increases the running time, and thus producing a poorer
permeate, and so on...

For example as permeate is forced into a pressurized storage tank, the charge on the air
side of the bladder compresses. This causes backpressure across the RO membrane
and reduces the net driving pressure: pND across the membrane surface while reduces
the permeate flow rate,

ADDITIONAL FACTORS
Additional factors in RO design include:
* membrane type
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*  piping configuration
*  pump selection
* control systems
and * instrumentation
These items may vary depending upon the specific application.

Nomenclature & terminology

Designation of parameters according to document: STANDARDIZED PARAMETERS,
VARIABLES AND NAMES.
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Bilaga 3. Cross-flow filtration - principskiss

Mikrofiltrering| Ultrafiltrering | Omvand osmos
p BAR 0,1-10 1-10 10-200

Pordppning ?m 0,05- 10 0,01-0,1 0,0001 - 0,01
Cut-off varde >300 000 500- 300000 <500
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Bilaga 4 " Filtration spectrum”
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