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EYXAPIZTIEZ

H mrapoloa diatpifn exkivnoe evw epyalduouv otnv EYAAIT Adn duo xpodvia. Mia culAtnon Je
TOV KaBnynTr hou, n uttoBoAA aiTnoNg yIa UTTOTPOYIa TTOU AKOAOUBNOE KI AvoIge 0 SPOOG yia Eva
Taidl TTou gekivnoe "oTa TUPAG”, 6TTwg cupBaivel cuxva otnv EAAGDA. 2’ auTA Tnv TTopeia TTOAAOI
ATaV €KEIVOI/ €G TTOU PE TNV {EXWPIOTH CUVEICPOPA TOU O KABEvAg atrodeixTnKav TTOAUTIUOI KI
QVAVTIKATACTATOlI CUUTTOPACTATEG KAI OTOUG OTTOIOUG XPWOTW APEPIOTN uyvwpoouvn. O1 Aiyeg
TTOPOKATW YPAMMPEG: N TTPOCTTABEIG HOU VA EEKIVIIOW VA TTANPWVW aUTA TRV OPEIAR.

Apxiovtag atmmd tnv EYAAIT, BéAw va euxapioTACW TOUG TTPWTOUG HOU £PYOOOTEG, TTOU WE
eummoTelTnNKav Kol pe otApiEav. O@eidw €va TepAoTIO €uxaploTw OTov TOTE BIEUBUVTA TNG
uttnpeoiag, Tov Kwvotavtivo MatmaddtrouAo, Tov avammAnpwtr dicubuvTtry EuBuuio AUTpa kal Tov
TTPOICTANEVO ZTEAIO ZAI0, OXI MOVO VIO TNV TTAPAXWENGCN XWPEOU YIa TOV avTIOpacTrpd, aAAd, Kal
yla Tn ouvexn Toug TTapdTpuvon Kai evdla@épov TTou €d€iEav yia Tn diatpifh. Euyvwpooivn
EKQPACw £1TiIONG TTPOG TOUG TUVABEAPOUG ou: TNV AyyeAIKA AgpAepé TTou ATav TTAvTa SIaBETIun
va Pe Bondnoel kai To Niko TadAa TTou ye BorBnoe oto Tedio TavTa pe didBeon Kal Opeen,
aveCapTATWG KAIPIKWY OUVONKWV.

2uvexiovTag JE TIG EUXAPIOTIEG TTPOG TO £pYACTRPIO Tou MNMoAuTexveiou, BEAW va euxapioTACW TNV
AvdpiavA FaAdvn, e TNV oTToia {EKIVACAUE QUTOV TOV aywva padi. Htav Tavta ekei 0TIGC OUOKOAEG
OTIYMEG, OTIC ATEAEIWTEG WPEG UTTPOOTA aTTd To GC Kal TO PIKPOOoKOTOo, TTavTa SIaBEoiun yia
BonBeia kal culATnon £TTi TTaAVTOG BEuaTog. Me Tnv evepyd CUUUETOXN HOU O¢€ project TTou EUEANE
va €pBel apyoTepa, gival o PINTTTTOG MKOUPAG TOV OTTOI0 TTPETTEI VA €UXAPICTHOW, TTOU VW
gekivnoe oav ouvadeA@og, katéAnEe wg QiAog. Tov euxapioTw yia TNV APIOTN CUVEPYATia aAAG
Kal yia To0 BAPOG TTOU ETTWHIOTNKE KATA TO TEAeuTaio SIACTNUA TG CUYYPAPAGS TNG dIaTPIRRG. AT
TO EPYOOTHPIO, dEV UTTOPW Va PNV euxapioTAow TRV EAévn NUkTapn, Tnv HAiGva Mavdyou kail Thv
Eupudikn Mmdpka. O1 duop@eg OTIYUEG TTOU TTEPACAME OTO KTipIO ZavTopivn, ol culnNTACEIS KA,
01 BOATEG MOG €KTOG epyaoTnpiou, £QTIaXVAV TO KAIUa KI £TO1 aKOUA Kal TIG TTIO OUOKOAEG NUEPES
OAa pavTtadav eUKOAOTEPQ.

ATTO Toug KaBnynTéG, euxaploTw 1o Zigo MaAaur] TTou pou €56¢€1ge eUTTIOTOOUVN KOl HOU £BWOE TN
ouvatoTnTa va epyacTw o€ pey@Aa project Tou epyactnpiou. ETriong, tov KwvoTtavTivo
NouTtodTtroulo yia Tn cuvexn PonBeid Tou Katd Tn SIApPKEIA TOU OIBOKTOPIKOU, TIG TTOAUTIMEG
OUMBOUAEG Kal TNV KaBodrynor] Tou GTov ToPEa Tou JOVTEAOU. Xwpic auTdv, TO GUYKEKPIUEVO
THAMa TNG diIaTpIBAGg dev Ba rTav duvatd va TTPAYUATOTTOINBEI.

TéNog, éva 1I010iTEPO euXapIOTW OTov KaBnynTA Kai empBAETovTa, AavinA Maudn. Agv uttdpyxouv
Adyia yia va Treplypdyw Tov «TTAoUTO» Tou, OxI uovo aav Kadnyntr} aAAd kai cav avBpwTrou. H
BorBeia TTOU Pou TTapeixe Kal n €upuTNTa TWV YVWOEWV TOU Tov KaBIioTouv EexwpioTo. Tov
EUXOPIOTW YIa OAa 60a £uaba Kal €ipal EuyVwWHwWY TTou BpEBnke 010 PO HOoU.

Katd tn didpkela autou Tou dUOKOAOU aywva, dev ETTayav OTIYUR va he oTnpifouv ol dIKoi pJou
avBpwTrol. O1 yoveig pJou, Ye oiyoupo Kal OToPYIKO TPOTTO, GUVEXICAV VA JE EUYUXWVOUV, aKOMN
Kal OTIG OTIYMEG TTOU N avToxn @aivotav va uttoXwpeei. MNaviote o1o TTAEUpd pou, XwpEig Toug
oTToioug 6 Ba PTTopoUCa TTOTE VA PTACW WG £dw. Ag Ba utTopolca va TTapaAgiyw Toug PiAoug
MHOU. TTOU ME avéXTnKav autd Ta OUOKOAA Xpovia, TTapdvieg o’ OAn auTr TNV TTOAUKUUAVTN
oladpoun, TTPOBUOI YIA ETTIKOIVWVIA KOI CUUTTAPACTACT OTTOTE KI AV TO XPEIAlOUoUV.



Mia &i1dakTopikr) diatpifry atmoTeAei ammd povn Tng €va dUokoAo £pyo. Eivalr oTiyuég TTou
avapwTiéyal av Ba 1o Eavaékava. Mépa amd T0 KOPMPATI TWV YVWOEWVY, avaAoyI(OUEVn TOUG
avOPWTTOUG TTOU GUVAVTNOA, GUVEIBNTOTTOIW TTOCO TTIo TTAoUGIa gival n {wr JOU TWPA TTOU TOUG
EXw. Emopévwg, n ammdvinon pou eival éva duvapikd "val". Apkei va gipal pge Toug idloug
avBpwTtroug! MNari ekei kal Ta 1TI0 SUCKOAA TTAVTA Ba PaivovTal TTAIYVidl.



ABSTRACT

Amidst the accelerating global urgency for sustainable environmental practices, wastewater
treatment techniques, like the Anaerobic Membrane Bioreactor (AnMBR), are rising to the
forefront of technological innovations. AnMBR stands out not just for its unmatched energy
efficacy in treating wastewater but also for its secondary, yet equally vital, role in generating
biogas—a sustainable energy alternative. But like all groundbreaking innovations, the AnMBR too
faces its share of challenges. The system's reliance on anaerobic bacteria, which is notorious for
its slow growth rate, combined with performance variability due to fluctuating organic loads, poses

real-world operational challenges.

A detailed 3.5-year research initiative aimed to dissect these challenges. To investigate the
performance of anaerobic wastewater treatment through the incorporation of membrane
technology, a 40 L laboratory scale AnMBR with a flat sheet submerged membrane along with a
40 L reservoir for trapping and measuring the biogas produced have been installed and set in
operation. Specifically, through long term bench scale experiments, the impact that different
temperatures and also different operating conditions have on the efficiency of AnMBR was
evaluated. The efficiency of the AnMBR was investigated, in the temperature range 14-26°C,
opeating at four different hydraulic retention times (HRTs) that were 2 d, 1 d, 12 h and 6 h. Each
HRT is divided into two different temperature ranges corresponding to winter and summer
conditions. With a decrease in HRT, there was a decline in effluent quality and an increase in
membrane fouling. During the summer, at an average temperature of 24°C, the AnMBR produced
permeate water with an average Chemical Oxygen Demand (COD) of 515 mg-L-1 at an HRT of
2 days. The effluent COD increased to 67+6 mg-L™ for an HRT of 1 day and 91+4 mg-L-1 for an
HRT of 12 hours, under the same temperature conditions. At an HRT of 6 hours, the COD removal
efficiency was further reduced, with values of 177118 for winter and 12148 for summer. In general,
the findings were multifaceted: while the treatment offered by shorter HRTs is attractive in terms
of cost reduction, it occasionally triggered spikes in COD levels, more so during the colder months.
Conversely, the balmy Mediterranean summers favored the AnMBR operation, with 12-hour HRTs
been sufficient to achieve both short treatment time and efficiency. Yet, the winter season brought
its set of challenges, with efficiency metrics sometimes toeing the line of regulatory compliance.

To bridge these operational and seasonal inconsistencies, the study investigated performance-

enhancing by FeCl; addition. When administered at a Fe*® dose, within the 25 mg/L to 30 mg/L



concentrations range, this chemical additive showcased a slight enhancement in COD removal
efficiencies. Its integration also heralded a substantial reduction in effluent Total Phosphorus (TP)
concentrations, effectively sidelining the membrane fouling—an issue that could drastically curtail

AnMBR's operational life and efficiency.

Specifically, the addition of 25 mg FeCls L ' improved the performance of the AnMBR. Average
effluent COD concentrations without FeCl; addition were 177+21 mg/L, while after the addition of
25 mg FeClz L ' and 30 mg FeCls L' COD decreased to 147+8 mg/L and 149+11 mg/L,
respectively. Moreover, effluent TP decreased by 75% with the dosage of 25 mg FeCls L ! and
was almost completely removed with 30 mg FeClsL™". The membrane performance was slightly

improved by FeCls; dosing while biogas production was not affected by iron addition.

To further evaluate the energy efficiency of AnMBR, an energy balance was conducted based on
the results obtained from the operation of the lab-scale AnMBR throughout this investigation.
According to the findings, an energy balance was found favorable for all the scenarios tested. The
total electrical energy that can be extracted from AnMBR for the winter and the summer periods
was found to be in the range of 0.3 — 0.8 KWh/KgCODrem and 0.4 — 0.9 KWh/KgCODrem,

respectively.

Within the context of this research a mathematical model was applied to simulate AnMBR
operation. The Anaerobic Digestion Model ADM1, integrated within the versatile Matlab/Simulink
platform and a comprehensive Global Sensitivity Analysis (GSA) were undertaken. This analytical
approach demystified the complex operational dynamics intrinsic to AnMBR systems. The model
was calibrated with real-world experimental data for 2-day winter HRTs, especially in parameters
like Qgas. Following model calibration, computational predictions, when evaluated across the five
distinct operational scenarios, largely mirrored experimental findings. However, certain runs, such

as the 1-day HRT during both seasons, presented notable variations.

Based on the findings of this PhD thesis, a clear narrative emerges: The AnMBR system, while
holding immense potential as a dual-purpose solution for wastewater treatment and sustainable
energy generation, operates within a complex web of variables. Whether it's the seasonal
temperature variations, the fine-tuning of HRTs, or the strategic deployment of additives like

FeCls, achieving optimal performance requires a harmonious alignment of all these factors. This



study, by juxtaposing empirical findings with computational modeling, charts a roadmap for both
researchers and practitioners, offering a holistic blueprint for harnessing the full potential of

AnMBR systems in varied real-world settings.



EKTETAMENH MNMeEPIAHWH
Eicaywyn

2T0 TTAQICIO TNG ETMITAXUVOMEVNG TTAYKOOMIAS avAaykng yia BIWOIPES TTEPIBAAAOVTIKEG
TIPOKTIKEG, TEXVIKEG €TTEEEPYATiag AupdTwy 6TTwg ol Avagpdfior BioavTidpaoTtrpeg MeuBpavwv
(ANMBR) avaduovtal 0To TTPOCKAVIO TWV TEXVOAOYIKWY KavoTopIwy. O AnNMBR &exwpiCel oxI
MOVO YIa TIG XAUNAEG EVEPYEIOKES QTTAITACEIG OTNV £TTECEPYATia Twv AUPATWY, aAAd Kal yia TV
TTapaywyn Bloagpiou - piag eVOAAOKTIKAG HOPPNAGS TTapaywyng evépyelag. MNapoAa autd, o AnNMBR
QVTIMETWTTICEN TIG OIKEG TOU TTPOKANOEIG. H €GPTNON TOU CUCTANATOG ATTO Ta avaePORIa BakTApPIA,
TA OTTOIA €ival YVWOTA YIA TO XAUNAG puBud avAaTTTUEAG TOUG, 0€ CUVOUACHO HE TNV TTOIKIAOPOP@Ia
NG ammédoong Adyw Twv HETARANTWY OpPYaVIKWY @OpTiwy, BETEl TTpayMHaTIKG TTPORARMaTA

AgIToupyiag oTov TTPAYUATIKG KOGHO.

H avagpdpia emeepyaoia Aupdtwy e@appoletal Tapadooiokd o€ AUuarta uynAou
oppavikoU @optiou. Ta TeAeutaia xpovia, e@apudleTal KAl o€ AUpata XaUnAAG OpYavIKAg
@opTiong. H €épeuvd Tng mmapoucag OI6akTopIikAG dIaTpIBAG ETTIKEVTPWONKE oTnv avaepofia

BioAoyikn emTegepyaaia Aupdtwy Pe Tnv TexvVoAoyia ueuBpavwy.

O yevikdg oTOx0¢ autAg NG OIGaKTOPIKAG OIaTPIBAG eival n épeuva TNG PILOIKNG
Aeiroupyiag evég AnMBR oTnyv emegepyaaia Twv uypwyv attoBANTwWY, o€ oUVOAKES TTEPIBAAAOVTOG.
H 1Tpocéyyion TnG OuyKekpiuévng €peuvag eival n eapuoyn Tou ANMBR otnv emegepyacia
TTPAYUATIKWY ACTIKWY Uypwv amoBAnTwv Kal Tnv avamruén TpwTokOAwvY Asitoupyiag. Ta
dedopéva TTou Ba TTpokUWouV attd auTh TN PHEAETN TTpoopiIfovTal va KaBodnyrioouv Toug driuoug
T600 OTNV EVOWPATWON QUTAG TNG TEXVOAOYIAG, OC0 Kal GTNV ATTOTEAECUATIKY AEITOUPYIa KAl TIG
molavég BeATiwoelg Twv ANMBR, €TIKEVTPWVOVTAG OTnv uywnAf Biwoigdtnta e Baon tnv

TToIOTNTA TOU TTapayOuevou vepoU Kal Tn Jeiwon TG Euepagns Tng pepBpdvng.

216)01 815aKTOPIKAG S1aTpIBAg

Mo cuykekpipyéva, ol GTOXOoI TNG OISAKTOPIKAG OIaTPIRAG cuvowilovTal 0T TTAPAKATW onUEia:

1. AvdaAuon tng Amédoong tou AnMBR kai dnuioupyia  TTPWTOKOAAWY YIa dIAQOPETIKEG
ouvOnkeg Asitoupyiag: AgioAdynon Tng emidpaong Tou YdpauAikoUu Xpdvou lMNapauovrg

(HRT), uwnAwv opyavikwv @opTiwv Kal OloKUPAvoEwY Tng Bepuokpaciac otnv

Vi



OTTOTEAEOPATIKOTNTA TOU ANMBR OTNnV €TTEEEPYOTIO TWV ACTIKWY UYPWYV ATTORANTWV.

Kupiol &¢ikteg atrddoaong yI' autév Tov oTéX0 TTEPIAaBAvouyv:

o

o

o

MoidTNTa TOU VEPOU EKPONG CUMPWVA UE TA EAANVIKA KAl EUPWTTATKA TTPOTUTTA.
Mapaywyn Bloagpiou, n TTooooTWOoN PeBaviou padi ge Tnv duvaroTnTA TTAPAYWYNS

EVEPYEIOQG.

‘Epepagn pepBpdvng.

