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Forord

Flera reningsverk i norra Sverige star infor ombyggnationer ell er flytt av reningsverken. Samtidigt
kan krav pa dessa reningsverk komma att skarpas med reduktionskrav pa totalkvave och
ammonium. Det finns idag fa praktiska erfarenheter att rena bort kvave fran kallt avioppsvatten
och det saknas en sammanstéllning av de samlade erfarenheternaProjektet Kvaverening vid kalla
vatten (Kall-N) syftar till att i teori och praktik undersoka just denna fraga n armare.

| det forsta arbetspaketet i Kall-N-projektet har det aktuella forskningslaget sammanstallts
tillsammans med erfarenheter fran de fullskaleanlaggningar som finns i framfor allt Norge . Utover
denna sammanstallining kors ett langtidsforsok i en pilot med MBBR-teknik i projektet for att ta
fram dimensionerande parametrar for design av en kvavereningsproc ess for kallt avloppsvatten.
Pilotkdrningarna kommer aven visa hur d riftstrategier na kan optimeras for att minimera
forbrukning en av energi och insatsvaror samt huruvida uppvarmning av avloppsvatten med
spillvérme kan vara en kostnadseffektiv 16sning.

| denna rapport avrapporteras det forsta arbetspaketet, d v skunskapssammanstallning en som har
tagits fram av prof. em. Hallvard @degaard, Scandinavian environmental technology AS (SET)och
tekn. dr. Bjgrn Rusten, Aquateam COWI. Den svenska sammanfattningen har skrivits av Linus
Karlsson pa IVL Svenska Miljoinstitutet (IVL) och projektet leds av tekn. dr. Andriy Malovanyy
fran IVL. Rapporten inleds med den svenska sammanfattning och darefter foljer
kunskapssammanstallningen i sin helhet.

Utover IVL sa bidrar flera parter med finansiering och tid till projektet. Pilotanlaggningen kors pa
Fillan reningsverk i regi av MittSver ige Vatten och Avfall (MSVA). De andra VA -organisationerna
som bidrar till projektet & Miljé och Vatten i Ornskéldsvik AB (MIVA) , Lule& miljoresurs AB
(LUMIRE) och Vatten och Avfallskompetens i Norr AB (Vakin). Ut Over dessa deltar aven PuracAB
i projektet och extern finansiering har erhallits frin Svenskt Vatten Utveckling, Stiftelsen Institutet
for Vatten - och Luftvardsforskning (SIVL) samt fran Baltic Sea Action Plan genomNordiska
Miljofinansieringsbolaget (NEFCO). Parallellt med projektet studeras &ven hur kvéverening i kalla
vatten paverkar utslapp av lustgas till luften och utslapp av hormoner och dstrogenpaverkande
amnen till recipienten.

Projektgruppen hoppas att denna rapport ska bidra till att kunskapslaget 6kar avseende
kvaverening i kalla avloppsvatten sa att kostnadseffektiva och moderna anlaggningar kan byggas
pa de reningsverk som i framtiden far kvavekr av.
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Sammanfattning

Rapporten &r uppdelade i fyra kapitel och inleder med en introdukt ion till MBBR -tekniken.
Darefter foljer en genomgang av hur MBBR-processen kan implementeras for avskiljning av kvave
och fosfor i kallt avloppsv atten. | kapitel tre ges en sammanstéllning av genomford forskning med
studier fran Norge, Kanada, USA, Italien och Sverige. Kapitel fy ra djupdyker sedan i design och
prestanda for fyra norska fullskaleanlaggningar dar MBBR -processen anvands for att reducea
kvavehalten i kallt avioppsvatten. Dessa ar Lillehammer avl oppsreningsverk (ARV), Nordre Follo
ARV, Nerdre Romerike ARV och Gardemoen ARV. | arbetspaket 1 har aven anlaggningar med
MBBR-teknik och kalla férhallanden eftersokts i Sverige och Finland . | Sverige har Angholmens
reningsverk dessa forhallanden, men da anlaggningen ar dimensionerad fér en mangdubbelt
hodgre belastning &n den faktiska under den kalla perioden, blir i nte temperaturen begréansande for
reningsverkets prestanda. | Finland togs Ruka ARV med MBBR-teknik i bruk 2016. Denna
anlaggning skulle vara val lampad for att utvardera tekniken un der kalla férhallanden, men da
ingen extra provtagning har genomforts utéver de lagstadg ade manatliga analyserna, ar
dataunderlaget for litet for en bedomni ng av reningsverkets prestanda under kalla manader.

Introduktion

Kallt avloppsvatten ar vanligtvis en konsekvens av att sméltvatte n blandas med avloppsvattnet
under tovader pa varen. Under dessa perioder kan temperaturen i avlop psvattnet sjunka till under
5 grader under kortare perioder och ligga mellan 5 och 10 grader under manga manader. Kalla
temperaturer korrelerar darfor vanligtvis aven med ett utspatt avlo ppsvatten dar tillgingen pa
kolkalla for férdenitrifikation &r begransad. Inkommande av loppsvatt en under snédsmaltningen
kan aven innehalla mycket I6st syre vilket resulterar i nedbryt ning av organiskt material i
ledningsnatet. Detta minskar ytterligare tillgangen pa latt illganglig kolkalla for

fordenitrifikationen. Kallt avloppsvatten medfor saledes designaspekter att ta hansyn till utéver
lAngsammare biologiska processer.

MBBRprocessen | kalla vatten

MBBR-processen kan designas pa tva principiellt olika satt for att behandla kallt avioppsvatten
beroende pa lokala férhallanden. Om avloppsvattnet ar koncent rerat anvands med fordel
fordenitrifikation for att reducera behovet av extern kolkalla tillsammans med efterfallning. Om
avloppsvattnet ar utspatt och kallt, vilket under vintern oc h varen vanligtvis sammanfaller med
snosmaltning, aterfinns en stor andel av det organiska materialet i partikular form p& grund av
begransad hydrolys i ledningsnétet. Syrehalterna i inkommande vatten ar d& ocksa hoga. For ett
avloppsvatten med sadan karaktar sa kan det vara mer lampligt att anvanda forfallning
tilsammans med efterdenitrifikation, eftersom tillgangen pa en lattillganglig kolkalla i
inkommande avloppsvatten & r begransad. Den lattillgangliga kol som anda finns i inkomm ande
avloppsvatten forbrukas av de hdga syrehalterna i inkommand e avloppsvatten i stéllet for av
recirkulerad nitrat.

En kombination av for - och efterdenitrifikation kan ocksa implementeras for a tt hantera
forandringar i avioppsvattnets sammanséttning och temperat urvariationer éver aret. Under
sndsmaltningen forfalls vattnet och kvave avskiljs med efter denitrifikation och nar temperaturen
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Okar overgar reningsverket till fordenitrifikation kombinerat  med efterfallning. Denna
processldsning implementerades for forsta gdngen nar Lillehammer byggde ut sitt reningsverk
infor vinter -OS 1994 och var sa pass framgangsrik att den har implementerss pa ett flertal platser i
Norge och 6vriga varlden. Ett par av de biologiska zonerna byggs da variabla med bade omrérare
och luftning och nitratreturen kan regleras for att endast cirk ulera den mangd nitrat som kan
reduceras med det lattillgangliga kol som finns kvar efter f6 rsedimenteringen.

Kvaverening vid kalla temperaturer staller ocksd hoga krav pa design och évervakning av
syrehalterna i vattnet. Nar avloppsvattnet ar utspatt och kallt, behdver nitratreturen begransas och
syrehalterna succesivt minska i de aeroba zonerna for att syre nte ska aterforas till
fordenitrifikationen eller resultera i en ékad konsumtion av ex tern kolkélla. En modern MBBR -
anlaggning utrustas darfér med online -matare for att optimera syretillférsel, nitratretur och

dosering av extern kolkélla. En detaljerad designapproach for MBB R-processen gas igenom i denna
rapport.

Forskningssammanstallning

Studier pA MBBR-processen pabérjades i Norge i slutet av 86talet och visade hur betydande
syrehalten i vattnet och den organiska belastningen ar for nitrifikationshastigheten. Under denna
period togs sambanden som presenteras Figur 1 fram, som &n idag utgér grunden fér design av
nitrifikationsprocessen i en MBBR-anlaggning (Hem et al, 1994).
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Figur 1. Nitrifikationsprocessens beroende av det organiska innehallet i avioppsvattnet och samspelet med
mellan reaktionshastighet, syre - och ammoniumhalt i en MBBR -reaktor.

| de s k FAN-pilotforsoken som genomférdes pa Nordre Follo ARV testades ocksa hur MBBR-
processen kan implementeras med kallt utspétt avloppsvatte n (Rusten et al, 1995a; Rusten et al,
1995 b). Dessa forsok visade att nitrifikationshastigheten arhaogre i ett forfallt vatten med lag
partikelhalt och lite BOD jamfort med ett vatten som endast har genomgatt forsedimentering.
Forsoken 1ag till grund for den numera vedertagna regeln att desig na zonen for BOD-reduktion
fore nitrifikationszonerna for en belastning pa 5 g BOD s/m2,d. FAN -projektet bekraftade ocksa
tidigare slutsatser om nitrifikationshastigheten linjara beroende av syrehalten vi Iket ocksa innebar
att nitrifikationskapaciteten kan styras med syretillférseln och anvandning av héga syrehalter, som
vanligtvis inte anvands i aktivslamprocessen, kan vara mo tiverat. Eftersom syrets loslighet 6kar
nar temperaturen minskar samt att den endogena respiration (och féljaktigt syrebehov) minskar
vid sjunkande temperaturer, kan en higre syrehalt uppnas under kal la perioder med oférandrat
luftflode. DA blir temperatureffekten pa nitri  fikationen heller inte sa stor som man kan tro.
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Forsoken visade att den observerade nitrifikationshastigheten var oberoende av temperaturen i
intervallet 8 —18 °C. | FAN-projektet undersoktes aven hur utspatt avioppsvatten paverkar
processen och forsdkenvisade att en stor nitratretur kan minska férdenitrifikationen  vid kalla
temperaturer. Detta beror pa att mer syre finns lést i nitratret uren och att anoxa forhallanden blir
svara att uppna nar den inkommande kol/kvave -kvoten ar Iag.

MBBR-tekniken forts atte att utvecklas i Norge i och med att Lilehammer ARV bygg des om infor

OS 1994. Under uppstarten av anlaggningen under vintern 94/95var temperaturen runt 6 —6,5°C.

Under denna period var férdenitrifikationen begransad och det mesta av denitrifikation en skedde

med extern kolkélla (etanol) med en hastighet av 0,71 g NO-N/m 2,d. Nitrifikationshastigheten

uppgick till 0,51 g NH 4+-N/m 2,d med en syrehalt pd 5—- 6,5 mg/l. Reduktionen av oorganiskt kvave

lag under perioden pa 82 % . | en annan studie pa Frevar ARV et par &r senare kordes en MBBR

pilot under 2 &rs tid. Forstken visade att nitrifikationen b erodde av temperaturen med en
tempZ>Se7>" " Zee' E'Z—e1™a1EBLWIV]1'1 >> A8 ¥k fedktivrBhastighetepavitil — 72« S — 6
temperaturen T1 och kr2 ar reaktionshastigheten vid en referenstemperatur T2. Ett hdgre varde pa
temperaturkoefficienten, d v s theta i ekvationen, innebéar ett stoérre temperaturberoende.
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Men aven denitrifikatio nsprocessen paverkas av syres 6kade 6slighet med minskande
temperaturer vilket resulterar i hdga inkommenade syrehalter samt h dga syrehalter i nitratreturen
nar avloppsvattnet ar kallt. Med héga syrehalter kommer en st rre andel av det organiska
materialet i vattnet konsumeras med syre som elektronacceptor av defakultativa anaeroba
mikroorganismerna som normalt aterfinns i fordenitrif ikationen. Den verkliga
o7 —™MZ758 75" 70’ E'Z—eZ—1"108>07—"0>'SYB oo 7/ Jl7TVINGE YRV AW VHiAV1e'—“Z1
tidigare experiment 6kade ocksa behovet av kolkalla nar temperaturen sjonk, delvis eftersom hoga
syrehalter i inkommande avloppsvatten minskar mgjligheten att anvanda BOD i avloppsvattnet for
denitrifikation, men ocksa eftersom en stérre mangd kol &r part iku lart bundet da
hydrolysprocessen ar begransad i ledningsnatet vid laga temperaturer. Den htga SS/BODkvoten
vid laga temperaturer, samt behovet av extern kolkalla vid kal la forhallanden utéver det organiska
materialet som finns i avloppsvattnet, innebar at t slamproduktionen i biosteget blir stérre an nar
avloppsvattnet ar varmare (Rusten et al, 2000).

Utover forskning i Norge har studier &ven genomférts i andra & nder. | Alaska uppgraderades
Palmer ARV med syresatta dammar till en MBBR-process for en mer driftséaker process.
Reningsverket designades for en lagsta temperatur pa 5 °C ot MBBR-processen klarade att
reducera ammoniumhalten till under 1 mg/l under testperioden pa 60 dagar (igdore et al, 2019.
Dock var temperaturen i genomsnitt 8,8 °C under dett a test. P& Johnstown ARV installerades en
MBBR-anlaggning for att forbattra nitrifikationen i ett dammsyst em. Under vintern 04/05 var
vattentemperaturen 4,2 °C och MBBRprocessen reducerade ammoniumhalten med 40 %. Under
en kort period sjonk temperaturen till 3 °C och pH 6kade till 9. Nitrifikationsprocessen
aterhamtade sig kort efter att férhallandena atergick till norm ala (Wessman and Johnson, 200§ |
Kanada har kvaverening vid kalla temperaturer fatt stort fokus d& méanga reningsverk i landet
bestar av dammsystem som inte kan reducera kvavehalten eller uppratthal la nitrifikationen under
arets kalla manader. Studier har primart genomférts i labb o ch visat att nitrifikationen ar kraftigt
beroende pa temperaturen, aven med héga syrehalter i vattnet. Studierna har ocksa visat att
nitrifierare acklimatiserar sig till laga temperaturer vilket resulterar i att nitrifikationshastigheten
Okar med tiden (Delatolla et al, 2009; Delatolla et al, 2010)Vidare sag forskarna i Kanada att
nitrifikation aven sker vid myck et laga temperaturer, sdsom 1°C, &ven om en nedre grans for
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nitrifikationen pa runt 2 —4 °C identifierades eftersom reaktionshastigheten kraftigt m inskar
©8§57—97>11 Z1"S—SeZ—’®"S1leeZe’Z>—S1ea>3VINE % WANZM 15 G '7E L W OB
temperaturintervallet 4 —10 °C respektive vid 1°C (Hoang et al, 2014; Ahmed et al, 201

| ltalien studerades MBBR-processen i full skala da ett reningsverk pa en turistort i norra Italien
uppgraderades. MBBR-reaktorerna placerades efter befintlig biologisk rening och tva scenarier
testades: ammoniumbegransning och syrebegransning. Vid ammoniumbegransning kunde ingen
korrelation mellan nitrifikationshastigheten och temperatur ses medan vid syrebegransning sags
en korrelation med minskande hastigheter vid l&ga temperaturer, helt i linje med de norska
studierna (Andreottola et al , 2000. | Sverige har en studie fokuserat pa denitrifikation unde r kalla
temperaturer och ett svagt samband identifierades da reaktionshastigheten vid 3 °C uppgick till 55
% av hastigheten vid 15 °C (Welander & Mattiasson, 2003.

Fullskaleanlaggningar i Norge

Lillehammer avloppsreningsverk

Som tidigare namnt uppgraderades Lillehammer ARV till en MBBR -anlaggning infor vinter -OS
1994. Anlaggningen designades flexibel dar bade kombinationen forfallning/efterdenitrifikation
och foérdenitrifikation/efterfallning &r majliga. Av 9 biolo giska zoner kan 7 drivas aerobt.
Reaktorerna ar fyllda med K1-barare (AnoxKaldnes) och ar 5,5 m djupa.

Under 2018 var medeltemperatur i avioppsvattnet 10,8 °C och sam lagst 3,9 °C och under aret lag
reduktiongraden av kvave p& 80 % over reningsverket. Under den kal laste perioden tkade flodet
fran runt 10 000 n#/d till Gver 50 000 n#/d. Nitrifikationshastigheten i anlaggningen har beraknats
bade med hela den aeroba volymen och med en mindre volym baserat paatt féregaende reaktorer
anvands fér BOD-reduktion. Generellt var nitrifikationshastigheten hog und er 2018 da verket
drevs med fordenitrifikation och paverkades bara marginellt av te mperaturen, se vanster graf i
Figur 2. Hastigheten for efterdenitrifikation minskade kraftigt med t emperaturen under aret men
om detta berodde pa en utspadning av avloppsvattnet, driftstrat egin eller temperaturen ar osakert.
Under 2019 var kvavereduktionen 75 %, medeltemperaturen 10 °C och denlagsta temperaturen 5,3
°C. Under den kallaste perioden dkade flodet till ver 20 000 né/dag. Nitrifikationshastigheten
varierande heller inte med temperaturen under detta ar och visas i den hogra grafen iFigur 2.
Vardena som presenterasFigur 2 ar framtagna fran veckoprover fran en kallare period under
respektive ar.
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Figur 2. Nitrifikationshastighet och dess korrelation med temperatur under aren 2018 (tv) och 2019 (th)

pa Lillehammer ARV. Datapunkterna ar framtagna med veckomedelvarden fran den kallare perio den
under respektive ar.
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Nar avloppsvattnet ar varmare blir processen begransad av substrat vilket gor att
nitrifikationshastigheten inte 6kar med en hdgre temperatur. Un der 2019 var hastigheten for
efterdenitrifikation oberoende av temperaturen. Jamfért med 2018 var inkommande avloppsvatten
dock mindre utspéatt under 2019 vilket kan ha orsakat skillnad en i temperaturberoende jamfort
med foregdende ar. Sammanfattningsvis visar resultaten fran Lillehammer ARV att den
observerade nitrifikationshastighet kan vara stabil eller min ska nagot vid kallare temperaturer.

Gallande temperatureffekten pa denitrifikationen ar det svart a tt dra slutsatser eftersom
reningsverkets driftstrategi under tillfallet inte &r k&nd o ch utspadningen under snésmaltning
verkar ha haft stor paverkan pa hastigheten. Aven for nitrif ikationshastigheten &r det svart att
beddma vilka parametrar och driftstrategier som har haft bety delse for det relativt svaga beroendet
av temperaturen. Framfor allt saknas det syrehalterna for en djupare forstdelse av proessen.

Nordre Follo avloppsreningsverk

Nordre Follo ARV uppgraderas 1997 till en MBBR -anldggning med férsedimentering och
férdenitrifikation. Bioreaktorerna ar 5,5 m djupa och fylida med K1-barare (AnoxKaldnes). Under
slutet p4 2018 togs aven en deammonifikationsreaktor (AnitaMox, Veolia) i drift for
rejektvattenbehandling. Pa reningsverket har denitrifikationsproc essen historiskt varit
begransande vilket har kompenserats genom att metanol sporadiskt tillsatts i inloppet till biologin.

For att berakna reaktionshastigheterna i biologin har kvavebel astningen pa biologin antagits vara
samma som inkommande kvave till reningsverket. Under 2019 reduc erades inkommande kvave
med 80 % pa reningsverket trots att belastningen 6versteg desigivardet. Motsvarande siffra for
2020 var 79 %. Aven pa detta reningsverk &r nitrifikationspr ocessen substratbegransad forutom
under arets kalla manader. Under vinterhalvaret 2019 och 2020 lagmedeltemperaturen pa runt 9 -
10 °C och ner mot ca 7~ 7,5 °C under hdga floden 2019. Under 2020 var den lagsta tempertren
nagot hogre. Beraknad nitrifikationshastighet och dess korrelation med temperaturen visas i Figur
3for 2019 (tv) och 2020 (th). Beraknade hastigheter basesapa den totala aeroba volymen, samt pa
att en zon anvands for BOD-reduktion.
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Figur 3. Beraknad nitrifikationshastighet pa Nodre Follo ARV under 2019 januari till maj (tv) och 2020

januari och april (th).

Nitrifikationen beror har pa temperaturen och korrelationen me d Arrhenius ekvation visar pa en

o Z-™Z758e75" 720’ E'Z—e1™21ELWIWVI1I2YSZoAXNYWOLLI U A= ZLE ZWSWHV 17 —
2020 i temperaturintervallet 7,5 — 10,5 °C. Denitrifikationens beroende &r svart att bedoma eftersom

befintlig data inte mojliggor att separera kvave avskilt m ed férdenitrifikation med kvave avskilt

med efterdenitrifikation. Vidare har metanol sporadiskt tillsat ts till inloppet, vilket ytterligare

komplicerar en bedémning av denitrifikationshastigheten.
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Nedre Romerike avloppsreningsverk

Nedre Romerike avloppsreningsverk (NRA) byggdes 2003 med férsedimentering och kombinerad
for- och efterdenitrifikation foljt av efterfallning och avskiljning av bildade flockar med
sedimentation. For efterdenitrifikation anvands vanligtvis met anol, férutom under vissa perioder
da denna kolkalla kompletteras med beslagtagen etanol. MBBR-anlaggningen ar fylld med barare
av typen K1 (AnoxKaldnes) och under 2018 ersattes forsedimenteringen med sa kallade bandfilter
(Salsnes).

| detta projekt har data frén kalla perioder under aren 20 13, 2014, 2016 och 2018 analyserats
narmare for att bedéma hur den biologiska reningsprocessen fungerar med kallt avloppsvatten.
Medeltemperaturen under dessa perioder lag pa 8,6 °C och den lagsta temperaturen pa mellans,2
— 7,4 °C. Nitrifikationshastigheten varierade mellan 0,31 — 0,41 g NHs-N/m 2,d beraknat pa hela den
aeroba volymen da reningsverket inte har ndgon separat zon for BOD-reduktion.
Reaktionshastigheten i férdenitrifikationen berdknades till mellan 0,18 —0,22 g NO-N/m2,d och i
efterdenitrifikationen till 1,0 —1,1 g NOx-N/m 2,d. Temperaturkoefficienten for bada processerna
7™ ™ " SeeSe7 0ol 140 1empeiatdrivitetvallet 5 — 10 °C.

Kvavereduktionen har generellt varit god pa reningsverket under kal la temperaturer forutom da
aven inkommande floden ar htga och avloppsvat tnet utspatt. D& minskar reduktionen kraftigt till
runt 50 % o6ver reningsverket vilket indikerar att effekte n av ett utspatt avioppsvatten ar mer
betydande for kvaveavskiljningen an temperaturen.

Gardemoen avloppsreningsverk

Gardemoen ARV fardigstalldes 1998 samtidigt som Oslos nya flygplats 6ppnade nastgards.
Reningsverket behandlar kommunalt avlioppsvatten och flygpla tsens avloppsvatten, samt
uppsamlad avisningsvatska sedan 2004. Den mest utspadda avisnngsvéatskan genomgar en
biologisk forbehandling i en separat MBBR-anlaggning innan den nar reningsverket. Den mer
koncentrerade strommen anvands pa reningsverket som extern kolkalla. Eftersom insamlad
avisningsvatska ar mycket kall har en varmevéaxlare installerat s fér att varma denna strém med
renat avloppsvatten. Huvudprocessen p& Gardemoen ARV bestér av rensgaller och snd- och
fettfang foljt av forsedimentering. Det biologiska steget dri vs med kombinerad for - och
efterdenitrifikation i MBBR. Efter biosteget tillsatts fallnin gskemikalier och partiklar avski ljs i en
flotationsanlaggning. Fore avloppsvattnet nar recipienten desinficeras det med UV-ljus under
badsasongen.

For bedomning av reningsverkets prestanda finns ett stort antal dygnsprov pa ingdende och
utgdende vatten att tillga fran 2019 och 2020. Unckr dessa ar reducerades inkommande kvavehalt
med 85 %, trots att kvavebelastningen dversteg designvéardet. Dda visar att
denitrifikationshastigheten beror av ett flertal faktorer och ett temperaturberoende darfér ibland ar
svart att identifiera. Data indik erar dock att reaktionshastigheten i fordenitrifikationen un der
perioden I&g pa i genomsnitt 0,88 g NOx-N/m 2,d i temperaturintervallet 8,0 — 16,5 °C och minskade
till 0,68 g NOx-N/m2,d itemperaturintervallet 5,4 - 8 °C. Dessa hastigheter ar nagot hogre &
forvantat. Hastigheterna i efterdenitrifikationen kunde inte k orreleras med temperaturen och 1ag i
genomsnitt pa 1,2 g NO«-N/m 2,d, vilket kan jamforas med 1,4 g NOx-N/m 2,d som &r den hégsta
forvantade reaktionshastigheten med den anvénda kolkallan. N itri fikationshastigheten varierade

®YSeel-—ZeleZ-™MZ>Se7>2—17—7>1™Z> "7 —1"EIEAWIXWITHISe7>""Zes' E'Z-

temperaturintervallet 6 — 16 °C har beraknats for de stunder nar processen inte har varitbegransad
av tillgdngen pa ammonium. Aven i detta fall verkar det som att syrets 6kade loslighet i kallt
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avloppsvatten, lagre endogen respiration samt hégre syrehalter doljer reaktionens verkliga
temperaturberoende. Eftersom reningsverkets driftstrategi inte ar do kumenterad kan det svaga
temperaturberoendet ocksa bero pa t ex 6kad luftning i de aeroba biostegen vid kalla temperaturer.