MpooBnkn FeCls yia evioxuon Tng amoédoong Tou ANMBR: ASloAdynon Twv EMTTTWOEWV

NG TpocoBnkng FeCls oTnv evioxuon Twv AEITOUPYIKWVY TTapapéTpwy Tou ANMBR, pe

ETTIKEVTPO TN HEiwoN NG EUPPagns TN HEUPBPAVNG o€ ouvduacud PE TV ATTOUAKPUVON

Qwaoeopou. O1 TTapaueTpol atrdédoong TTepIAapBavouy:

o

Auvauiki TTapaywyng Bloagpiou kalr duvatdTnTa TTAPAYWYNG EVEPYEIOG ATTO TO
peBaAvio.

ATTOTEAEOUATIKOTNTA ATTOUAKPUVONG OPYAVIKOU QOoPTiou.

ATTOTEAEOUATIKOTNTA ATTOUAKPUVONG ETTIAEYUEVWV OPYAVIKWYV HIKPOPUTTWY, 10iwg
Ao TIG OMAdEG WN OTEPOEIdWV AVTIQAEYHovWOWY @dppakwy (NSAID) kai

opuovikwy diatapakTwy (EDC).

. Tpotromroinon kai EmraAnBeucn tou Moviédou ADM1 yia 1o AnMBR: Tpocapuoyn,

epappoyn kal Babuovéunon tou Movtédou Avaepofiag Xwveuong 1 (ADM1) yia Tnv

TIPOCONO0IWON TNG ETTEEEPYATIAG AOTIKWYV UYPWV atToBAATWY péow Tou ANMBR. O o16x0¢

TWV TTOPATTAVW Eival:

o

H atreikdvion TnNg ocupTTePIPopdg Tou oucTrpatog ANMBR, otnv Tmoidétnta £€6dou
KaBwg Kal TNV TrTapaywyr evépyelag e Baon 1o uebavio Tou TTapdyetal o€ diIdPopa
oevapla.

H BeATIOTOTTOINON TWV AEITOUPYIKWY TTAPAPETPWV.

H 1Tapoxn evog TAaigiou yia pia eupdTtepn €Qapuoyr] kal katavénon tou AnMBR

O€ EYKATOOTAOEIG ETTEEEPYATIAg UypwV ATTORBAATWV.

Aopn di15akTopIKAG SiaTpIBAg

H ouykekpiuévn Oi1daktopikry OloTpIfry  meplAauBdvel €61 kepdAaia, Ta  oTroia

TTapoUCIAfovTal TTEPIANTITIKA TTOPAKATW:

Keopahaio 1: Eicaywyn Autd To KEQAAQIO TTAPEXEI MIA ETTIOKOTTNON TNG £PEUVAG, AVAAUOVTAG TO

TTAQicIo Kal Tn onuacia Tng. ETriong, meplypa@el Tn dopr oAOKANpNG TNG dIOAKTOPIKNG dIATPIRNAG.
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KepdAhaio 2: OewpnTtikd YTI6Babpo Autd 10 Ke@AAaio €&eTdlel TIG BewpnTikEG Bdoelg TTOoU

utrooTnpifouv Tnv épeuva. Emikevipwvetal otn diadikacia avaepofiag emeEepyaciag Kal Toug
TTapdyovTeg TTou Tnv emnpedlouv. EEetddovTal Ta TTAEOVEKTANATA TNG avaepofIag &vavtl TNG
aepopiag emegepyaoiag. AeTToPEPEiG TTANPOPOpieg TTapéxovTtal yia didgopa €idn avagpofiag
eTTECEPYATiag, KATAANYOVTAG O MIa eKTeV) culATnon yia 1o ANMBR, TIG e@apuoyég Tou, TIG

TIPOKANCEIG KAl TIG TNIOAVEG HEAAOVTIKEG KATEUBUVOEIG.

KepdAaio 3: MeBodoloyia - MeipayaTikd MpwTOKOAO Ze auTd TO KEQAAAIO TTAPOUCIAZETAI N

peBodoAoyia TNG £peuvag, avaAlovTag Ta TTEIPAUATIKA TTPWTOKOAAQ Kal TIG AVAAUTIKEG HEBODOUG
TTou xpnoigotoindnkav. [poo@épel piIa AeTrTopepry Watmid otov  avmidpacthipa AnMBR
EPYOOTNPIOKAS KAIUOKAG TTEPIYPAPOVTAS TA AEITOUPYIKA TTPWTOKOAAQ YIa TO epyacTnpiakdé AnMBR

Kal TIC TEXVIKEC TTapakoAouBbnong yia Tnv agloAdynaon Tng ammddocn S Tou.

KeodAaio 4: AtroteAéopata TTEIpaudTwy. Autd 10 KEQAAaIo TTapouaidlel kal avaAlel T euprpaTa

Twv TeIpapdTwy. E€eTdlel Tnv amédoon tou ANMBR, Ge 81a@OopeTIKOUS YOpauAikoUug Xpdvoug
Mapapovnc (HRT), diagopeTikéC Bepuokpaaieg kKal epeuva Tn BeATiwon f Ox1 TNG ardéd00NS Tou
META TNV TTPOCOAKN O18fpou. Mo ouykekpiyéva, N ammddoon Tou cuoTApaTog AnMBR epeuvrBnke
yia 3,5 xpovia, péoa ota Bepuokpaciakd eupn 16-26°C. H TpocapuocTIKOTATA TOU CUCTAUATOG
OokIuaoTnke o€ SIaPOPEeTIKA HRT - atmmd 2 nuépeg €wg 6 wpeg-, evw AapBdvovtav utroyn ol
dlapopég Asitoupyiag pETAEU KaAokaipioU Kal xeldwva. ‘Eva Kaiplo oToixeio auTtrg TG £peuvag
Arav n eicaywyn o1drpou (o€ ouykevTpwoelg 25 kai 30 mg FeCl; L™), TTou émaige onuavTikd poAo
OTOV TTPOCAVATOAIOUO TWV ATTOTEAEOUATWY TOU CUCTANATOG 600V aQopd TNV TToIOTATA TOU VEPOU

€€000U TNV TTapaywyr Bloagpiou Kal TN Peiwon TG EHEPagns TG HePBpavng.

Kepahaio 5: AtroreAéopata e@appoyrng poviéAou ADM1 Autd 10 KeEQAAaio TTapoucidlel éva

TPOTTOTTOINUEVO HOVTEAO ADM1 TTpocapuoouéVo OTO £pyacTnPIaKAG KAipakag ocuoTnua AnMBR.
To Ke@AAaIo uTTOYPAUUICEl TNV TPOTTOTTOINCN, BABuOVOUNGoN Kal ETTIKUPWON auTOU TOU PJOVTEAOU
YIO VO QVTITTPOCWTTEUEI KOAUTEPA TIG OUVOAKES Kal Tn Suvauikr) Twv ANMBR o€ TTepIBAAAOVTIKEG
Bepuokpacieg. To Tpooapuoouévo poviéAo otn Matlab/Simulink utTToBAABNKE O¢ PIa eKTEVN
AvdAuon Euaicbnoiag (GSA) pe TOMIKEG OAAG Kal KOBOAIKEG HEBOOOUG. ZUYKEKPIPEVQ,
XpnoiyoTtroinénkav TPEIG SIAKPITIKEG TEXVIKEG: One At a Time (OAT), Morris kai Fourier Amplitude
Sensitivity Test (FAST). Aut) n avaAuon suaioBnaoiag TTou BacioTnKe O€ TTEIPAPATIKG dedopéva,
odnynoe oc¢ Babpovounon kal €maAfBeucn Tou PovTélou egao@alifovtag £Tol PeyoAUTEPN

oKpifela Kal TaUTIoN OTA TTEIPAPATIKG aTTOTEAECUATA.
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KepaAaio 6: Suutrepaocpata. To KepdAaio Zuptrepacudtwy tTepIAapBavel Ta Bacikd eupruara.

2TOoXeUEl OTnNV TIOPOXN Oa@oUg €IKOVAG Twv TTAEOVEKTNUATWY KAl Twv TIPOKANCEWV TNG
Texvoloyiog AnMBR oTig Eykataotdoeig Etregepyaciag Aupdtwy, 181aitepa oTig Meooyelakég

XWPEG TTOU €XOUV KATA BACN WUXPOPIAIKEG BEPUOKPATIES.

Mepiypaen avridpaoThpa epyacTnpiakng KAigakag AnMBR

MNa va peAetnBei n amoteAeopaTiKOTNTA TNG avagpdfiag eTmeéepyaniag AUPATWY PEoW
AnNMBR, oxedldoTnKe Kal £yKaTaoTABNKE £vag avTIdOPOAOTAPAS €£PYaAoTNPIOKNG KAipakag 40 L
eCoTTAIopévVOG pe euBaTtTiopévn hePBpavn eTTiTedwv QUAAWY OUVOAIKAG emmi@dveiag dINdnong
0.5m?2. Akéun, 1o cUoTnua atmoreAouvrav ammé éva agplo@uAdkio 40 L yia Tn déousuon Kal Tov
TTO0OTIKO TTPOCdIOPICKO TOU BloaEPioU TTOU TTAPAYETal aTTd TNV avaepofia emmegepyacia. To
oloTnpa eykaraotddnke oto TuApa ‘Epeuvag kar Avarmruéng tng ETaipeiag "Ydpeuong kai

Atroxéteuong MNpwTteuouong (E.YA.A.M), éTTwg @aivetal otnv Eikéva 1.

14
ir receiver

L

FeCl; dosing

Eikéva 1: Qwroypagikn avarmapdaracn rou ouothuaros AnMBR epyactnpiakig kAipakag

O1 Begpuokpaacieg Asitoupyiag kupaivovtav petagu 15°C kar 26°C. TlMpokeiyévou va

€uBbuypappIoTEi N BepPoKpaTia TOU avTIOPACTHPA KE TIG TUTTIKEG GUVOAKES TTOU AVTIMETWTTICOUV Ol
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eMNVIKEG eyKaTOOTAOEIG £TTeCEpyaiag AupdTwy, XpNoIMOTToINONKE €va €EWTEPIKG AouTtpd
Bépuavong. EmmAéov, yia va e€ao@alioTei N OXOAOQOTIKF] TTApAKoAoUBnon Kal EAeyXog Twv
avaegpoBiwy dlEpyaciwy, oTo oUCTNHA evowuatwenkav aiobnthpeg Bepuokpaciag, REDOX kai
diapepBpavikAg trieong (TMP). H ekkivnon AgiToupyiog TOu OUOTAUATOG TTPAYUATOTTOINBNKE PE
xpnon Bloupdlag amd avagpdfio xwveutr) TTARPoug KAiUakag, o OTroiog Agitoupyouoe UTro
WuxpoPIAeg ouvBnkes. H Bioudla ekkivnong cixe pH 7,2 kail o1 ouykevipwoelg TSS kal VSS

kataypdenkav ota 18 g/L kai 14,3 g/L, avricToixa.

XpnoigoTtroienkav dUo TTEPIOTOATIKEG avTAieG: n Wia yia TNV AvTAnon TWV EI0EPXOUEVWV
AUPATWVY OTOV QVTIOPACTAPA, VW N GAAN yia TNV €Kpor} Tou dinBruatog. H TTapaywyn Bioagpiou
TTPAYUATOTTOIOUVTAY OTNV KEQAA TOU avTIOPACTAPA KAl OTn OUVEXEID odnyouviav oTo
aEPIOPUAAGKIO. To aTToBNKEUNEVO BIOAGEPIO ETTAVAKUKAOQOPOUVTAV HE avTAia Bloagpiou {avd eviog

TOU avTIdPAOTAPA YIa TOV KaBapIoud TG HEPBPAVNG Kal TV ATTOQPUYH EMOPAENG.

‘Evag kUkAog Asitoupyiag AnNMBR atroteAotvTav atré 8 AeTrtd dIdnong akoAouBouUpevn
atro £va d1aoTNUa XoAdpwang 2 AeTTwv. AuTdG 0 puBudG TAv aTTapaiTTOG yia Tn diatenon TnG
dlatmrepatdTnTag NG MeUPBPAvNG. O XNUIKOG KABAPIOUOG Twv HEUPPOVWY  XPNOILOTTOIET
UTTOXAWPIWES VATPIO WG KUPIO KaBapIoTIKG Péao. Mia oAokAnpwpévn oxnUatikig avatrapdoTtacn

OAOGKANPOU TOU CUCTHUATOG ATTEIKOVICETAI OTO ZXAMA 1.
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2xhua 1 : Aidypauua pong rou AnMBR

ZUVOTITIKN TTOPOUCiaon TTEIPAUATIKWY ATTOTEAETUATWYV

Mapakdtw TTapoucidfovTal TTEPIANTITIKA Ta atroTeAéopaTra Tou AnMBR yia OAeg TIG
ouvOnkeg Asimroupyiag Tou peAetiBnkav. To SRT diatnpiBnke otabepd oTig 50 nuépeg yia 6An

TNV TTEPiodo AsiToupyiag.

Téooepa diakpitd HRT peAetiOnkav- 48 wpeg, 24 wpeg, 12 wpes kal 6 wpeg -. Kabe HRT
agloAoyrOnke yia £va XpovIKO dIACTNHA £C1 HNVWYV, OTTOU XWPIOTNKE TTEPAITEPW OE DUO LEXWPIOTEG
QACEIC TPIWV HMNVWV VIO va €EETOOTOUV Ol ETTOXIAKEG OIGKUMAVOEIG TTOU AVTIOTOIXOUV O€
KaAOKQIPIVEG Kal XEIMEPIVEG ouvBnkeg. O AOYOG yia Tnv €TTIAOYH TOu TTapOVTOG BIACTHHATOS TWV
TPIWV Pnvwy gival n Ty SRT 10U €ixe oploTei va gival o1 50 nuépeg. To OKETTTIKO yIa AUTAV ThV
Tpiunvn utrodiaipeon ecival yia 1o yeyovog 611 dUo kKUkAol SRT oAokAnpwvovTtal o€ autd To

O1doTNa, evioXUovVTag £TCI TNV OEIOTTIOTIA TWV ATTOTEAEOUATWV.
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Ta Alaypdauuata 1,2,3,4 Tapoucidlouv CUYKEVTPWTIKA atroTeAéouara Kal yia 1a 4 HRT
TTou MeEAETABNKav kal yia OAa T1a Bepuokpaciakd e€upn avd HRT. Ta ypaornuata autd
QATTOTUTTWVOUV OTOIXEiIO OTTWG N OTTOPAKPUVON OPYAVIKOU (POPTIOU, O CUYKEVTPWOEIS TwV VFAS |

n TTapaywyn Bloagpiou , KATT.

HRT 48h HRT 24 h HRT 12 h HRT 6 h
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Aidypaupa 1 Amédoon AnMBR 60ov agopd thv armroudkpuvaon opyavikoU @opriou yia 0Aa ta HRT trou éstdoTnkav.
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Aidypauua 2 Suykévipwan VFAs eviog tou AnMBR yia 6Aa ta HRT mou géetdotnkav.
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Aidypauua 3 Amédoon AnMBR 6oov agopd tnv mapayouevn moaortnta fioagpiou yia Aa ta HRT tmou éstdatnkav
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Aigypauua 4 Arédoon AnMBR 6oov apopd thv mmapayouevn mooornta uebaviou yia dAa ra HRT rmrou eéstaotnkav

Me Bdon Ta diaypdupata 1,2,3,4 yivetal avriAnmté o611 Pe Tn deiwon Tou HRT,
TapaTNPENBNKE pEiwon oTnv TToI0TNTA Tou dInBnuévou vepou Kal alénon Tng £uepatng Tng
MEMBPAvVNG. Katd Toug KaAokaipivoug HAVEG, Je péon Beppokpaaia 24°C, To AnMBR TTapryaye
vePO pe péoeg TIWEG COD 5115 mg-L? yia HRT 2 nuépeg. To COD Tou €€epXOUEVOU VEPOU
augnbnke og 6716 mg-L* pye HRT 1 nuépa kai 914 mg-L? yia HRT 12 wpeg, utd TIg idIeg
ouvOnkeg Beppokpaciag. 2 HRT 6 wpwyv, n amédoon agaipeong COD pelwbnKe TTEPAITEPW, UE
TINEC 17718 mg-L? yia 1o Xeipwva Kal 121+8 mg-L? yia To kaAokaipl. Fevikd, Ta upruaTta gixav
TTOAAEG avayvWOEIG: VW N eTTEEEPYaTia Pe PIKPOUG xpovoug HRT egival eAKuoTIKA atrd drmoywn
MEiWOoNG Tou KOOTOUG, TTEPIODIKA TTPOKaAoUCE augnoelg ota eTrireda COD, 18iwg Katd Toug
XEINEPIVOUG MAVEG. AVTIOTpo®a, ot uWwnAOTEPEG Beplokpaaies euvoolvtav n Asitoupyia Tou
ANMBR, pe 10 HRT 12 wpwv va gival apKeTo yIa va €TTITEUXOEI N atToTEAEOUATIKOTNTA AEITOUPYiag
Kal €TTITEVEN TwV opiwyv. QOTOC0, Ge XaNNAEG Bepuokpacies ae ouvduaoud pe XaunAd HRT, dev

ETMTUYXAVEI Ta Opla TTOU £xouV TeEBEI aTTd TOUG EUpWwITTaiKOUG KavoVIOUOUG.