Design for kallt avloppsvatten

| de norska designriktlinjerna har MBBR -processen beskrivits sedan 2009. Dessa designriktlinjer
uppdaterades sa sent som 202@ Tillganglig for skning och den datasammanstallning som har
gjorts i detta projekt visar att de norska riktlinjerna lamp ar val sig for att na en tillracklig
kvavereduktion aven i anlaggningar som tar emot kallt aviopps vatten. Det innebar att en
anlaggning dar utgaende totalkvavehalter i genomsnitt ska understiga 10 mg/l eller
kvavereduktionen ska dverstiga 70 % kan designas for 10 °Caven om temperaturen i
avloppsvattnet understiger 10 °C under langa perioder och stundvis sjunker s& lagt som till 5 °C.
Dock bor designen fér 10 °C kontrolleras mot ett scenario med kallt utspatt avlopps vatten.

Vidare sa har genomgangen av tidigare studier och databearbetningen fran fullskaleanlaggningar
att en flexibel anldggning med kombinerad for - och efterdenitrifikation &r att féredra dar kallt
utspatt avioppsvatten forekommer. | en sddan anlaggning kan b&de det organiska materialet som
finns i avioppsvattnet utnyttjas och driftsékerheter uppnas v id behov genom att tillsatta extern
kolkalla. I Figur 4 visas ett konceptuellt exempel p& en sadan anlaggning.

Kunskapssammanstallningen har ocksé visat pa kunskapsluckor vad galler hur driftstrategier
paverkar de biologiska reaktionshastigheternas beroende av temperaturen. Sammanstéallningen
visar att temperaturberoendet skiljer sig mycket at mellan rening sverk och mellan labb-studier.
Detta forklaras delvis med férandringar i vattenmatrisen vad géller naringskoncentrationer,
syrehalter och det organiska materialets tillganglighet for de b iologiska processerna nar
avloppsvattnet &r kallt och utspatt. Dock paverkar ocksa re ningsverkens driftstrategier, sdsom
syretillférsel, dosering av extern kolkalla och nitratretur. Foér att ta fram |Ampliga driftstrategier och
underlag for att bedoma investerings - och driftkostnader for svenska forhallanden, kommer dessa
parametrar studeras noga i pilotstudien i detta projekt.

MBBR
Coagul Pre Preanoxl Ox(BODBrem)/ Nitrification Deox  Postanox Precip/ Flotation
floccul sedimentation or Preanox2 OxN 1 OxN 2 floccul

WWLLLL [t

Figur 4. Konceptuell design av en flexibel MBBR -anlaggning fér att behandla kallt avloppsvatten.

1 Norskt Vann (2020) Veiledning for dimensionering av avlopsrensean|&gapport No 256.
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Preface

This report is the result agin assignmenthat SET AS has carried out on behalf oBWedish
Environmental Research Institutmder the prgect: “Nitrogen in cold wastewater Long term pilot
experiments with MBBR”.

Thepurpose of the project is to increase knowledge about nitrogen remiovadld wastewater by
the use of the MBBR technology in order to achieve-efigictive treatment at low temperatures.
The project consists of 6 work packages out of which this repoonigsito work package AP1
Knowledge compilation.

The report is written byrof. em. Hallvard @degaard, SET AS and dr.ing. Bjgrn RAgigteam
COW]as a sulconcultant to SET AS. Both have long experience with MBBR. Priddegraaards
the inventor of the MBBR and its processes and he has worked clogelyér with dr.ing Bjgrn
Rusten ever since the first pilot experiments were carried out in NorwayeTdrermore experiences
with the use of MBBR for nitrogen removal in cold wastter in Norway tha in any other country

in the world.

The report is divided in four chapters. After the introduction (Gbaf); the moving bed biofilm
reactor (MBBR) and MBBRsed processes for-ldnd Rremovalin cold wastewaterre presented
in chapter 2, focusing on system design aratter partitioning. In chapter 3 aaview of
internationalpublications dealing with studies of N\emoval in MBBRs (mostly ledind pilot) at low
temperatures,is given including studies from Norway, Canada, USA, Italy and Svedbapter 4
nitroen removal in fullscale MBBR plants at low temperatuiadNorwayduring recent years are
presented and discussed. These are Lillehammer WWTP, Nordre Follo WWEFR bleérike
WWTP and Gardermoen WWTP.

The authors are grateful to the plant owners that have let the datenftbeir plants to the disposal
for the authors, which has made it possible for us to presenitiost comprehensive experience
study on this subject ever.



Content

1 110 o (8 ox 1 0] o NPT TSP PPPPRRPPPPPPPPR 1.
2 The moving bed biofilm reactor (MBBR) and M#BBed processes for-ldnd Rremovalin

COIO WASTEWEALE . ...ttt e et e e e e e e e e e e e et e e e e e e e e e e e e e e nnenrees 2.
2.1 The MBBR and MBBRsed systems for-Nind Rremoval.............ccccuvvviiiieiieiieiiinneenenn. 2.
2.2 Design criteria of the preand postdenitrification MBBR............ccccoooiiiiiiiiiniiiiieeeees 4.
2.3 The Arrhenius temperature correction coeffiCient..........cccccccviiiiiiiiiiiiiiiiiee e, 5..

3 Review of publications concerning studies efefhoval in MBBRs (mostly laedind pilot) at

Lo (=T 0 ] o T=T = L =2 PSSP G..oeee
3.1 Experiences from pilgblants in NOIWAY..........cccouriiiiiiiiieiiiiieiee e 6....
3.1.1 Nitrification studies at NTH (NOW NTNU)........oouriiiiriiiiiieiiieieeeeeeeeeee s 6....
3.1.2 The FAN pilot plant @XPerimeENLS..........uuuiieririiiieiieee e L.
3.1.3 The Lillehammer WWTP StaIp teStS.........ooooiiiiiiiiiciirerrer e 13..
3.14 The postdenitrification Pilot tESt.........ccoiviiiiecc e, 15...
3.1.5 The FREVAR pilot plant @XPerimentS..........ccuuvviiieiiiiiiiiieee e 15..
3.2 EXPeriences from USA ... 20.....
3.21 Upgrade of Palmer WWTP in AlaSKa...........uuviviiieiiiiiiiiiiieieeee e 20...
3.2.2 Johnstown WWTPNitrification of lagoon effluent..............ccccciiiiciinnnns 21
3.3 Experiences from Canada (on nitrification of lagoon effluent).............ccccevvvvvvinnnnnnn. 21
3.4 EXPErienCes frOM TTAlY ... ....eiiiieiiiiee e 23.....
3.5 EXPeriences fromM SWEERKL.........ciiiiiiiiiie et 24.....
4 N+emoval in fullscale MBBR plants at low temperatureExperiences from Norway.......25
4.1 Lillenammer WW TR ...ttt 25.....
41.1 Results for Lillehammer WWTP in 2018........ccuiiiiiiiiiieeeeeee e 26..
4.1.2 Results for Lillehammer WWTP in 2019.......cccuiiiiiiiiiiiiiieee e 30..
4.2 NOTFAre FOIO WWW TR ...ttt 33.....
42.1 Results for Nordre Follo WWTP in 2Q19........cccoiiiiiiiieeec e 35..
4.2.2 Results for Nordre Follo WWTP in 2020..........c.c.oeiiiiiiiiiiieeeeeiieee e 37..
4.3 Nedre Romerike AVIGPSSEISKAN. .......uuiiiiiiiiiiiiie e 40....
4.3.1 Results for NRA TN 2013 ... it 42...
4.3.2 ReSUlts FOr NRA TN 2014t 45...
4.3.3 ReSUILS FOr NRA 1N 20L6........ciiiiiieeieiieeeee et 48...
43.4 Results for NRA 1N 2018...... ..ot 50...
4.4 Gardermoen WW TR, 52.....
44.1 Overall results for Gardermoen WWTP in 2019 and 2020...........c.ccccveeiivveennnne 55
4.4.2 SPECITIC rEACHION FAIES... ..o e e e e e e 57.....



5 SIMMAryand CONCIUSIONS.......c.oiiiiiiiiiiiie et ee e e e e e e e e e e e e e e 61

5.1 ADOUL TN TEPOIT.....eeeeeiee e e e e e 61......
5.2 THE EEIAtUIE FEVIEW.. ... ..eiiiiiiiie ettt 6l.....
5.3 The fullscale PlantS SUIVEY..........ccooii i a e e 62....
5.4 Design of MBBR fOr-MmOval.............cooooiiiiieee e 65....
6 Referenceglisted after year of publication)..............cooooiiiiiiiiiiiec e 67...

7 Attachment— (Excerpt of the Norwegian design guidelines on wastewater treatmemtt |

(Norsk Vann, 2020 1N NOIMWEGIAN).........cciciiceiiiiiiir e e e e eeeaae e e e e e e s s e s s s s s s s s saaarsarrreerreeeees 69



1 Introduction

Cold wastewater is normally a consequence of intrusion of smalt water into the wastewater
pipes duringsnowmelting in the spring. Occasionally the temperature of the incgmater to
treatment plants in Scandinavia may fall undé€5and quite commonly plants experience
temperatures between 8C and 10C for a longer or shorter period. When the efflustandard is
based on yearly average (for instance 10 mg tot N/l in effluent or 70 % iedumised on yearly
average), it is quite common to design treatment plants in Scandinawvi0PC. This is, for instance,
the case for the Norwegian Design Guide$ (Norsk Vann, 2020).

This situation results in several items that has to be taken intouattda design and operation:

1. The biological processes on whichiéinoval depends (nitrification and denitrification)
proceed at a low rate, the lower the tempdtae is. Luckily, there is some rate (even though
low) all the way down to 1C, but we seldom has to take lower temperaturesrt®&C into
account. The tempetare dependency of microbial processes are often describedhéy t
Arrhenius temperature correin coefficientU } -~chapter 2.3).

2. The wastewater is normally diluted by the snowelt water. On one hand this makes it
easier to meet a given effluent standard concentration value, luthe other hand it will be
more difficult to meet gercentage removal standard

3. Pre-denitrification is dependent oavailability of easily biodegradabdeganic matter in the
raw wastewater In a dilutedwastewater the amountof easily, biodegradable organic matter
is lower and hence the capacity to denitrify is lower. And also the concemirafieasily
biodegradable organic matter is lower and hence dbesdriving force for denitrification
Thereforethe denitrification rate idower in a snowmelt diluted water.

4. In a coldsnowmelt situation the wastewater may be aerobic, i.e. have some oxygen in it.
This will in the first place result in an aerobic biofilm in the network that coesusome
easily biodegradable organic matter and in the second place, consume ldasidgadable
organic matter in the pralenitrification tank that otherwise would have been used for
denitrification —with an inferior denitrification as the result.

Hence there are several challenges in planning, designing and operétrogen removal plastfor
cold wastewater situations.

In this report we shall in chapter 2 discuss favorable reactogdesf the moving bed biofilm
reactor (MBBR) that hee been used in the wastewater characteristic situation described. In enapt
3 we shalsummarize expeences from studies published in literatuncerning Nemoval in
MBBR plants and chapter 4 we shall present and discuss dauailed from existing MBBRlants

for N-removal in Norway in recent yeats. chapter 5 oufindings are summarized.

The degin criteria that are most used, are those proposed by Norsk Vann (Nansk 2020). The
chapter herein that deals with MBBR, is attached tis tieport (in Norwegian)



2 The moving bed biofilm reactor (MBBR) and MBB&sed processes for-N
and Premoval in cold wastewater

2.1 The MBBR and MBBBased systems for Nand Rremoval

There are basically two extreme dgss for the design of MBB®Rants for nutrient (N and P)
removal, as shown in Figure 2.1a and 2.1b

1. Predenitrification with postprecpitation (Figure2.1a) that is most suitable when the water
is concentrated and has a high content of easily biodegradahblighlsocorganic matter, i.e.
that the QODyiodegratibid N-ratio in the incoming water is high

2. Preprecipitation with postdenitrificaton (Figure 2.1b), that is most suitable when the water
is diluted and has a high content of organic matter in particulateifand hence that the
OODyiodegragid N-ratio in the incoming water is low

In situations where cold water is a challenge in parts of the ya@marily during snownelting in
spring), it is typical that the water has a relatively high content of orgaaitemon particulate form.
This is partly caused by the fact that the watepxygerrich resulting in aerobic degradation in the
network that transforms soluble, easily biodegradable organidenanto particulate organic matter
(bacteria cells). This is evident by the fact that many such phatteve a very high removal of
particulate organic matter by chemical coagulation ¢poagulation) alone (> 70%).

a. Predenitrification with post-precipitation Advantages and disadvantages
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Figur 2.1 Process solution®r removal of N and P iMBBRplants.

In most situations where cold wastewater is a challenge, each of the twerags may be more
suitable at different periods of the year, ppeeciptation and postenitrification during
winter/spring months and prelenitrification and posipreciptation during the summer/autumn
months.Hence a third alternative, the combined pind postdenitrification MBBR (Figure 2.1c) is
being favored in plants with large variation in wastewater compositiomr theyear.



The first plant with this reactor design was built for the wastewater treattrplant in Lillehammer,
Norway, in connection with the winte©lympicGamesdn 1994. The experiences with this process
solution was so favorable that all the major nitrogen plamsed on MBBR in Norway now uses the
combined pre and postdenitrification process, and it is now also being favored amfslin other
countries(Sweden, Finland, Uruguay, China (including Hong Kong) anadlisuag well.

A typical buildup of a MBBR based on pi@nd postdenitrification is shown in Figure 2.2. As
demonstrated some of the reactors are-salled“swing’-reactors, i.e. they have both a system of
aerators as well as mixers, meaning that they may be operated both @ailyband anoxically.
Together with a smart control system, this makes the combineebpiepostdenitrifcaion MBBR
system very flexible and ideally suited for situations with large variations in terypverand flow.

Nitrification
Preanoxl Preanox2/ OxN 1 OxN 2 Deox  Postanox Reox

Ox(BODrem) N-3
____________________________________________________ Carbonsource

) OL l r |OL‘10L l_a

Reactor 1 2 3 4

Figure 2.2 Typical buildup of a MBBR based on prand postdenitrification.

The first reactor is normally a mixed, anoxic-gemitrification reactor that receivesitrate
containing water from the end of the nitrification zone (reactor 5 in Figu2g. Zhe recycle flow is
made variable since it it does not help to recycle more than the amourasifyebiodegradrable
organic matter in the raw water can accommodal&e recycled water contains oxygen (coming
from reactor 5) and the more one recycles, the more oxygen will be usegnsume the precious,
easily biodegradable organic matter intended for nitrate removal. Hencetiittkind of water we
are designing fom the “Cold N*plants, the recycle will normally not be set higher tH2Qi, (r =
Q/Qin = 2).Theoretcallythis can lead to a potential removal of nitrogen in the ftfenitrification
equal to approximately r/(r+1)*100%, i.2/3*100 = 67 %In cold, duted wastewater (as during
snow melt in spring) the availability of easily biodegradable, organic maitebe so low that the
recycle may be set lower, for instance<atQn, equivalent to a theroretical removal of < 50 %.

The second reactor stage is normally a swing reactor that may be egerath mixing alone, and
become a second anoxic reactor, or with aeration alone as aB@Dval reactor. During summer
time (or dry weather flow), the availability of easily, biodetghle organic matter in the raw water
(and hence the prelenitrification capacity) is higher. Inflow is also lower so a higher liagy@tio
may be set-all in all resulting in a higher-tiémoval in the predenitrification stage. And the benefit
for this, is a lower consumption of external carbon source for the subs#gpostdenitrification in
order to meet the overall Nremoval goal.

The third reactor is aerobic and used for B@ihoval and possibly partly for nitrification while the
fourth reactor isdefinitely for nitrification. In summer time, when temperatures amittification
rates are higher and predenitrification is maximized by using reactor 2 for-olenitrification,
reactor3 and4 together will have sufficient aerobic capacity to both remove egtoBOD to start
nitrification and to nitrify to the extent targeted. In the winter and espdgim the snowmelt



situation in spring, nitrification rate is lower and B@noval takes primarily part in reactor 2 that is
now aerobic.

Reactor 5 is@other “swing” reactor. It is, however, normally mixed and not aeraeen though it

will be aerobic because of the relatively high-B@hcentration coming into the reactor from reactor
4. We want the oxygen concentration out of the reactor as low asiplesin order to minimize the
consumption of organic mattethat otherwise would be utilized for nitrate removal either in the
pre- or postdenitrification reactors. There is, however, not much substrateftafoxygen
consumption, but correctly desigdehere will be some ammonium left that will consume oxygen at
a relatively low rate. At this point the nitrification process is ammonium lidgik®wever, so low DO
does not limit the ammonium degradation.

Reactor 6 is a post denitrification reactor whengernal carbon source is added. The denitrification
rate here is much higher timan the predenitrificationstage, so thiseactoris relatively small, even
though it may be the most important one in order to achieve a certaattnent goal. If the
requirement is very low nitrate concentration in the effluent, reactor &ynbe divided in two steps,
but this is not common when tots&&moval of around 780 % is aimed for.

Reactor 7 is normally an aerated, small reactor with the task to removexa®gsrganic matter
from the added carbon source. If the control of carbon source é&lgw if carbon is made the
limiting factor for denitrification, this reactor may be omitted. Thaalso the case if the MBBR is
followed by coagulation/dissolved air flatan.

Improved process control is often established by usindir@sensors. The nitrification rate is
strongly dependent on DO and by regulating the air supply fronDi@signals, nitrification e.g.in
reactor 4 may be controlled. A sensor measuririgate in reactor 6 may be used to control the
addition of external carbon source. The experiences from Norwegian ioechipre and post
denitrificationplants (see chapter 4) have shown that the pdsnitrification step has been crucial
for safeguarding good treatment resultAll in all,the wastewater situation that may be
encountered in cold and wet weather situations, calls for the use pdstdenitrification step
because this makes one independent upon the wastewater characteristithe incoming water. If
using a swing reactor also in the first stage of the MBBR (see Figure ®agralso facilitate the
extreme version of a pure posienitrification system that may be used in extreme sitaas.

2.2 Design criteria of the preand postdenitrification MBBR

The dimensioningf the pre- and postdenitrificationMBBR is carried out based on design rates for
each of the reactor stages; ptenitrification, BOEremoval, nitrification, deoxygenation and post
denitrification. The necessary reactor volume is determined based oddkign rates
(g/m?bioimaread), the effective, specific areanf/m?) of the carrier that is to be used, and the filling
fraction (%) of the carrier.

The design procedure is as follows:

1. The amount of nitrogen that is to be nitrified and denitrified i¢etenined based on the influent
and effluent concentrations, the assimilation during biodegtton (based on BOEmoved)
and recycle rate.

2. The amount of easily biodegradable organic matter available fodpretrificationis determined
based on the incoming soluble B@bBncentration and the soluble B@idncentration that is
created by hydrolysis. The amount easily biodegradable organiemiatthe sum ofhe two.

3. The N@N load on the prelenitrification reactor is thewsm of the amount of recycled nitrate
and the converted oxygelvad (1 g @is equal to 0.35 g NENequivatenty-



4. The volume of the prelenitrification reactor is determined based on the design rate for pre
denitrification.

5. The residual BOIdad on the BOBemoval reactor is determined as the incoming load minus
that amount that is used fathe NG-N removal.

6. The volume of BOBEmoval reactor is determined based on the design rate for B&hpval.

7. The volume of the nitrification react(s)is determined basa on the design nitrification rate that
is set depending on the preeatment.

8. The volume of th@le-oxygenation reactois determined based on the design nitrification rate
for de-oxygenation

9. Theamount of postdenitrification needed is determined as the difference between the amount
of nitrogen to be denitrified and the amount denitrified in the denitrificati@actor.

10. The volume of thgost-denitrification reactofs)is determined based on the desigost
denitrification rate that is set

In addition to determining the reactor volumes, the air needed has to bereined as well as the
biomass separation reactor.

The design criteria that are most used, are those proposed by Norsk(Wansk VVann, 2020). The
chapter herein that deals with MBBR attached tdhis report (in Norwegian)

2.3 The Arrhenius temperature correction coefficient

The Arrhenius temperature correction coefficieryf,is commonly used for calculating microbial
process rates at one temperature as compared to another, usiagtfuation below:

ke=ki- (27 T2)
where k and k are the process removal rates at temperaturesaiid T (°C), respectively

There are actually very few studies of temperature effect at low terapeges on nitrification and
denitrification in MBBRs. Most references on temperature infaeeare from plants with
temperature above 15C.

d Z -value for MBBRrocesses is often sat around 1,09 for nitrification processes an@2 for
denitrification and BOBemoval processes (with PC as reference temperature) as it is done in the
Norwegian design guidelin®orsk Vann, 2020When analyzing the literature more closely, these
are quite conservative values. Hem et al (1994) fqododinstance a value of 1044 (in the 818°C
range) and Salvetét al(2006) 1058 for an oxygen limited attached growth nitrification.

Although the equation above can be used to model the temperagfifects on the nitrification rates,
it does not take into account another important factor; the exposure tielatolla et al. (2009)
proposed a temperature and time dependent equation to model the attalchrowth nitrification
rates as a function of etsed time at £C:

} A8 x 1G%In(t) + 983 x 1
where t is the exposure time in days to a specific temperature.

To achieve efficient operation of nitrifying MBBR systems, it is importaevatuate the effects of
cold-shocks omitrification kinetics, not only to account for periods of snowmalit also the
projected increase in frequency of extreme weather events and coldudreaks.

The influence of temperature on denitrification in MBBRs are even nadem studied, bubne
may assume that the effect is the same as for heterotrophs that remove BOD



3 Review of publications concerning studies ofrmoval in MBBRs (mostly
lab- and pilot) at low temperatures

3.1 Experiences from pileplants in Norway

In addition to the experiences from fidtale plantén the later yearshat are described in chapter 4,
four important pilot and fullscale studies in Norway from earlier times shall be mentioned here
(Hem et al, 1994; Rusten et al 1995a; Rusten e9@blh and ¢ and Rusten et al, 2000).

3.1.1 Nitrification studies at NTH (now NTNU)

The studies of the MBBR process started already around 1988 withesevaster students studying
nitrification and denitrification. The first study that was published, howewghere the experiments
that Lars Hem did for his PhD, fulfilled in 1991 (Hem et al, 1994). Hem did hisrexqsrpartly on a
constructed wastewater and partly on real settled secondary eftilbem he demonstrated that the
relative effects on the different factors influencitite nitrification rate foundfor the constructed
wastewater vere also valid for the secondary treated effluent.

Hem demonstrated how important DO concentration and organic loadarthe nitrification rate in
MBBRs and he demonstrated that the ammonia concentration wasloniting for the nitrification
rate at Q/NH.-N ratios above 10 mgaAng NH:-N, which in practice means at ammonia
concentration as low as-2 mg NN (depending on DOsee Figure.2).

Based on Hems observations, the murded plots in Figurg.1l and3.2 were constructed; that in
many ways sum up Hem'’s thesis work and forms the ground for thgmesinitrification in MBBRs
as we use it today.
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Fgure 3.1 Nitrification removal rate taking Figure 3.2 Nitrification removal rate versus

both organic load and DO concentration into ammonium concentration at different D@evels
consideration at 15C (Temp. corr.™= 1.09) at low organic load (Temp. corr™= 1.09)

Hem did most of his experiments at room temperature, but did some gieom experiments at
temperatures down to 8C. Above cdl2°Che found a temperature coefficient=1.044 (in the
equationk. = ki - }{T-T)) and in the 8- 12°Crange he found} = 1.09.



3.1.2 The FAN pilot plant experiments.

The FAN pilot plant experiments were carried out at Nordre Follo WWTP as pidwe 6Removal of
Nitrogen program” in Norway (FANogram, 19881992) (ddegaard, 1992). The results of these
studies are extensively reported in the journal Water EnvirentrResearch (Rusten et al, 1995b and
1995c). Here we shall concentrate on the issues that are especiallytampor treatment of cold

and diluted water.

Predenitrification with postprecipitation and postenitrification with preprecipitation were
studied. These experiments were the first ones on nitrogen removal in MBBRswotld and the
information collected forms the basis for our understandinghef MBBR and its design.

The pilotplant consisted of two parallel trains, one for each of the two MB#ems; a. pre
denitrification with postprecipitation and b. postienitrification with preprecipitation (see Figure
3.3)

Siudge

¥

Figure 3.3 The pilot plants layout in the Nordre Follo WWTP experiments

The pilot reactors had an active specific biofilm are of approximately 3&%and were operated
at water temperatures of 7 to 18. The raw municipal wastewater had a very low concentatio
easily biodegradable soluble COD (BSCOD) and had a high DO eiacentr

3.1.2.1 Nitrification.

Figure 3.4 show the overall nitrification rates versus ammonium loadkéoa) predenitrification
system based on the biofilm surface in all the aerobict@acand b) the postlenitrification system
based on the biofilm surface area of the three aerobic reactors fighhee shows that the
nitrification rate, calculated based on the total aerobic volume of the twoesyst seemed to be on
the same level. Inhe postdenitrification/pre-precipitation system, however, there is easily
biodegradable organic matter left to be removed aerobically in the aeratadges of the bioreactor,
while this has mostly been removed anoxically before the aerobic reastahepre-
denitrification/postprecipitation system.

When rates are calculated on the purely nitrifying reactors, th&imam nitrification rate in the
post-denitrification/pre-precipitation system (1.6 §Hi-N/m?d — seeFigure 3.§ was demonstrated
to be higher than in the préenitrification/postprecipitation system (1.0 yH-N/m?d). This is the
reason for higher design nitrification rate in systems with advancetigbaremoval (pre
precipitation) in the Norwegian design guidelines.
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on the biofilm surface area of the three first aerobic reactors

The philosophy for design is therefore to design for a B&bovalreactor that removes so much of
the biodegradable organic matter that nitrification is not limitly organic matter, before the
nitrification reactors are designed. As Figure 3.5 shows, this wasrtgrated to be around 4.5 g
BSCOD/Ad (around 10 g COD/Ad) that has been transformed to 5 g B4D?d in the Norwegian

design guidelines
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Figure3.5. Nitrification rate versus organic

loading.