To Aldypaupa 5 atreikovifel TIC HETAPBOAEG TG dlaueuBpavikig Trieong yia OAo TO

eCetalouevo didoTnua Kail yia 6Aa ta HRT tTou e€eTdoTnKAVY.
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Aidypauua 5 Armédoon AnMBR 6oov apopd v éuppaén tng uepBpadvng yia 6Aa ta eéstaldueva HRT

A6 10 Aldypaupa 5, cival cagég 6Tl katd Tn didpkeia Twv dUo TTpwTwv HRT TToOU
egetaoTnkav, dev ammairRBnke XNUIKOG KaBapioudg. Zuykekpipéva, oe HRT 2 nuepwyv, n avénon
™¢ TMP Atav apeAntéa, evw oto HRT 1 nuépag, n TMP au&nBnke poévo ota 50 mbar, TTOAU KATW
atré Tnv TiA Twv 300 mbar Tou £xel TEBEi aTTd TOV KATAOKEUAOTH WG TO avwTaTto Oplo. AdYyw TG
eAdxiotng augénong, oev ATav duvatd va agloAoynbolv ol €TTOXIKEG OIOKUUAVOEIG TNG
Bepuokpaciag peTagl Kahokaipiou Kai xelhwva. Avtifeta, 6tav To HRT puBuiotnke oTIg 12 WpEG,
n TMP éptace ta 80 mbar katd mig¢ mpwTteg 90 nUEPEG Acimoupyiag kar odiynoe o€ XnNUIKS
KaBapiopud TTpiv atrd TNV Kahokaipivr Tepiodo. Katd tnv emmopevn kahokaipivr) repiodo, n TMP
augnénke péAig ota 50 mbar, TTapoucialovTag KaAUTePN atrédoon. QoTO0O0, YETA TNV TTEPAITEPW
peiwon Tou HRT, o TMP mrapouciace taxeia augnon, @tdvovrag 10 6pio Twv 300 mbar o¢

TTEPITTOU £va prva. To KaAokaipl, N PeBpdvn Asitolpynoe Xwpig KaBapioud TrepiTrou 45 nuépeg.

MNa va yeQupwoel auTéG TIG ASITOUPYIKEG Kl ETTOXIKEG QVTIQAOCEIG, N HEAETN €EETAOE TNV
evioxuon Tng BeAtiwong g amdédoong Pe TNV TpooBnkn FeCls. Otav xopnynbnke o€
OUYKEKPIUEVEG TUYKEVTPWOEIS Fe™, aTo elpog 25 mg/L kai 30 mg/L, €deiCe o eAappda BeATiwon
oTIg amopakpuvoelg COD (Aildypaupa 6). ETiong, mrapouciace onuavTtikr Meiwon oTig
OUYKEVTPWOEIG £EEPXOUEVOU QWOPOPOU aAAG Kal BeATiwoe TO @QAIVOPEVO TNG MEMPBPAVIKAG

Eu@pagng(Aiaypauua 7).
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EVEPYEIOG TTOU TTPOEPXETAI aTTO TNV TTapaywyn peBaviou oe 6Aa Ta HRT Ttrou e€etdotnkav. To
OUVOAIKO evepyelakd TTepieXOpevo Tou CHs (TOoo Bepuikd 600 Kal NAEKTPIKO) UTTOAOYIoTNKE

XpNoipoTrolwvTag évav ouvteAeaTh petarpotg 0,222 kWh avé mole CHa.

1.00 : 1.00
0.95 ' Energy converted into electricity 0.95 ' ' Jr _ Energy converted into electricity
0.90 Energy consumption 0.90 [ Energy consumption
085 0.8
0.80 - 7
3 075 075
2 0.70 1 0.70 M
oz
= 0.60 -
0O 055 0.55 +0.65
S 050 0.50 +0.55
2 0.45 r~ 0.45 r +0.45
2 +0.5 0.40 +0.44
= 040 +0.39 +0.36 -
0.35 +0.26 - 035
=
x —

HRT 2 days HRT 1 day HRT 12h HRT6h

HRT 2 days HRT 1 day HRT 12 h HRT 6h

Aidypaupa 8: Evepyeiako 100luyio yia 6Aa ta eéetaloueva oevdpia.

O1wg TTapartnpeital oto Aidypappa 8, To evepyelako 1004UyI0 €ival €UVOIKO yia OAa Ta
e€etaloueva oevapia. Eival onuavtikd va onueiwBei 611 Ta dedopuéva OUVOAIKAG KaTavaAwong
evépyelog TTou €xel To Aldypapua 6 Tpoépxovtal atrd 1n BIBAIoypagia, KabBwg o utToAoyIoudg
QUTWV TWV KATAVOAWOCEWV VIO TO EPYOOTNPIAKO POg ouoTnua dev Ba Atav akpiBAg Adyw Tng
MIKPAG TOU KAiJakag. AKOUN Kal av EaIpECOUNE TN BEPUIKN evEPYEIA, N NAEKTPIKA evEpyela Bivel
éva BeTIKG 100QUYyI0. O1 TINéEG KupaivovTal atmd 0.26 €wg kai 0.65 KWh/KgCODrem. Kdvovrtag
ouykpion pe 1o cupBatiké cuotnua CAS, ekei gival aduvaro va uttdpgel BeTIKO 100gUY10. EKTOG
ammdé TOoVv METPIOOMO TNG KAIMOTIKAG OAAayAg, autd TO OETIKO evePYEIOKO ATTOTEAEOUA
€UBUYPAPMICETAI JE TO AQUOTNPOTEPD EVEPYEIQKA KPITAPIO TTOU UTTApXOoUV AON O¢ SIaBoUAEUCn OTN
véa odnyia TTou €xel TTPOYPAPMATIOTEl va e@appooTei 70 2023 Kai Ba a@opd €vePyEIOKN

oudETEPOTNTA.

MovrteAotroinon AnMBR péow TTpocapuoynic Tou poviéAou avaepofiac xwveuonc ADM1

To povtého avaepofiag ywveuong ADM1 TpoTroTroINOnKeE Kal €QAPPOCTNKE OTO
Matlab/Simulink, cuykpivovTag Tpeig ueBddoug avaAuong euaiobnaiag: Miag TrTapauéTpou Tn opd
(OAT), Morris ka1 Fourier Amplitude Sensitivity Test (FAST). Ta meipapatikd dedopéva TTou
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xpnoiyotroiénkav yia Babuovounon kai emaAfBsucn Tou povTtéAou rTav autd ammé Tov AnMBR
epyaoTtnpiokng KAipakag. H agioAdynon g amédoong meplAduBave Tapauérpoug émmwg COD
EKPONG, OAIKN €Kpor] alwTtou, TTapaywyn Ploagpiou Kal CUYKEVTPWOEIS TITNTIKWY AlWPOUUEVWV
otepewv. O TTPWTOPXIKOG OTOXOG ATAV VA OUYKPIBEI N ATTOTEAEOPATIKOTNTA TwV HEBGdWY
avaAuong euaiodnaiag OAT Morris kal FAST oTnv atroTUTTwon TnG euaiodnaiag Tou HovTéAou OTIG
TTapau£TPOUG €10600uU. AuTr N oUVOAIKY av@Aucn euaioBnaciag evioyxUel TV KaTavonaon Yag yia Tn
CUUTTEPIPOPA TOU POVTEAOU Kal TN duvaToTNTA EQAPPOYAG TOU OTO OXEdIAoUS Kal Tn AsIToupyia

AnMBR vyia Tnv emmegepyacia aoTIKWV AUPATWY.

Ta Alaypdpuara 9 kai 10 deixvouv TTwg eTnpeddel To HRT 1600 TNV amoudkpuven COD éoo kai

TNV TTapaywyr Bioagpiou (Qgas) yia To XEIMWVA Kal TO KOAOKAipI avTioToixa.
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Aigypauua 9: MeraBoAég orig tiuég COD e€66ou kai atnv mapaywyn Bioagpiou yia d1apopeTikéS TiuéEC HRT kara tn
OIGPKEIa TNS XEILEPIVAS TTELIOOOU

Omtwg @aivetal amd 1o Aldypappa 9, TrapaTtnpeital onuavTikr Trwon oto COD kabwg
augavetal 1o HRT, pe pia atrétoun peiwon epgavr) atmo otav 1o HRT eixe Tipég atrd 0 £wg 15 wpe.

MapdAAnAa, To Qgas Tapouciddel eiong TTWTIKA TAon, av Kal Alyotepo éviovn atrd auTr} Tou
Xviii



COD. lNa HRT kdtw atmmd 10 wpeg eupavifetal yia TiuA TEPA attd TIG ouvnBiopéveg. Auto Ba
MTTOpOUCE va oeileTal oTov Bpaditepo pubud avaTmTuéng Twy PeBavoydvwy TTOU EVOEXOUEVWG
Oev emTpémel TNV TTANPN évapén Tng peBavoyéveong. Eival evdiagépov 611 autd 1O MoTiRO
armrouciade oTa TeEIpAPaATIKA atroTeAéopara oto HRT 6 wpwv, av kal dgv uTtirpxav diabéciya
oedopéva yia éva diaotnua 3 wpwv. H KOKKIV ypapu oT10 ypd@nua avTITTPOOWTTEUEl TO
VOUOBETIKO 6plo yia To COD, TTou éxel opioTei ota 125 mg/L, utroypauuifoviag Tn pUBMIOTIKA
avaykaidétnta Olatipnong Ttwv emmmedwv COD kdtw amd autd 10 onueio avagopds. O
OUVOUOOPOG TOU HOVTEAOU KOl TWV TTEIPAUATIKWY EUPNPATWY TTPOCPEPEI KPICIUES YVWOEIG OXETIKA
ME TNV ATTOTEAEOUOTIKOTNTA TNG €eTeEepyaniag amoBAATwWY, Tnv Trapaywyr] daegpiou Kai Tn
OUPPOPYWON, UTToypauuidovTag Tn onpacia tng empBeRaiwong Twv TTPORAEWEWY TOU POVTEAOU

ME TTpayuaTikéG dedopéva.
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Aidypaupa 10: MetaBoAég oric niués COD e€660ou kai atnv mapaywyn Bloagpiou yia diapopeTikés TiuéS HRT karda n

OIGpKeIa TNS KAAOKAIPIVAS TTELIOOOU

Me Bdon Ta dedopéva Tou Xelwva, To Aildypaupa 10 arreikovidel Tnv atmdédoon Tou
avTIdpacTpa o€ KaAokalpivéG ouvlnkes. OTTwg Kal Pe To XEIMEPIVO ypd@nua, uia augnon oTo

HRT oxetiCetal pe peiwon Twv emmmédwyv COD. To Qgas peIwvETAI OPoiWG, AAAd e o oTadiakd
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pubud. Mia Baoikr) dla@opd PETAEU TWV KOAOKAIPIVWV KOl XEIMEPIVWV YPAPNUATWYV €ival n
oupTtTeEpIPopd Qgas. Katd tn didpkeia Tou Kalokaipiou, To Qgas TTapouciadel hia avwpalia o€
TIuEG HRT 6 wpwyv, evw TO XEIMwva, autd To acuvABioTo JoTifo eugavietal oTic 12 wpeg. Auth
n diakupavon Ba ptropouos va eTTnpeacTei atrd TIG BepudTepeg BepPOKPATiEG TOU KAAOKAIPIOU
TTOoU €TTNPEEGZOUV Ta PeBavoyova.

ZUMTTEPAOHATIKG, ME BAON Ta TTOPATTIAVW ypa@ruata, ol BEATIOTEG ouvOnKeG AsiToupyiag
opidovTal OTIG 12 WPES YIA TIGC KAAOKAIPIVESG TTEPIOdOUG Kal KupaivovTal atrd 20 £wg 24 wpeg yia

TIG XEIMEPIVEG.

Cevikd ouptrepdopaTa S1I5akTopIKAG S1aTpIBNAG

MapakdTw, CUYKEVTPWVOVTAI TA EUPAPATA TNG dIATPIRAG, UTTOYPOUUIoVTag TIG duvaTOTNTEG
KAl TOUG TTEPIOPIOUOUG TNG TexvoAoyiag AnMBR yia Tnv €@apuoyr] Toug O¢ eyKATOOTACEIG

eTTECEPYATiag AUPGTWY JUE PHECOYEIOKA KAipaTa.

2UVoAIKA atmrodoon AnMBR:

To kahokaipl pe péon Bepuokpaacia Asiroupyiag 23+1 °C, 24 £ 2°C, 24 +3 °C ka1 23 +2 °C,
emMTEUXONKAV TTOCOOTA atropdkpuvong COD 89%+1, 85%12, 78%+3 kai 734. , ue amToTéEAECUA
ol yéoeg ouykevtpwoelg COD dinBAuaTtog va €xouv TIuEG 51+5 mg/L, 6716 mg/L, 9114 mg/L kai
1218 mg/L yia HRT 2 nuepwv, 1 nuépag, 12 wpwv kal 6wpwv, avriotorxa. To xeigwva (Je
T=1844°C, 19+ 2 °C, 19 + 3°C ka1 18 £3°C), Ta TTOCOOTA aPAipecng Kataypdenkav o€ 76%4,
77%x4, 69%15 ka1 60%+3, ue avrioToixeg péoeg ouykevipwoelg COD dinbriuatog 10519 mglL,
95+12 mg/L, 12319 mg/L ka1 17748 mg/L, avtioToixa. KaB' 6An 1n didpkeia NG HEAETNG,
dlatnpenRdnke n otaBepdTnTa TG Acimoupyiag AnMBR. O1 iuég TMP trapartnprénkav va eivai
XaunAéc oTig 2 nuépes HRT aAAG augnbnkav otav 1o HRT puBuioTnke o€ 1 nuépa Kal pia TTo
onuavTikn augnon maparneniénke oTig 12 wpeg HRT. Otav 10 HRT puBuioTnke OTIG 6 WPEG,
onpEeIwBnke évtovog pubpog avatTuéng TMP katd Tn SIAPKEIA TOU XEIHWVA, 0BNYWVTAG O XNHIKO
KaBapIopuo kB 38 nuépPE, evw TO KaAokaipl, autd To didoTnua kabapiopou TekTadONke o€ 50
nuépeg. AlomoTwOnke o1 n amodoon Tou AnMBR emnpedotnke TepIcooTEPO ATTO TIG

Bepuokpaaieg oTic 12 wpeg Kal 6 wpeg HRT.

BeAtiwon 1nc Asimoupyioc AnMBR pg TTpooBrikn o10pou:
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Katd tn xeihepivr) mepiodo kai dtav 70 HRT €ixe puBpIoTei 0TIG 6 WPEG, TTPAYUATOTTOINBNKE
mpocBrkn FeCls. Me Tnv TTpooBrikn o1drpou o€ cuykevTpwoelg 25 mg FeCls/L kai 30 mg FeCls/L,
TTapaTnENBnKav PeIWaEIS oTI Héoeg TINEG COD dinBAuartog o 147 mg/L kai 149 mg/L, atd 177
mg/L xwpig FeCls. Auté uttodnAwvel yeyaAUTeEPN ATTOTEAECUATIKOTNTA OTNV ATTORNAKPUVON TOU
OpYaVIKOU @opTiou. To TTOOOOTO ATTONAKPUVONG PWaPOpOoU Yia TIG dUo ouykevTpwaoelg FeClsTou
eCetdotnkav £praoe 10 75% kal 100%. H arédoon pebaviou mapéueive apetdBAnTn. Katd tn
O1dpkela Tou xelgwva TTapnxon kard péco 6po 0,37 L Bioaegpiou/g COD trou agaipébnke. To
OI0AUTO peBAvio oTo diNBnua Bpénke va gival oe TiTTEdA KOPEOUOU, QVTITTIPOOWTTEUOVTAG TO
20,6% kal 10 43,8% TOU GUVOAIKOU pEBaviou To KaAoKaipl Kal To Xelhwva, avTiotoixa. lNa
EQAPMOYEG HeYAANG KAipakag Tou AnMBR, kpivetal atrapaitntn pia atroteAeopatiky diadikagoia
avaktnong dlaAupévou pebaviou.

Ortav mpootédnkav 25 mg FeCls/L, eAéyxBnke n mBavrh BeATiwon TNG aTTONAKPUVONG
MIKpopUTTWV. EKT6G atrd TNV EvveulopaivoAn (NP), To AnMBR BpéBnke va €xel TTEPIOPIOUEVN
QTTOTEAECPATIKOTNTA OTNV aTmopdkpuvon MIKpopUTTWyV. Me i Xwpig oidnpo, emTelxOnkav
TocooTd agaipeons NP dvw tou 70%. Qotdéoo, dANol dikpopuTrol 0TTwg TpikAolavn (TCS),
BiopaivoAn (BPA), I[Boutrpogévn (IBU), Nampo&évn (NPX), Aikhogaivakn (DCF) kai
Ketotrpogaivn (KTP) Trapouciacav TocooTd ammopdakpuvong HeTagu 10% kai 40%. ATTO auTég TIG
TTaPATNPNOEIG, OuvrixXln TO ouuTtrépacua OTI ol avagpdfies ouvBnkeg Oev eguvoolv Thv

QTTOUAKPUVON PIKPOPUTTWV.

2UUUOP@WON PJE TOUC KAVOVIoOUOUC Kal TTIfavi eTTavaxpnoiyoTroinon:

ATIO Ta atmmoteAéopara TnG TTapouoag dIBAKTOPIKAG dIaTPIBAG PTToPEl va ouvaxBei 611 Ta
ouoThpara AnMBR T1Tou AciToupyouv o€ Wuxpo@IAeg Beppokpaaicg TTou cuvnBifovral otn NoOTIa
Eupwtn katd 1n SIdpKEID TOU XEIMWVA, @aiveTal va TTAnpouv Ta TpoTutra g Odnyiag
91/271/EEC 61av Asitoupyouv pe HRT 2 nuepwv, 1 nuépag kar 12 wpwv. H amédoon Tou
avTidpacTrpa 6tav 10 HRT €ixe puBuioTei oTig 12 wpeg ATAV KOVTA OTO KABOPIGHEVO OPIO TTOU
kaBopilel n odnyia UWWTD, pe pepIKEG TIHEG va ATAV €KTOG opiwv. MapdAo TTou n TTPOaOBNKN
010 pou BeAtiwoe T diadikaaoia, dev TTETUXE OTABEPES TIMEG EKPONG, KATW aTTO Ta OpIa TTOU £X0UV
1e0¢i. Mapd TIg duokoAieg, Ta ANMBR BswpouvTal PiIa apkeTA UTTOOXOMEVN TEXVOAOYia yia Thv
eTTECEPYATia AOTIKWY AUPATWY, TTPOOQPEPOVTAG TOOO TTAPAYWYH EVEPYEIOG OCO Kal VeEPOD
KaTtaAAnAo yia apdeuon.

XXi



MNapaywyn evépyelac

H mmapouca didakTtopikr diatpiBA £€6¢€iEe 611 TO cuoTnua AnMBR gpyaoTnpiakrg KAipakag
TETUXE OTABEPA MIa I00PPOTINUEVN TTapaywyn evépyelag o€ OAa Ta eetaldueva oevapia.
JUYKEKPIYEVA, Ol KOTAYEYPAPUEVEG €EVEPYEIAKEG TTapaywyég kupaivovrav amdé 0,3 — 0,9
KWh/KgCODrem 1600 Tn XEeEIMEPIVA OCO Kal TNV KaAokaipivr) TTepiodo. e oUykpion ME TO
oupBatikd agpdfia cuoTiuata evepyol 1AUOG, To ouoTnua AnMBR euBuypaupifetal ye T10
TIPOTUTIO EVEPYEIOKNG oUdETEPOTNTAG. Agdopévng TNG TTPpdoPaTng TpdTacng tng Eupwtadikng
Emrpotg yia Tnv avaBewpnon Tng Odnyiag yia Tnv Emegepyacia AoTikwv Aupdtwyv (UWWTD)
91/271/EEC, n otroia Tovifel TNV avAyKn YIo EVEPYEIOKA OUDETEPEG EYKATACTAOEIG ETTEEEPYATIAG
AoTIKWV AUuPdTwy, N BeATioTtoTroinon tou AnMBR yivetal akOun o onuavTikh, 0x1 4évo yia Tnv
Eupwtn  aAd Tmaykoopiwg.(https://environment.ec.europa.eu/publications/proposal-revised-

urban-wastewater-treatment-directive)

Movtehotmoinon AnMBR

To poviédo Tng IWA vyia v avaepofia xwveuon (ADM1) Ttpotrommoiibnke Kai
TIPOCAPPOCTNKE YIA TNV TTPOCOMOIWaN Tou avTidpaoTipa AnMBR XpnOIUOTTOIWVTOG TTEIPAUATIKG
oedopéva ammod Tov AnMBR epyaaTtnpiakng kKAipakag. H avaAuon euaiobnaiag TrpayuaToTToinenke
Xpnoigotrolwvtag TIG PeEBOdoug Morris, Fast kai One-at-a-Time (OAT). Ztn ouvéxela,
TTpayuatotroifonke Babuovounon Tou poviéAou pe Bdon Ta eutrelpika dedouéva. Katd tnv
EMMKUpwWON, emBefaiwdnke n aglomoTia Tou poviéAou. O KWOIKAG TPOTTOTTOINBNKE e OKOTTO TNV
TauTion pe TNV TexvoAoyia ANMBR kail TTapatnperBnke 0TI o1 TIHEG TTOAAWYV ATTAUTOUPEVWY KIVNTIKWV
TTOPAMETPWY NATAV CNMAVTIKG uwnAdTEPEG ATTO OTI OTO OpPXIKO POVTEAO TTOU APOpPOUCE TNV
avaepofia xwveuorn. AuTto deixvel 0TI ol SIadIKACieg evTOG ToOU avTidpaoTrpa ATAV TaXUTEPES AT
OTI avapevoTav. 2e TTEVTE OIAQOPETIKG oevdpla, PpEBnke oTevr) €uBuypduuion HETALU Twv
TTPORAEWEWY TOU HOVTEAOU KaI TWV TTEIPAPATIKWY OTTOTEAEOUATWY. TO HOVTEAO XPNOIMOTTOINBNKE
TEPAITEPW Yia va egeTaoTei n BEATIOTN Acitoupyia AnNMBR 6oov agopd Tnv TToI0TNTa TWV AUPETWY
Kal Tnv TTapaywyn Bloaepiou. Ta atmmoTeAéouaTa Tou PovTéAouU, eTTaARBeucav Ta TTEIPAPATIKG

atmroteAéopaTa kal TTpoéBAswav 1o BEATIOTO HRT yia xelpwva 24 wpeg Kal yia Kahokaipl 12 Wpeg.
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Chapter 1 Introduction

1.1 Introduction

With the escalating urban population density globally, there's a mounting pressure on wastewater
management systems. Traditional aerobic processes, once the stalwart of urban wastewater
treatment, are now being critically evaluated for their economic and environmental constraints.
An emerging alternative that's drawing significant attention in scientific and policy circles is the

anaerobic treatment process.

Historically, the application of anaerobic treatment was mostly relegated to high-strength
wastewaters and municipal sludge treatment due to its perceived inefficiencies with low-strength
wastewaters. However, this perception has been challenged by research which successfully

demonstrated the efficacy of anaerobic treatments for even low-strength municipal wastewaters.

Economically speaking, anaerobic treatments appear to be more viable in the long run. The
operational costs associated with these systems are generally lower. This is attributed to the fact
that anaerobic treatments require less energy input and yield a lesser volume of residual sludge.
The reduced sludge output not only translates to lower disposal costs but is also environmentally
advantageous as it's significantly more stabilized, implying a reduced environmental footprint both

in terms of disposal and associated greenhouse gas emissions.

Perhaps one of the standout features of the anaerobic treatment process is its capacity for energy
recovery. Methane, a by-product of this treatment, can be harnessed and utilized as a potent
energy source. To provide some perspective, research by Shizas and Bagley (2004) showcased
that the energy inherent in wastewater is roughly six to nine times greater than the electricity

required for its treatment.

However, like all technologies, anaerobic treatments are not devoid of challenges. The inherent
slow growth rate of anaerobic bacteria implies that extended hydraulic and solid retention times
are required. This often necessitates larger reactor volumes, which can be a limitation in urban
settings where space is at a premium. In response to this, the wastewater treatment industry has
seen the emergence of innovative reactor designs. Notable mentions include the Upflow
Anaerobic Sludge Blanket (UASB) and the Anaerobic Baffled Reactor (ABR). Both are engineered

to optimize bacterial activity and mitigate the need for expansive reactor volumes. Another
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promising process is the AnMBR method, which merges biological treatment with membrane

filtration, promising enhanced biomass retention and minimized effluent suspended solids.

In summation, as urban centers globally grapple with the intricate challenges of wastewater
management, the anaerobic treatment process is steadily emerging as a compelling solution.
While certain challenges remain to be addressed, the overarching benefits of efficient waste
treatment combined with energy recovery make it a promising candidate in the roadmap towards

sustainable urban wastewater management.

1.2 Research Objectives

Given the outlined context, the overarching aim of this doctoral dissertation is to systematically
probe the sustainable operation of an Anaerobic Membrane Bioreactor (AnMBR) in treating
wastewater, under ambient environmental conditions. The specificity and novelty of this research
lie in its application of AnMBR for real municipal wastewater treatment and the consequent
development of operation protocols. The knowledge extracted from this study is intended to guide
municipalities in both the integration of this technology, effective functioning and potential
enhancements of full-scale AnMBRs, emphasizing heightened sustainability in terms of superior

effluent quality and mitigated membrane fouling. The detailed objectives are delineated as follows:

> Performance Analysis of AnMBR under Varied Conditions: To evaluate the influence of

Hydraulic Retention Time (HRT), elevated organic loadings, and ambient temperature
fluctuations on the AnMBR's efficacy in treating municipal wastewater. Key performance
indicators for this objective include:

v Quality of the effluent water in alignment with Greek and European regulatory standards.
v' Biogas yield, its methane fraction, and the associated energy production potential.

v Insights into membrane fouling dynamics.

» FeCl; Addition for Enhanced AnMBR Performance: To systematically assess the

implications of FeCI3 addition in bolstering AnMBR's operational metrics, specifically
focusing on curtailing membrane fouling and enhancing phosphorus removal.

Performance metrics to be considered under this objective comprise:
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v Biogas production dynamics and the resultant energy generation from methane.

\

Organic Load removal efficiency.
v" Removal efficiency of select organic micropollutants, particularly from the NSAID and
EDC groups.
v
» Modification _and Validation of the ADM1 Model for AnMBR: To adapt, apply, and

authenticate the Anaerobic Digestion Model No. 1 (ADM1) for simulating the municipal

wastewater treatment via AnMBR. This endeavor aims to:

v Accurately depict the AnNMBR system's behavior, output, and its methane-based
energy production across different scenarios.

v" Optimize operational parameters through predictive modeling.

v" Provide a framework for a wider application and understanding of AnMBR in

wastewater treatment plants.

1.3 Structure of the Doctoral Dissertation

This doctoral dissertation is structured into six chapters, in alignment with the set research

objectives and the conducted research:

Chapter 1: Introduction

This chapter provides an overview of the research, elucidating its context and significance. It also

outlines the structure of the entire doctoral dissertation.

Chapter 2: Theoretical Background

This chapter delves into the theoretical foundations underpinning the research. It emphasizes the
anaerobic treatment process and the factors influencing it. The advantages of anaerobic over
aerobic treatment are explored. Different types of anaerobic treatments are detailed, culminating

in an in-depth discussion on AnMBR, its applications, challenges, and potential future directions.

Chapter 3: Methodology - Experimental Protocol

Here, the research methodology is laid out, detailing the experimental protocols and analytical

methods employed. This chapter provides an in-depth look at the AnNMBR laboratory system,
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describing the operational protocols for the lab-scale AnMBR and monitoring techniques to assess

its performance.

Chapter 4: Results

This chapter presents and discusses the findings of the experiments. It showcases the
performance metrics of the AnMBR, highlighting its behavior with variations in hydraulic retention

time (HRT), temperature, and the inclusion of ferric iron.

Chapter 5: AnMBR System Simulation Model

This chapter introduces a simulation model tailored for the AnMBR system. Comprehensive
sensitivity analyses, along with calibration and validation processes, are conducted. The chapter
also explores the influence of various parameters on the AnMBR system, with some scenarios

investigated that extend beyond the experimental results.

Chapter 6: Conclusions and Recommendations

The dissertation concludes by summarizing the key findings and drawing overarching
conclusions. This chapter also puts forth suggestions for potential avenues of future research in

the domain
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Chapter 2: Theoretical Background

Chapter 2 provides an extensive theoretical background about anaerobic treatment processes.
The chapter begins with a comprehensive introduction to anaerobic treatment, detailing its
process, environmental and operational factors, benefits compared to aerobic treatment, and
various reactor types (Section 2.1). It then delves into the specifics of Anaerobic Membrane
Reactors (AnMBR), including a thorough description of their functioning, operating parameters,
advantages, disadvantages, economic aspects, and comparison with aerobic membrane
bioreactors, among other topics (Section 2.2). Following this, the chapter explores different
anaerobic digestion models, such as the ADM1 model by IWA, and sensitivity analysis
methodologies (Section 2.3). Finally, the chapter concludes with the objectives of the doctoral

thesis, setting the stage for the research and analysis to follow (Section 2.4).

2.1 Anaerobic Processes: Definition and Environmental Benefits

Anaerobic digestion (AD) is a process where organic material is broken down and converted into
biogas, consisting mainly of methane and carbon dioxide. This process occurs in areas with no
oxygen, such as the stomachs of ruminants, marshes, lakes and ditches, landfills, and sewers.
AD is an effective method for removing biodegradable organic compounds, leaving mineralized
compounds in the solution. It can be performed in simple systems and at any scale, producing
only a small amount of excess sludge that has a market value when produced in a bioreactor.
Additionally, biogas is generated during the process, providing useful energy without requiring

high-grade energy consumption.

In contrast, aerobic treatment is characterized by high operational costs and the conversion of a
large portion of waste into another type of waste, sludge. Aerobic treatment in a conventional
activated sludge process typically yields about 50% or more new sludge from the chemical oxygen
demand (COD) converted, which requires further treatment before it can be reused, disposed of,
or incinerated (Figure. 2.1). The carbon/energy flow principles of aerobic and anaerobic
bioconversion affect the design of wastewater treatment systems. Anaerobic digestion has
become a competitive wastewater treatment technology, and many types of organically polluted
wastewaters that were once believed to be unsuitable for it are now treated using high-rate

anaerobic conversion processes.
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Figure 2. 1: : Carbon and energy in aerobic and anaerobic wastewater treatment processes’

Anaerobic reactor systems are widely used for the treatment of agro-industrial wastewaters in

countries like the Netherlands, and their potential applications in industries such as petro-

chemicals are increasing rapidly. The number of anaerobic high-rate reactors has gradually

increased since the mid-seventies, with a total of 2,266 registered full-scale installations currently

in operation, constructed by reputable companies, as well as many local companies (Figure 2.2).

Additionally, there are an estimated 500 "homemade" reactors constructed by small local

companies or industries themselves, which are not included in the statistics. The reasons for

selecting Anaerobic Wastewater Treatment (AnWT) over conventional aerobic treatment systems

include several significant advantages.

>
>

Excess sludge production can be reduced by up to 90%.

The use of expanded sludge bed systems can reduce space requirements by up to 90%.

> High applicable COD loading rates of 20-35 kg COD per m?® of reactor per day are possible,

requiring smaller reactor volumes.
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» Treatment does not require the use of fossil fuels, saving about 1 kWwh/kgCOD removed
(depending on aeration efficiency).

» About 13.5 MJ of CH4 energy is produced per kgCOD removed, which can generate 1.5
kWh of electricity (assuming 40% electric conversion efficiency).

» The system can be rapidly started up (<1 week) using granular anaerobic sludge as seed
material.

» The technology does not require the use of chemicals or requires very little use.

» The system has high treatment efficiency and is easy to operate.

» Anaerobic sludge can be stored unfed, allowing reactors to be operated during agricultural
campaigns only (e.g., 4 months per year in the sugar industry).

» Excess sludge produced can have a market value.