Figure 3.6 shows nitrification rate in the pafnitrification system at high DO, demonstrating that
the nitrification rate was limited by ammonium only at quite lammonium concentrations (< 3 mg
NH:-N/I) as also demonsttad earlier by Hem (Hem et al, 1994). This is because the nitrification rate
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Figure3.6. Nitrification rate versus NN
concentrations in the 2. and 3. reactor in the

post-denitrification system

at higher concentrations is not limited by ammonium but oxygen.

Oxygen is actually the most important factor that determines the igatfon rate in MBBR'’s in
practice—once he biodegradable matter has been removed upstream (aerobically or atigkica
This is well demonstrated in Figure 3.7 based on steon tests during the Nordre Follo WWTP

experiments.
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Figure 3.7 Nitrification rate versus oxygen concentration, based on shtetm tests with a) the
second aerobic reactor in the pr@enitrification system and b) the first two reactors in the pest
denitrification system. The removal of organic matter during thest is indicated in the figures.

A linear relationship between rate and DO is clearly demonstrated, all the wayatgdaast 10 mg
O./l and the lines cross the-axis at around 2.5 mgAD The good thing here is that nitrification rate
in the MBBR may be regulated by the DO (hence air supply) in the reabtiibad one being that
you need at least a DO ofs2mg/l in the reactor. When relating to cold weather, however, one
benefit comes for free. When the temperature goes down, the solubifi§® goes upand so does
the nitrification rate. Therefore, in practice, the apparent iefhice of temperature on nitrification is
guite low—as many researchers have demonstrated

In the Nordre Follo WWTP experiments, the apparent temperature effecitdfication was indeed
insignificant in the range of 7 to 2&. Accounting for the differences in DO concentrations, a true
temperature coefficient of} = 1.09 was found.

In Figure 3.8 is shown the nitrification rate versus ammonium conagofrs at twodifferent runs in
pre-denitrification and postenitrification mode, at temperatures below 94D and at similar and high
DO-concentrations. Dotted lines show nitrification rates based on tleetien rate constants and the
NH,-N concentrations for transitiofrom oxygen to ammonia rate limitation
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Figure 3.8 Nitrification rate versus ammonium concentrations at two different runs in pre
denitrification and postdenitrification mode and at temperatures below 2C. Dotted lines show
nitrification rates based on the reaction rate constants and thiék-N concentrations for transition
from oxygen to ammonia rate limitation
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It is demonstrated that the maximum nitrification rate is higher in gestdenitrification system and
that the results fits well with the model proposed:

=k (S

ry = reaction rate constant, g N#/m?d

S = concentration of NHN in the reactor, mg/I
k = reaction rate constant

n = reaction order constant

The reaction rate constant at ammoriimitation was dependent on the mode of operation and was
between 0.44 and 0.71 assuming the typical reaction order constattiédiims of 0.7.

This model formed the basis for design of nitrification in MBBRs. -Maéue was recommended to
be set at 0.7and the kvalue:

k = 0.40 no primary sedimentation or pdenitrification

k = 0.47 with primary sedimentation or poenitrification
k = 0.53 with primary sedimentation and pdenitrification
k = 0.58 with chemical precipitation

S is the lower of the NHN concentrations found when using the actual.NNHconcentration

in the reactor, or the NHN concentration at the point of transition where the rate limiting
substrate change from ammonium to dissolved oxygen (B@).the point of transition can be
found by the following equation:

S rans = ((Bulk liguid DQ— (DO depletion across heterotrophic part of biofiljin*
(Autotrophic biofilm DO to NHN ratio at transition*%

* In practice the DO depletion across theterotrophic part of the biofilm will vary depending on tigeowth
conditions for the biofilm and the soluble BOD concentration in thet@aThis depletion can vafgom 0.5
2.0 mg/l, but an average of 0.5 mg/l can be used for MBBR reactorsowiift 2 mg/l) soluble BOD
concentrations.

** This ratio (mg DO/l to mg NHN/I) will vary according to literature, but 3.2 was recommended

So the formula for the NN concentration at the point of transition, &ns can be simplifiedo:

S, rans= _(Bulk liguid DG 0.5)
3.2
where bulk liquid DO and, 8ans are concentrations in mgDand mg NH-N/I, respectively.

This correspondsell to a maximum nitrification rate at PG of 1.01 g NIN/m?d in the pre
denitrification system and.24 g N&N/m?d in the postdenitrificationsystem at a high DD the
Nordre Follo pilot experiments.

Alkalinity may limit nitrificationin biofilm processes. In general it has been recommended that a
residual alkalinity of 1.5 mekv/l is necessary inesrh avoid alkalinity limitation (with corresponding
pH-fallinside the biofiln). In the Nordre Follo pilot experiments it was found, however, that
considerably lower alkalinity (0:0.8 mekv/l) was acceptable and it was speculated that this niight
cau®d by the extremely thin biofilm in nitrifying MBBRs.

In pre-precipitation systems too much phosphorus may be removed ahe#ttedf1BBR causing P
limitation in the reactor. Based on the Nordre Follo WWTP experimentsisitecommended that a
residual P@P concentration of 0.3 mg P/I should be maintained.
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3.1.2.2 Denitrification.

It was difficult to establish good pdenitrification because of the low concentrations of easily
biodegradable organic matter and high DO in the influent as well agirettycledvater. The overall
pre-denitrification rate was always lower than 0.4 g,N\@m?d whereas the maximum denitrification
rate of the first preanoxic reactor was close to 0.7 g N\OUm?2d (see Figure 3.9). The scatter
demonstrates how important the content diodegradable, soluble COD (BSCOD) in the influent was
for the obtained rate. The highest maximum denitrification rates resphiBSCOD > 24 mg BSCODI/I.
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Figure 3.10Denitrification rates vs effluent
BSCOD concentrations for the first anoxic
reactor (R4) on the pogtlenitrification process
(at effluent NQ-N concentrations > 3 mg/l)

Figure 3.9 Denitrification rates for the first
anoxic reactor (R1) in the prdenitrification
process at various BSCODs in influent

Figure3.10shows the influence of BSCOD in the pabestitrification processAlready at BSCOD
concentrations above 10 mg BSCODI/I in the effluent, the denitidicaate was close to maximum
at a much higher level than in the pdenitrification case, around.@g NQ-N/m?d —even at
temperatures lower than 18C. A C/Natio > 3 g COD/g N®I was found to be needed in order to
reach good denitrification with around 4 COD/g,N\Das the optimal.

Figure 3.11 demonstrates very well what will happen to the total N r&him apre-denitrification
process on diluted wastewater.
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Figure3.11 Total N removal efficiency versus Figure3.12 Total N removal efficiency versus
recycling ratio for the predenitrification
process at an anoxic zone equal to 50 % of theprecipitated water in the postdenitrification

total biofilm area. Figures indicate C/xatio.
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process.
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Removal increases with increasing recycling ratio (because mardlQ@vailable for pre
denitrification), but at a certaimecycle ratia(in this case &Qin ~ 2) the removal starts to drop. This
is caused by the fact that the amount of oxygen that is recycled, exdbedslative amount of N
N that can be removed in the fight for the easily, biodegradabimmic matter agilable.

The line in the figure follows the equation that is based on a massba over the reactor (not
considering assimilation) and can be used for rough estimates:

R = r/(r+1)*100%

R = Total N removal that can be expectegdnedenitrification
r = recycle ratio = QycdQin

In the postdenitrification process one is independent of the raw water BSG@xadigh removal
could be secured as long as sufficisatlium acetate as carbon soura@s added (> 3 g CQE4/g
Tot Nniuen) @S demonstrated in Figure 3.12.

Figure 3.13lemonstrates well the influence of the Ghidtio of effluent Tot N concentration (mg/l)
and Tot N removal (%) in dilute wastewater, i.e. low temperature,ifd@t concentration and short
hydraulic residence time. Concentration below 7 mg tot N/I (atierit of 129 mg tot N/I) was
obtained at a C/Natio less than 3 g CQdaed/g Tot Nasient at less than 2 hrotal HRT in the MBBRs
in postdenitrification mode. An effluent concentration of only 3.3 mg tot Wds reached at a C/N
ratio of 4.3 g COlaed /g TOt Nafiuent.
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Figure 3.13Total N removal and effluent Figure 3.14Example of inorganic nitrogen

concentrations versus CHxatio for the post profiles through the pilot plant in the post

denitrification process treating dilute waste  denitrification mode. Concentrations are given
water at low temperatures and short HRT in log-scale

Figure 3.14 demonstrates how the different inorganic components gbdrthroughout the reactor

in the preprecipitation/postdenitrification process. Note that the total HRT of the MBBR was as low
as2.6 hrs in this example.

The specific sludge production (kg TS/kg Gadgtermined over a 8 month period- was
significantly lower in the MBBR of the painitrification process (prprecipitated sludge not
included). It was 0.59 kg TS/kg GEii(0.73 kg TS/kg CQioved in the predenitrification process

and 0.25 kg TS/kg C&Red(0.34 kg TS/kg CQEwved in the postdenitrification process (COD as
sodium acetaténcluded).
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3.1.3 The Lillehammer WWTP statp tests

Lillehammer wastewatereatment plant was upgraded for the 1994 Winter Olympics. It was until
then a traditional chemical secondary precipitation plantwpre-sedimentation, coagulation,
flocculation and possedimentation. The upgrade consisted of building a MBBR forgeitreemoval
between the presedimentation tanks and the coagulation/flocculation tank$IBBR was chosen
because of lower space requirements and lower price than the aetivsiudge alternative, and it
became the first combined prand postdenitrification plant in the world. Because there were no
experiences with that sort of setp, it was built with a lot of flexibility with respect to reactor stages
and the possibility to operate them with mixing, aeration or battvifg reactor)-se Figure 3.15
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Figure 3.15 Reactor layout of the Lillehammer WWTP

The MBBR has 9 stages altogetherR3lare all swing reactors and may operate both anoxically and
aerobically, R4 and R5 are aerated (for nitrification) whildRR@&re swing reactors (for
nitrification/de-oxidation) or post denitrification, R8 is mixed and not aedafi®r post

denitrification) and finally R9 is for peskygenation. The plant has 2 trains and uses K1 carriers with
a filling fraction of 65 % in all stages from the sigpt

The plantwas equipped with NN and N@N sensors to regulate aeration (DO and hence
nitrification rate) and to control dosing of carbon source (hence contaltdfication rate).

During the stardup period from January 1 to May 31, 1995 (i.e. a winter peribe)plant was
followed up very closely and below the experiences from this period shall be rep@¢e also
Rusten et al, 1995a).

Flow rates and influent concentrations, based on 24h flow prapoa samples, are shown in Table
3.1. All influent concemations were very low during wet weather conditions, while concentrations o
soluble phosphorus (R€P) and soluble organic matter (SBPWere low all the time.

Table 3.1Flow rates and influent concentrations for the Lillehammer WWTP, Jan.Mdg 31,1995

Minimum

Average Maximum
Flow {m*/d) 15 500 9 900 35200
Total P {mg/1) 31 04 7.7
PO-P (mgll) 1.2 < 0.01 21
Total N (mg/i) 23 17 37
SS (mg/l) 120 19 390
SBOD, (mg/l) 25 19 30

The influent wastewater temperature was well under®@most of the time during this period and
for longer periods under 7C.
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The MBBR of the first train was started up during winter condétiith primary treatment water in
influent. TheMBBR had been loaded with carriers (K1) since November 1994 and aeration h
started December 1. The plant started to nitrify already afterwdgtiavo weeks and complete
nitrification was achieved at the beginning of January 1995. &bermsl MBBR train waseeded with
nitrifies water from train one and started on March 5, 1995, and good nitrifinatias observed

after two weeks in this train as well. Denitrification, with ethanol as theapest carbon source, was
initiated on March 22 for train 1 and Ap2® for train 2.

Results from operation with combined prand postdenitrification of primary treated wastewater
are shown in Figure 3.16 and Table 3.2. Reactors 1 and 2 were anoxicséaetand 5 were
aerated, reactor 6 was mixed by propeller. Itsv#ot aerated- but aerobic in order to reduce DO
and nitrified wastewaterwasrecycled from reactor 6 to reactor 1. Ethanol was added as external
carbon source to reactor 7 and reactors 7 and 8 were anoxic whileaie@aetas aerated.

Data were collected from several days of 24h flow proportional samgdeginning only 2 weeks
after recycling and addition of external carbon source was initiakégure 3.16 shows an example of
the profile of nitrogen and SCOD through MBBR train 1, with a recycliog @at/Qi») of 1.0 at 6.5

°C.
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Figure3.16. Example of nitrogen and SCOD pte$ through MBBR train 1 at Lillehammer WWTP
treating primary effluent in the combined preand postdenitrification mode on April 10, 1995

The very low temperature, high influent Bi€vels and low amount of biodegradable, organic matter
in the wastewater, resulted in low praenitrification activity. A consumption of 7.3 g SCOD/g-NO
NremovedWas determined in the preéenitrification stage.

Nitrification took place mainly in reactors 5 and 6 with a specific nitrificatiom 080.51 g NH
N/m?d at a DGevel of 5.06.5 mg/l. This is as expected from the nitrification design model ego
(Rusten 1995b) see under Nordre Follo experimentand used in the Norwegian design guidelines.

The majority of the denitrification took place in reactors da&with an average postienitrification
rate of 0.71 g NGN/m?d, slightly lower than recommended for design in the Norwegian design
guidelines.

The overall removal of inorganic N during this stgstperiod with temperatures in the range of665
%Cisshown in Table 3.2.
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Table3.2. Removal of inorganic N in BBR train 1 at Lillehammer WWTP, April 1995. Combined
pre- and postdenitrification of primary effluent

Flow (m*/d) Water temp. lndl;ganic N
°C) MBBR infl. (mg/l) MBBR effl. (mg/l) % removal
Average 7900 63 17.2 3.1 820
Minimum 7 600 6.0 16.1 2.2 74.5
Maximum 8300 6.5 17.7 4.1 87.6

The average removal for inorganic N was 82 % for all the samples atltivesemperatures (6.5
°C). The removal of Tot N would naturally be slightly higher sinceioriyain influent would be
higher than in effluent. Of the 82 %, only-1% % was removed in the pdenitrification stage
because of the cold, snemelt diluted wastewater.

3.1.4 The postdenitrification pilot test

Figure 3.17shows postenitrification rates in gilot test carried out forthe Gardermoen WWT.P
Three different external carbon sources were tested (Rusten et 861 T he test wscarried out at

a situation where the nitrateoncentration was not rate limiting. Use of methanol and mono
propylene glycol (MPG) gave similar denitrification rates. Use of etlimubled the denitrification
E S X 00 SZE ES Ev o E }v oJuE ((]*ZNMS }( ¥ A %s6HEES EE
C/Nratios were also temperature dependent which can be explained byehigecific sludge
production (lower decay) at lower temperatures. The necessaryr@il increased with an average
of 45 % when the temperature was reduced from 15 fi€5

5
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4T O Monopropylene glycol A

Denitrification rate, g NO 5-N/m?/d
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Figure3.17. Denitrification rate versus temperature with various external den sources
(Rusten et al, 1996)

For 95 % removaf nitrate, ethanol had the lowest carbon demand, with a neces€dNratio of
3.9 gCORNyded’ gNOsnequivatens' at 10°C. MPG had the highest necessary-€Gitib at 5.6 gCORQqded’
g NOQ,-Nequi\/alen’[él at 1000 (RUSten et al, 1996)

3.1.5 The FREVAR pilot plant experiments.

The pilotplant study at FREVAR WWTP (Rusten et al. 2000) was carried out over Zlyegitot
plant layout was as shown in Figure 3.18-cidfriers were used in all stages of the pilot plaha

filling fraction of 66 %, i.e. with a specific area of 330hm. The pilotplant was operated in pre
nitrification mode only.



16

The study was carried out for both a summer and a winter situatisith wastewater
characteristics that are quite similto what can be expected for the “Cold{dlants in Northern
Sweden. A simplified flow sheet for the MBBR pilot plant used at FREV-gRre3.18

Recirculation

<@ ===

A1 R2 R3 R4 R5 i R6 |

oArnc:xh:: Aerobic  Aerobic  Mixing Empty reactor
aercbic aerabic  mixing

Figure 3.18Simplified flow sheet for the MBBR pilot plant used at FREVAR

In Table 3 gamples of typical characteristics of primary treated effluent fed tophet plant are
shown for a summer situation and a winter situation, respectively.

Table 3.3 Example otypical primary effluent concentrations fed to the pilot plant ding a
summer and a winter situation, respectively

Parameter Summer Winter
Total COD, mg/I 297 244
Filtered COD, mg/l 121 85
*BSCOD, mg/I 80 55
Total N, mg/l 23.0 23.2
NH~N, mg/I 17.0 11.2
SS, mg/l 112 83
Oy, mg/l 2.7 7.5
pH 7.3 7.2
Alkalinity, mmol/l 3.0 2.2
Temperature’C 14.7 55

*BSCOD=Biodegradable Soluble COD

In the winter,only 1/3 of the primary effluent COD was soluble (as defined by pmi.glass fiber
filter), and only 2625% of the COD was both soluble and biodegradable. Less thanf 5086 o
primary effluent nitrogen was present as NN. Large differences between wedkysand

weekends were also observed; with biodegradable, soluble COD (B&&@@entrations on
weekends being only about 50% of the concentrations on wissls.Primary effluent dissolved
oxygen (DO) concentrations were also very high duringriméer. Note the high DO concentration in
the influent, especially in winter, caused by melting sneater intrusion in the wastewater

network.

3.1.5.1 Temperature dependency on nitrification.

Multiple linear regressionesulted in an apparent temperature coefficient @ 107 in the

Arrhenius equatiorfry 2= tv11 T2%), equivalent toarealtemperature coefficient of£1.09. The
apparenttemperature coefficient is what @bserved directly. The real temperature coefficient is
based on a situation with @onstantDO concentration in the reactor at all temperatures, and it was
calculated based on thessumption that the reactor DO concentration varied in proportigth the
saturation concentratiorat the actual temperature.
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3.1.5.2 DO concentration effects on ifitcation..

Data from a siday period with some variations in DO concentratiomgile other important
parameters were almost constant, were used to prod&egure3.19. The nitrification rates were
calculated based on flow proportionafastewatersamples collected from 8:00 am to 8:00 am the
following morning. The DO concentrationsre taken from odine measurements, stored in the
control system as historic mean valudesm midnight to midnight. The discrepancy in timing will
create some scatter in theesults.
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Figure 3.19Influence of reactor DO concentration on the nitrification rate
(100 g NHN/m3d equals 08 NH-N/m?d).

However, Figur8.19clearly shows that increased DO concentrations resulted in significantly
increased nitrification rates. The broken line indicates a 70 % increaseification rate by
increasing the DO concentration from 5 to 8 mg.(dhis confirms theossibility b control the
nitrification rate in biofilm reactors by regulating the @@ncentration.

3.1.5.3 Effect of primary treatment on nitrification.

For a period of 10 days the COD and SS loads on the pilot plant wdrkedoby taking th@rimary
clarifier out of service. This immediately reduced the nitrification rate infits¢aerobic reactor (R3)
by 50%, but had no effect on the third aerobgactor (R5) within this Xday period. Shortly after
putting the primary treatment back oline, the first aerobic reactor (R3) nitrification rates climbed
back to the original values. the third aerobic reactor (R5), however, nitrification ratespped by
approximately 25%or about a week, in spite of an increase in reactor DO concentrationsgilpe
explanationfor this may be that excess amounts of heterotrophic biomass grown inrgteahd
secondaerobic reactors due to the previously increased organic load, wetacted from these
reactors and carried over to the third aerobic reactor. Some of thisrb&tgphic biomassnay have
been adsorbed to the biofilm in the third aerobic reactor and ttemaporarilyreduced the
nitrification capacity of this reactor.

3.1.5.4 Effects of pH and alkalinity on nitrification.

Based on previous test results (Rusttral., 1995b), alkalinitand pH values down to 0.5 mmol/l and
pH 6.1 in the second and third aerobic reactors weikelow to achieve optimum nitrification. For

the final weeks of the pilot test, however, tipgdwas adjusted to an average of pH 7.1 by addition of
NaOH. This resulted in3% increase in the average nitrification rate.

3.1.5.5 Proposed design nitrification rate.

The FREVAR wastewater had a low-NTKN ratioq TKN = total Kjeldé nitrogen). Thus,
nitrification rates measured as removed NN, were artificially low due to simultaneous hydrolysis
of organic N to NIHN. Based on the sum pfoduced N@-N and assimilated NHN, the average
nitrification rate over all the aerobieactors was 50% higher théased on influent and effluent
NH—N concentrations. An evaluatiaf all the data indicate that a design nitrification rate of 190 g
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TKN/ntd (equal to 0.58 TKN/md) would be reasonablat a temperature of 10C, provided that
the pH in the reactors iadjusted to pk7-0. This is very close to the present value in the revised
Norwegian design guideline for nitrification after psettling and predenitrification (0.6g NHs-
N/m2d at 10°C).

3.1.5.6 Influence of oxygen on denitrification..

Figure20 showshow the DO concentratioim the reactor influenced there-denitrification rate.
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Figure 3.20Effect of reactor DO concentrations on denitrification rates in thiest anoxic reactor
(150 g NE#N/m3d equals &5 NQ-Nequi/m 2d).

Data from a perioavith an average wastewater temperature of PQwere used, because fairly high
DO concentrations in the reactor were only observed attemperatures. The rates given as NO
Nequivatlents(where removal of 1 g s equal toremoval of 0.35 g NON) werealmost constant, with
an average value of 155 g NRquivalendm3d (0.47g NQ-Nequiv/m3d) at around ?C . This is close to
the present value in the revised Norwegian design guideline for denitrification akesgitling (0.5

g NH;-N/m?d) at 10°C.

The DO effect on the denitrification rate, given as g-Mdm3d, could be described byfollowing
equationthat provided the best fit, with a correlation coefficient 6f0.93:

IpN= rDN,MaX(l—O.GG(DO)UZ)

ron=denitrification rate
DN,Max= Maximum denitrification rate
DO=o0xygen concentration in reactor in mg/O

At a reactorconcentration of 0.3 mg £, the above equation shows that th@re-denitrificationrate
will be reduced to 65% difs maximum value.

3.1.5.7 Influence of organic matter.

The denitrification rates were strongly and linearly influenced byBBEOD concentratiofisee
Figure 3.21). At PC the values is expected to be around 10 % lower and 20 % lowéC#tah
measured here.

With low influent BSCOD concentrations, the €6¥isumption ratios, measured gsBSCOD/g NO©
N, were lower than with highhfluent BSCOD concentrations. This indic#tes hydrolysis products
from particulate COD wernagsed as carbon source whamailable BSCOD was limited, a finding that
was confirmed in several batch denitrificatitests.

The denitrification rates were Higr on weekdays than on weekends, due to highuent BSCOD
concentrations on weeklays. The average consumption of filtered G®8&hown in Tabl8.4as
averages over a period of 4 months.
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Figure 3.21Denitrification rates and corresponding /donsumption ratios as a function of BSCOI

concentrations in the reactor influent. Data are for reactor 1 atetlend of May, 1996, with 1.1 mg
NO~N/I in the reactor.

Table 3.4 C/Nconsumption ratios, with corrggzonding C/N ratios in primary effluent and BSCOD
concentrations in to each reactor. Averages for anbnth period with a temperature of 9.4C

R1 R1
Week-days  Weekends R2

C/Nin primary effluent, g BSCOD/g TN 2.8 1.7 —
BSCOD ininfluent to reactor, mg/I 26 12 7
C/N-consumption, g FCOD/g NO,~N removed 13.2 8.4 2.0

C/N-consumption, g FCOD/g NO,-N removed 7.9 4.5 1.5

equivalents

The large difference betweatios based on NON and ratios based on N@\eguivalents IS due to the
high concentration®f oxygen in the influent to reactor 1. Due to more available BSCOD/Nhe C
consumptionratios were higher on weellays than on weekends. A larger fractiorhgtlrolysis
products from particulate COD were used on weekends, resultiagawer consumptiomatio of
filtered COD. Most of the COD used for denitrification in reactor 2taksesn from hydrolysis
products. The reactor 2 effluent contained approximately 5BSgOD/I, indicating that not all the
BSCOD was easily biodegradabldarranoxic conditionsThis BSCOD was, however, rapidly
consumed in the following aerobic reactors.

The amount of carbon needed for denitrification is temperature dependesnivel) due toincreased
sludge yield at lower temperatures. Previous tests (Rust al., 1996) showed40-50% increase in
carbon demand when the temperature was reduced from 15%€5

3.1.5.8 Temperature dependency on denitrification..

Based on data in the temperature range from 5 to°C7 a truegemperature coefficient ofT=1.05
wasfound. In reality, removal of N&N will be furtherreduced at low temperatures due to an
increased supply of oxygen. Taking into accountiiceesased supply of oxygém the raw waterat
low temperatures at FREVAR, the apparent temperataefficient was as high ag=1.10.

3.1.5.9 Proposed design denitrification rates.

Thedesign denitrification rateproposedfor FREVAR (at 2Q) varied from 135 §O-Nemovedm3d

(0.4 gNOc-Neemovedm?d) at 50 mg BSCOD/I in influent to 88I@-NremovedM>d (0.24 gNO-Neemoved
m?d) at 30 mg BSCOD/I and 281G-N-emovedm>d (0.06 NO-Nemovedm?d) at 10 mg BSCOD/I in the
influent. The corresponding proposed values 4C5vere 85 (0.26), 50 (0.15) and (0.08)@-
NremovedM>d (NQOe-Neemovedm?d) at 50, 30 and 10 mg BSCOD/!I in the influent respectively.
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The rates at low temperaturesre verylow, due to the very high influent oxygeoncentrations at
FREVAR at these temperatures. If influent oxygen concentrationsdedlower higher ratesvould
be expectedThe proposed prelenitrification ratesndicate howeverthat only marginal pre
denitrification will be achieved for a conditiomith both low temperaturelow concentration of
BSCOILnd aerobic inlet wateHence, for plants that may encounter such situations, it is bdter
safeguard design by adding a pad&nitrification step.