» High-rate systems facilitate water recycling in factories towards closed loops.
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Figure 2. 2 The number of anaerobic high-rate reactors installed globally showed a gradual increase from 1972 to
2006"

The advantages listed above may vary in their significance depending on local economic and
societal conditions. In the Netherlands, for instance, the cost of handling excess sludge is a major

factor in wastewater treatment operations. Given that landfills are not an option for excess sewage
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sludge and biowastes, and the prices for incineration are high, the low sludge production in
anaerobic reactors provides an immediate economic benefit. Additionally, the compactness of
AnWT is exemplified by a full-scale reactor with a diameter of 6 m and a height of 25 m, which
can treat up to 25 tons of COD per day and produce less than 1 ton of dry matter sludge per day
that is not a waste product but can be marketed as seed sludge for new reactors. This
compactness makes it possible to implement the system on industrial premises or even inside
factory buildings, which is particularly useful in densely populated areas and for industries seeking

to use anaerobic treatment as the first step in a treatment process for reclaiming process water.

The increasing focus on the energy benefits of AnWT is a direct result of the rising energy costs
and growing concerns about global warming. By converting 25 tons of agro-industrial waste per
day, approximately 7,000 m® of CH4 per day can be produced, with an energy equivalent of around
250 GJ per day. Using a modern CHP gas engine with 40% efficiency, a useful 1.2 MW of electric
power output can be obtained. The overall energy recovery could be even higher if excess heat
is utilized on the industry premises or nearby. In comparison, full aerobic treatment would require
about 1 kWh/kgCOD removed, or 1 MW installed electric power in this case, making the total

energy benefit of using AnWT over the activated sludge process 2.2 MW.

Carbon credits can also be earned by generating renewable energy using AnWT. The predicted
CO; emission reduction of an anaerobic reactor, operated at commercially available organic
loading rates, is summarized in Table 2.1. This provides a real incentive for implementing AnWT
systems in developing countries to protect the local environment, and the carbon credit policy can

be seen as a Western subsidy for this purpose.

Table 2. 1: Predicted CO: emission reduction by applying a high-rate anaerobic reacto’

Loading Capacity (KgCOD /m3d 5-35
Energy output (Mj/m? reactor installed per  55-390
d)

Electric power output (kW/m? reactor 0.25-1.7
installed)

CO: emission reduction (tonCO2 /m3, 1.9-13

based on coal driven power plant)
*Assumptions: 80% recovery of CH4 compared to the influent COD load and 40% efficiency in electric conversion using

a modern combined heat power generator.
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2.2 Process description and microbiology

The breakdown of organic material into methane involves a complex, multi-step process
consisting of four stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. These
stages occur in a sequential and parallel manner, resulting in the gradual degradation of the
organic matter and the eventual production of methane gas. A brief explanation of each stage is
described below. Also, Table 2.2 provides information on the chemical reactions and bacteria that
are associated with each of the four stages. Additionally, Figures. 2.3 and 2.4 illustrate the process

flow chart?3.
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Table 2. 2: The chemical reactions and bacteria involved in AD 45

Stage

Stage-|

Hydrolysis

(C6H1005) n + nH20 =
n(CesH1206)

Stage-ll

Acidogenesis

CeH1206 + 2H,O > 2CH3;COOH
+ 4H,+CO;

CeH1206 + 2H>
2CH3CH2COOH + 2H,0
CeH1206 > CH3CH>CH>COOH +
2H,+2C02 CsH 1206
—>2CH3CH>0OH +2C0O»
CeH1206~> 2CH3CHOHCOOH
Stage |l

Acetogenesis

CH3CH20H + H,O > CH3COOH
+ 2H>

2CH3CH20H + 2C0O2 >CH4 +
2CH3COOCH

CH3CH2COOH + 2H,0 >
CH3COOH + 3H2 + CO»

CH 3 CH,CH2COOH + 2H,0 >
2CH3COOH + 2H;
CH3CHOHCOOH + H,0 »
CH3COOH + CO; + 2H;

Stage IV

Methanogenesis

CH3COOH - CH4 + CO»
COz2+4 Hy; > CH4 + 2H20

Type of conversion
Proteins to soluble peptides and amino acids

Carbohydrates to soluble sugars

Lipids to fatty acids or alcohols
Amino acids to fatty acids, acetate and NH3

Sugars to intermediary fermentation products

Higher fatty acids or alcohols to hydrogen and
acetate

Volatile fatty acids and alcohols to acetate or
hydrogen

Acetate to methane and carbondioxide
Hydrogen and carbondioxide to methane

Bacteria involved

Clostridium,  Proteus vulgaris, Vibrio,
Bacillus, Peptococcus, Bacteriodes,
Clostridium, Acetovibrio celluliticus,

Staphylococcus, Bacteriodes
Clostridium, Micrococcus, Staphylococcus

Lactobacillus, Escherichia, Bacillus,
Staphylococcus,Pseudomonas,  Sarcina,
Desulfovibrio, Selenomonas,
Streptococcus,Veollonella, Desulfobacter,
Desulforomonas

Clostridium, Eubacterium limosum,
Streptococcus

Clostridium, Syntrophomonas wolfeii

Syntrophomonas wolfei, Syntrophomonas
wolinii

Methanosaeta, Methanosarcina
Methanobacterium
Methanobrevibacterium,
Methanospirilum

formicicum,
Methanoplanus,
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Hydrolysis

Hydrolysis plays a vital role in the anaerobic biodegradation process, specifically during the initial
stage of anaerobic digestion. In this stage, bacteria facilitate the conversion of complex organic
substrates such as carbohydrates, proteins, lipids, and others, which are initially insoluble, into
soluble monomers and polymers. This transformation is made possible through the action of
exoenzymes like cellulase, protease, and lipase, which are excreted by the microorganisms
responsible for fermentation. These enzymes break down proteins into amino acids, lipids into
long-chain fatty acids (LCFA), and polysaccharides into simple sugars.®’. Fermenting
microorganisms are classified as a diverse group of bacteria that have the ability to survive and
thrive in the presence or absence of oxygen®®. In the digestion of substrates with a high ratio of
suspended solids (SS) to COD, the hydrolysis process tends to be the bottleneck. The limitation
is typically not caused by insufficient enzyme activity, but rather by the presence of a limited
surface area that is accessible to free hydrolytic action, as well as the overall structure of the solid

substrate'®",

Furthermore, when operating at low temperatures, hydrolysis can become the limiting factor in
the overall process, as demonstrated by Lew et al. (2011). This limitation plays a crucial role in
determining the necessary design of the reactor. The breakdown products of hydrolysis serve as
substrates for acidogenic bacteria. Equation (2.1), provided by Ostrem et al. (2004), presents an
illustrative example of a hydrolysis reaction wherein organic waste is converted into a simple

sugar, specifically glucose.

Cs H1o O4+2H20 - Cg H12 Og +2H2 Eq (2.1)
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Figure 2. 3: The anaerobic digestion of polymeric materials involves a series of reactions performed by different
groups of bacteria. The bacterial groups mentioned (1) hydrolytic and fermentative bacteria, (2) acetogenic bacteria,
(3) homo-acetogenic bacteria, (4) ) hydrogenotrophic methanogens, and (5) aceticlastic methanogens, play distinct
roles in this process. 12
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Figure 2. 4: Anaerobic Digestion Process'?

Acidogenesis

During the second stage of AD, the hydrolysis products, including amino acids, LCFA, and simple
sugars, which are relatively soluble compounds, undergo a conversion process resulting in the
formation of various small organic compounds. The primary products of this stage are volatile
fatty acids (VFAs), notably acetate (CH3COOH), along with other organic acids such as propionate
(CH3CH2COOH), butyrate (CH3CH.CH,COOH), valeric (CH3CH.,CH,CH>COOH), formic
(HCOOH), lactic (CsHeO3), as well as hydrogen gas (H2), carbon dioxide (CO;), and ammonia
(NH3)”. The conversion process described above is primarily carried out by fermentative
microorganisms. The specific end products resulting from this process are influenced by the
conditions present in the reactor medium. For example, if hydrogen gas (H.) is effectively removed
from the system by organisms known as Hz-scavenging organisms, such as methanogens,
acetate will be the predominant end product.®. In situations where the process of methanogenesis
is hindered and hydrogen gas (Hz) starts to accumulate, the formation of more reduced end
products, such as propionate and butyrate, becomes more likely. This occurs when the conversion
of intermediates is affected, resulting in the production of acidic byproducts. Consequently, when
anaerobic reactors are overloaded or experience disturbances, the effluents may contain these
more reduced intermediate compounds and exhibit increased acidity.!. Among the products of
acidogenesis, namely hydrogen, carbon dioxide, and acetic acid, some bypass the acetogenesis
process and are directly utilized by the methanogenic microorganisms in the final stage, as
illustrated in Figure 2.3. Equations (2.2) and (2.3) depict common acidogenic reactions in which
glucose is converted into acetic acid and propionate, respectively 73,
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CeH1206 + 2H20 - 2CH3COOH+2CO2 +4H: Eq (2.2)
CsH1206 +2H2 >2CH3CH,COOH+2H,0 Eq (2.3)

During the third stage of AD, the short-chain fatty acids (SCFAs), excluding acetate produced in
the acidogenesis steps, undergo further conversion by acetogenic bacteria. As depicted in Figure.
2.3, these bacteria transform SCFAs into acetic acid, carbon dioxide, and hydrogen. There are
two types of acetogenic bacteria involved in this process: hydrogen-producing acetogens and
homoacetogens.®. Equations (2.4) and (2.5) demonstrate the generation of acetic acid from
butyrate and propionate, respectively, through the involvement of hydrogen-producing bacteria.
These reactions showcase the conversion of these specific compounds into acetic acid with the
assistance of bacteria capable of producing hydrogen’. Homoacetogenesis refers to the process
where acetic acid is produced from dissolved hydrogen (H:) and carbon dioxide (COgz) by

homoacetogens, as illustrated in Equation (2.6).

CHsCH2CH,COOH+4H,0 - CH;COOH+2CO; +6H, Eq (2.4)
CHsCH.COOH+2H,0 - CHs;COOH+CO; +3H Eq (2.5)
2C0; +4H; > CH3COOH+2H,0 Eq (2.6)

Methanogenesis

During the ultimate phase of anaerobic breakdown of organic material, methanogenic bacteria
facilitate the production of methane and carbon dioxide. In this final step, a set of methanogenic
archaea utilize hydrogen as an electron donor to reduce carbon dioxide and also convert acetate
into CH, through decarboxylation.®. In this phase, the incoming COD transforms into a gaseous
state, which naturally exits the reactor system. Methanogens are strictly anaerobic, possessing a
limited range of substrates they can utilize. Some are specific to particular substrates like acetate,

methylamines, methanol, formate, and H2/CO, or CO".

For engineering purposes, methanogens are classified into two major groups: the acetate

converting or aceticlastic methanogens and the hydrogen utilising or hydrogenotrophic
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methanogens (Table 2.3). The conclusive phase of AD is acetoclastic methanogenesis, where
acetic acid undergoes conversion into CHs and CO; through the action of a group of archaea
referred to as acetoclastic methanogens. These methanogens are responsible for approximately
two-thirds of methane production, as demonstrated in Equation (2.7)". The growth rate of the
aceticlastic methanogens is very low, resulting in doubling times of several days or even more.
The extremely low growth rates explain why anaerobic reactors require a very longstart-up time
with unadapted seed material and why high sludge concentrations are pursued. Hydrogenotrophic
bacteria have a much higher maximum growth rate than the acetoclastic bacteria with doubling
times of 4 to12 hours. Because of this feature and despite the very delicate acetogenic reaction
step discussed in the previous section, anaerobic high-rate reactor systems exert a remarkable

stability under varying conditions”.

The remaining one-third of methane is produced through hydrogenotrophic methanogenesis,
where a group of slow-growing hydrogenotrophic methanogens convert dissolved H, and CO-
into CHa. This process, as illustrated in Equation (2.8), involves the utilization of hydrogen by the

methanogens to generate methane’.

Table 2.3 lists two types of aceticlastic methanogens with very different kinetic characteristics

Table 2. 3: Most important methanogenic reactions, the corresponding free energy change and some kinetic properties’

Functional step  Reaction AG Mmax Td Ks Eq

Kj/mol 1/d d mgCOD/I
Acetotrophic CH3COOH > CHs + -31 0.122 5.82 30° (2.7)
methanogenesis  CO; 0.71° 1.0°  300°
Hydrogenotroph CO; + 4H, > CH4 + -131 2.85 0.2 0.06 (2.8)
ic 2H,0

methanogenesis
aMethanosarcina spec. and "Methanosaeta spec.

Also, the morphological characteristics of both methanogenic genera are very different as

indicated by Figure 2.5.
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Figure 2. 5: Morphology and appearance of the most important acetotrophic methanogens belonging to the genera
Methanosarcina (above) and Methanosaeta (below) 1

Methanosarcina species have a coccoid shape, forming small grape-like clusters. They can
process a variety of substrates including acetate, H2/CO2, methylamines, methanol, and formate,
and exhibit a high maximum growth rate (‘max) but low substrate affinity. In contrast,
Methanosaeta species are filamentous, resembling large spaghetti-like aggregates. Their primary
substrate is acetate, and they demonstrate a low 'max but very high substrate affinity. Even though
Methanosaeta species grow slower, they dominate in anaerobic high-rate systems like sludge
bed systems and anaerobic filters. This prevalence is because wastewater treatments prioritize
low effluent concentrations. When concentrations inside biofilms or granules drop, Methanosaeta
species have a kinetic advantage over Methanosarcina due to their high substrate affinity!(Figure
2.6).
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Figure 2. 6 Monod growth curves of the acetotrophic methanogens Methanosarcina spp. and Methanosaeta spp.
Both 'max and the Monod half saturation constant (Ks) of both genera '

In the presence of elevated concentrations of sulphate, methanogenic microorganisms can

engage in competition with sulphate-reducing microorganisms.

2.3 Environmental factors affecting anaerobic processes.

The rates of the four sub-processes within the system vary depending on the operating conditions
and substrate concentration. As a result, the overall rate of stabilization is constrained by the
slowest step, also known as the rate-limiting step. This rate-limiting step can shift from one sub-
process to another over time, depending on the characteristics of the substrate being
processed'®', When dealing with wastewater with a high concentration of solid content, it
becomes necessary to initiate an initial hydrolysis step to transform particulate matter into a
soluble substrate, which is crucial for achieving efficient AD. The effectiveness of this hydrolysis
step is significantly influenced by temperature, particularly in conditions where low temperatures
prevail. As a result, the hydrolysis step often serves as the rate-limiting step under such low-

temperature circumstances'”'8.

In cases where the waste consists primarily of dissolved organic matter, the rate-limiting steps
are typically acetogenesis and methanogenesis. The groups of bacteria involved, exhibit slower
growth rates compared to other AD processes. Consequently, the acetogenesis and

methanogenesis stages become the key limiting factors in the overall rate of stabilization within
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the system'>". Microorganisms themselves largely govern the control of AD processes. They
possess the ability to regulate and adjust their activities based on the prevailing environmental
conditions. Factors such as temperature, pH levels, availability of essential trace nutrients, and
the presence of toxic substances significantly impact the reaction rates of individual sub-
processes. Therefore, these environmental conditions play a crucial role in modifying and
influencing the overall rates of the AD reactions''°. The International Water Association (IWA)
task group responsible for the mathematical modeling of AD processes has established two
distinct categories of inhibition concerning microorganisms: biocidal and biostatic inhibition.
Biocidal inhibition refers to the toxic effects that irreversibly harm microorganisms, preventing their
survival or growth under the given conditions. On the other hand, biostatic inhibition occurs when
the growth of microbes temporarily ceases when exposed to inhibitory conditions but resumes

once the conditions improve or return to normal®,

2.3.1 Thermodynamic Reactions

Thermodynamics play a vital role in comprehending the dynamics of anaerobic metabolism. It is
important to note that reactions with a positive net free energy change (AG) are not feasible.
Figure 2.7 illustrates the free energy changes associated with various fermentation reactions. In
the absence of nitrate and sulfate, which is typical in most anaerobic digesters, the only respiratory
reactions observed involve the conversion of bicarbonate to methane or acetate. Among these
reactions, the reduction of glucose to propionate exhibits the most negative value in terms of free
energy change. However, it is worth noting that the conversion of propionate to acetate and

hydrogen is considered the most challenging reaction 2’

. Hydrogen, acting as a crucial
intermediate in the AD process, necessitates low partial pressure to proceed in several reactions
where it is produced. To ensure the thermodynamic feasibility and completion of reactions
producing hydrogen, the presence of hydrogen scavengers like HMB (hydrogen-consuming

microorganisms) becomes indispensable.