3.2 Experiences from USA

3.2.1 Upgrade of Palmer WWTP in Alaska

Figdoreet al(2019)reported on an upgrade of the wastewater treatment plant for the AlaSky of
Palmerthat serves a population of approximately 7,20be dfluent must meet conventional
secondantreatment limits as well as seasonal monthly average and maximum daily anumoni
limits of 1.7 and 3.6 m@jin summer and 8.7 and 18.5 mgd winter. Prior to 2018, secondary
treatment was based solely on covered aerated lagdbaswerenot able to relably meet effluent
ammonia limits. Nitrificationvasparticularly challenging in Palmer’s cold winter climate with
influent temperatures near 8°C and further temperature decreases to h&@racross the lagoons.

A new MBBPlantwas designe@nd constructd for a minimum temperature of &, the average
recorded 66day wastewater temperature during performance testing waswever,8.8°C, with
minimum and maximum average daily recorded temperatures dX8&hd 10.8C. Dissolvedxygen
concentrations were above 5.0 mg/l.

The MBBR influent flow and TKN concentration and effluentMIEbncentration during the
performance periodf the winter of 201%re shown in Figurd.22 Melting of ice and snow
during the month of March led to averagkily flows peaks thataused a few spikes in effluent
NHs-N up to 4.0 mg/ As soon as the flows dropped backiarmal the system recovered to
verylow MBBR effluent NN concentrations. MBBR effluent BN concentration averaged 0.4
and 0.9 mglin the first and second 30ay intervals of the performanegesting period, which

met the MBBR specification requirement of less than 1.0l fog/a 3Gday average. These values
are well below the winter season permit monthly average and maximum day lin8t3 aind

18.5 mgl.

4MBBR, NH3-N Conc @ Influent, TKN Conc  # Influent, Daily Flow
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Figure 3.22MBBR influent flow and TKN concentration and effluent M¥Hconcentration during
performance verification period in the winter of 2019 &almer WWTP in Alaska
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3.2.2 Johnstown WWTP Nitrification of lagooneffluent.

Wessman and Johnson (2006) reported from adadlle plant (Johnstown WWTP) were MBBR in two
parallel lines were placed between lagoon 2 and 3 in order to enhance atiiofidsee Figure 3.23).
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Figure 3.23Flow diagram of Johnstown WWTP (Wessman and Johnson, 2006)
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From December 2004 to mithnuary 2005, the average influent water temperature was 4.2°C, the
MBBR treatment system removed an average of over 40% of influenNNHh fact, theeffluent

NHs-N concentrationdecreased by 35%, 42%, and 58% in December, January, and Felbtheary,
compared with the same months in the winter prior to the instatlatof the MBBR treatment
system. Throughout the warmer months, the MBBR treatment read@an average of 85% of
influent NH-N while the effluent BOD has been, on average, less than 1 mg/l, makaryg easy for
the plant to meet its permit requirements month after month.

During the first winter there was a pH excursion tavlile the wastewater temperature dropped to
less than 3C. The paper shatow nitrification recovered in spite of the low temperature when pH
was brought back to normal levels (around 7).

It was concluded that the new MBBR at Johnstown WWTP operatedssfially through the first
year with wastewater temperatures below’€. HEluent concentrations were well below the
discharge limits. Throughout the warmer months, the MBBR treatment vechan average of 85%
of influent NH-N while the effluent BOD has been, on average, less than IL. mg/

3.3 Experiences from Canada (on nitrification of lagoon effluent)

In Canada, passive treatment systems, suamaléi-pondlagoons, are common in northern climates
where landis readily available. These systems are able to nitrifiggrsummer months due to their
long retentiontime (HRT). In thavinter months, wastewater temperaturesan reach as low as 1°C
for extended periods obperation. At this temperature, passive treatmesystems are incapable of
nitrification, and as suclthere has been an increased interest in add nitrifying biofilm
technologiesThe moving bed biofilm reactor (MBBR) ltesnonstrated the potential for cold
temperature nitrification The combinecfficiency and simple operation of the MBBR make it ideal
as a potential upgrade technology for passive treatnsgtems.

MBBRsystems for this purpose has been studied extensively at Department of Civil &irgine
University of Ottawan a research group under leadership of prof. Robert Delatolla. Mos$teof t
investigations have been performed as laboratory stadiée first studies investigated upgrade
MBBR nitrification systems installed after the first or middg of a multilagoon treatment
system to minimize the temperature decrease of the wastewater throughtithatment process
prior to entering the nitrifying MBBR system.
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Delatolla et al (2009, 2010) reported a high dependence of attachedtiynoitvification kinetics on
temperature even when the oxygen concentration in the wastewater was high and sthdives
MBBR ammonia removal kinetics was signifiyadecreased at 4C.Delatolla et al. (2009) proposed
a temperatureand time dependent equation to model the attached growth nitrificatiates as a
function of elapsed time at 4C; where represents theArrhenius temperature correction coefficient
and t the elapsed timén days

}=3.81x 102 In(t) +9.83x 10*

In Hoang et &12014) two laboratory MBBRs were used to investigate MBBR nitrification rat2@, at
5, and 1°C. Furthermore, the solids detached by the MBBR reactors were igatst and Arrhenius
temperature correction models used to predict nitrification rateeafongterm low-temperature
exposure was evaluated. The nitrification rate &5wadound to be66 +3.9% and 64+ 3.7 %
compared to the rate measured at 20 reactors 1 and 2, respectively. The nitrification rates®at, 1
that covereda 4month exposure periodvere 0.22 and 0.21 gN/fd for the two reactorghat was
18.7+5.5% and 15.% 4.7 % compared to the rate at ZC. The quantity of solids detached from the
MBBRbio-carriers was low and the mass of biofilm per carrier didwaoy significantly at 26C
compared to that after longerm exposure at 2C. Lastlythe temperature correction model
proposed by Delatolla (2009) (see aboskdwed a strong correlation to the calculated ammonia
removal rates relative to 28C followinga gradual acclimatization period to cold temperatures.

The Hoang et 4R014)studywas performed under laboratory conditions with reactors fed véth
controlledsynthetic wastewateand with a zero carbon/nitrogen (C/N) ratio. The zero carbon feed
conditions minimized the potential overgrowth of the nitrifiers by heterotrophicteaia. Hence,
there wasa need for research on the performanceattached growth nitrifying MBBR systems fed
with realwastewater from a lagooand conventional organic concentrations from conventional
lagoon treatment systems atiC.

Almomani et al (2014) carried out, therefore, a study usinegslzdleMBBR reactors fed with
incoming effluent from a fulscale lagoon. The study shedthat significant average ammonia
removal rates 0f.26and 011 kgN/m3d (corresponding to D4 g N/nfd and 044 g N/ntd at the

filling fraction used-50%)were achieved at 26Cand 1°C respectivelyThe increase in the ammonia
removal rates with incrasing temperature from 1Cto 20°Cshowed a strong correlation to an
applied temperaturecorrection coefficient modelNo significant accumulation of effluent nitrite was
observed at 2Cor after being fed with synthetic wastewater; indicating thatccemperatures and
transitions from realvastewater to synthetic wastewateatid not stress the nitrifierd-uthermore,

the study demonstratd that changes in temperature or changes from rgasynthetic wastewater
did not affect the mass of biofilm attached per MBBR carrier.

InYoung et a[2016) pilot-scale moving bed biofilm reactor (MBBR) was used to investigate the
kinetics and biofilm response of municipal, tertiary nitrification at 1°C.rékearch demonstrates
that significant rates of tertiary MBBR nitrificatiarere attainable and stable for extended periods of
operation at 1°C, with a maximum removal rate of 280/m?- d (0.52g N/m?d at 55 % filling
fraction of K5at 1°C. At conventional nitrogen loading rates, low ammonia efflaententrations
below 5mgN/L were achieved at 1°C. The biofilm thickness and dry weight biofilm nessstown
to be stable, with thickness values showing a correlation toptfoéein/polysaccharide ratio of the
biofilm extracellular polymeric substancekertiary MBBR nitrificatiomvasshown to increase the
effluent suspended solids concentrations by approximatetygdtotal SA., with 19-60% of effluent
solids being removed after 3Qin of settling. The settleability of theffluent solids was shown to be
correlated to the nitrogen loading of the MBBR system.
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In his PhEthesisBradley YoungYjoung, 20173tudied the interplay between nitrifying performance
optimization and biofilm characteristics in leds well asn pilot scaleat low temperatures This
research concluded the most important factor determining MBBIR&r selection is a combination
of aurface area and pore space size. Although high surface area to volurrersare attractive, the
propensity to clog at high loading rates significantly decreasescimeval rates. The viability of the
biomass and ammonia oxidizing bacterial communitiese not significantly changed, indicating the
ammonia removal rates were reduced due to loss of surface area icldlgged carriers. Operation
at 1°C demonstrated significant rates of nitrificatimuld be attained and stable for extended
periods of opeation. This study developed the first kinetic curve at 1°@ witnaximum removal
rate of 0.35 gN/m?.d. The performance of the post carbon removal nitrifying MBBReBYs were
shown to be enhanced at 1°C by an increase in the viable embedded biasaall as thicker
biofilm. This effectively increased the number of viable cells presemgllow temperature
operation, which partially compensated for the significant decrease in rate ofaia removal per
nitrifying cell.

At all studied loading rates at 1°C, the ammonia oxidizing bactexia primarily in the family
Nitrosomonadaceaégreater than 95 percent abundance of AOB population) and theendaridizing
bacteria were primarily the genuditrospira(greater than 99 percent abundance of NOB
population). In extreme low loaded conditions and as well during siprphasesroung (2017) found
a high prevalence of bacteria not directly related to the nitrification precé@heir presence however
indicates a dynamic process with changes in microbial compesitthin the biofilm matrix in
response to varying conditions. Change in microbial composikiely Ihelps stabilize and maintain
the biofilm matrix enhancing process robustness in the temperate tdisna

Ahmed et al (2019) studied the performamnof the nitrifying MBBR system at elevated municipal
concentrationswith exposures to low temperatures and cediock conditions down to 1 °C using an
enhanced temperatureontrolled room. A removal rate of 98.44 + 4.69 gRit (0.22 g Nn2d? at

55 % fill fraction of K5) was identified as the intrinsic rate of nitrifyin@d®Bystems at 1 °C and was
proposed as the conservative rate for low temperature design. It wasdfdlat two-MBBR irseries
was a beneficiatonfiguration.

A temperature hreshold at which attached growth nitrification displayed a significant decrease
kinetics was identified between 2 °C and 4 °C. Arrhenius correction cagfiofl.09 normally
applied for low temperature nitrifying MBBR systems resulted in cvasiee modeled removal rates
on average 21% lower than the measured rates. Thus, an Arrhenius oomreogfficient of 1.049
was proposed between the temperatures of 10 °C and 4 °C and another canreoefficient of

1.149 to model rates at 1 °C. For thartsition from 4 °C to 1 °C, the adjustment of a previously
reported } model (Delatolla, 2009see above) was proposed to account for exposure time at low
temperatures. Finally, a comparison of nitrification kinetics between MBBfems acclimatized to 1
°C and systems that are cedtiocked to 1 °C, demonstrated that shocked removal rates were 21%
lower.

3.4 Experiences from ltaly

Andreottola et al (2000) studied a fidtale upgrade of a RBC plant to MBBR for a tocingtage in
Northern Italy.The organic and ammonium loads were in the average T®® n¥ d*and 0.9 g
NH; 3N m*® d*, and typical carbon and nitrogen removalstive MBBR at temperaturglower than
8°C were 73% and 728spectively.

Salvetti et al (200&8tudied he effect of wastewater temperature on the rate of nitrification in two
pure oxygenmovingbed biofilm reactors, fed on secondary effluent from a municipastewater
treatment plant. The firsteactor (R1) was operated under ammattiiaiting condtions, while the
secondreactor (R2) was operated under oxyganiting conditions.The former showed a negligible
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influence of thermal changes anitrification rates, while the latter showed a much higher
dependence.

In the paper, a temperature coeffet “y” was defined as the actual “intrinsic” biological
temperature coefficient, similar to the corresponding coefficient tisatisually adopteébr the
design of activategludge processes. In addition, an “apparent” coefficiaiwasquantified
independently, which was calculated according to the actullesaofnitrification rates at different
temperatures. The actual biological temperature coefficigpit, ranged between 1.086 and 1.109
(average value 1.098) under ammaotiimiting conditions, while under oxygelimiting conditions
was in the range 1.023.081 (averag®alue 1.058). The apparent valugwas near to unity (i.e. no
temperature effect) undeammonialimiting conditions, while only under oxygdéimiting conditions
andat constant dissolved oxygen concentration,"*goincided with “y”. An explanation wagven
that, under oxygedimiting conditions, the specific biomass activity (i.e. the ratiaitffication rate
to biomass concentration) was strongly influenced by the coetbaifects of oxygepenetration
through the biofilm and effluent temperature.

3.5 Experiences from Sweden

Welander ad Mattiasson (2003tudiedthe denitrification process in a stirred laisale suspended
carrier biofilm reactor at loemperatures (320°C). The reactor was filled to 50% with Kaldnes K1
carriers. The denitrification rate showed only a rather wdakendene on the temperature, the

rate at 3°C being approximately 55% of that atTa The maximum denitrificatiaate obtained at
15°C was 2.7 g N@X MZcarrier d while it was 15 g NOXN mi%carier d*at 3°C .

The maximum denitrification rate at®® during an &lay period was found to be constant. During
the 8 days, the hydraulic retention time was approximately 1.5 h aedrtlet NOs-N concentration
was 30mg I,

Ericsson (2011) reported a maximum full scale gisstitrification rate at Rya WWTP in Sweden of 2.2
g NQ-Nm?d*at around 10°C, with methanol as carbon source
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4 N-+emoval in fullscale MBBRlants at low temperatures- Experiences
from Norway

4.1 Lillehammer WWTP

The Lillehammer WWTP was upgraded to nitrogen removal in 1994. A [paocgss consultant
evaluated different biological nitrogen removal processes, andMB8R process was chosen
because it offered great flexibility and the lowest cost. A simplified flowsheghdsvn in Figure 4.1.
The MBBR has 9 reactors in series and reactors R1 through R7 aapdrated with aeration. R8 is
the only reactor that will always be anoxite plan offers great operation flexibility and was
originally operated with primary sedimentation; pdenitrification in R1 and R2; aeration in reactors
R3, R4 and R5 for removal of organic matter and nitrificatioopgdler mixing in R6 for oxygen
depletion before returning nitrified water to R1; dosing of extdroarbon source and post
denitrification in R7 and R8; peaeration in R9; and chemical precipitation of phosphand
secondary sedimentation. However, in recent years the plant has beematgpkeas indicated in
Figure 4.1, with prgrecipitation and no pralenitrification (aeration in reactors RR3). PAXL61NO
is used for preprecipitation, resulting in high removal of COD but limited removal @il t8. Ethanol
is used as external carbon soufoe postdenitrification and PAA8 is used for pogprecipitation.

Carbon
Chem. Primary l Chem. Secondary sed.

\ sed. y l‘f
g (L0000 A

AN/ AN/ AN/ AE AE AE/ AN AN AE
AE AE AE AN
Figure 4.1 9mplified flowsheet for one train at the Lillehammer WWTP.
Table 4.1 shows design flow rates and loads for the Lillehammer WWTP.

Table 4.1.Design flow rates and loads fdhe Lillehammer WWTP.

Plant influent

Qaveragem3/d 26,000

Design flow rates | Qgesign M/h 1,200

Qmaxdesigm ITT?’/h 1,900

BODR, kg/d 2,145

COD, kg/d 5,925
Design loads

Total N, kg/d 755

Total P, kg/d 107

The plant has four parallel trains for enhanced primary sedimemigpoe-precipitation), with a total
surface area of 600 m2 and 2.5 m water depth. The MBBR has two paealisl Chemical
precipitation of phosphorus and secondary solids removalistsef flocculation in twdrains with
four reactors in series and a total volume of 600 m3, and sedimemtatidour trains with a total
surface area of 860 m? and a water depth of 3.5 m. Table 4.2 shows reactoregpliiiiing of K1
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biofilm carriers and biofilm surface areas for the MBBRs. Biofilm cariiigg fitas measured in both
MBBR trains in January 2019. The reactors were drained for water to dortiezsirements, so
data for about 3 weeks from January 15th, 2019, will not be representative foaibercity of the
treatment plant.

Table 4.2. Volumes, filling of K1 biofilm carriers and biofilm surfaceaarfor the biological reactors
at the Lillehammer WWTP in 2018 and 2019. All reactors have a water depth of 5.5 m.

Wet volume K1filling, % Biofilm
Readtor Mode or train. m3 surface area*
P ’ Train 1| Train 2 m?2
R1 ferated for BOBremoval** 180 41 24 58,091
R2 ferated for BOBremoval** 180 39 20 53,182
R3 ferated for BOBremoval** 180 55 9 57,273
R4 Aerated for nitrification 380 60 18 148545
R5 Aerated for nitrification 380 45 33 148545

Aerated for nitrification, or ppeller
R6 mixing for D@eduction, or post 176 51 29 70,400
denitrificationwith external Gsource

Propeller mixing for D@eduction, or post

R7 denitrificationwith external Gsource 176 45 25 62,400
R8 Postdenitrification with external Gource 176 44 13 49,600
R9 Postaeration 92 40 31 32,618

* Total for both trains for the given reactor
** QOrignally designedlso with propeller mixing for prdenitrification (without aeration)

For the Lillehammer WWTP we have total COD for the influent, influent to MBB&farmht. For
total N we have only plant influent and effluent. ForMN¥Hand N@N we have effluent dta. In

order to estimate how much nitrogen that is actually nitrifietdedenitrified in the MBBR process,
we need to estimate how much nitrogen is removed by primary sedintiemand by assimilation.
We do not know how much ethanol that was added as external carborcspbut ethanol has a very
low sludge yield. Using a nitrogen assimilation .6f% (instead of .B %) of the amount of COD
entering the biological stage should more than compensate for the assonildue to the ethanol
addition.

TSS isot measured at this plant. However, the very high removal of G@btbe enhanced
primary sedimentation indicates removal of a lot of particulate organiceniat Therefor the
removal of total N over the primary sedimentation has been set at 20 %hdozstimation of how
much nitrogen that is removed in the MBBR process.

4.1.1 Results for Lillehammer WWTP in 2018

A summary of results for 2018 are shown in Table 4.3. Primary effluent is aftpramipitation. The
plant had an average removal of 79.7 %atadt, well above the required 70 %, at an average
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temperature of 10.2C and a minimumemperature of 3.9C. Average removal of total P was 98.2
%. Effluent COD concentrations were always very low.

Table 4.3. Summary of results for thélehammer WWTP in 2018.

Parameter Average Median Min. Max. N
Flow, m3/d 15,212 12,399 8,972 53,928 170
Temp. into 10.2 9.8 3.9 16.2 ---
MBBR;YC
Influent
concentrations:

COD, mg/l 702 727 166 1802 160
Total N, mg/I 54.7 58.1 21.3 88.5 153
Total P, mgl/l 6.8 6.8 15 111 167
Primaryeffluent
concentrations:
COD, mg/l 269 248 90 657 144
Total P, mg/l 4.9 4.2 1.1 14.2 156
Effluent
concentrations:
COD, mg/l 26 25 16 47 161
Total N, mg/l 111 10.3 4.0 25.0 157
NH:-N, mg/l 1.7 0.7 <0.1 13.2 159
NGs-N, mg/l 7.2 7.4 2.2 115 159
Total P, mgl/l 0.12 0.11 0.02 0.46 168

Influent and effluent nitrogen concentrations, influent flow eatand water temperatures (in to the
biological stage) are shown in Figure 4m?luent total N loads, total N discharged, influent flow rates
and temperatures (in to the biological stage® shown in Figure 4.3, together with calculated values
for NH:-N nitrified, NH-N dischargedndNQOs-N denitrified It was only in the winter and spring that
effluent NH-N concentrations were high enough for nitrification to not be sulistlimited. The
lowest temperature dipped below % for a few days in April, when the influent flow rate increased
from about 10,000 m3/d to more than 50,000 m3/d. Over the entire yeaifigiti amount was most

of the time between 400 and 500 kg NN/d. Denitrified amount was typically above 300 kgs:NO
N/d at temperatures above &, but considerably lower at the lowest temperatures.
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temperatures in to the biological stagéor the Lillehammer WWTP in 2018.
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Figure 4.3. Influent total N loads, total N discharged, NN nitrified, NH-N discharged, NN
denitrified, influent flow rates and temperatures in tthe biological stage for the Lillehammer
WWTP in 2018.

4.1.1.1Specific nitrification and denitrification rates

Specific nitrification ratesersus temperature are shown as weekly averages in Figure 4.4, for the
period from February 5 to May 28. Aftis period the effluent NIHN concentrations were too low
to show the nitrification potential. Normally a biofilm surface areaigglent to an organic load of
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about 5 g BO#mM?2-d (at 15°C) is required for removal of organic matter, before any significan
nitrification takes place (Rustest al, 1994). Figurd.4 shows specific nitrification rates based on
both the total aerobic surface area (R1 through R6) and the aembface area in R4 through R6.
Rates based on the total surface area will give/\veemservative values. Even the rates based on R4
through R6 are probably conservative, since the median orgaaitda R1 through R3 was as high as
25 g COD/md for the time period shown in Figure 4.4. Generally speaking, the nitrificaties ra
were hgh and only marginally influenced by the temperature. We can assbatahie DO in the
aerobic reactors were very high in order to achieve these high nitrificasitasr

Specifigpost-denitrification ratesversus temperatura@re shown as weekly averages in Fighu for

the period from February 5 to May 2Bhe graph appears to indicate a very high temperature effect.
However, at temperatures below€ the effluent concentrations were steady arouné g NG

N/I, andthe significantly reduced rates at the lowest temperatures were mainlytdulee large
reduction in influent concentrations caused by the largeease in the influent flow rates. Since the
temperature dropped due to the increased flow it is not poksiib single out the effect of

temperature alone. Without more information we do not know if tHant was operated to

maximize the postlenitrification rates at the lowest temperatures or if the operators éappy

with 4-6 mg N@-N/I in effluent, sincehe plant can easily reach the required annual average nitrogen
removal.
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Figure 4.4. Specific nitrification rates versus temperature, based on weakerages from February
5 to May 28, 2018.
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4.1.2 Results for Lillehammer WWTP in 2019

A summary of results for 2019 are shown in Table 4.4. Primary effluent is aftpremipitation. The
plant had an average removal of 75.1 % totatdinfortably above the required 70 %, at an average
temperature of 10.0°C and a minimum temperature of 5.3 Average removal of total P was 98.0
%. This is very good, considering the high effluent concentrationsgltire period when one MBBR
train ata time were drained to measure the filling degree of the biofilm carriers

Table 4.4. Summary of results for the Lillehammer WWTP in 2019.

Parameter Average Median Min. Max. N
Flow, m3/d 15,037 13,406 7,920 30,017 184
Temp. into 10.0 9.3 53 14.8 ---
MBBR’YC
Influent
concentrations:

COD, mg/l 675 651 266 1,483 176
Total N, mg/l 52.6 51.1 27.4 88.5 163
Total P, mg/l 6.1 5.9 2.4 19.8 180
Primary effluent
concentrations:
COD, mgl/l 624 565 238 1,297 161
Total P, mgl/l 4.0 3.9 1.8 8.2 163
Effluent
concentrations:
COD, mg/l 26 25 15 70* 178
Total N, mg/l 13.1 11.6 4.7 35.2*% 167
NH:-N, mg/| 3.1 0.6 <0.1 26.6* 169
NGs-N, mg/l 6.9 6.6 1.3 12.2 169
Total P, mgl/l 0.12 0.11 0.03 1.03* 183

* When alternate MBBR trains were drained to measure biofilm carriggfil
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Influent and effluent nitrogen concentrations, influent flow eatand water temperatures (in to the
biological stage) are shown in Figdré. Influent total N loads, total N discharged, influent flow rates
and temperatures (in to the biological stageg ahown in Figurd.7, together with calculated values
for NH-N nitrified, NH-N discharged and NEN denitrified. Itwasonly in the winter and spring that
effluent NH-N concentrations were high enough for nitrification to not be sufitstdimited. The

lowest temperature dipped below 5% for a few days in April, when the influent flow rate
increased from about 10,0003/d to about 20,000 m3/d. Over the entire year nitrified amount was
most of the time between 350 and 500 kg NWd. Denitriied amountwas typically around 300 kg
NGs:-N/d, with effluent concentrations of 2L0 mg NG-N/I.
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Figure 4.6. Influent and effluent nitrogen concentrations, influent flow ratesdawater
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WWTP in 2019
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4.1.2.1Specific nitrification and denitrification rates

Specific nitrification rates versus temperature are shown as weeklhagesrin Figurd.8, for the

period from February 6 to June 3. After this period the efflueni-NHoncentrations were too low

to show the nitrification potential. Normally a biofilm surface area equivalergn organic load of
about 5 g BO#mMz2-d (at 15°C) is required for removal of organic matter, before any significant
nitrification takes place (Rustet al., 1994). Figurd.8 shows specific nitrification rates based on
both the total aerobic surface area (R1 throudgs) Bnd the aerobic surface area id Rrough Fo.

Rates based on the total surface area will give very conservative valuesheévates based on R4
through R6 are probably conservative, since the median orgaaitda R1 through R3 was as high as
22 g COD/md for the time period shown in Figure 4.8.
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Figure 4.8. Specific nitrification rates versus temperature, based on weakerages from February
6 to June3, 2019.

Generally speaking, the nitrification rates were high and nobbisihfluenced by the temperature in
the interval from 6.3 to 9.6C. We can assume that th€Dn the aerobic reactors were very high in
order to achieve these high nitrificatioates.