If inorganic oxidants, such as Fe*" salts, are present in the medium, they can also contribute to
the removal of hydrogen. Furthermore, the partial pressure of hydrogen plays a significant role in
the process of anaerobic degradation. Thermodynamically, the AG value is directly related to the

activities of the species involved in the reaction (Eq. 2.9).
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AG = AGo + RT In [‘Equilibrium-constant-like expression’] Eq (2.9)

Where:
AGo = free energy /mole of species at standard state conditions,

T= absolute temperature (°K),

The expression resembling an equilibrium constant involves the present activities of the reaction
products, each raised to the power corresponding to its stoichiometric coefficient, in the
numerator. Conversely, the present activities of the reactants, raised to the appropriate powers,
are found in the denominator. In the case of gaseous components, their activity is quantified by

their partial pressure in the reaction medium.

When plotting the AG values of oxidations 1—4 and respirative reactions 13—15 (Table 2.4) against
the logarithm of the partial hydrogen pressure on a logarithmic scale, a series of linear plots is
observed, as demonstrated in Figure 2.7. Reactions 1—4 exhibit a negative slope in the graph,

while reactions 13—15 display a positive slope (Table 2.3).

Consequently, the region where the reactions are thermodynamically feasible, indicated by
negative AG values, is limited to a narrow range of low hydrogen partial pressure values.
Therefore, monitoring hydrogen partial pressure becomes an essential indicator of the status and

effectiveness of the AD process.
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Figure 2. 7:The thermodynamic feasibility of various reactions within the anaerobic digestion process is influenced by
hydrogen partial pressure 24These reactions include: (1) Oxidation of propionic acid to acetic acid. (2) Oxidation of
butyric acid to acetic acid. (3) Oxidation of ethanol to acetic acid. (4) Oxidation of lactic acid to acetic acid. (13)
Acetogenic respiration of bicarbonate. (14) Methanogenic respiration of bicarbonate. (15) Respiration of sulfate to
sulfide.22
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Table 2. 4 :Free energy values for some key AD bioreactions??

Reaction
Oxidations (electron-donating reactions)
1 Propionate > Acetate CH3CH2COO+ 3H,0 »>CH3COO" + H* + HCO3+ 3H,
2 Butyrate > Acetate CH3CH2CH.COO" + 2H,0 >2CH3;COO + H* + 2H;
3 Ethanol >Acetate CH3CH20H + H20 >CH3COO + H* + 2H;
4 Lactate > Acetate CHCHOHCOO" + 2H,0 > CH3;COO" + HCO3 + H* + 2H;
5 Lactate > Propionate 3CHCHOHCOO" ©>2CH3CH,COO + CH3COO + H* + HCOg3
6 Lactate >Butyrate 2CHCHOHCOO" + 2H,0 > CH3CH,CH,COO" + 2HCO3+ 2H;
7 Acetate > Methane CHsCOO+ H,O - HCO3s+ CH4
8 Glucose > Acetate CsH1206 + 4H,0 >2CH3COO™ + 2HCO3 + 4H* + 4H;,
9 Glucose - Ethanol CsH1206 + 2H,0 >2CH3CH20OH + 2HCO3™ + 2H*
10 Glucose ~>Lactate CsH1206 > 2CHCHOHCOO- + 2H*
11 Glucose > Propionate CesH1206 + 2H2 22CH3CH.COO™ + 2H,0 + 2H*
Respirative (electron-accepting reactions)
12 HCO3 >Acetate 2HCO3+ 4H; + H* &> CH3COO™ + 4H,0
13 HCO3 > Methane HCOs + 4H, + H* >CH4 + 3H.0
14 Sulphate > Sulfide S0O4?% + 4Hy + H* &> HS +4H,0
CH;COO + 8042' + H* > 2HCO3s+ H»S
15 Nitrate > Ammonia NOs+ 4Hy + 2H" >
NH;* +3H,0

CH3;COO+ NO + H* +H.O >
2HCO3 + NH4*

16 Nitrate > Nitrogen gas 2NO3 + 5Hy + 2H* >
N2 + 6H20

AGo, kJ

+76.1
+48.1
+9.6
-4.2
-165
-56
-31
-206
-226
-198
-358

-104.6
-135.6
-151.9
-59.9

-599.6
-511.4

-1120.5
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Below, the factors that can cause inhibition in anaerobic digestion are discussed:

Volatile Fatty Acids, Alkalinity, and pH

The buffering capacity and pH values of an anaerobic system are influenced by the concentrations
of volatile fatty acids, alkalinity, and ammonia, making them dependent variables. However,
among these variables, pH holds utmost significance in anaerobic digesters. It is considered the
most crucial parameter to regulate and control as it directly reflects the stability of the system.
Monitoring and maintaining the appropriate pH level serves as an essential indicator for assessing
the overall health and operational performance of the anaerobic digestion process?*?*. The
optimum pH for anaerobic digestion is typically reported to be around neutral. This neutral pH
range is favored as it promotes higher yields in most biochemical processes. By maintaining a
neutral pH level, the conditions are optimized for the efficient performance of anaerobic

digestion.?®

Acetoclastic methanogenesis, a key process in anaerobic digestion, is highly sensitive to low-pH
conditions. If the pH drops below 6.5, it quickly becomes inhibited, jeopardizing the overall
efficiency of the process’. This inhibition hinders the removal of acids from the system, interrupting
the overall process. Souring occurs when there is an elevation in the rate of acid production,
typically caused by a high organic loading rate, coupled with a decrease in the rate of acid removal
due to a reduction in buffering capacity. This imbalance between acid production and removal
results in a decrease in pH, leading to the occurrence of souring. Souring arises when the acid-
producing rate exceeds the system's ability to effectively remove acids, leading to a pH drop below
the desired range. This condition adversely affects acetoclastic methanogenesis and disrupts the
overall anaerobic digestion process. To prevent souring, it is crucial to manage and balance the
acid-producing and acid-removing rates, ensuring sufficient buffering capacity to maintain a stable
and favorable pH level. In the process of biogas production, three primary types of bacteria are
involved: hydrolytic bacteria, fermentative bacteria, and methane-producing archaea. The
fermentative bacteria, specifically, are capable of functioning within a pH range of 8.5 to 4, with
their optimal pH range being 5.0 to 6.0 2. On the contrary, methanogenic archaea are capable of
functioning within a pH range spanning from 5.5 to 8.5, with their optimal range falling between

6.5 and 8.0. Inhibition of pH occurs when homeostasis is disrupted, leading to elevated levels of

Page | 22



non-dissociated volatile fatty acids (VFA) . Under normal conditions, methane-producing
bacteria generate bicarbonate, which helps neutralize the pH decrease caused by acid-producing

bacteria?®?".

While pH is an important parameter in anaerobic digestion, its value is primarily influenced by the
buffering capacity of the system. The pH is not solely determined by the anaerobic digestion
process itself but is affected by various other reactions occurring within the system. Therefore, it
cannot be solely relied upon as the sole indicator of process stability. The buffering capacity of
the system, which is influenced by factors such as the concentrations of volatile fatty acids,
alkalinity, and ammonia, plays a crucial role in maintaining a stable pH. Hence, a comprehensive
assessment of multiple parameters is necessary to evaluate the stability and performance of the

anaerobic digestion process.

The primary risk leading to digester failure is the accumulation of acids, which can occur when
there is a sudden increase in the loading of volatile solids into the digester. This increase promotes
the growth of acidogenic bacteria, causing them to produce large quantities of organic acids and
further lowering the pH below 5.0, which is detrimental to methanogens. Conversely, pH values
above 8 are toxic to most anaerobic organisms, inhibiting their biological functions. High pH levels
may arise from excessive methanogenesis, which leads to a higher concentration of ammonia
that hampers acidogenesis. This issue can be mitigated by introducing a larger quantity of fresh

feedstock, which can counterbalance the acid accumulation.

The alkalinity of the medium, which determines its capacity to withstand pH changes, is influenced

by the presence of hydroxides, carbonates, and bicarbonates.

In an imbalanced system where, VFAs accumulate due to the limited growth capacity of
methanogens, the alkalinity of the medium becomes crucial for maintaining pH values close to
neutral and preventing potential system failure. The concentration of VFAs is commonly regarded

as a process indicator since it serves as the primary pre-methanogenic intermediate2°.

During an imbalanced development of the trophic chain, volatile fatty acids, acting as the primary
intermediate compounds preceding methanogenesis, tend to accumulate. This accumulation
eventually results in a pH decrease, influenced by both the concentrations of volatile fatty acids
and the alkalinity of the system. VFAs can exert a toxic effect on microorganisms, with

undissociated species being particularly reported as more harmful. This increased toxicity is
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attributed to their ability to diffuse into the inner regions of the cell. Among the volatile fatty acids,

propionic and butyric acid are identified as the most inhibitory.

During an imbalanced development of the trophic chain, VFAS, acting as the primary intermediate
compounds preceding methanogenesis, tend to accumulate. This accumulation eventually results
in a pH decrease, influenced by both the concentrations of volatile fatty acids and the alkalinity of
the system. VFAs can exert a toxic effect on microorganisms, with undissociated species being
particularly reported as more harmful. This increased toxicity is attributed to their ability to diffuse
into the inner regions of the cell. Among the volatile fatty acids, propionic and butyric acid are
identified as the most inhibitory?2. In this perspective, the VFAs to alkalinity ratio is frequently
regarded as a reliable indicator of process stability, with values ranging between 0.4 and 0.8

considered favorable3%3',

Temperature

Anaerobic digestion can operate within a wide temperature range, spanning from psychrophilic

temperatures around 10 °C to extreme thermophilic temperatures exceeding 70 °C 3233,

The temperature exerts significant influence on anaerobic reactions, impacting both their kinetics
and thermodynamics. Specifically, the process of methanogenesis is highly sensitive to
temperature, with degradation rates and yields typically increasing as temperature rises. Figure.
2.8 illustrates a diagram correlating the rate of the anaerobic digestion process with temperature.
As depicted, the relative growth rates of thermophilic methanogens surpass those of psychrophilic
and mesophilic strains by a significant margin. As a result, two optimal temperature ranges with
maximum activity have been identified: mesophilic (approximately 35 °C) and thermophilic
(around 55 °C)
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Figure 2. 8 :The temperature ranges for optimal anaerobic digestion are generally observed at mesophilic
temperatures, typically around 30-35 °C, and thermophilic temperatures, ranging from 55-60 °C34

Industrial AD installations typically operate within the temperature range of 30-42°C. Mesophilic
digestion is favored due to its ability to achieve high biogas production while maintaining process
stability. It is crucial to maintain a consistent temperature level in the reactors to ensure a stable

AD process, as methanogens are highly sensitive to temperature fluctuations®.

It is crucial to control temperature fluctuations within the digestion chamber to ensure maximum
biogas production. Ideally, the daily temperature variations should not exceed 2°C, as higher
fluctuations can lead to a significant decrease of up to 30% in biogas production. In the case of
thermophilic anaerobic digestion, which operates at temperatures between 50-55°C, there is a
heightened sensitivity to changes in operating parameters. It is well established that biochemical
processes exhibit enhanced speed and efficiency at elevated temperatures®. The relationship
between higher temperatures and increased reaction rates can be mathematically expressed

using an Arrhenius type equation (Equation 2.10):

T = T'50.9(T-20) Eq (2.10)

Where:
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T=temperature (°C),
r=reaction rate at T,
roo=reaction rate at 20°C, and

B=temperature-activity coefficient.

Table 2.5 provides a comparison of the maximum growth rates of various mesophiles and
thermophiles, revealing that the values are typically higher for thermophiles compared to
mesophiles.

Table 2. 5 :Comparison of maximum growth rates of mesophiles and thermophiles’

Substrate Genus Mesophiles Thermophiles
(umax/day) (umax/day)
H2/CO: Methanobacerium 0.26 4.80-16.6
Methanococcus 2.16-5.52 18.2-51.1
Methanosarcina 0.48-1.44 NA
Methanobrevibacter 1.44-4.08 NA
Formate Methanobacerium 1.44-1.92 13.4
Acetate Methanothrix 0.10-0.22 0.48-0.72
Methanosarcina 0.24-0.67 1.27-2.04
Propionate Syntrophobacter 0.10-0.14 0.14-0.31
Butyrate Syntrophomonas 0.36 0.48-0.77

Elevated temperatures also contribute to the reduction in parameters such as viscosity and
surface tension of liquids, facilitating easier mass transport within the bioreactor and promoting
enhanced degradation of organic compounds®” . However, it is essential to recognize that the
temperature within the digestion chamber cannot be increased indefinitely, as there is a limit to
the biodegradation capacity of organic matter. Excessive temperatures can lead to the
denaturation of biologically active protein structures. Considering these limitations imposed by
biological processes, it is advisable to maintain the temperature below 55°C. However, it should
be noted that for hydrolytic bacteria involved in acid production, temperature is not a significant
constraint as these bacteria possess the ability to adapt to new conditions quite readily. In

contrast, temperature is a critical parameter for methanogenic bacteria, as their enzymes are
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highly sensitive to temperature fluctuations and generally exhibit lower tolerance to high

temperatures.

The effect of low temperature on anaerobic biological conversion is significant. Microorganisms
are categorized into temperature classes based on their optimal temperature and the range within
which they can grow and metabolize. The overlapping temperature ranges in Figure 2.8 indicate
that there is no clear distinction between psychrophilic, mesophilic, and thermophilic
microorganisms. While the growth rates of methanogenic thermophiles and mesophiles in
anaerobic reactors are well-established, only a few psychrophilic methanogenic bacteria from
specific cold environments and psychrotrophic acetogenic bacteria from natural sediments have
been isolated. This scarcity of knowledge about anaerobic reactors operating under psychrophilic

conditions highlights the limited understanding in this area.

Under psychrophilic conditions, both chemical and biological reactions occur at a much slower
pace compared to mesophilic conditions. Most reactions involved in the biodegradation of organic
matter require more energy to proceed at low temperatures than at the optimal temperature of
37°C. However, there are a few exceptions, such as hydrogenotrophic sulfate reduction,
hydrogenotrophic methane production, and acetate formation from hydrogen and bicarbonate,

which require less energy at lower temperatures.

Multiple researchers have observed a significant influence of temperature on the maximum rates
at which microorganisms utilize substrates®®*’. Generally, reducing the operational temperature
results in a decline in the maximum specific growth and substrate utilization rates. However, it can
also lead to an augmented net biomass yield (grams of biomass per gram of substrate converted)

for methanogenic populations or acidogenic sludge*®4°.

Solid waste digestion, the process of breaking down waste materials, is commonly done at two
temperature ranges: mesophilic (around 30-35 °C) and thermophilic (around 55-60 °C).
Thermophilic temperatures are known to result in higher yields and increased production of
biogas. However, it's important to consider the trade-off between this energy surplus and the
additional energy required for heating the feed. Before deciding on the temperature range, factors
such as substrate concentration, yields, and kinetics should be carefully evaluated to make an

informed decision?.

In conclusion, it can be stated that while thermophilic temperatures generally offer more favorable

biogas production yields and bioreaction kinetics, the optimal conditions for anaerobic digestion
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depend on factors such as substrate type, concentration, biodegradability, and the specific system

utilized.

Carbon and nutrients

Vitamins, macro- and micro-nutrients are essential for optimal functioning of anaerobic
microorganisms in degradative processes. While most substrates contain enough necessary
nutrients, long-term operation of anaerobic digesters with the same feedstock, particularly energy
crops or vegetable residues, may result in a deficiency of essential micronutrients 0. The
fundamental nutrient requirements include carbon, phosphorous, and nitrogen, with nitrogen
being the most crucial and potentially limiting element for bacterial growth and reproduction.
Additionally, microorganisms rely on trace amounts of light metals like potassium, calcium, and
magnesium to maintain cell membrane integrity and regulate osmotic pressure 5'. Healthy
digesters typically contain traces of heavy metals such as iron, zinc, cobalt, nickel, or tungsten,
which sustain microbial metabolism %253, Other essential components, such as vitamins, amino

acids, purines, and pyrimidines, may also be required to enhance microbial activity °'.

Organic carbon and nitrogen serve as the basis of biodegradable substrates. However, certain
microelements necessary for digestion may not be present in sufficient quantities when a single
source of feedstock is used. Therefore, these missing microelements are added as process
additives. However, the addition of nutrients should be carefully planned due to the costs involved
and the potential toxicity of additives beyond a certain threshold level, which may not necessarily

improve system efficiency 2254,

Anaerobic digestion processes require various substances, both organic and inorganic, for
optimal operation. Apart from the obvious presence of organic carbon for degradation, nutrients
such as phosphorus, nitrogen, sulfur, vitamins, and traces of minerals (such as iron, nickel,
magnesium, calcium, sodium, barium, tungsten, molybdenum, selenium, and cobalt) are
necessary. These micronutrients, when present in small quantities, can stimulate microbial

growth, but exceeding a certain threshold level can become inhibitory.