Specific postenitrification rates versus temperature are shown as weekly averagegjure4.9, for
the period from February 6 to June 3. As previously shown for thiéication rates, there was no
visible temperature effect on thpost-denitrification rate in the temperature interval from 6.3 to 9.6
°C. Comparing the results from 2019 with the results from 2018, it aggbat the much higher
flows at low temperatures in 2018 had a higher impact on the -plestitrification rates ttan the
temperature itself.
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4.2 Nordre Follo WWTP

The Nordre Follo WWTPla&ated about 20 km south of Oslo and was upgradedtrogéen removal
in 1997. Figure 4.10 shows a simplified flowsheet of the plant, whilee Ba5 shows design flow
rates and loads. Pretreatment has no fat trap. Primary sedimentation haslestoface area of 696
m2 and 2.1 m water depth. The MBBR process is followed by chemicabaddr phosphorus
removal, followed by flocculation (230 m3 total volume) and dissolved aatitot (DAF) (150 m2
total surface area). The plant receives septage and thickened sltmigesmall plants in the area and
has anaerobic sludge digestion. This is the reason for a higher desigmotdathal N to the biological
process than the influent design load.

Carbon  No. recycle

Primary sed. !

A J

Figure 4.10. Simplified flowsheet for one of the two trains at the Nordre &8IWTP, as operated
in 2019 and 2020.

Table 4.6hows reactor volumes, filling of K1 biofilm carriers and biofilm sudaeas for each of

the biological reactors in one of two identical trairR2 can be either anoxic or aerobic, but for both
2019 and 2020 R2 was always anoxic. Histoyidakufficient denitrification capacity has been the
bottleneck at this plant. To improve the overall performance, operatoxehgeriodically added

some methanol to the MBBR influent to boost the jgienitrification, as indicated in Figure 4.10.
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Influent to
Plant influent
biological stage

Qaveragem?3/d 14,400 ---
Design flow rates | Quesign M/h 750 ---

Qnaxdesigm fTTg/h 1,125 ---

BOR, kg/d 2,280 1,480

COD, kg/d 5,900 3,240
Design loads

SS, kg/d 4,390 2,195
(80-percentile)

Total N, kg/d 460 480

Total P, kg/d 80 ---

Table4.6. Volumesfilling of K1 biofilmcarriers and biofilm surface aresfor each ofthe biological
reactorsin 2019 and 2020Data shown for one ofwo identical trains atthe Nordre Follo WWTP.
All reactors hae a water depth of 5.5 m.

Wet - Biofilm surface
K1 filling,
Reactor Mode volume, area,
%

m3 m?2
R1 Pre-denitrification 350 52 91,000
R2 Pre-denitrification 350 49 85,750
R3 Aerated for BOBemoval and nitrification 350 58 101,500
R4 Aerated for nitrification 450 48 108,000
R5 Propeller mixing for D@eduction 135 50 33,750
R6 Postdenitrification with external &ource 135 50 33,750
R7 Postaeration 80 44 17,600

Due to installation of a new SCADA system at the end of 2018 temperatadsinmeasted in R1,
are only available for 2019 and 2020.

An AnitaMox process for treatment of reject water from sludge dewatewag installed at the end
of 2018 and was fully operational from April 2019. When calculating how mtragen that was
nitrified, the amount of N@N returned to the primary sedimentation tanks from the AnitaMox
process has been subtracted from the total N entering the MBBR process
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We do not have total N values for the primary effluent for every day. Wewdor the period from
August 12, 2019 to December 9, 2020, we have 72 s&4 bfflowproportional samples where
influent total N and total N after primary treatment (influent to BB) were measured. These
samples showed that total N concentrations in to the MBBR wawverage 2.3 % higher than the
total N in the plant influenteven though reject water was successfully treated (> 80 % removal of
inorganic N) in the AnitaMegrocess.

For calculating how much nitrogen that was nitrified and tiéied in the MBBR process, the total N
in to the MBBR has conservatively been assutoduke the same as the total N in the plant influent.
It has further been assumed that 20 % of the influent B®bemoved by primary sedimentation and
that the amount of nitrogen removed by assimilation is 4 % of thes®@i2ring the MBBR. The
assimilaion of nitrogen due to the external carbon source is assumed to #edt the amount of
COD added.

4.2.1 Results for Nordre Follo WWTP in 2019

A summary of results for 2019 are shown in Table 4.7. The plant had anavenagval of 79.8 %
total N. This was wkabove the required 70 % totaktémoval, in spite of an 8fercentile total N
load that was 26 % higher than the design load. Average removal dRatas 95.7 %. Effluent BOD
was always@.0 mg/l.

Table 4.7. Summary of results for the Nordre Follo WWTP in 2019.

Parameter Average  Median Min. Max. N
Flow, m3/d 12,886 11,695 1,430 20,910 364
Temp. in R15C 11.3 11.4 3.7* 15.6 ---
Influent concentrations:
BOR, mg/l 133 135 64 220 24
COD, mg/l 355 370 130 630 24
Total N, mg/| 435 42.7 16.3 86.0 361
Total P, mg/l 4,94 471 1.26 14.6 361
Effluent concentrations:
BOR, mg/l 35 3.4 1.5 10 24
COD, mg/l 42 37 26 68 24
Total N, mg/I 8.8 8.3 1.6 19.9 361
NH:-N, mg/l 1.1 0.59 <0.1 9.3 199
NGs-N, mg/l 6.6 6.3 35 13.1 210
Total P, mgl/l 0.21 0.20 0.05 1.2 361
PQ-P, mg/l 0.06 0.05 <0.01 0.29 66
TSS, mg/l 7.1 6.8 1.2 24 204

* Most likely probe error, since this read) was in January, but at low flow. Normally l@mperatures occur
only in high flow situations. See Figure 4.11.

Influent and effluent nitrogen concentrations, influelfdw, and water temperatures (inside R1 in the
biological stage) are shown in Figure 4.11. Influent total N loads, total Nadigzhinfluent flow

rates and temperatures are shown in Figure 4.12, together with cadmlilzalues for NIHN nitrified

and NH-N discharged. It was only in the winter and spring that efflueni-Nldoncentrations were
high enough for nitrification to not be substrate limited. The/ést temperature measured inside
reactor R1 was 6.%C in the second half of March. Normal winter temperatures wergE03C, but
dropped to between 7 and 7.% when the influent flow rate increased to the 15,000 to 20,000 m3/d
range. Over the entire year nitrified amount was most of the time betwe@hand 500 kg N&N/d.
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Figure 4.11. Influent and effluent nitrogen concentrations, influent flow ratsd water
temperatures in biological reactor R1 for the Nordre Follo WWiR019.
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Figure4.12.Influent total N loads, total N discharged, NHN nitrified, NH-N discharged, influent
flow rates and temperatures in iological reactor R1 for the Nordre Follo WWTP in 2019.

4.2.1.1 Specific nitrification and denitrificatioresat

Specific nitrification rates versus temperature are shown as weeklagesrin Figurd.13, for the
period fromJanuary 28 to May 10After this period the effluent N&N concentrations were too low
to show the nitrification potentialNormally a biofilm surface area equivalent to an organic load of
about 5 g BO#m?2-d (at 15°C) is required for removal of organic matter, before any significant
nitrification takes place (Rustest al,, 1994) A significant part of the easily biodegradable organic
matter may be removed over the pienitrification stage (R1 + R2), so it is difficult to estimate the
BODIload on R3Figure4.13 shows specific nitrification rates based on both the total aerobic sarfac
area (B + R4 + R&nd the aerobic suate area ironly R4 +R5. Rates based on the total surface
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area(shown with blue squaresyill give conservative valugsince organic matter will reduce the
nitrification rate in R3. However, significant nitrification is expected te fakce in R3. Tis, the
nitrification rates based on the total aerobic surface area (blue squares)endloser to the actual
nitrification rate in R4 than the overly optimistic rates shown with red cir¢hest,assume all
nitrification to take place in R4 and RBeneally, the nitrification rateg(blue squaresjvere as
expected, assuming high DO concentrations in R3 and@idtrend line indicates a temperature
coefficient (}) for nitrification of about 1.10 in the temperature interval from 7.0 to 125

The overdldenitrified amountfrom January 28 to May 10 was on average 314 kgN@. With the
data available, it is not possible to distinguish between wizgidens in the pralenitrification and in
the postdenitrification. However, if we assume a reasonablstykenitrification rate of 1.5 g N
N/m2-d about 100 kg N/d is removed by pafgnitrification. The mass balance will then give us an
average predenitrification rate of 0.60 g NEEN/m2-d. This fairly high prdenitrification rate is
probably boosted by methanol added to the MBBR influent, even thquig-denitrification rates in
this range have been observed without external carbon addition atreer MBBR plant at
temperatures of 7.5 to 8.6C (Rusten and @degaard, 2007).
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Figure 4.13. Specific nitrification rates versus temperature, based on weakérages from January
28 to May 10, 2019.

4.2.2 Results for Nordre Follo WWTP in 2020

A summary of results for 2020 are shown in Table 4.8. The plant had axgawemoval of 78.5 %
total N, at an average temperature of 1@ and a minimum temperature of 7°6. This was well
above the required 70 % total-iemoval, in spite of an 8pPercentile total N load that was 33 %
higher than the design load. Average removal of total P was 96.9 %. EBlO&nwas alwaysG}
mg/l.
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Table 4.8. Summary of results for the Nordre Follo WWTP in 2020.

Parameter Average Median Min. Max. N
Flow, m3/d 13,305 12,050 7,760 21,310 364
Temp. in R15C 11.8 11.7 7.5 16.0 ---
Influent concentrations:
BOD, mg/l 124 110 66 200 23
COD, mg/l 459 420 230 740 23
Total N, mg/l 447 45.8 13.0 74.8 366
Total P, mg/l 5.16 4,98 1.23 15.0 366
Effluent concentrations:
BOD®, mg/l 2.5 2.5 1.5 4.0 23
COD, mgl/l 29 24 17 59 23
Total N, mg/l 9.6 8.9 2.1 22.0 364
NH4-N, mg/l 2.1 1.3 <01 13.1 179
NC3-N, mg/l 6.5 6.3 0.26 13.2 177
Total P, mg/l 0.16 0.15 0.04 0.74 364
POI-P, mgl/l 0.06 0.05 <0.01 0.28 36
TSS, mgl/l 5.4 5.2 0.8 13 205

Influent and effluent nitrogen concentrations, influent flowtea and water temperatures (inside R1
in the biological stage) are shown in Figure 4.14. Influent total Ns|ldathl N discharged, influent
flow rates and temperatures are shown in Figure 4.15, together wittutatled values for N&-N
nitrified and NH-N discharged. It was only in the winter and spring that effluent-Ntdoncentration
were high enough for nitrification to not be substrate limited. Thedst temperature measured
inside reactor R1 was 7%& in midFebruary and midMarch, in connection with spikes in influent
flow rates.Over the entire year nitrified amount was most of the time between 400 andk§dOH-
N/d, with some reductions at the lowest temperatures and highest flates.
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Figure 4.14. Influent and effluent nitrogen concentrations, influent flow rates andtema
temperatures in biological reactor R1 for the Nordre Follo WWTP in 2020.
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Figure 4.15. Influent total N loads, total N discharged, NWi nitrified, NH-N discharged, influent
flow rates and temperatures in biological reactor R1 for the Nord¥ello WWTP in 2020.

4.2.3.1Specific nitrification and denitrification rates

Specific nitrification rates versus temperature are shown as weekhagesrin Figure 46, for the

period from January 13 to April 8.
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Figure 4.16. Specific nitrification rates versus temperature, based on weakérages from January
13 to April 8, 2020. Excludes days with effluent¥Hbelow 0.2 mg/I.

After this period theeffluent NH-N concentrations were too low to show the nitrification potential.

Normally a biofilm surface area equivalent to an organic loadotia5 g BOBm2-d (at 15°C) is

required for removal of organic matter, before any significant nitifin takes place (Rusteet al.,
1994). A significant part of the easily biodegradable organicenatay be removed over the pre
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denitrification stage (R1 + R2), so it is difficult to estimate the-B@®on R3. Figure 4.16 shows
specific nitrification ratebased on both the total aerobic surface area (R3 + R4 + R5) aaeéribigic
surface area in only R4 + RRates based on the total surface area (shown with blue squares) will
give conservative values, since organic matter will reduce the nitidicaatein R3. However,
significant nitrification is expected to take place in R3. Thusnithification rates based on the total
aerobic surface area (blue squares) will be closer to the actual nitrificatterirr R4 than the overly
optimistic rates shownvith red circles, that assume all nitrification to take place in R4 and R5.
Generally, the nitrification rates (blue squares) were as expeetesuming high DO concentrations
in R3 and R4. The trend line indicates a temperature coeffi¢igriibr nitrification of about 1.11
from 7.5 to 10.5C.

The overall denitrified amourftom January 13 to April\®as on average 350 kg h8/d. With the
data available, it is not possible to distinguish between wlagdgens in the pralenitrification and in
the postdenitrification. Howeverabout 100 kg N/d is removed by ped¢nitrification if we assume
a reasonable pogienitrification rate of 1.5 g N&EN/m2-d. The mass balance will then give us an
average predenitrification rate of 0.70 g NEEN/m2-d. This fairly lgh predenitrification rate is
probably boosted by methanol added to the MBBR influent, even thqug-denitrification rates in
this range have been observed without external carbon addition atreer MBBR plant at
temperatures of 7.5 to 8.6C (Rustemmnd @ddegaard, 2007).

4.3 Nedre Romerike Avlgpsselskap

The Nedre Romerike Avlgpsselskap IKS (NRA) WWTP is located in StramrNenthjisst of Oslo.
Figure 417 shows a simplified flowsheet of the plant as isvillm the startup in 2003 to 2018.
During 208 the primary sedimentation was replaced with primary filtration (&ad$-ilter channel
sieves)The biological nitrogen removal process is a MBBR process withirned pre and post
denitrification.Design flow rates and loads are shown in Tdtbe

Primary sed.

NO; recycle Carbon _l Chem. Secondary sed.
\ AN | :
"y

] \

AN AE AE AE

Figure 4.17. Simplified flowsheet for one of the four trains at NRA.

Table 4.9. Design flow rates and loads for NRA.

Design Influent After primary sed.
Qdesign m?'/h 2,300 2,300
Design flow rates
Qmaxdesigm rng/h 7,200 7,200
BOR, kg/d 8,050 6,037
COD, kg/d 20,980 13,634
Design loads
SS, kg/d 12,990 6,490
(80-percentile)
Total N, kg/d 1,620 1,458
Total P, kg/d 209 188
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Screens and grit chambers are used for-ppeatment. The primary sedimentatiohad a total

surface area of 1,224 m? and 2.6 m water depth but has been replaced by 1Ggdveti filters
(Salsnes SFK 600) with a total submerged filter cloth area of.22hamicals for precipitation of
phosphorus are added downstream of the MBBR. There are no dedi¢atedlation reactors.
Flocculation takes place in the channels between the MBB&$h@& secondary sedimentation tanks,
which have a total surface aref 2,352 m2 and a 2.6 m water depth.

The MBBRs are arranged in 4 parallel trains, each with 6 reactors in gaiigises K1 biofilm carriers
are used, with a protected surface area of 500 m2/m3 bulk volume of carriatsfidd water is
returned from R40 R1, where the organic matter in the primary treated water isduas carbon
source for predenitrification. R4 is normally operated with only mixing, to resltlee DO
concentration in the nitrified water returned back to R1 or paben to postdenitrification in R5. If
poor nitrification is observed, R4 may be aerated to boost nitrificatiogthsinol is normally used as
external carbon source, but ethanol has been used in some trains wislalale in the form of
illegal alcohol seized by customs. Dimensions and biofilm carrier fillinggdviBBRs are shown in
Table 4.10. Aerobic reactors are served by 3Tdkbo blowers, with variable capacity from 4,300 to
8,750 Nm3/h per unit. The biological reactors are made of glasstéieforced plastic, ashewn in
Figure 4.18.

Table 4.10. Reactor dimensions, filling of K1 biofilm carriers andilomo$urface areas for each of
the biological reactors. Data shown for one of four identical trains at NRA.

Water | Wet KL | Biofilm

Reactor Mode depth, | volume, | filling, surface
m m3 % area, m?

R1 Pre-denitrification 8.2 1,164 54 314,280
R2 Aerated for BOBemoval and nitrification 8.0 1,135 49 278,075
R3 Aerated for nitrification 7.9 1,121 49 274,645
R4 Propeller mixing for D@eduction 7.8 211 52 54,860
R5 Postdenitrification with external &ource 7.2 1,021 14 71,470
R6 Postaeration 7.0 190 47 44,650

. | " ]

Figure 4.18. Biologicl reactors in glass fiber reinforced plastic (GRRRA.
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The biological stage is designed fdrnyaraulic capacity of 500 I/s per train (2,000 I/s total). The plant
has been tested at this capacity, but to be conservative NRA haee (stx= 450 I/s per train in the
plant specificationsThis includes the flow recirculated from R4 back to R1,lsnwhe plant is
operated with predenitrification the capacity for influent flow to each train will be much lowe

Annually NRA take 26 flow proportional weeklydg&y) samples of plant influent and effluent, as
required by the authorities (Statsforvaltam). These samples are analyzed for total B@idal COD,
total N and total P. TSS is not measured because the authorisemasthat a spike in effluent TSS
will show up in the measurement of total P. For daily operation and cbafrihe biological prcess
on-line measurements of DO, temperature, N and NO>N are used. The screesot in Figure
4.19 shows an example of these-lome measwements. Ontline data have revealed periods with
large differences in performance between the different trains.

From NRA we have received all temperature data, flow rates and analytioéikretthe weekly flow
proportional samples for the years 2013 through 2020. We have choseokaloser at the 4 years
with the lowest temperature over aperiod of2-4 weels, namely the years 2013, 2014, 2016 and
2018. We also have access to all the loggeg-NlElnd NO>N data for these years.

Please observe that all temperatures are measured in R3 in the bidlstage and will be marginally
higher than in the plant influent. There are no measurements of plant inflteenperatures. The
plant does not have anaerobic sludge digestion. Lime is used for dhydggnization and
stabilization.

Acrobe reaktorer
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Figure 4.19. Example of screshot with online measurements in the MBBR stagetae NRA
WWTP.

4.3.1 Results for NRA in 2013

Figure 4.20 stws fow through the MBBR process and average water temperature in RBd@¥ t
trains at NRA for every day of the yeBtant influent and effluent total N exentrationsare also
shown, basd on 26 sets of weekly flow proportional sampléfws that bypassel the MBBR stage
are not shown, but at flows above approximately 80,000 m3/d through th&RBsignificant
amounts of water were bypassedThe lowest water temperature was 5.2C on April 13.
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Figure 4.20. Flow through the MBBR process and average wai@perature in R3 for the 4 trains
at NRA for every day of the year 2013. Plant influent and effluent total N emi@ations in weekly
flow proportional samples are also shown.

For the part of the year with the lowest water temperatures additional resaié shown in Table
4.11, as averages for the given week. This will typically be in connection witmmehow and
precipitation in the spring. Removal of total N was reduced fr@f867at 8.3C in week 15 to 55 % at
6.6°C in week 17. There was only anoni difference in effluent total N concentrations in these two
weeks, but due to very high flows and a lot of water irplags the influent concentrations were low
in week 17. Removed amount was 1,027 kg N/d in wiéeland dropped to 763 kg N/d in week.17

The online measurements shown in Table 4.11 are strict averages oventbe gieek and not flow
proportional. However, these aline data can be used to estimate specific nitrification rates and
denitrification rates. Nitrification rates are calculatbdsed on NHN concentrations in the primary
effluent and out of R4, using the total biofilm surface areadn+tAR3 + R4 and the average weekly
flow rate. Pre denitrification rates are calculated based ampry effluent NN concentrations,
minus NH-N and NOxN concentrations in R4, in addition to the biofilm surface area in R1 and the
average weekly flow rate. These specific reaction rates will be cesitber because they will not
include the amount of organic N hydrolyzed in the reactors suttsequently nitrified and

denitrified, nor will they include any Néxin the influent which is typically seen during storm water
events. Furthermore, nitrification rates measured over R2 + RBwilRbe low because nitrification

in R2 will be heavily influenced by the amount of biodegradable ocgaaitter coming from R1.
Postdenitrification rates are calculated based on the measured-N@pncentrations out of R4 and
R6, plus the biofilm surface area in R5 and the average weekly flow hatealculated post
denitrification rates will be fairly accurate, but marginally lower than ta rates if any residual
NH:-N is nitrified during posaeration in R6.

Calculated postenitrification rates showed no pattern of temperature deykency The average
rate over all these weeks was 1.§ NOxN/mz2-d, identical to the rate in week 17 at the lowest
weekly temperature of 6.6C. However, praenitrification rates were low and showed very large
variations. In week 15 the calculated pdenitrification rate was 0.27 g NeW¥m2-d. The rate
dropped to only 0.025 g N@¥/m2-d in week 17, most likely due to the very high flow and
underestimation of the real rate due to influent organic N and MOxn week 19, when the flow
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was similar to thdlow in week 15, the calculated pienitrification rate increased to 0.32 g NOx
N/mz2-d.

Calculated nitrification rates over R2 + R3 + R4 varied from 0.30 to 0.40NyM#Hd for the weeks
shown in Table 4.11. The average rate was 0.36.g\2-d andno temperature dependency was
seen (plotting rates versus temperature the trend line showed a verytstigrease in rate at the
lower temperatures).

The results indicate that high flow and dilute wastewater were more ingwaifor the reduced
removal eficiency of total N in week 17 than the reduced temperature. The abt#lute
wastewater can also be seen by going back to Figia@ and compare week 45 (31/2®/11) and
week 49 (28/11-4/12), even though the differences in influent concentratiorergvnot as large as
between week 15 and week 17. In week 45, with a flow of 62,470 m3/d and@2rémoval of total
N was 59 %. In week 49 the flow was reduced to 39,568 m3/d, and even thoughrtpereture
dropped to 11.£C the removal efficiency ineased to 72 % for total N.
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Table 4.11. Temperatures, flow rates, concentrations and nitrogen B&at NRA in the spring of
2013. Also shown are aline NH-N and NOxN measurements (as weekly averages), plus
calculated specific nitrification and denifiication rates based on these elme measurements.

Week and date, 2013

Parameter 11 13 15 17* 19 21*
713- 21/3- 4/4- 18/4- 2/5- 16/5-
13/3 27/3 10/4 24/4 8/5 22/5
Temperature, °C 9.7 9.1 8.3 6.6 9.0 10.4
Flow rate, m3/d 32166 30602 45605 83160 48894 52237
Load:
Total N, kg/d 1290 1083 1318 1389 1325 1233
Influent concentrations:
BOR, mg/l 220 230 230 100 170 140
COD, mgl/l 640 600 490 260 490 320
Total N, mg/I 40.1 354 28.9 16.7 27.1 23.6
Total P, mgl/l 4.84 4.86 3.56 1.74 3.36 3.22
Effluent concentrations, mg/l
BODR, mg/l 1.5 3 1.5 19 4 1.5
COD, mg/l 40 15 40 50 15 41
Total N, mg/l 6.49 7.66 6.40 7.53 7.87 6.61
Total P, mg/l 0.20 0.19 0.12 0.14 0.17 0.14
Removal efficiencies:
BOR, % 99.3 98.7 99.3 81.0 97.6 98.9
COD, % 93.8 97.5 91.8 80.8 96.9 87.2
Total N, % 83.8 78.4 77.9 54.9 71.0 72.0
Total P, % 95.9 96.1 96.6 92.0 94.9 95.7
Online measurements:
Primary effluent N&#N, mg/I 25.8 26.4 23.3 13.2 23.22 19.6
R4 effluent N&#N, mg/l 2.95 1.93 2.44 2.79 3.14 1.47
R4 effluent NON, mg/I| 20.0 18.1 134 9.99 11.8 12.2
R6 effluent NON, mg/| 8.87 9.05 5.90 6.17 5.20 6.62
Rates calculated from eline data:
Nitrification rate, g NHN/m-d ** 0.303 0.308 0.392 0.354 0.404 0.389
Pre-DN rate, g NOX/m2-d 0.074 0.156 0.272 0.025 0.320 0.247
PostDN rate, g NON/m2-d 58 1.25 0.968 1.20 1.11 1.13 1.01

* Water in bypass. Given flows, loads and effluent concentrations are for watdrhas been through the entire
treatment plant.

** Based on total biofilm surface area in R2 + R3 + R4.

§ Based on biofilm surface area in R1.

$8Based on biofilm surface area in R5.

4.3.2 Results for NRA in 2014

Figure 4.21 shows flow through the MBBR process and average water t&omgein R3 for the 4
trains at NRA for every day of the year. Plant influent and efflteiad N concentrations aralso
shown, basd on 26 sets of weekly flow proportional sampléows that bypassed the MBBR stage
are not shown, bufor someflows above approximately 80,000 m3/d through the MBB&wl for all
flows above approximatel¥10,000 to 115,000 m3/dcsignificant amounts ofvater were bypassed.
The lowest water temperature was 5°G on February 16.

For the part of the year with the lowest water temperatures additionaliessare shown in Table
4.12 as averages for the given wedkis year (2014) had very high flow ratesl low temperatures
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early in the year, so Table 4.12 shows data from week 4 through we&eh@val of total N wag3

% in week 4, with the very high load of 1,741 kg TN/d, a water temperaiu9.6°C and a flow of
41,352 m3/d.However, weeks 8, 10 arid. had extremely high flows, weekly average temperatures
from 6.4 to 7.2C, and also extremely low influent concentrations of Baral total N. Removal
efficiencies with respect to total N were only from 35 to 46 % duriege¢hveeks. In week 14, with
significantly reduced flow, the total N removal efficiency increased3&b6. However, the effluent
total N concentrations were very stable and showed only minoiatians from week 8 through

week 18. The amount of total N removed in the treatment plant as&igh as 1269 kg N/d in week
4, while only 455 kg N/d was removed in week 8.
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Figure 4.21Flow through the MBBR process and average water temperature indR3he 4 trains
at NRA for every day of the ye@014 Plant influent and effluent total Nconcentrationsin weekly
flow proportional samples are also shown.