While the low biomass production yield of anaerobic processes is generally sustained by the
nutrients and micronutrients present in the waste, it is crucial to assess their availability, as deficits
in these compounds can occur. As nutrients and micronutrients are necessary for synthesizing

cellular matter, their quantitative requirement depends on the operating conditions of the digester.
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Empirically, based on the representative formula CsHyO3N for proteinic matter, the COD/N ratio is
estimated to be 11/4. Similarly, the P/N ratio for cellular matter ranges from 1/5 to 1/7. Considering
cellular matter production yields and digester load, COD/N ratios between 400/7 (high load) and
1000/7 (low load) have been reported. Consequently, an average ratio of COD/N/P around

600/7/1 is recommended for substrates undergoing anaerobic digestion. 2255

Toxic compounds

A vast array of substances can hinder the effectiveness of anaerobic digestion by exerting a
negative impact on the microbial community when their concentrations surpass a certain
threshold. The literature extensively reports a variety of common inhibitors in this context,
including ammonia, sulfide, long chain fatty acids, salts, heavy metals, phenolic compounds, and

xenobiotics.?%57

The compounds can be categorized into two groups: toxic substances (toxicants) that have a
negative impact on microorganisms without necessarily causing lethality, and inhibitors that impair
bacterial function by affecting specific targets or overall cellular kinetics and functions. Examples
of toxicants include long chain fatty acids, nitro-compounds, and antibiotics, while inhibitors

encompass hydrogen sulfide, ammonia, and volatile fatty acids?.

At lower concentrations, most inhibitors typically exert a stimulating influence on the overall
biodegradation process. However, as their concentration increases, these substances reach a
toxic level that depends on environmental factors, operational parameters, and the adaptation

capacity of the biomass.

The phenomenon of inhibition is represented by different phases in Figure 2.9. However, there
are certain compounds that exhibit an immediate and irreversible lethal effect on a wide range of
microorganisms, categorizing them as biocides. Within this classification, xenobiotics and specific
phenolic compounds are included due to their utilization for antiseptic and disinfectant purposes®®.
To mitigate the impact of inhibitors, various strategies can be employed. One approach involves
adapting the microbial consortium to enhance its tolerance towards the inhibitors. Another
strategy is co-digestion, which involves diluting the substrate to reduce the concentration of
inhibitors introduced into the system. By implementing these measures, the overall effect of

inhibitors can be minimized®®.
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Figure 2. 9: Schematic representation of the inhibition phenomenon®®

Ammonia and ammonium are naturally present in anaerobic digesters as byproducts of the
biological breakdown of nitrogen-containing substances. The non-ionized form of ammonia (NH53)
is generally regarded as more toxic compared to the ammonium ion (NH4"), primarily because

NH; can freely permeate cell membranes®®'.

The concentration of ammonia is influenced by the pH of the system, as the abundance of
hydrogen ions determines the predominant form it takes. Additionally, temperature plays a role in
ammonia concentration due to its effect on gas solubility coefficients, considering that ammonia
is also present in gaseous form. It is commonly understood that anaerobic digestion benefits from
lower levels of ammonia, as nitrogen is an essential nutrient for microorganisms involved in the
process. Nevertheless, when ammonia concentrations reach high levels, it starts to inhibit
microbial growth, with methanogens being particularly vulnerable to its detrimental effects3"62-6
More specifically, Table 2.6 summarizes the concentrations at which ammonia are beneficial,
inhibitory or toxic to the AD process
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Table 2. 6: Effect of ammonia levels on the anaerobic digestion process.

Effect on AD process Ammonia (mg NH4-N/L) References
Beneficial 50-200 67

No antagonistic effect 200-1000 68
(especially at higher pH values)

Inhibition (especially at higher pH values) 1500-3000 69

Complete inhibition or toxic at any pH >3000 70

The methanogenic bacteria that utilize acetate display higher sensitivity to ammonia compared to
those that utilize hydrogen’'. Ammonia inhibition operates through two distinct mechanisms.
Firstly, methanogens are directly impeded by the presence of free ammonia. Secondly, free
ammonia rapidly converts into ammonium ions within the bacterial cell wall, as depicted in
Equation (2.11) 72

NHs + H,O =2 NH4*" + H.O Eq (211)

When sulphur-rich substrates are degraded in an anaerobic digester, the resulting sulphides can
reach inhibitory concentrations. The inhibitory effect of sulphides is typically observed in two
stages. In the primary stage, sulphate-reducing bacteria and methanogens compete for
carbonaceous substrates, affecting both methane production and the sulphide concentration in
the system *’. The outcome of this competition determines the second stage, characterized by
sulphide toxicity towards a wide range of microorganisms 2°. Among the various forms, hydrogen

sulphide (H2S) is the most toxic to the microbial consortium and can also exist in the gas phase.

Sulfide tolerance varies considerably among different microbial groups involved in anaerobic
digestion. It is reported that sulfate-reducing bacteria (SRB) growing on acetate and ethanol
remained unaffected by sulfide levels as high as approximately 1300 mg/L H,S". Furthermore, it
is also observed that sulfate removal rates even increased with total sulfide concentrations,

reaching up to 1424 mg/L, when ethanol and sugar were used as substrates’s.

Conversely, methanogens displayed a marked sensitivity to sulfide. Parkin et al. (1983)
highlighted that sulfide concentrations as low as 50 mg/L were toxic to unacclimated
methanogens™. In line with this, Yamaguchi et al. (1999) determined the IC50 values for H2S with
acetotrophic methanogens at 160 mg/L and for hydrogenotrophic methanogens at 220 mg/L,

respectively’®.
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Light metal salts, such as sodium, calcium, potassium, and magnesium, are commonly present
in anaerobic digesters. They can originate from the decomposition of organic matter or be
intentionally added for pH regulation purposes . In anaerobic systems, small amounts of these
light metals are necessary to stimulate bacterial growth and optimize the process?2. However,

excessive levels of these metals can lead to significant inhibition of microbial activity ®.

The buildup of salts in anaerobic digesters has a detrimental effect on microorganisms. This is
primarily due to the significant elevation of osmotic pressure, which disrupts the regulation of
water flow across the cell membrane and can ultimately result in cell death. The levels at which
salts become inhibitory depend on the ability of the bacterial consortium to adapt and the

synergistic effects resulting from the presence of other cations 7-°.

Similarly, certain heavy metals such as chromium, cobalt, iron, zinc, or nickel can be found in
substrates at concentrations that can have toxic effects due to their interference with enzyme
function and structural integrity 5. Table 2.7 illustrates the trace heavy metals that can promote

biogas and methane production, while excessive amounts can cause inhibition.
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Table 2. 7: Effects and mechanisms of heavy metals on anaerobic digestion

Heavy

metals

Cu

Ni

Fe

Cd

Zn

Influencing Factors

methanogenic activity,

cellulase

activity, microbial community and

VFA concentration

cellulase activity

methanogenic activity

cellulase activity

methanogenic activity

methanogenic activity

and

Biogas yield

Promoting
concentration
0-100 mg/L

0.8-50 mg/L

50-4000 mg/L

0.1-0.3 mg/L

5mg/L

Inhibitory

concentration

500 mg/L

100 mg/L

20000mg/L

1.2 mg/L

50 mg/L

Methane content

Promoting

concentration

5 mg/L

0-20 mg/L

0-1000 mg/L

0-100 mg/L

Inhibitory
concentration
130 mg/L

32 mg/L

20000 mg/L

1 mg/L

Reference

80,81

82,83

84

85,86

87
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Phenolic compounds and long chain fatty acids belong to a group of organic substances that have
the potential to inhibit microbial activity. Their inhibitory effects on microorganisms are attributed
to their ability to interact with cell membranes, causing the leakage of intracellular components .
High molecular weight phenols inhibit extracellular microbial enzymes, disrupt microbial
metabolism, or deplete essential substrates necessary for microbial growth 8. Furthermore, there
are other organic compounds with potential toxicity, including halogenated benzenes,
chlorophenols, and N-substituted aromatics. These substances possess the ability to exert toxic

effects on microorganisms.

Denitrification

In anaerobic treatment, the growth yield of denitrifying microorganisms per unit of substrate
consumed surpasses that of methanogenic microorganisms. Moreover, these microorganisms
compete for the same carbon and electron sources, such as acetate or H.. Consequently, the
presence of nitrate has a significant impact on microbial competition, leading to the inhibition of
CHs4 production. The overall reduction of nitrate by acetic acid to produce N, as illustrated in

Equation (2.12), as discussed by 208,

5CHsCOOH + 8NO; “+8H, 4N, + 10CO; + 19H,0 Eq (2.12)

However, nitrates are seldom found in anaerobic treatment. This is primarily because nitrogen in
untreated waste typically exists as ammonium or organic nitrogen. Additionally, there are no

anaerobic processes known to produce nitrates.

Sulphate reduction

Sulphate-reducing bacteria (SRB) play a pivotal role in anaerobic systems, particularly in the
sulphur cycle (Figure 2.10). Their primary function involves using sulphate (SO,*") as a terminal
electron acceptor in the degradation of organic matter®®. This metabolic activity results in the

formation of hydrogen sulphide (H,S) as shown in Equations 2.13 and 2.14 *:
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SOy + 4Hz > HoS + 2H,0 +20H- Eq (2.13)
SO4 + CHsCOOH > H, S +2HCO * Eq (2.14)

This hydrogen sulphide can subsequently be oxidized in various manners:

1. Aerobically by chemolithotrophic sulphur-oxidizing bacteria (e.g., Thiobacillus or Beggiatoa
spp.)

2. Anaerobically by phototrophic sulphur bacteria (e.g., Chlorobium spp.) to elemental sulphur
(S°)and SO,*.

Other specialized microbial groups also conduct unique transformations in the sulfur cycle:

1. Sulphur reduction by species like Desulfuromonas spp.
Sulphur disproportionation via Desulfovibrio sulfodismutans.
3. Conversion of organic sulphur compounds, such as dimethylsulphoxide (DMSOQO) into

dimethylsulphide (DMS) and vice versa.®'
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Figure 2. 10:Sulphur transformations®2.

The presence of SRB in anaerobic systems is complex due to the potential inhibitory effects of
H.,S on various microbial groups and the competitive relationship between SRB and methanogens
over common substrates. Typically, in environments with a high concentration of organic carbon
but limited by sulphur, SRBs have an advantage and can outcompete methanogens. Conversely,
in environments rich in sulphate, the metabolic pathways shift. The degradation of organic matter
in such conditions differs substantially from methanogenic environments. It's crucial to note that
methanogens, in comparison to SRB, utilize a limited range of substrates, with hydrogen, carbon

dioxide, and acetate being the most significant.®!
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In diverse microbial communities, SRBs are often found near oxygen-consuming microbes. This
proximity establishes niches where strict anaerobes, including SRBs, can thrive, further

highlighting the interconnectedness of microbial metabolic pathways in anaerobic systems®.

Organic loading rate and hydraulic retention time

The Organic Loading Rate (OLR) quantifies the influx of organic material per unit volume in the
*COD

digester. It can be expressed using the equation:0OLR = QT
Here, Q represents the flow rate of the feed in cubic meters per day, COD represents the chemical
oxygen demand in kilograms of COD per cubic meter (a measure of the organic material content

in the substrate), and V denotes the volume of the reactor in cubic meters.

The OLR is influenced by the concentration of organic matter in the substrate, and its optimal
value is determined through experimental investigation. If the OLR exceeds the optimal range, it
can induce toxicity within the digester, resulting in a decline in methanogenic activity, as discussed

later. Conversely, maintaining an OLR below the optimum level reduces the production of biogas.

HRT is a measure of the average duration that the substrate resides within the digester. It is
crucial to allow sufficient time for the complete conversion of organic materials into biogas.
However, a longer HRT necessitates a larger digester volume, as demonstrated by Equation
(2.15):

Digester volume (m3) = HRT (day) x substrate input flow rate (m3/day) Eq (2.15)

This larger digester size results in increased capital costs associated with its construction®*.

The quantity of substrate being introduced in an anaerobic reactor during a given period of time
is defined as the OLR of the system. It is mainly dependent on the type of substrate, but also on
the reactor size, hydraulic retention time, and temperature. Careful consideration must be given
to the amount of organic matter loaded into the system to maintain its stability. A rapid increase in

the OLR is likely to result in the build-up of VFAs, which in turn might lead to process failure.

During the design phase of an anaerobic system, the organic loading rate and hydraulic retention
time are defined as key parameters for determining the volume of a digester ®. The HRT

measures the period that a fluid element spends in an anaerobic digester. Its value should be a
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compromise between the time necessary for the microbial consortium to degrade most of the
organic matter and a period that should be short enough to guarantee a limited reactor volume
and hence, reduce construction and maintenance costs. HRT should also be high enough to allow
the active microbial populations to remain in the reactor, especially the slow-growing
methanogens %%, Therefore, the retention time is sometimes considered to be an indication of

reactor efficiency .

The impact of a given inhibitory compound concentration applied at a low HRT would hence be
greater when compared to the same concentration applied at high retention times due to the

detrimental effect of most inhibitors on the growth rate of microorganisms %.

2.4 Anaerobic Treatment Compared to Aerobic Treatment
2.4.1 Current technologies in WWTPs

The traditional activated sludge (CAS) method has been utilized for over a century to treat
domestic wastewater, primarily transforming organic substances into biomass and carbon
dioxide. Over time, adaptations and modifications to the CAS process have been made to address
soluble nutrients like nitrogen and phosphorus in domestic wastewater. One notable example is
the evolution of CAS into various biological nitrogen removal (BNR) techniques, with the most
recent being the combination of short-cut nitrification and anaerobic ammonium oxidation

(anammox) processes %102,

Recent advances suggest more efficient methods for nutrient removal. However, the CAS
process's energy efficiency is a concern. For example, Singapore's Jurong Water Reclamation
Plant reached only 35% efficiency, and China's Gaobeidian Plant achieved 31%'%. Notably, the
US uses about 3% of its annual electricity on wastewater treatment. In the USA, major wastewater
plants have energy usage ranging from 0.086 to 1.19 kWh/m?3.'%. In Europe, particularly in 11
WWTPs in Portugal, energy consumption ranged between 0.9 and 1.1 kWh/m3."%_ In Italy, a
study conducted across 251 WWTPs found that energy consumption below 23 kWh /PEl/y is the
target for large plants serving more than 100,000 PE. For smaller plants, a higher benchmark of
76 kWh/PEly is considered reasonable. For plants in the intermediate range of 2,000—-100,000
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PE, the benchmark is set between 42-48 kWh /PE/y."%. In Germany, the average energy
consumption from 5,668 WWTPs is 0.43 kWh/m3."%. In Greece, for biological nutrient removal
WWTPs, the average energy consumption is approximately 38 kWh/PE, with a range from 15 to
86 kWh/PE. '%7. This energy is mostly due to the aeration system in more than 50 % (Figure
2.11)108 107,
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Figure 2. 11: Energy distribution in the main processes of conventional activated sludge systems (influent pumping
station; screening; grit chamber/degreasing; aeration tank; secondary clarifier; chlorination; sludge thickening; sludge
dewatering).08

Additionally, as effluent discharge standards become stricter worldwide because of heightened
public health and environmental concerns, there's an inevitable uptick in in-plant energy use. This
suggests that energy-demanding treatment methods might be essential to meet these standards.
The significant energy consumption of today's wastewater treatment plants (WWTPs)
undoubtedly poses a challenge to global wastewater treatment, especially in the context of

environmental sustainability%°.

Wastewater treatment plants (WWTPs) consume significant amounts of electricity, often derived
from fossil fuels, to facilitate the treatment process. This consumption is directly tied to global
climate change concerns. For instance, in China, the electricity used by WWTPs leads to the
annual emission of around 114 million metric tons of carbon dioxide. Moreover, during the
biological breakdown of organic and nitrogen-rich substances in wastewater, a sizable quantity of
greenhouse gases, including carbon dioxide, methane, and nitrogen oxide, is emitted. The high

energy usage within these plants underscores the urgency to address its environmental
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implications, especially in light of global climate change'®. In Greece, the annual average GHG
emissions in Greek WWTPs is of the order of 94 kCO2/PE, ranging from 61 to 161 kgCO2. /PE'?".