The online measurements shown in Table 4.12 are strict averages oventbe gieek and not flow
proportional. However, these eline data can be used to estimate specific nitrificatiates and
denitrification rates, using the procedure described in sectichl4 No NOXN data were available
for week 10, due to probe error. The NBxneasured in R6 in week 4 is also questionbBblauset
is significantly higher than the effluent tdtdl concentration.

Calculated postlenitrification rates showed very large variations, but no pattof temperature
dependency. The average rate over all these weeks was 1.07-jI/3xl. It is, however, strange
that the online data indicate a poadenitrification rate as high as 2.28 g N®km2-d for week 8 with
the lowest temperature (6.4C) and the highest flow (105,277 m3/d). Rlenitrification is expected
to be very low at such a high flow and low temperature, and not sungli the online data indicate
a negative predenitrification rate in week 8 due to the problems discusseckitisn 4.3.1 (not
accounting for influent NON and nitrification of organic NlRemoving this negative value, the
average predenitrification rate was 0.28 g NE¥mz2-d.

Calculated nitrification rates over R2 + R3 + R4 varied from 0.32 to 0.52NyiN#Hd for the weeks
shown in Table 4.12. The average rate was 0.41.g\WiH?-d. Plotting nitrification rates versus
temperature, the trend line indicated a temperature dependency}ef1.08 in the temperature
range from 6.4 to 11.6C.
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Table 4.12. Temperatures, flow rates, concentrations and nitrogen &gt NRA in the
winter/spring of 2014. Also shown are eline NH-N and NOxN measurements (as weekly
averages), plus calculated specific nitrification and denitrifiican rates based on these oline
measurements.

Week and date, 2014
4 8* 10 11+ 12 14 16 18

Parameter 16/1-  13/2-  27/2-  6/3-  13/3- 27/3- 10/4- 24/4-
22/1 19/2 5/3 12/3 19/3 2/4 16/4 30/4
Temperature, °C 9.6 6.4 6.9 7.2 9.2 10.2 9.1 11.6
Flow rate, m3/d 41352 105277 95911 88552 45228 37177 64650 38062
Load:
Total N, kg/d 1741 1295 1228 1328 1379 1468 1325 1519
Influent concentrations:
BODR, mg/l 280 51 58 76 210 290 120 220
COD, mg/l 530 160 160 180 440 620 310 600
Total N, mg/l 42.1 12.3 12.8 15.0 30.5 395 20.5 39.9
Total P, mg/l 4,92 1.52 1.66 1.59 4.40 5.61 2.50 5.58
Effluent concentrations, mg/l
BOR, mg/l 15 5 5 6 15 5 4 15
COD, mgl/l 35 15 30 32 34 33 15 34
Total N, mg/| 11.4 7.98 7.93 8.16 9.91 9.95 8.04 9.82
Total P, mgl/l 0.18 0.18 0.21 0.23 0.18 0.19 0.19 0.20
Removal efficiencies:
BOLR, % 99.5 60.2 91.4 92.1 99.3 98.3 96.7 99.3
COD, % 93.4 90.6 81.3 82.2 92.3 94.7 95.2 94.3
Total N, % 72.9 35.1 38.0 45.6 67.5 74.8 60.8 75.4
Total P, % 96.3 88.2 87.3 85.5 95.9 96.6 92.4 96.4
Online measurements:
Primary effluent N#N, mg/l 31.4 8.8 10.48 13.78 27.1 34.8 16.7 30.9
R4 effluent NE#N, mg/l 1.07 1.50 2.17 2.26 4.41 4.45 2.10 1.57
R4 effluent NOXN, mg/I 175 9.60 --- 8.44 14.5 18.1 13.3 17.9
R6 effluent NON, mg/I 14.2 3.42 --- 6.85 8.49 9.04 9.09 9.43
Rates calculated fromn-line
data:
Nitrification rate,g NEHN/m-d** 0.516  0.315 0.326 0.417 0.422 0.464 0.388 0.459
Pre-DN rate, g NOK/m2-d 0.420 -0.195 --- 0.212 0.293 0.363 0.067 0.346
PostDN rate,g NORX/m2-d $8 0.485 2.28 --- 0.491 0954 1.18 0.951 1.12

* Water in bypass. Given flows, loads and effluent concentrations are for water tebhen
through the entire treatment plant.

** Based on total ofilm surface area in R2 + R3 + R4.

8 Based on biofilm surface area in R1.

88 Based on biofilm surte area in R5.

It can be seen from Figure 4.21 that high flow rates and low influententrations have a very large
influence on the total N removal efficiency. In week 44 (2329010) the flow through the nitrogen
removal stage was 106,262 m3/d and only 51 % totedrNovalwas achieved at a temperature of
12.0°C. In week 48 (4/220/12), however, more than 82 % total N was removed at an average flow
of 52,092 m3/d and a temperature of 11°€.



48

To separate the temperature effect from the effect of dilute wasatev we can compare the results
from week 8 and week 44. These two weeks had similar but very high flowsgawemoval was

550 kg N/d in week 44 (12°C) and 455 kg N/d in week 8 (6.4 °C). This is a difference in removed
total N of only 20 % and shows that the temperature effect was moderateoaty 3.3 % per °C.

Because some nitrogen is removed by primary sedimentation and some isedrbg assimikon
the real temperature effect on respectively nitrification and derniitdtion is somewhat higher, but
as shown in Chapter 3, increasing the DO concentration at lower terysesacan mask the
temperature dependency of nitrification

4.3.3 Results for NRAi 2016

Figue 4.22shows flow through the MBBR process and average water temperatirR8 for the 4
trains at NRA for every day of the yeRBtant influent and effluent total Moncentrationsare also
shown, basd on 25 sets of weekly flow proportional s#ples.Flows that bypassed the MBBR stage
are not shown, bufor flows above approximately 90,000 m3/d, significant amounts of water were
by-passed. The lowest water temperature was 87on February 9.
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Figure 4.22. Flow through the MBBR process andrage water temperature in R3 for the 4 trains
at NRA for every day of the year 2016. Plant influent and effluent total N emi@tions in weekly
flow proportional samples are also shown.

For the part of the year with the lowest watemperatures additional results are shown in Table
4.13 as averages for the given week. The total N removal efficiencies & #véhrough week 18
were more or less inversely proportional to the influent flows. As expectédigtime of the year
the highest flow rates correspond to the lowest temperatures. With ab®u000 m3/d (week 6 and
week 14) the total N removal efficiency was-525 % and the average temperature in R3 was’C.4
With a flow of about 37,00n3/d (week 10)83 % total N was remad at an average temperature of
9.7°C.
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Table 4.13. Temperatures, flow rates, concentrations and nitrogen Bé&at NRA in the
winter/spring of 2016. Also shown are eline NH-N and NOxN measurements (as weekly
averages), plus calculated specific rification and denitrification rates based on these dime
measurements

Week and date, 2016
4 6* 8 10 12 14 16 18*

Parameter 211 4/2-  1872- 3/3-  17/3- 313- 14/4-  28/4-
27/1 10/2 24/2 9/3 23/3 6/4 20/4 4/5

Temperature, °C 9.3 7.4 9.2 9.7 7.8 7.4 9.4 9.1
Flow rate, m3/d 44536 84069 41172 36714 65163 84043 57185 73497
Load:

Total N, kg/d 2062 1698 1618 1707 1466 1437 1601 1411
Influent concentrations:

BODR, mg/l 320 120 310 270 170 91 160 120

COD, mg/l 1100 310 750 570 350 230 410 310

Total N, mg/l 46.3 20.2 39.3 46.5 225 17.1 28.0 19.2

Total P, mg/l 7.84 2.52 5.89 5.81 3.14 2.22 3.99 2.64
Effluent concentrations, mg/l

BOR, mg/l 4 7 14 5 4 8 15 15

COD, mgl/l 36 15 53 38 15 32 30 15

Total N, mg/| 13.3 9.00 10.5 7.99 7.19 8.29 7.30 6.97
Total P, mgl/l 0.25 0.30 0.25 0.41 0.19 0.26 0.12 0.17
Removal efficiencies:

BOLR, % 98.8 94.2 955 98.1 97.6 91.2 99.1 98.8

COD, % 96.7 95.2 92.9 93.3 95.7 86.1 92.7 95.2

Total N, % 71.3 55.4 73.3 82.8 68.0 515 73.4 63.7
Total P, % 96.8 88.1 95.8 92.9 93.9 88.3 97.0 93.6
Online measurements:

Primary effluent N#N, mg/l 25.7 13.7 27.6 28.5 12.8 11.3 20.2 15.0

R4 effluent N&#N, mg/l 2.19 1.32 1.41 2.43 1.78 3.05 2.68 0.77

R4 effluent NOXN, mg/l 13.4 10.0 13.5 15.1 8.80 8.48 11.6 10.6

R6 effluent NON, mg/I| 8.03 6.55 6.07 4.60 4,74 5.73 5.15 6.98

Rates calculated fromn-line data:
Nitrification rate, g NH-N/m?d** 0.431 0.428 0.443 0.393 0.296 0.286 0.412 0.429
PreDN rate, g NOXN/mzd § 0.358 0.156 0.414 0.321 0.116 -0.013 0.271 0.212
PostDN rate, g NORK/m2-d $§ 0.841 1.03 1.08 134 0926 0807 1.28 0.921
* Water in bypass. Given flows, loads and effluent concentrations are for watdhidis been
through the entire treatment plant.
** Based on total biofilm surface area in R2 + R3 + R4.
§ Based on biofilm surface area in R1.
88 Based on biofilm surte area in R5.

Week 6 and week 18 had almost identical influent concentration€dd#BCOD, total N and total P,
but the flowwas 14 % higher in week 6 than in week R8moval was 941 kg N/d in week 6 at°®T.4
and 899 kg N/d in week 18 at € Again, this indicates that the temperature was not the most
important factor for he nitrogen removal in this temperature range.

The online measurements shown in Table 4.13 are strict averages over thewaek ad not flow
proportional. However, these eline data can be used to estimate specific nitrification rates and
denitrification rates, using the procedure described in sectichl4
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Calculated postlenitrification rates showed variations from 0.81 to 1BMOxXN/m?2-d, with an
average over all these weeks of 1.03 g NNdx2-d. Plotting postdenitrification rates versus
temperature, the trend line indicated a temperature dependency}efl.11 in the very narrow
temperature range from 7.4 to 9C Predenitrification again showed very low rates at high flows,
and negative values in week 14, most likely because of the same easqgreviously mentioned in
section 4.3.1 (not accounting for influent N®xand nitrification of organic N). Removing the
negative value in week 14, the average mtenitrification rate was 0.26 g NeN/mz2-d.

Calculated nitrification rates over R2 + R3 + R4 varied from 0.29 to 0.44NyiNHd for the weeks
shown in Table 4.13. The average rate was 0.39g\M2-d. Plotting nitification rates versus
temperature, the trend line indicated a temperature dependencytefl.12 in the very narrow
temperature range from 7.4 to 9C.However, if we delete the result from week 14 (with negative
pre-denitrification rate), the trend line for nitrification shows a temperaturgpdadency of only} =
1.07.

The results from week 32 (4/B0/8, see Figure 4.22) are yet another example of erftu
concentrations and flow rates having the largest influence onitr@gen removal. The flow in week
32 was about the same as in week 18, but the removal of total N was sliggdlyhan 67 % even
though the average temperature was as high as 16.6

4.3.4 Results for NRA in 2018

Figure 4.23 shows flow through the MBBR process and average waterreumgein R3 for the 4
trains at NRA for every day of the yeRfant influent and effluent total Moncentrationsare also
shown, basd on 25 sets of weekly flow proportional samplddows that bypassel the MBBR stage
are not shown, butor flows above approximatel§5,000 m3/d,significant amounts of water were
by-passedThe lowest water temperature wak7 °C onApril 19.
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Figure 4.23. Flow through the MBBR process and average water temperatuiR8 for the 4 trains
at NRA for every day of the year 2018. Plant influent and effluent total N emi@ations in weekly
flow proportional samples are also shown.
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For the part of the year with the lowest water temperatures additionaltessare shown ifmable
4.14, as averages for the given week. This will typically be in connection witinpnehow and
precipitation in the spring. Week 12 had low water flow, high infllmmcentrations and high
removal efficiencies. Removal of total N was 89 % atvensge temperature in R3 of 86€. In week
14, with approximately half the influent concentration and aHigher flow, the removal of total N
dropped to 79 % at a temperature of 73. Week 16 had extremely high flow, very low influent
concentrations ad an average temperature of only 52.The removal efficiency for total N then
dropped all the way down to 41 %. In week 18, with high influentl tdtand low influent BQD
concentrations the removal of total N increased again, up to 69 & averagéemperature of 8.0
°C.

Table 4.14. Temperatures, flow rates, concentrations and nitrogen B&at NRA in the spring of
2018. Also shown are aline NH-N and NOXN measurements (as weekly averages), plus
calculated specific nitrification and denitrificédn rates based on these eline measurements.

Week and date, 2018

Parameter 12 14 16* 18 20
14/3- 28/3- 11/4- 25/4- 9/5-
20/3 3/4 17/4 1/5 15/5
Temperature, °C 8.9 7.3 5.2 8.0 10.2
Flow rate, m3/d 36185 45023 101513 55201 66149
Load:
Total N, kg/d 1889 1211 1492 1932 1588
Influent concentrations:
BOR, mg/l 470 200 68 100 120
COD, mg/l 910 490 180 430 290
Total N, mg/I 52.2 26.9 14.7 35.0 24.0
Total P, mgl/l 9.38 4.36 2.29 3.73 3.00
Effluentconcentrations, mg/I
BOR, mg/l 15 4 11 5 4
COD, mg/l 15 15 34 33 15
Total N, mg/l 5.90 5.75 8.61 11.0 6.10
Total P, mg/l 0.18 0.14 0.31 0.18 0.12
Removal efficiencies:
BOR, % 99.7 98.0 83.8 95.0 96.7
COD, % 98.4 96.9 81.1 92.3 94.8
Total N, % 88.7 78.6 41.4 68.6 74.6
Total P, % 98.1 96.8 86.5 95.2 96.0
Ontline measurements:
Primary effluent N&#N, mg/I| 30.9 18.3 8.19 19.2 15.1
R4 effluent N&#N, mg/l 3.38 1.62 1.35 1.82 0.83
R4 effluentNOxN, mg/I 14.3 11.5 7.32 10.0 9.58
R6 effluent NON, mg/I| 4.70 4.89 5.27 5.40 4.70
Rates calculated fromn-line data:
Nitrification rate, g NIHN/m?2d ** 0.410 0.309 0.286 0.395 0.389
Pre-DN rate, g NOXl/m2-d 0.381 0.186 -0.039 0.324 0.248
PostDN rate, g NOK/m2-d 58 1.22 1.04 0.728 0.889 1.13

* Water in bypass. Given flows, loads and effluent concentrations are for wagethidis been
through the entire treatment plant.

** Based on total biofilm surface area in R2 + R3 + R4.

8 Based on biofilm surface area in R1.

88 Based on biofilm surte area in R5.
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The highest amount of nitrogen removed was in week 12, ivi@75 kg N/d, and in week 18, with
1,325 kg N/d. In week 16, with 5. In R3, only 618 kg N/d was removed. In addition to low influent
concentrations and very high flow, the efint total P concentration indicates that the effluent
contained more TSS than normal, which may have contribuddédv removal of total N in week 16.

The online measurements shown in Table 4.14 are strict averages oventbe gieek and not flow
proportional. However, these oeline data can be used to estimate specific nitrification rates and
denitrification rates, using the procedure described in sectil4

Calculated postlenitrification rates showed variations from 0.73 to 1.22 g NNDw2-d, with an
average over all these weeks of 1.00 g NNdx2-d. Plotting postdenitrification rates versus
temperature, the trend line indicated a temperature dependencytef1.12 in the temperature
range from 5.2 to 10.2C. Predenitrification again showed lovates at high flows, and negative
value in week & with extremely high flow. This negative valuasmost likelycaused byhe same
factorspreviously mentioned in section 4.3.1 (not accounting for infilg@xN and nitrification of
organcc N). Removing the negative value in week 16, the averagdenitrification rate was 0.29 g
NOxN/m2-d. With the negative value removed the trend line indicated a terapge dependency
for pre-denitrification of } = 1.09 in the temperature range from3 to 10.2°C.However, we know
from multiple pilottests that the most important factors for préenitrification are the availability of
easily biodegradable carbon and limited input of oxygen to the reactor, and faet&m's can easily
mask the true temprature effect.

Calculated nitrification rates over R2 + R3 + R4 varied from 0.29 to 0.4:.tNyiNHd for the weeks
shown in Table 4.14. The average rate was 0.36.g\\H2-d. Plotting nitrification rates versus
temperature, the trend line indicated angperature dependency of = 1.08 in the temperature
range from 5.2 to 10.2C. However, if we delete the result from week 16 (with negative pre
denitrification rate), the trend line for nitrification shows a temparet dependency off = 1.07 in
the tempemature range from 7.3 to 10.2C.

4.4 Gardermoen WWTP

The Gardermoen WWTP (GRA) was started up in 1998, at the same time awt@slo airport was
opened. GRA is located just outside the airport fence and servesrgwrtaplus the Ullensaker and
Nannestad mnicipalities. A simplified flowsheet of the liquid processes in the main plant at GRA is
shown in Figure 4.24, and key data for the main plant are shown iie %alb.
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Figure 4.24. Simplified flowsheet of the liquid treatment processes in the npdamt at the
Gardermoen WWTP.

Originally the most dilute runoff of airport eieing chemicals from the deing platforms and along
the taxi ways and runways was treated ingite soil infiltration systems. However, these systems
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rapidly failed, and the dilute runoff had to be rerouted toA&AR biological préreatment facility,
consisting of two MBBRs in parallel, was therefore built next to the iplaimt at GRA and started up
in the winter of 2004. This prgeatment plant gets the most dilute aircraft aéng fluid runoff
pumped directly from storage lagoons at the airport, plus neagssatrients in the form of some of
the primary effluent from the main treatment plant. One of the DARnsdn the main plant has been
designated for removal of particukatmaterial from the prareatment MBBR effluent, before this
effluent is returned to the inlet of the biological stage in the mpliant.

The slightly more concentrated fraction of collected aircrafideg fluid (monopropylene glycol,
MPG) from the décing platform is collected in separate lagoons at the airport anded to GRA
for use as external carbon source for pdshitrification. This is internally calledgbycol and has a
COD in the range of 10 to 20 g/I. The most concentrated fractioheafdllected deicing chemical
runoff is called Aglycol and was originally put on tanker trucks and used as exteaintabic source at
the Nordre Follo and NRA WWTPs. However, this contract was terminéedyears ago. Collected
A-glycol is now recycledna comes back to market in different products, one example being
windshield washer fluid.

Table 4.15. Key data for the liquid treatment processes in the main plarthatGardermoen WWTP
in 2019 and 2020.

Aerated sand and fat traps | Total volume: 150 n? | 2 trains
Primary sedimentation Total surface area: 420 Nt | 5 trains
Water depth: 3.3m
MBBRS Total wet volume: 5790 Nt | 5 trains
Water depth: 6.5m
Flocculation Total volume: 180 n?# 2 rea_lctors n series
3 trains
Flotation Total surface area: 215 0t | 3 trains *
Waterdepth: 25m
Disinfection U\-lamps 2 banks
Details for the MBBR process:
Operation Total biofilm surface
Reactor | Wet volume mode Filling of K1 area
(AN = anoxic (2 trains)
AE = aerobic)
R1 2 x420 m AN 50 % 210,000 m2
R2 2x420 m AN or AE 50 % 210,000 m?
R3 2 X 695 M AE 60 % 417,000 m2
R4 2 X 695 M AE 60 % 417,000 m2
R5 2x180m AE (deOx) 40 % 72,000 m2
R6 2 x 375 m AN 50 % 187,500 m?
R7 2x110m AE 50 % 55,000 m2

* One train used for solids separation after biologicaFHweatment of dilute
deicing fluid runoff from the Oslo airport.
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Surface runoff from the Oslo airport also includes formate from runwaigitg. This runoff is very
cold (close to OC), is tenporarily stored in lagoons at the airport, and then pumped to tiain
plant at GRA. A heat exchanger was installed a few years ago, usingubkatdfom GRA to pre
heat the cold surface runoff from the airport. This has signitigancreased the temperature in the
treatment plant.

The original filling of biofilm carriers was less than what the plant was desfgndd the fall of 2017
more K1 biofilm carriers were added to the MBBRs in the main plant at GRiting in biofilm
carrier fillings ad total biofilm surface areas shown in Table 4.15, which ardastiir than the
original design.

GRA was originally designed for the flows and loads shown ie #dlfl. The consent values were
changed in 2013, to be more in line with the-Bitkctive arl the requirements at other Norwegian
treatment plants. The requirement for nitrogen removal stayed the sarmeth® requirements for
removal of organic matter and phosphorus were considerably more leimehe 2013 revision than
what was originally required in 1998.

Table 4.16. Original design basis for the liquid treatment processes a.GlRbads are for 80
percentiles.

FIE)evr\:qu,)GI}(:Zsusré\nd O:,'g;ﬂg';igggm Revised consent values, 2013
(annual average)

Qaverage 16,000 m3/d --- ---
Quesign 920 m3/h --- ---
Qmaxdesign 1,300 m?¥h --- .-
Total COD 5,190 kg/d --- H’5 % removal, 0iGL25 mg/I
Filtered COD 2,075 kg/d --- ---
Total BOP 2,180 kg/d G0 mgl/l H70 % removal, o025 mg/l
TSS 3,115 kg/d --- ---
Total N 604 kg/d H70 % removal H70 % removal (annual average
Total P 96 kg/d @.2 mg/l HO0 % removal (annual average
Temperature range 5_14°C o o
(monthly average)

Going through the flowsheet in Figure 4.24 GRAStasens (3-6 mm), aerated sand and fat traps,
and MBBR with 7 reactors in series. R1 is always anoxic falepitification. R2 can be either
anoxic or aerobic. R3 + R4 are always aerobic and aerated. R5h& aeud normally with just
propeller mking to reduce the DO before nitrified water is returned back tddR pre-denitrification
or passed on to R6 for pedenitrification. Used décing fluid (MPG) is added to R6 as an external
carbon source. R7 is a small post aeration reactor. For rerobyalrticles and precipitation of
phosphorus prepolymerized aluminum chloride (PAC, type Ekoflock) is added, together with an
anionic polymer (Zetag 4105) as a flocculation aid. After flocculation and @idsahflotation (DAF),
a UMdisinfection system is in use from May through October. This isdora bathing water quality
in the recipient.

GRA has fairly standard sludge treatment, with two anaerobic digesiaseries. The first digestor is
thermophilic (55°C) to ensure that the sludge is hygienized, and the second digestasiophilic
(37°C)
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4.4.1 Overall results for Gardermoen WWTP in 2019 and 2020.

Tables 4.17 and 4.18. show a summary of results for GRA in 2019 and 2020, resp&odiahent
efficiencies were significantly better than requdren both years, with average removal of about 85 %
total N, 96 % total P, 987 % COD, 99 % B£xDdd 97 % TSS. Effluent N¥concentrations were

most of the time very low, and hence limiting with respect to nitrificatiates.

Overall, the results werexcellent for a plant that in 2019 received a load of total N and organic
matter that was 1.5 to 1.8 times higher than the design load. In 20&fslavere lower, but still well
above the design loads. Especially the total N loads were significantlytieavein 2019. The reason
for this was the Covid 19 pandemic and the reduced activity at tie &rport for the last ®

months of the year. In a normal year, more than 20 % of the total N toréfanhent plant

originates from the airport.

Table4.17. Summary of results for the Gardermoen WWTP in 2019.

Parameter Average Median Min. 80 Max. N
percentile

Flow, m3/d 12,110 11,931 7,919 13,689 21,804 358
Temp. in R4C 11.2 10.6 6.7 14.2 16.5 358
Loads:

BOR, kg/d 3,008 3,078 1,882 3,324 3,882 24
Total COD, kg/d 8,590 8,540 5,315 9,206 13,123 204
Filtered COD, kg/d 2,507 2,335 1,807 3,058 3,702 32
TSS, kg/d 4,561 4,500 3,444 4,937 6,774 32
Total N, kg/d 871 851 665 928 1,394 204
Total P, kg/d 101 100 77 108 134 205
Influent concentrations:

BOB, mg/l 253 245 110 320 360 24
Total COD, mg/I 713 711 368 822 1,262 208
Filtered COD, mg/l 202 193 138 228 297 32
TSS, mgl/l 370 355 273 415 629 32
Total N, mg/l 73 70 40 84 130 208
Total P, mg/l 8.4 8.3 4.0 9.6 12.2 209
Effluent concentrations:

BOB, mg/l 2.7 15 1.5 3.6 9.8 24
Total COD, mg/| 24 22 11 28 101 208
Filtered COD, mg/l 15 14 5 18 29 36
TSS, mg/l 9.7 9.0 1.0 12 28 32
Total N, mg/l 11.2 10.9 3.7 14.1 28.0 208
NH-N, mg/| 3.6 2.0 0.1 6.0 16.3 31
NGs:-N, mg/l 6.3 55 3.4 8.2 14.9 32
Total P, mg/| 0.37 0.32 0.14 0.44 2.01 209
;‘;tfl" P on filtered sample, 0.04 0.03 0.03 0.03 0.15 208

Flows through the MBBR process and water temperatures in R4 for GRA&ffgrday of the year
2019 are shown in Figure 4.25. Also shown are plant influent and efflueritMatoncentrations in
24 h flow proportional samples. The lowest temperatures wdyseoved from March 29 to April 3,
with 6.7 to 7.7°C in R4, when the flow increased by about 60 % compared to Jamdhfehruary.
During this week with low temperatures removal of total N varied from 78 6.4 %, with influent
concentrations from 52a 59 mg total N/I and effluent concentrations from 7.1 to 11.8 mgltbbh



Table 4.18. Summary of results for the Gardermoen WWTP in 2020.
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Parameter Average Median Min. 80 Max. N
percentile
Flow, m3/d 11,843 11,073 7,383 14,404 22,053 365
Temp. in R4C 10.7 10.6 5.4 13.3 18.4 365
Loads:
BODR, kg/d 2,600 2,434 1,679 3,149 3,812 24
Total COD, kg/d 7,545 7,519 5,032 8,402 12,165 212
Filtered COD, kg/d 2,146 2,144 1,360 2,585 2,944 43
TSS, kg/d 3,850 3,929 2,835 4,345 5,144 43
Total N, kg/d 685 679 528 748 868 212
Total P, kg/d 89 89 66 97 126 212
Influent concentrations:
BOB, mg/l 229 226 118 264 372 24
Total COD, mg/I 666 654 341 770 1,187 213
Filtered COD, mg/l 183 181 102 212 282 43
TSS, mgl/l 342 334 211 411 533 43
Total N, mg/l 61 60 30 70 82 213
Total P, mg/l 7.9 7.9 4.2 9.2 13.7 213
Effluent concentrations:
BOB, mg/l 2.3 1.0 1.0 4.0 6.0 24
Total COD, mg/l 29 27 17 33 95 213
Filtered COD, mg/l 20 18 10 23 71 43
TSS, mgl/l 9.1 8.0 1.0 14 22 43
Total N, mg/| 9.2 7.9 3.4 105 42 211
NH:-N, mg/| 1.8 0.3 0.1 2.5 26.2 43
NGs-N, mg/l 5.2 4.8 1.6 7.1 16.5 43
Total P, mg/l 0.31 0.26 0.12 0.40 1.3 213
Total P orfiltered sample, 0.04 0.03 0.03 0.03 0.42 214
mg/l
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Figure 4.25. Flow through the MBBR process and water temperature in R4Rdx 1Gr every day of
the year 2019. Plant influent and effluent total N concentrations in 24 h flowportional samples

are also shown.
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On April 3 ammonium and nitrate were also measured in the effluentysigp6.0 mg NHN/I and
3.7 mg N@N/I, together with 11.4 mg total N/I. An interesting observation is tthegt highest
effluent concentrations of total N happened in August at@C6and October at 1%, so obviously
other factors than low temperatures were responsible for the elevatident concentrations
during these periods.

Flows through the MBBR process and water temperatures in R4 for GRA&ffgrday of the year
2020 are shown in Figure 4.26. Also shown are plant influent and effluaitNotoncentrations in

24 h flow proporional samples. The lowest temperature on a day with complete samplsgow
March 11, with 6.0C in R4. The flow was then about twice the dry weather flow observédtein t
summer. Influent total N was 41 mg N/I, while effluent concentratiorese 5.8 mg Ns-N/I, 1.9 mg
NGs-N/I and 9.3 mg total N/I. This corresponded to 77.3 % removal of bt#lgain, the highest
effluent total N concentrations were observed in early July and late Sdpe at significantly higher
temperatures. However, the high efflugrconcentrations in September can be explained by train 1
being shut down for maintenance.
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Figure 4.26. Flow through the MBBR process and water temperature in R4Rdx 1Gr every day of
the year 2020. Plant influent and effluent total N concentratioims24 h flow proportional samples
are also shown.

4.4.2 Specific reaction rates

4.4.2.1 BasiBor calculations

GRA has data for flows, temperature in R4, DO in R1, R4 and R&@®ahnd filtered COD in to
biological stage and in final effluent, total N inkimlogical stage and in final effluent, NN in to
biological stage, out of R5 in train 2 and in final effluent,«ING- N@N out of R5 in train 2 and in
final effluent, plus added amount of MPG as external carbon sourc

For calculating thepecific nitrification and denitrification rates the f@iing assumptions have been
made:

x Nitrogen assimilated due to influent organic matter to biological stageasté % of applied
filtered COD.

X Assimilation of nitrogen due to addition of external carbon seurR6 calculated based on a
sludge yield of 0.253 g VS/g COD at’@%and a temperature correction factor ¢£1.064
(Rustenet al,, 1996). Sludge yield increases at lower temperaturesdgslproduced from
external carbon source assumed to have a nitrogen content of 5.0 % of VS.
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X Amount of nitrogen removed by préenitrification based on total N in to biological stage,
minus total N in plant effluent, minus N removed by assimilatemd minus N removed by
post-denitrification.

X Amount of nitrogen removed by posienitrification based on NGX (NO«N + NG-N) out of
R5 in train 2, NOK in final effluent, and water flow through train 2. It is assumed thein 1
and train 2 had equal postenitrification rates.

x Nitrified amount is calculated for train 2 based on flow througdirtr2, NB-N in to biological
stage and NHN out of R5 in train 2. Assimilated nitrogen due to influent organic endtt
the biological stage has not been subtractbdcause some particulate and organic N will be
hydrolyzed in both anoxic and aerobic reactors and thus increase theNNbld. This is
expected to give a conservative estimate of the nitrified amount, stotal N in to the
biological stage was on aver@8 % higher than NHN, giving an average amount of more
than 210 kg/d of particulate and organic N compared to only 88 kgaimilated N.

x Calculating the biofilm surface area that contributes to ndafion is based on multiple
assumptions. Initiallyhe organic load on the first aerobic reactor is calculatedebasn the
amount of COD in to the biological stage, minus the amount of organien@insumed by
pre-denitrification. Secondly, it is assumed that nitrificati@ndegin when the organioad
on the aerobic reactor i<G10 g COD/m# at 15°C, using a temperature coefficient ¢£1.08.
For consumption of organic matter in an aerobic reactor a reactid® of 20 g COD/rrd at
15°C has been used, with the same temperature correction as above. If the olgadion an
aerobic reactor is higher than the maximum organic load for the staritofication at the
given temperature, no nitrification is assumed to take place in thistoealf the organic load
is lower, then the biofilm surface area that contributes to nitrification irs theactor is
calculated based on the difference between the maximum organic loat the actual
(calculated) organic load, divided by the maximum organic loatraultiplied by the total
biofilm surface area ithe reactor.

4.4.2.2 Pralenitrification rates

Predenitrification rates are shown in Figure 4.27, for the period from Augj0s2019, to June 5,
2020. Also shown are corresponding temperatures in R4, and C/I¥ iatto the biological stage
based on both total COD and filtered COD.
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Figure 4.27. Praenitrification rates in MBBRs at GRA. Normally R1 and R2 in both trains were
anoxic. For the two data points marked, only R1 was anoxic. Rates shown wltbw circles are
from a period with R1 and R&noxic in train 1, and only R1 anoxic in train 2.
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Most of the time R1 and R2 were anoxic in both trains. However, innileEe2019 and January
2020 there were two data points where only R1 was anoxic anckttves data points are marked in
Figure 4.27. Rthermore, from February 6 to April 10, 2020, only R1 was anoxic in train 2, while
both R1 and R2 were anoxic in train 1. These data points are shown with geibtes.

C/N ratios in to the biological stage were always low, but slightly higlaer aheage around
Christmas and the beginning of the new year. A lot of factors inflei¢ine predenitrification rates,
so it is difficult to single out the temperature effect. However, theadiadicate reduced rates when
the temperature dropped below &. Inthe temperature range from 8.0 to 167& the average pre
denitrification rate was 0.88 g N&¥mz2-d. This dropped to an average of 0.68 g NdIxz2-d in the
temperature range from 5.4 to 8. At both the higher and the lower temperatures, these pre
denitrification rates were higher than whaas expected based on some measurements made 4
years ago, but agrees well with pdenitrification rates measured at 7-58.0°C during the
guarantee testing of the plant (Rusten and @degaard, 2007).

4.4.2.3 Postlenitrification rates

Postdenitrificaton rates are shown in Figure 4.28, together with corresponding tenpeys and
C/Nratios. No temperature dependency can be found. Some of the highesdpaitrification rates
were in fact seen at the very lowest temperatures. Most probably this eua to the operators
increasing the C/N ratio to make up for the slightly reduceddenitrification rates at the lowest
temperatures. At 7C the postdenitrification rates were about 1.4 g N®Xm2-d, which is the
maximum you can expect with MPG as ertdrcarbon source. The average pdshitrification rate
for all the data points in Figure 4.28 was 1.2 g NMOxr2-d.
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Figure 4.28. Postlenitrification rates in R6, train 2, at GRA.

4.4.2.4 Nitrification rates

Specific nitrification rates in MBBRs iiait 2 are shown in Figure 4.29, together with corresponding
temperatures, DO concentrations in R4 and R5, angN\NEbncentrations in R5. When there is a high
enough NEN concentration in the reactor, the DO concentration can make a larfgreatice with
respect to the nitrification rate.

In two relatively short periods (second half of December 2019 and intoNfiesk of January 2020,
plus from February 2 to April 10, 2020) R2 in train 2 was operated in aerobic Dat#epoints with
nitrification ratesfrom these two periods are shown with yellow circles in Figure 4.29. Stadtdr
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switching R2 from anoxic to aerobic operation, a reduced overall rtiiific rate should be
expected because the biofilm will need time to adjust and grow mdrédieis in the downstream
aerobic reactors that will now get a significantly lower load of organidenafThese two periods
coincided with the lowest temperatures. Average specific nitrificatada with R2 in aerobic mode
was 0.77 g NFHN/m2-d, and it was 0.99 g NHN/m2-d with R2 in anoxic mode.

Specific nitrification rates versus temperature are shown in Figure 4139.t@e days when the rates
were not limited by low NHN concentrations were used. This was determined by the equations
developed for nitrifcation rates in MBBRs by Rusetral. (1995). There is large scatter in Figure
4.30, since a lot of factors influence the nitrification rate. Howetrez,trend line indicates a very low
temperature dependency with an apparefbf only 1.015 over the temperature range from 6 to 16
°C. As mentioned previously, increased DO at low temperatures can neaskiéhtemperature
dependency. A couple of dafaints in May 2020 had lower DO than typically seen in February and
March, and could probably have prodasthigher reaction rates at higher DO levels.
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Figure 4.29. Nitrification rates in MBBRSs in train 2 at GRA . eRahown with yellow circles are from
a period with only R1 anoxic in train 2. Many of the rates were limited by INH-N
concentrations.

16

14 1+

Z 124

I cad

= ® @ & @ e ¥ = 0,655,053

T T @ 00 g @-.-------"="""7 e 77
N e i I~

5 0.8 + ° °
E o 9

£ 06 +

z e ©

04 +

0.2 +

0.0 t t t + t + + t
2 [ 7 g 9 10 11 12 13 14 15 16

Temperaturein R4 (°C)
Figure 4.30. Nitrification rates in MBBRs in train 2 at GRA versus &atpre in R4. Rates shown
only for days when nitrification was not limited by low NHN concentrations.



61

5 Summaryand conclusions

5.1 About the report

A compilation okexperience®n the influence of cold water on nitrogen removal in the moving bed
biofilm reactor (MBBR) processiespublications reporting from various experiments has been
carried out as well as a comprehensive survey of operationaadiatm4 full-scale Norwegian
nutrient removal plants based on MBBR.

The MBBR was invented and developed in Norway, a country that efigeriencecold wastewater,
especially during snowmelt in winter andspring, and hence the majority of studies havehe
carried out in Norway. The Norwegian experiences arg rgevant for the actual “Cold N” project.

In chapter 2 of this report a discussion on the challenges adgen removal in cold wastewater is
presented and the benefits for the combined peand postdenitrificationMBBR process has been
discussed.

5.2 The literature review

In chapter 3 studies from different couis (Norway, USA, Canada, Italyd Swedepare
presented and discussed. The first studies at NTH&un et al, 1994andthose carriecbut as part of
the Norwegian Nremoval program (FANRusten et al 1995b, Rusten et al 1995c¢) constitute the
basis for the knowledge about the MBBRcesses and their design.

It was established thadesign should be based on area loading rates fgdimaread), that organic
matter had to be removed prior to nitrification and that nitgation was linearly influenced by the

DO concentration at ammonium concentrations above ca. 2 mgNliHand heace in most

situations in practicelt was also established that theaximumnitrification rate wasaround1l g NH-
N/m?d (at 1C)and that the reaction order with respect to ammonium at concentrasiémwer than
around 2 mg NHN/I, was ca. 0.7Based orthis, a design model for nitrification was established (see
chapter 3)It was demonstrated that the pretreatment of the water influencii nitrification rate,

not only because various piteeatments removed organics mattgn generalto various extens, but
also because good piteeatment (such as prprecipitation) removed colloidal, organic particles
better than pre-settling for instance.

Temperature dependency in biological processes is normally expresshd Byrhenius equation:

ko=k }T-T), where k andk; are the rates at temperatures;@and & (°C), respectively

In the literature one may find Arrhenius correction coefficients forifiggition typically aroundS=
1.10. The solubility of oxygen in water is alemperature dependent, howeverthe lower the
temperature, the higher the DO. And hence the apparent temperature déeecy in MBBRis
lowerthanthe actual temperature dependency. Several of the studies fdbatithe influence of
temperature as suchwas far less than expected.

In most municipal wastewater treatment plants the temperature setdfalls under 5C, butiis
demonstrated in experiments with nitrification in effluents froagbons incCanadathat the
nitrification takes placevenat as bw as 1°C,at a rate that is lower, but stiflignificant in the oder
of half the rate a0°C —equivalent to a}-value of less than 1.05. Nitrification seems to be more
easily adapbleto low temperatures than we think. However, the challengedsso much the low
temperature as suchas it is the rapid change in temperature ame tcorresponding diluted water at
snowmelt situations. In praenitrification systemstherefore, there is not much to gain by
increasing the recycle to above2 (r= Q/Qin and hencepost-denitrificationwas found to besery
useful in order to achieve a high treatment result in cold, diluted wastewsater
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It was demonstrated in these early studjéisat the pre-denitrification rate was totally dependent on
the availability of easily biodegradable organic matter and thatmaximum postenitrification

rate (around 2 g NEN/m?d) was 34 times higher than the maximum paenitrificationrate

(around 0.5 g N@N/m?d at sufficient organic matter presentp C/Nratio > 3 g COD/g NI was
found to be needed in order to reach good denitrification with4 g COD/g NN as the optimal.

Tests of the efficiency of different external carbon sourceggibus temperatures, demonstrated
that the useof methanol and mono propylene glycol (MPG) gave similar denitrificatios fateund
1.5 gNO-N/m?d at 10C) while useof ethanol doubled the denitrification rates. All three external

E }v «JuE + «Z}A S U% E SHE } ((V ] vs EQhtidkickeiased with
an average of 45 % when the temperature was reduced from 15@ 5

The benefit of having a posienitrification stage led to the proposal, when the first ftlale N
removal plant waplannedin Lillehammer (in connection with theinter Olympics in 1994), that a
combined pre and postdenitrification process should be used. This process would aakantage of
the benefits of both the pralenitrification system (utilization of easily biodegradableamig matter
in the raw water) and the poddenitrification system (securing the treatment result witht being
dependent on the raw water chacteristics). Even at very low temperatures during the stigrt
period of Lillehammer WWTP, the results were remarkably goegllting inB2 % removal of
inorganic N at @.5°C. Of the 82 %, only 4 % was removed in the pdenitrification stage
becatse of the cold, snownelt diluted wastewater.

5.3 The fullscale plants survey

The Lillehammer experiences led to the use ofecbmbined pre and postdenitrification process
being used at also othdull-scaleplantsin Norway like Nordre Follg Nedre Romerikeand
Gardermoen wastewater treatment plants thednstitutes the participants dhe operational survey
in chapter 4of the repot.

Lillehammer WWTPData for 2018 and 2019 were presentddhe plant was at thiSme much higher
loaded than designed for and the plant ownékillehammer city) now usedhé plant as a pure post
denitrification plant.

In 2018 and 201%e plant had anerage removal of 79.7 % and 75.1 %otdl N respectively well
above the required 70 %, at an average temperature of arontCland a minimum temperature of
3.9 and 5.3C respectively. The nitrification rate as calculated over the nitiificaeacdors (R4 to
R6) was in the range pf 1-0L.2 g N#-N/m?d in the temperature range of’€—10°C(see Figure 5.1)
both in 2018 and 2019 with a relatively small variation witthis temperature range
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Figure 5.1. Specific nitrification rates versus temperature, based on weakerages in the winter
of 2018 (left) and 2019 (right).
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Figure 52, that show the postlenitrification ratesappears to indicate a very high temperature
effect in 2018. However, at temperatures below@the effluent concentrations were steady around
4-6 mg NG@-N/I, andthe significantly reduced rates at the lowesthiperatures were mainly due to
the large reduction in influent concentrations caused by thgdancrease in the influent flow rates.
In 2019there was no visible temperature effect on the pa&nitrification rate(around 2.8 g N@
N/m?d) in the temperature interval from 6.3 to 9%.The high rate is caused by the fact tieghanol
isused aexternal carbon sourci this plant.Comparing the results from 2019 with the results from
2018, it appears that the much higher flows at low temperature®d18 had a higher impact on the
postdenitrification rates than the temperature itself

Nordre Follo WWTPDatafor 2019and 2020were presentedand discussedlhe plant had an
average removal of 79.8 % and 78.5%otdl N respectively at an aragetemperature of11.3 and
11.8°Crespectivelyand a minimum temperature of around ?@&.This was well above the required
70 % total N'emoval, in spite of an 8percentile total N load that was 26 &d 33 %higher
respectivelythan the design load.
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Figure 5.3. Specific nitrification rates versus temperature, based on weakérages in winter and
spring of 2019 (left) and 2020 (right).

A mass balance analysis gave an averageenirification rate of 0.60 g N&EN/m2-d (2019) and
0.70 g N@N/m2-d (2020). This fairly high paenitrification rate is explained by a possible boost by
methanol added to the MBBR influent.

Nedre Romerike Avlgpsselskap (NRA) WWTHe dataanalyzedior NRAare thosewith the lowest
temperatures over aperiod of2-4 weekgor the 4 year2013, 2014, 2016 and 2018.
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The nitrification rates and denitrification rates over these yesmes summarized in Table 5.1. This
plant has not a particular BGEmoval reactor, so the nitrification rates are calculateded on all
the aerobic reactorgincluding deox reactor)that remove BOD as well as ammoniushethanol is

normally used as external carbon source.

Table 5.2. Average temperatures, nitrification rates and denitrificatioates over weeks of low
temperatures in the years 2013, 2014, 2016 and 2018 at NRA WR&EBd on odine

measurements in the plant

2013 2014 2016 2018 | Average
Average temperaturéC 8.9 8.8 8.7 7.9 8.6
Minimum temperature °C 6.6 6.4 7.4 5.2 5.2
Maximum temperature?C 10.4 11.2 9.7 10.2 11.2
Aver. nitrification rate (g NJAN/m?2d) 0.31 0.41 0.39 0.36 0.37
Aver. predenitrification rate (g N@N/m?d) 0.18 0.20 0.18 0.22 0.20
Aver. postdenitrification rate (g NON/m?2d) 1.11 1.07 1.03 1.00 1.05

Roughly these data show an Arrhenius temperature correction valdedé —1.11 both for
nitrification anddenitrification in the temperature range of-510°C.These are calculated over
relatively short periods ahshould be taken with cautian

Gardermoen WWTHMData from 2019 and 2020 weemalyzedTreatment efficiencies were
significantly better than required in both years, with average removal otia8b % total N. Overall,
the results were excellent for a platitat in 2019 received a load of total N and organic matter that
was 1.5 to 1.8 times higher than the design load. In 2020 loads weee taused by the pandemic
that reduced the activity at the Oslo airport for the las® 8nonths of the year. In a nomhyear,

more than 20 % of the total N to the treatment plant originates frora #irport.

Effluent NH-N concentrations were most of the time very low, and hence limiting vegipect to
nitrification rates. Nitrification rates over the reported periack shown in Figure 5.4 and
nitrification rates versus temperature in Figure 5.5.
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Figure 5.4. Nitrification rates in MBBRs in train
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Figure 5.5 Nitrification rates in MBBRs in train
2 at GRA versus temperature in R4. Rates
shown only for days when nitrification was not
limited by low NH-N concentrations
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There is a large spread in Figure 5.5 since so many factors influence dacatiinfrate (DO being
the most important one). However, the trend line indicates a very lemvgerature dependency with
an apparent}of only 1.015 over the temperature rang®in 6 to 16°C. As mentioned previously,
increased DO at low temperatures can mask the true temperatupzdéency.

Figure 5.6 shows the prenitrification rates and Figure 5.7 the padnitrification rates together
with C/Nratios and temperatures atEA during the period of analysis.
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Figure 5.6. Pralenitrification rates in MBBRs at Figure 5.7 Postlenitrification rates in R6, train
GRA. 2, at GRA.

Many factors influence the prdenitrification rates, so it is difficult to single out the tempairre
effect. However, the data indicate reduced rates when the tempemtropped below 8C. In the
temperature range from 8.0 to 16 & the average prdenitrification rate was 0.88 g Ne¥/mzd.
This dropped to an average of 0.68 g NOm?3d in the emperature range from 5.4 to 8.

No temperature dependency can be found in the pdenitrification reactor. Some of the highest
postdenitrification rates were in fact seen at the very lowest temperasutdost probably this was
due to the operators increasing the C/N ratio to make up for the dligbtiuced predenitrification
rates at the lowest temperatures. At°C the postdenitrification rates were about 1.4 g NOXm?2-d,
which is the maximum you can expect with MPG as external carbon sdureaverage post
denitrification rate or all the data points in Figure 5.7 was 1.2 g Mdm2-d.

5.4 Design of MBBR for &emoval

Norsk Vann has published design guidelines for wastewater tresattplants since 1978 (revised in
1983, 2009 and 2020). The MBBR was included in the-28@8on based mainly on the experiences
presented in chapter 3 in this report. Later mdodi-scaleexperiences from plants like Lillehammer
Nordre Folle, Nedre Romerike and Gardermoen wastewater treatment plants gave experiences
that constituted the basis for the more comprehensive design guidelines iprésent revision
(Norsk Vann, 2020). Alf these plants experience periods with cold wastewater well belo% 40
sometimes below &C.

Based on the compilation of experiences from research papers (ahapses well as collected full
scale data from recent years (chapter 4), it can be conclddaicthese guidelines (on design of
MBBR) are well suited for designing wastewater treatment plantsekperience cold water
situations inNorthern Sweden of the same kind as experienced in the Norwegian plants.

The effluent standard in Sweden will niggobably be set at 10 mg Tot N/I (as yearly average) or 70
% removal as yearly averagas it is in Norway. In the spring situation, it will be much easier to
reach the concentration standard (because of the diluted watgthian the % removal standard
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We recommend, for the cold water plants in Sweden, to use the Norweltgaign quidelines for
MBBR and design for a temperature of°@@) and check the volumes for the situations of the
minimumtemperature (and corresponding high flovBn excerpt of theNorwegian design guidelines
that contains the content regarding design of MBE&nts is included in this report as an
attachment. Please refer to the full Norwegian design guidelines (Norsak, \2820) for info on
design loadings etc.

We recommend to usthe combined preand postdenitrification process with great flexibility (se
flow-sheet below), i.e. the use oling reactors and advanced steering equipment regulated through
DO,ammonium andbr nitrate sensors. This would be ByOntrol to regulateair supply in nitrifying
reactorsand hencenitrification rate and external carbon addition control tegulate denitrification

rate.

In the figure below we have indicated the possible use ofqm&gulation in order to increase
capacity of particulate BOEB2moval before the MBBR, and hence nitrification capacithénMBBR.
We have also proposed to use flotation for final particle separationhByatreox stagemay be
omitted.

MBBR

Coagul Pre Pre-anox1l Ox(BODrem) / Nitrification Deox  Postanox Precip/ Flotation
floccul  sedimentation or Preanox2 OxN 1 OxN 2 floccul
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1, ; | : l l
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Figure5.8 Recommendetlow diagram for cold wastewater nutrient removal plants in Sweden
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7 Attachment —(Excerpt of the Norwegian design guidelines on wastewater
treatment plants (Norsk Vann, 2020In Norwegian)

MBBR

Moving Bed Biofilm Reaktorer (MBBR) etbéfilmreaktor med gjennomstrgmning og ingen
slamretur. Anlegg basert pa MBBR er sammensatt av MBBR reaktor og slamsepaisjo(evt.
med felling og flokkulering).

Beskrivelse

| MBBRbaserteprosesse vokser biomassen pa plastelementer som holdes svevende i reaktoren ved
hjelp av lufing dler omrgring.

Plastelementene (biofilmbaererne) hindres i a forlate reaktoren sammed vannet ved en
silanordning pa utlgpet av reaktoren. Nar MBBR brukes for aerolmdisk nedbrytning av organisk
stoff eller ammoniumholdes baererne suspendert og totalomrgrt i reaktoren gjennom lgféom er
nadvendig for den biologiske omsetning. Nar MBBR brukes for anoksislkesgeosfor biologisk
nedbrytning awitritt og nitrat) eller for anaerobe prosessérpldes baererne suspendert og
totalomrart i reaktoren gjennom mekanisk omrgring.

Ved behandling av kommunalt avlgpsvann benyttes vanligvis forlsihgrgjennom rist og sandfang
samt primeerrensing gjennoffinsil, forsedimenteringeller forfelling. Dersom det tas tilstrekkelig
hensyn til det (finrist, tilstrekkelig lysdpning pa reaktorsiler etc.) kamaersteget utelates om
gnskelig.

Anvendelsesomrade

MBBRbaserte prosesser kan benyttes til alle formal der det er beébobiologisk behandling av
avlgpsvann, dvs. fierning av organisk stoff, nitrifikasjamnogenfjerning og biologisk fosforfjerning.
Forelgpig er imidlertid biologisk fosforfierning i MB&mRegg pa utviklingsstadiet og derfor gis det i
denne veiledningen ikke dimensjoneringsdata for denne anvendelsen.

| de fleste MBBR anlegg kombineres biologisk og kjemisk rensing ved atiiedingering og
flokkulering settes inn direkte etter bioreaktor og for slamsepanasjeaktor (kalt Biofilm m/felling i
tabell 1.4.1). Dersom etterfelling benyttes i MBBRlegg (dvs anlegg med eget separasjonssteg for
biofilmslammet), er separasjonsmetoden i etterfellingssteget normakraosiling eller filtrering

(etter felling/koagulering og flokkulering).

Dersom man benytteMBBR i kombinasjon med kjemisk felling, vil man fa bedparasjorav den
finpartikuleere slamfraksjonen. Derfor kan man tillate en hgyeganiskbelastning for & oppna en
gnsket renseeffekitanlegg basert pa biofilm m/felling

Hoyt belastede MBB&nlegg karnogsabenyttes san fgrste trinn i en tetrinns biologisk prosess.

Dette kan f.eks. veere aktuelt ved hgyt innhold av lgst organisk self.fsom et resultat av hgy
industribelastning. Det kan ogsa vaere hensiktsmessifpr-renseanlegg demanbare gnsker

fierning av lett nedbrytbart organisk stoff (digen eller ingen hydrolyse av partikulaert organisk
stoff), som f.eks. forbehandling i anlegg forammonifikasjon. | slike hgyt belastede anlegg blir ofte
den hydrauliske belastningen pa sikedimensjonerende.
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For anlegg med hgyt innhold av lgst organisk stagks. som et resultat av hgy industribelastnieg
ogsa biologisk fosforfjerning aktuelt.

Dimensjoneringv bioreaktor

Dersom man benytter forsedimentering eller forfelling som forbehandling i RiBBegg, skal
stoffbelastningen inn pa det biologiske steget reduseres tilsvareetisam er angitt i pkt 3.5.1.

Dersom man benytter anlegg basert pa biofilm m/felling skal bioreaktdimensjoneres pa samme
mate som angitt under for biologisk rensing med MBBR.

Ngdvendig eaktorvolum

Reaktorvolumet bestemmes pa grunnlag av dimensjonerende arealbelastpimg- d,
fyllingsgraden av baeremedium (%) og effektivt, spesifikt biofilmareal parbegfiet (nf/m?3). | tabell
3.5.6er gitt verdier for dimensjonerende arealbelastning.

Tabell 3.5.6 Dimensjonerende verdier for MBRiRaktorer ved 1(°C.

Behandlingsmalsetting Organisk Ammonium NOs-Nekvivalenter
arealbelastning arealbelastning arealbelastning

g BOEm?2-d g NH-N/m?- d g NQ-N/m?. d

A. Hoveddelen av B@F
skal fiernes:
> 70 % fjerning eller
<25 mg BGH i utlgp
xUten kjemikalie tilsetting <5
xMed polymerkoagulering
xMed kjemisk etterfelling

B. I tillegg til A:

Hoveddelen av Ni-N

skal nitrifiseres:
x< 3 mg NN/ (far dermed

<15 mg BQOH) <3
Uten forsed.el. fordenitrfik. <050
Med forsed,el. fordenitrfik. <0,60°
Med forsed,og fodenitrfik. <0,65
Med forfelling <0,753

o0 oW

C. l tillegg til A og B:
Hoveddelen av tot N skal fiernes
(>70 %, far dermed <10 mg BOK
utlgp): <0,50"°
x Med for-denitrifikasjon <1,50
X Med etter-denitrifikasjon <0,50"5 for-DNreakt.

x Med kombinert for og <1,50i etter-DN-reakt
etterdenitrifikasjon
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! Det forutsettes at reaktoren er inndelt i minst to adskilte kammer (angittivielder totalvolum), og at oppholdstiden ved
Qmaksdime€r >30 min.

2Dimensjoneringsverdi for den reaktordelen som forutsettes & fierne orgstoiKar nitrifikasjonen

3 Dimensjoneringsverdi for den reaktordelen som forutsettes a fijerne aromored nitrifikasjon forutsatt at
restkonsentrasjonen av ammonium>x2 mg NH-N/I. Ved behov for lavere restkonsentrasjon skal de
angitte nitrifikasjonshastigheter reduseres linezert fra angitt verdi vegtMlkonsentrasjon lik 2 mg /I til O ved N+
N konsentrasjon lik 0 mg MM/I. Det skal ikke forutsettes hgyere oksygenkonsentrasjon enn 5finge@
dlmenSjonerlngDeangltte nitrifikasjonshastighetene gjelder ved oksygenkonsentrasjon = 5#ng O
Forutsatt at C/Nforhold i innkommende vann til fordenitrifikasjereaktoren er>4 g BOEB/g NOs-Nekviv, inl0g
restkonsentrasjonen kan veer8 mg NG-N/I. Dersom C/Norholdet er lavere enn dette (som er normalt), skal
hastigheten reduseres linezert fra angitt verdi ved C/N = 4 BN Os-Nekviv.fienet til 0 ved C/N = 2 g BOR/g NOs-
Nekvivfiemet ET det to fordenitrifikasjons reaktorer i serie, skal den faristensjoneres som anvist og den siste6r30 g
NQ-N/m?d

5 Forutsatt at resirkulert vannmengde fra nitrifikasjetisfordenitrifikasjonsreaktor e#250 % avQuia;, inndersom man skal
klare kravet om 70 % fjerning med fordenitrifikasjon alene. Ved kombineddatterdenitrifikasjon kan
resirkuleringsmengden veere lavere.

Forutsatt tilsatt ekstern karbonkilde tilsvarende @fhold i innkommende vartil etterdenitrifikasjonsreaktores 3 g
BORB/g NOs-Newviv. (evt. 4,5 g KOF/g NNekviy) 09 restkonsentrasjonen av hSkiv kan veere>3 mg N@-N/I. Er det
behov for en lavere restkonsentrasjon, skal arealbelastningen for etterifieagjonen multipliseres med en faktor F.

F= ngdvendig konsentrasjon/3 . Disse verdiene gjelder nar metanol eller glykitbbsom ekstern karbonkilde. Dersom
etanol benyttes, kan hastighetene multipliseres med 1,8.

o

Ved andre temperaturer enn 1 skal arealbelastningen korrigeres etter fglgende formel:
Ar=Ag- SO lign. 3.19

hvor
X Arer arealbelastning ved den aktuelle temperatur
X Agoer arealbelastning ved 1.
x  S= Temperaturkorreksjonsfaktoren , som skal settes til:
0 BOKE-fjerning og denitrifikasjon: 1,07
o Nitrifikasjon: 1,09

Hoybelastet MBBR for fjerning av lgst organisk stoff-réaseanlegg (600 % BOHjerning og 25
40 mg BOS$i effluenten) kan dimensjonesefor 15 g BQfwsim?d (ved 10°C).Ved hayere
temperaturer skal man aldri dimensjonere for hgyere belastning ennR8Fgj,s/m?d. Ofte blir
reaktor-sil kapasiteten dimensjonerende for akseptabel vannmengde i slike anlegg.

Anlegg for nitrogenfjerning kan bygges med fordenitrifikasjon, etartifikasjon eller en
kombinasjon av de to. Den delen av anlegget som skal sgrge for fjerningaans@rgtoff og
nitrifikasjon, dimensjoneres i henhold til behandlingsmalset@®gnens denitrifikasjonsbassengen
dimensjoneres etter behandlingsmalsetting C.

| fordenitrifikasjonsanlegg skal man bestemme ngdvendig volum fanifigrav organisk stoff, utover
opptaket (fierningen) i fordenitrifikasjonen, basert pa den gjenvadeeBOF: etter
fordenitrifikasjonsteget

For bestemmelse av omsetning av organisk stoff ved fordenitrifikadfahpsan forutsettgdersom
man ikke har data som viser noe annet)
a. Andel Igst organisk stoff i innlgpsvann i forhold til tQBDE)xs/BOFs total) :
xUten primeerrensetrinn: 25%
xMed primeerrensetrinn: 30 %
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b. Andel partikulaert organisk stoff som blir omsatt til st orghrsitoff ved hydrolyse25 % av
BOE partikulerd iNNlgpsvann

c. Omsetning av organisk stoff videnitrifikasjon: 3,09 BOF,as{gNO:s ekviv-Niermet hvor st
organisk stoff tilgjengelig for denitrifikasjgBOE zs) Utgjgres asummen aule to fraksjoner
under punkt a og b over

Belastningen (kg NEN/d) pafordenitrifikasjonsreaktoren skal bestemmes som produktet av den
returnerte vannmengden og konsentrasjonen av nitrat i utlgpet #&ifikasjonssonenr med tillegg
av den konverterte oksygenmengden (1 g oksygen tilsvarer 0,35-MNtkente)-

I anlegghvor fordenitrifikasjon inngar vil det derfor veere hensiktsmessigdiisere
oksygeninnholdet i en deoksygeneringsreaktor far det nitratholdig@etreturneres til
fordenitrifikasjonsreaktoren. Dette kan gjares ved & la veere a lufte eesaktoren (begtte
omrgrer) slik at biomassen pa baererne forbruker oksygen som falge avytigidigen av
gjenveerende ammonium. Deoksygeneringsreaktoren kan dimensjoneres basemt p
nedbrytningshastighet pa 0,225 g NN/m?d (ved 18C- temperaturkoeffisientS= 1,09-se lign.
3.19). Man kan da anta at oksygenkonsentrasjonen i vannet som sk&ltesss blir 2 g @m?.

Tilsvarende vil det, i anlegg hvor etterdenitrifikasjon inngar, Vaeresiktsmessig med en
deoksygeneringsreaktor for & redusere oksygenbelastningen pa etterifigaisjonen. Det vil ogsa
veere hensiktsmessig & benytte en luftet reoksygeneringsreaktor etter ettétrifikasjonsreaktoren
for & sikre at eventuelt gjenveerende organisk stoff fra den eksterne kéiloe blir nedbrutt. Denne
reoksygeneringreaktoren kan dimensjoneres for en restkonsentrasjon av organiskpstdfo g
KORs/m® 0g en nedbrytningshastighet pa 4 g kQ@m?2-d ved Qnaksaim Oppholdstiden skal dog ikke
settes lavene enn 18 min vedhsdim

Ngdvendig lufttilfarsel

OksygenbehovelOB, kg @time) skal dimensjonerepa grunnlag av:

a. Behandlingsmalsetting A: OB = 1,0 kk@BOE titor.
X Ved bestemmelse av oksygenbehov (klie) skal det legges inn en
spissbelastningsfaktor pa 1,3.

b. Behandlingsmalsetting B: GBL,0 kg @kg BOE tifort + 4.3 kg @kg NH:-Nisrt
x For behandlingsmalsetting B legges inn en spissbelastningsfaktod far 2
oksygenbehov (kgAime) til nitrifisering. Det legges da ikke inn
spissbelastningsfaktor for oksygen til fierning avamigk stoff, ettersom
spissbelastning av organisk stoff og nitrogen ikke vil opptre samtidi

Den dimensjonerende oksygentilfarsel (OT) er avhengig av oksygenbehoven(®B)singsdybden,
forbehandlingen etc. og bestemmes pa samme mate som i aktivslamanlegg .8id)3

| MBBRanlegg er den spesifikke oksygenoverfgringskapasite@€K)) i tillegg til & veere avhengig av
luftesystemets evne til & overfare oksygen fra boble til luft, sambld@singsdypet, ogsa avhengig av
utforming og fyllingsgrad awnediet. Dersom ikke noe annet tilsier det, kan verdiene i tabell 3.5.6
veere veiledendeed overslagsberegninger
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Tabell 3.5.7Veiledende spesifikk oksygenoverfgringskapasitet (SOFK) i M&é9g med
diffusorsystem basert pa borede 4mm hull med middels boblestsee

Type av biofilm baerer Fyllingsgrad SOFKiigpsvann
(%) (g QINmM3y*m) (10°C, 1 atm)
Rarlignende 30 (~2640) 6,57,5
50 (~4060) 7,58,5
Mynt-lignende 30 (~2640) 5,56,0
50 (~40660) 6,06,5

Luftmengden beregnes som fglger:

Ei(PE/cUj@R544Wob ()
TECAUE Cal,qRdutinuouonif (260 wWruoU0nia0

Bpeufll "PPE)A lign.3.5.20

| enkelte tilfeller kan ngdvendig grad av omrgring bli dimensjonerende for flaft@len. For & sikre
god omrgring bgr Iufttilfarselen aldri settes lavere enn-18 mPu/h - MPounnfiate i reaktor(@vhengig av
beerer).

Slamproduksjon

For bestemmelse av slamproduksjon skal falgende vebdiryttes (ved 10C)
X  Ved fjerning av B@Bg for-denitrifikasjon:
o Uten forsedimentering: 1,15 g TS/g B(gmet
o Medforsedimentering: 1,00 g TS/g B{3&net
o Med forfelling: 0,85 g TS/g BQEnet
x  Tillegg ved nitrifikasjon: 0,125 g TS/gsNNHfjernet
x  Tillegg ved ettedenitrifikasjon med ekstern karbonkilde: 0,60 g TS/g$36}e

Biologiskosforfierning

Biologisk fosforfierning krever aivannet har et hayt innhold av lett tilgjengelig organisk stoff i
forhold til fosforinnholdet. Under pkt. 3.5.2. AktivslamproseséRiologisk fosforfierning) er dette
naermere beskrevet.

Ved biologisk fsforfjerning ma biomassen gjennomga vekselsvis anaerobe og aerobedfoghol
derfor er anlegg for biologisk fosforfjerning vanligvis basert pivsleimprosesserSkal en
biofilmprosess benyttes (f.eks. MBBR)A man enten benytte satsvis drift, eller fiybiomediet

(med biomassen pa) fra reaktorseksjoner uten lufting (anaerobe foytibidtaktorseksjoner med
lufting (aerobe forhold). Slike metoder er under utvikling, men det finnestildteekkelig medull-
skala erfaringgrbasert pa et bredt utvalgvlgpsvann med forskjellig karakteristikk, som kan danne
grunnlag for & angi dimensjoneringsdata fissgprosesslgsninges pa naveerende tidspunkt

For dimensjonering apatenterte MBBRsystemer for biologisk fosforfjernirtgenvises det til de
aktuele leverandgrene
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Dimensjonering av slamseparasjonsreaktorer

Generelt

Nar det forekommer krav om fijerning av fosfor i tillegg til organisk stafiefd. nitrogen) skjer dette
vanligvis ved kjemisk felling og flokkulering direkte etter bioreaktoren pgléanseparasjonenogsa
kalt biofilm m/felling (se tabell 1.1).

Forgjellen til tradisjonell etterfelling er at det ved etterfelling er et egetparat
slamseparasjonsbasseng for bioslam etter bioreaktoren og et nigt fllingssteget, mens det i
anlegg med MBBR m/felling kun er ett for bioslam og kjemisk slam sdbele& er mulig fordi
slamkonsentrasjonen ut av MBB&aktoren typisk er bare ca 200 mg SS/I mens den ut av en
aktivslamreaktor typisk er ca@000 mg SS/I (ved behandling av kommunalt avigpsvann).

Alle typer av slamseparasjonsreaktorer som er omtaltirgeveiledningen, kan benyttes til
separasjon av slam fra MBB&aktorer—med eller uten felling.

Separasjon i finsieller mikrosilanlegg direkte etter MBBR, kan vise seg mindre hensiktigmess
dersom man vil métte benytte hgy polymerdosering (eutlédg til metaldosering for & felle ut
fosfor). Denne lgsningen kan likevel ikke helt utelukkes. Derimot kawsiiémnlegg benyttes for
polering etter annet hovedseparasjonssteg (se avsnitt 3.6).

Normalt benyttes flokkulering foran slamseparasjonssteget. Flekikiglen dimensjoneres pa samme
mate som i kiemiske anlegg (se pkt. 3.4.3).

Normalt benyttes sedimentering, lamellsedimentering eller flotasjorsfamseparasjon i MBBR
anlegg (med eller uten felling). Dersom etterfelling basert paA MBBR tesngkal
flokkuleringsbassenget dimensjoneres som angitt i pkt. 3.4.3.

Slamseparasjon ved sedimentering

Konvensjonelle sedimenteringsbasseng for MiBBRgg (og gvrige biofilmanlegg) skal
dimensjoneres mhtoverflatebelastning i henhold til tabedl5.8.

Tabell 3.5.8Dimensjoneringsdata for konvensjonelle sedimenteringsbasseng etter RBB

Overflatebelastning

" bassengenes Vanndy® |y time
funksjon " Quim Qhnaksdim
Sluttsedimentering | Etter MBBR (og andre 2,5 0,8 1,1
uten kjemisk felling | biofilmreaktorer) HB,0 1,0 1,6
Sluttsedimentering Etter MBBR (og andre 2,5 1,0 1.6

biofilmreaktorer) som etterfglges

ved MBBR m/felling av felling/flokkulering H3,0 1,3 2,0

Sluttsedimentering _ 2,5 1,0 1,6
) Etter MBBR m/egen separasjon

ved etterfelling H3,0 1,3 2,0

1 For spissbunnede basseng uten slamskrape skal flaten pa 1 watedyp oppfylle kravene. Som vanndyp regnes den
totale vanndybde fratrukket 1,0 m, som slamsone.
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Dersom man bruker polymer som flokkuleringsmiddel, kan man oppna hgyere
sedimenteringbastigheter pa fnokker enn uten bruk av polymer. Verdiene i t&bBler gitt for en
situasjon der polymer ikke benyttes. Det er vanskelig & ansla hvofostmdringen i
sedimenteringshastighet vil kunne bli som fglge av polyisettingen,og det gis derfor ikke
spesifikke anvisninger for dette. Det anbefales at det gjgres farewért enkelt tilfelle. For
overslagsberegninger kan man anta at overflatebelastningen kan gkes Bed/M?>time i forhold

til de verdier som er gitt i tabel.5.8 | optimalisert praktisk drift kan gkningen bli starre enn dette

Slamseparasjon ved lamellsedimentering

Lamellsedimenteringsbassenger skal dimensjoneres for overflatehélg pa projisert flate, =
Q/A,, der A er lik arealet i horisontalprojeksjonen av lamellenes samlede effektive geedabell
3.5.9).

Tabell 35.9. Anbefalte dimensjoneringsdata for lamellsedimentering ved biofilmanleggelling
(MBBR, rislefilter og biorotor m/felling)

Overflatebelastning pa projisert flate, M(m*/m?2 ) Qdim Qmaksdim
Ved separasjon av biofilmslam uten felling 0,4 0,6
Ved separasjon av biofilmslam med polyrkeagulering 0,5 0,8
Ved separasjon av biofilmslam etter felling (m/Al,Fe) 0,6 1,0
Ved separasjon av biofilmslam etter felling (m/Al,Fe) og polymer 0,8 1,2
koagulering

Slamseparasjon med flotasjon

Det finnesflere patenterteflotasjonsreaktorer levert av ulike leverandgreed bmeller,
fordelingsbunner etc innebygget (f.eks. AquaDAF, Speedflo, Etr.Himensjonering av slike
spesifikke separasjonsreaktorer henvises det til de aktuelle leverandor

Dersom man baserer seg pa egen utforming og dimensjonering, bar flothagsenget
dimensjoneresned hensyn pa overflatebelastning og oppholdstid, som antitiell 3.510.

Tabell 3.5.10. Anbefalte dimensjoneringsdata for flotasjonsbasseng vedilmanlegg m/felling
(MBBR, rislefilter og biorotor m/felling)

Anvendelse Overflatebelastning®® m¥m? “h
Qdim Qmaksdim
Separasjon av biofilmslam uten kjemisk felling (eller 5 8

koagulering med polymer)

Separasjon av biofilmslam uten kjemisk felling , men med 55 10
koagulering med polymer

Separasjon av biofilmslam med kjemisk felling (m/Al/Fe) 6 11

Separasjon av biofilmslam med kjemisk felling og med polymer 7 12
tilsatt som hjelpeflokkulant

L Basert p& innkommende vann

2 Forutsetter vanndyp > 2 m
3 Basert pa effektivt areal, dvs ikke inkludert arealet av dispergeringssonen
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Foalgende veiledning gjelder for dimensjoneringlepergeringssystemeted separasjon av kjemisk
slam:

Trykk : 400-600 kPa (4 bar)
Luftmetningsgrad : 8090 %
Dispesjonsvannmengd€% av Qaksdin : 10-25 %(avh av S&, og luftmetningsgrad)

Den Igste luftmengden er direkte proporsjonal med produktet av digpesvannmengde og trykk.
Ved bruk av nedre grense for trykk skal gvre grense for disperg@menengde benyttes og
omvendt.

Dispergeringsanlegg skal ha en minimumskapasitet tilsvarende 10 %a@x&Qed et trykk pa 600
kPa.

Andre slamseparasjongetoder

Det finnes flere patenterte separasjonsreaktorer med integrerte fltddmgsbasseng og med
lameller, ledevegger eller lignendeniebygget (Densadeg, Actiflo etc,). Disse dimensjoneres av
leverandgren for vesentlig hayere overflatebelastningT8am/h beregnet pa vannoverflaten). For
dimensjonering av slike spesifikke separasjonsreaktorer henvises detaktuelle leverandgrene

Konstruktiv utforming

MBBRanlegg skal veere utstyrt med luftesystem (i aerobe reaktorer), oenegi anoksiske og
anaerobe reaktorer), siler mellom hver reaktor og baeremediunbfofilm.

Luftesystem

Luftesystemet kan veere utformet med middels grov/fin bobleluftere (®vrdet vanligste) eller
finluftere. Om middels grov/fin boble luftere benyttes basert pa perfaepr (hulldiameter: 4 mm),
bar felgende dimensjonerende (maksimale) lufthastigheter benyttes:

x  Tilfgrsels rgr: 16 m/s
x  Fordelings rgr (til manifold): 14 m/s
x  Diffusor rgr: 10 m/s

Antall diffusorhull bgr tilpasses slik at gjennomstrgmningewveirt hull er0,5 m3/h-1,3 m3/h.
Luftesystemet skal utformes slik at det blir god omrgring i reaktdreks. ved & ha noe feerre
diffusorhull i sarten av reaktoren (20 % i farste fjerdedel) og noe flere i slutten (30 % i siste
fierdedel).

Omrgrere

Omrgrere skal veere slik utformet at de gir fullstendig omrgring i reaktaat de ikke pavirker
biofilm baererne negativt og at de beveger biofilmbaerebwet fra utlapssilene i reaktoren.

For dimensjonering kan man regne med falgentfekebehov for omraring i reaktoren
x  Dykkede omrgrere (m/skrastilt aksling20 W/n? (maksperiferihastighet:6 m/s)
x  Omrgrere med vertikal aksling: >15 WArtmaksperiferihastighet: 4 m/s)
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| praksis kan effektbehovet bli mindre enn dettavhengig av type omrgrer, basseng dyp og
bassengutformingAntall omrarere bestemmes ut fra effektbehovet til omrgring i reaktohting3)
og den aktuelle omrgrerens nonahe effekt (W)

Reaktorsiler

Reaktorsiler kan ha ulike utforminger. Det vanligste er flate siler i defanoksiske og anaerobe)
reaktorer og sylindriske siler i aerobe reaktorer. For a forhindkaiatkilering av biofilm beaerere mot
silflaten,bar silerutstyres med siluftere plassert under silen. Luftmengden gjennorvdiieren bgr
veere 0,30,2gangervannmengden gjennom silen

Siler skal ha et lysapningsareal som minst utdfle? av reaktorens gjennomstrgmningsareal.
Hulldiameteren i silens perforimg skaikke veere starre enn 60 % av biofilmbaererens starste
diameter.

Gjennomstrgmningshastigheten i reaktoren (mot silen) bar ikke veeresstmin:
X Omrgrte (anoksiske/anaerobe) reaktorer (flate siler): 30 m/h

X Luftede (aerobe) reaktorer (sylindriskeesjt 35 m/h

Slamseparasjonsbassenger
For konstruktiv utforming av slamseparasjonsbassenger, se ukti& 44

Ressursforbruk

Enerqiforbruk

Energi forbrukes til lufting og omrgring i MBBRegg. Man kan ved dimensjonering ta utgangspunkt
i folgende verdier for energiforbruk til bioreaktoren (energiforbruk ihséeparasjonen samt
oppvarming og ventilasjon kommer i tillegg, se pkt. 3.3.3):

X MBBR i sekundaerrenseanlegg (anlegg for fierning a¥)BOF
o Effektforbruk til lufting: 7,510 W/mPreaktorvolum
0 Totalt energiforbruk (til lufting): 0,08 0,10 KWh/n%yann behandiet

X MBBR i¢rticerrenseahegg(anlegg for fierning av nitrogen ved kombinertfog
etterdenitrifikasjon)
o Effektforbruk til lufting: 2835 W/Mm® reaktorvolum
Effekforbruk til omraring:10-15 W/m? reaktorvolum
0 Totalt energiforbruk (til omrgring, lufting og returpumping): 6,2,3 KWHM3yann behandiet

(@]

Kjemikalieforbruk

Kjemikalieforbruket til fellingsdelen av MBRRlegg med felling er om lag det samme som ved
kjemiske fellingsanleggse pkt. 3.4.5

Kompakte sedimenteringsbasseng, som benytter mikrosand som ballast dfmolddsen kjemiske
rensetrinn, har et forbruk av mikrosand, som kan anslas3ig&n®ann.
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