In wastewater treatment plants using the CAS method, for every gram of COD removed, 0.3 to
0.5 g of dry biomass are produced. This translates to a significant amount of waste sludge globally
from wastewater treatment. To cut down on electricity consumption, current practices aim to
extract energy from this waste sludge via anaerobic digestion. However, with the current
advancements in this technology, only around 30-50% of the total COD or volatile solids are
transformed into biogas, showcasing its limited energy efficiency. One of the reasons for this
inefficiency is that microorganisms in the digestion process can't directly use the waste sludge.
Instead, the sludge needs to be broken down into soluble COD before digestion can occur. A
fundamental limitation of current wastewater treatment setups is the indirect pathway of energy
recovery: first converting soluble COD to biomass and then deriving energy from that biomass
through anaerobic digestion with a notably low efficiency. This has resulted in overall energy

efficiencies between 20-50% in wastewater treatment plants across various countries'%-113

Based on the above, there's a pressing global demand to enhance the energy efficiency of
WWTPs by implementing innovative process designs. A shift to anaerobic wastewater treatment
technologies could redefine the current model of WWTPs, offering advantages like increased

energy recovery, lowered energy usage for aeration, and reduced sludge output.

2.4.2 Comparing anaerobic and aerobic wastewater treatment alternatives

Modern domestic wastewater shouldn't be viewed as "waste." Instead, it's a resource rich in
energy, valuable materials, and clean water. Traditional wastewater treatment processes, like the
CAS method explained in the previous subchapter, typically consume about 0.45 kWh for every
cubic meter of water treated, equating to 1620 kJ/m3"'%"4 Given that the average COD (a
measure of organic matter) in wastewater is around 500 mg/L, the energy used in CAS processes
equates to 3.20 kJ for every gram of CO. However, the potential energy in typical wastewater is
estimated at 16.2 kd/g of COD, which is almost five times the electrical energy used in CAS
treatment'51®_ This implies that wastewater treatment plants could be self-sustaining if just 20%
of the energy in wastewater could be turned into electricity. Currently, most of the recoverable

energy in these plants comes from anaerobic digestion of primary and secondary sludges.

Page | 40



An innovative way to treat wastewater and produce energy at the same time is anaerobic

treatment. Anaerobic processes are traditionally used for high-strength wastewater or municipal

sludge treatment 7. Recently, it has been efficiently applied for the treatment of low strength

municipal wastewaters as well '8, The main advantages of the anaerobic treatment compared to

the conventional aerobic treatment methods are: a) the low structural and operational cost, b) the

production of small volumes of well stabilized excess sludge and c) the production of methane

which is a useful source of energy'® (Show and Lee, 2016). Table 2.1 in previous subchapter

illustrates the energy output and CO2 emission reduction achieved by using anaerobic wastewater

treatment systems.

Table 2.8 below compare the two treatment systems.

Table 2. 8: Comparison of aerobic and anaerobic treatment 120

Feature

Organic removal efficiency
Nutrient removal

Effluent quality

Organic loading rate
Sludge production
Nutrient requirement
Alkalinity requirement

Energy requirement
Temperature sensitivity
Startup time
Odor
Bioenergy
recovery
Mode of treatment

and nutrient

Aerobic
High
High
Excellent
Moderate
High
High

Low

High

Low

2-4 weeks

Less opportunity for odors
No

Total
(Depending on feedstock
characteristics)

Anaerobic
High

Low
Moderate
High

Low

Low

High for
waste

Low to moderate

High

2-4 months

Potential odor problems
Yes

certain industrial

Essentially pretreatment

Anaerobic treatment processes offer several advantages over aerobic treatment processes:

» Anaerobic treatment processes have lower energy requirements compared to aerobic

processes, resulting in reduced operational costs.

» The generation of biomass in anaerobic processes is significantly lower, around six to

eight times less, than that in aerobic processes. As a result, the costs associated with

sludge treatment and disposal are greatly reduced.
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Due to the lower biomass production, anaerobic treatment requires fewer nutrients. This
translates into lower costs for nutrient supplementation, if needed, in comparison to
aerobic treatment.

Anaerobic processes can achieve higher volumetric loading rates, allowing for smaller
reactor volumes and space requirements.

Methane, a potent source of energy, is produced in anaerobic processes, offering potential
energy recovery opportunities.

Anaerobic processes exhibit favorable responses to various wastewater characteristics

and can effectively treat a wide range of organic compounds.

Overall, the advantages of anaerobic treatment processes include energy efficiency, reduced

sludge-related costs, lower nutrient requirements, compact reactor design, potential energy

generation, and versatility in treating diverse wastewater compositions.

Anaerobic treatment processes do have certain drawbacks compared to aerobic treatment

processes:

>

Anaerobic processes typically require a prolonged start-up period to establish and develop
the appropriate biomass for efficient treatment.

Anaerobic treatment cannot meet effluent nutrient limits

Maintaining suitable pH levels in anaerobic processes necessitates the addition of
alkalinity, which can impact the cost-effectiveness of anaerobic treatment. Methanogenic
bacteria, crucial for methane production, are sensitive to pH and function optimally within
a narrow range of 6.5-7.5. Deviating from this range can significantly impact their
metabolic rates and impede methane production.

Anaerobic processes can be sensitive to toxic compounds such as heavy metals,
chlorinated compounds, and detergents. Pretreatment may be necessary for wastewater
with high concentrations of these toxic compounds.

There is the potential for odor and corrosive gas generation in anaerobic treatment
processes.

Anaerobic treatment is more vulnerable to the adverse effects of lower operating
temperatures. Maintaining a stable and optimal operating temperature is critical as

anaerobic bacteria, particularly methanogens, are sensitive to temperature fluctuations.
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» Depending on the desired effluent quality and regulatory requirements, anaerobic
treatment may require further polishing through additional aerobic treatment to meet

discharge standards.

To sum up, the disadvantages of anaerobic treatment processes include extended start-up
periods, the need for pH control, sensitivity to toxic compounds, the possibility of odor and
corrosive gas production, susceptibility to lower temperatures, and potential requirements for

additional aerobic treatment to achieve desired effluent quality.

2.5 Anaerobic Reactors

2.5.1 High-Rate anaerobic systems

A significant milestone in the development of anaerobic wastewater treatment was the
introduction of high-rate reactors, which separate biomass retention from liquid retention. Unlike
aerobic processes, where the maximum load is determined by the supply of necessary reactants
like oxygen, anaerobic process has a different limiting factor. In anaerobic processes, the
maximum permissible load is not governed by the availability of a specific reactant, but rather by
the quantity of viable anaerobic biocatalysts or bacteria capable of directly interacting with the

constituents in the wastewater.

In anaerobic high-rate systems, elevated sludge concentrations are achieved through physical
retention and/or immobilization of anaerobic sludge. This allows for the application of high COD
loading rates while maintaining long SRT with relatively short HRTs. Over the past three decades,
various high-rate systems have been developed, including the anaerobic contact process (ACP),
anaerobic filters, upflow anaerobic sludge blanket (UASB) reactors, fluidized bed (FB) reactors,

expanded granular sludge bed (EGSB) reactors, and baffled reactors.

To facilitate the effective treatment of a specific wastewater with high organic loading rates in an

anaerobic reactor system, the following requirements must be fulfilled:

1. Effective Sludge Retention: It is vital to retain a substantial amount of viable sludge within the

reactor during operation. The greater the sludge retention, the higher the system's loading
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4.

potential. Therefore, cultivating a biomass that settles well or can be immobilized is crucial.

Moreover, the sludge should not deteriorate in terms of settling characteristics.

Optimal Biomass-Wastewater Contact. Sufficient contact between the viable bacterial
biomass and the wastewater is essential. If any portion of the retained sludge lacks access to
adequate substrate, its value in the system diminishes. Ensuring consistent and thorough

contact between biomass and wastewater is critical for efficient treatment.

Enhanced Reaction Rates and Minimized Transport Limitations: The kinetics of degradation
processes play a significant role. It is important that metabolic end-products can readily diffuse
out of the biofilm or aggregate. Maintaining relatively small biofilm sizes and high accessibility
of organisms within the biofilm contribute to efficient reaction rates. By minimizing transport

limitations, optimal degradation can be achieved.

Adapted and Acclimatized Biomass: The viable biomass should be suitably adapted and
acclimatized to the specific characteristics of the wastewater being treated. This allows for
effective degradation of contaminants present in the wastewater. The biomass's ability to

thrive under the given conditions is crucial for successful treatment.

Favorable Environmental Conditions: The reactor should provide favorable environmental
conditions for all necessary organisms, focusing on the rate-limiting steps of the degradation
processes. It is important to note that conditions may vary spatially and temporally within the
reactor. The existence of micro-niches within the system is essential to accommodate the
diverse range of organisms involved in the degradation of complex compounds. It is important
to observe that within the biofilms and granules, the substrate and metabolite concentrations
are sufficiently low to enable even highly endergonic acetogenic reactions to occur. For
example, the oxidation of propionate can proceed despite the very low hydrogen

concentrations present in these environments.

Figure 2.12 depicts the evolution of high-rate reactor systems, showcasing the influence of

improved sludge retention and enhanced contact on the achievable organic loading rates.
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Although the initial attempts by Buswell did not reach loading rates of 1 kgCOD/m?3.d, modern
anaerobic wastewater treatment (AnWT) systems available on the market now guarantee loading

rates surpassing 40 kgCOD/m?3.d.

Completely mixed Physical retention Immaobilised biomass Enhanced contact
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Figure 2. 12 Different AnWT systems exhibit varying loading capacities. Full-scale conditions with enhanced contact
in EGSB reactors can achieve maximum loading rates of about 45 kgCOD/m3.d.1

AnWT is commonly employed as a treatment technology for wastewater originating from food

processing and agro-industrial sectors.

In a recent development, high-rate AnWT systems have been designed to effectively treat cold
and extremely low strength wastewaters. This includes not only municipal sewage but also
industrial wastewater streams, such as those from beer industries, which are commonly
discharged at low temperatures. Remarkably, full-scale results have demonstrated the successful
anaerobic treatment of these diverse wastewaters using common seed materials. This
underscores the resilience and flexibility of the anaerobic process. The most commonly applied

high-rate AnWT systems are:

The Anaerobic Contact Process (ACP)

The Anaerobic Filters (AF)

The Anaerobic Sludge Bed Reactors (ASBR)

The Anaerobic expanded and fluidized bed systems (EGSB and FB)

The Anaerobic membrane bioreactors (AnMBR)

V V V V V V

Other anaerobic high-rate systems
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The following subparagraphs include a brief description of these alternative high-rate anaerobic
wastewater treatment technologies that can effectively achieve organic carbon removal. The state
of the art on AnMBR technology, which is the subject of this PhD research is described in detail

in paragraph 2.6.

2.5.2 The Anaerobic Contact Process (ACP)

ACP refers to processes that utilize external settlers and sludge return mechanisms, as depicted
in Figure 2.13.

Effluent
_

Influent
— M
——-

!

Excess sludge

Figure 2. 13 ACP, equipped with flocculator or a degasifier unit to enhance sludge sedimentation in the secondary
clarifier.

The initial versions of the first-generation "high-rate" anaerobic treatment systems for medium-
strength wastewaters faced significant challenges. The main difficulty encountered in practice was
the separation of sludge from the treated water. The prevailing belief at the time was that intense
agitation in the bioreactor would improve the contact between the sludge and wastewater.
However, little consideration was given to the detrimental effects of intensive mixing on sludge

structures, such as settleability and the disruption of balanced micro-ecosystems.

Various methods were tested and employed in the different versions of the ACP to address sludge
separation. These included vacuum degasification with sedimentation, the use of organic
polymers and inorganic flocculants, centrifugation, and even aeration to halt digestion. However,
these approaches yielded unsatisfactory results.
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With the current knowledge on anaerobic digestion technologies, a more gentle and intermittent
mode of mixing is now applied. This approach ensures that the sludge maintains excellent
sedimentation properties. The modern ACP can significantly contribute to environmental
protection and energy recovery, particularly for wastewaters containing high levels of suspended
solids and semi-liquid wastes. Well-designed ACP systems can achieve organic loading rates of
up to 10 kgCOD/m3. d

2.5.3 Anaerobic Filters (AF)

In the late sixties, Young and McCarty in the USA developed the Upflow Anaerobic Filter (UAF)
(1964, 1982). The UAF employs various methods for sludge retention, including the attachment
of a biofilm to the solid carrier material, the entrapment and sedimentation of sludge particles
within the interstices of the packing material, and the formation of compact and easily settling

sludge aggregates. A schematic of AF is presented in Figure 2.14.
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Figure 2. 14:Anaerobic filter configuration 121

In the early stages, finding a suitable carrier material for these systems posed a challenge '%.
Researchers explored various options, including synthetic packings and natural materials like
gravel, coke, and bamboo segments. The shape, size, and weight of the packing material were

found to be crucial factors. Surface characteristics also played a significant role in facilitating
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bacterial attachment. Additionally, it was discovered that maintaining an open and structurally
sound bed with a large void fraction was essential. By utilizing appropriate support materials, AF
systems could be quickly established, thanks to the efficient adherence of anaerobic organisms
to the inert carrier. The ease of system start-up greatly contributed to the popularity of AF systems
during the 1980s and 1990s.

Long-term operation of UAF systems can present challenges. The primary disadvantage of the
UAF concept is the difficulty in maintaining the required contact between sludge and wastewater
due to the propensity for bed clogging. This issue is especially prominent when dealing with
partially soluble wastewater. While the inclusion of a primary settler and/or a pre-acidification step
can partially address these clogging problems, implementing such measures necessitates
additional units, leading to higher costs. Moreover, despite these interventions, the problem of
short-circuiting flows and reduced treatment efficiencies resulting from bed clogging may persist,

leaving room for improvement in system performance.

Since 1981, approximately 140 full-scale UAF installations have been operational for treating
various wastewater types, accounting for around 6% of the total installed high-rate reactors
(Figure. 2.15). The overall experience with UAF systems has been satisfactory, achieving modest
to relatively high loading rates of up to 10 kgCOD/m3. d. The UAF system remains appealing for

treating primarily soluble wastewaters, particularly when sludge granulation is not feasible.

However, long-term issues related to system clogging and filter material stability have resulted in
a decline in the number of installed full-scale AF systems. In the past five years, only six new and
registered AF systems have been constructed, representing approximately 1% of the total number

of newly installed AnWT systems.

To minimize clogging and sludge accumulation within the filter material interstices, anaerobic
filters have been operated in a downflow mode, known as downflow fixed-film reactors. Despite
investigations into various operational modes and filter materials, the practical application of these
approaches has been disappointing. The limiting factor lies in the low applicable OLR due to the
limited biomass retention capacity within such systems, primarily relying on the attachment of
biomass to the packing material surface. In UAF filters, most of the anaerobic activity occurs in

the non-attached biomass.
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Figure 2. 15: Implemented anaerobic technologies for industrial wastewater pictured for the period 1981-2007 (left)
and the period 2002-2007 (right). UASB: upflow anaerobic sludge blanket, EGSB: expanded granular sludge bed, IC
internal circulation reactor, type of EGSB system with biogas-driven hydrodynamics, AF: anaerobic filter, CSTR:
continuous stirred tank reactor, Lag.: anaerobic lagoon, Hybr.: combined hybrid system with sludge bed at the bottom
section and a filter in top, FB: fluidized bed reactor.!

2.5.4 Anaerobic Sludge Bed Reactors (ASBR)

ASBRs, have gained significant popularity as the prevailing choice for AnWT systems. Sludge
retention in ASBRs is achieved through the formation of easily settling sludge aggregates, such
as flocs or granules, and the utilization of an internal gas-liquid-solids separation system (GLSS
device). The upflow anaerobic sludge bed reactor (UASB) stands as the most well-known and
widely utilized example of this concept. Originating in the Netherlands during the early 1970s %3,
the UASB process has shown tremendous potential . UASB reactors are by far the most robust
high-rate anaerobic reactors for sewage treatment and there have been more than 1000 UASB
reactors installed worldwide'?*. While the primary application remains the treatment of agro-
industrial wastewater, there is a growing trend of adopting UASB for wastewater treatment from
chemical industries and sewage. Figure 2.16 presents a schematic representation of a UASB

reactor.
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Figure 2. 16 Schematic of a UASB reactor'?5

Similar to the UAF system, the wastewater flows upward through the reactor in the sludge bed
reactor. However, unlike the AF system, there is typically no packing material in the reactor vessel.

The concept of the sludge bed reactor is founded on the following principles:

UASB reactors rely on the inherent sedimentation properties of anaerobic granular sludge, which
are either present or developed during operation. This allows for gentle mechanical mixing,
eliminating the need for additional mixing mechanisms and reducing investment and maintenance
costs. The excellent settling characteristics of the granular sludge enable the application of high

superficial liquid velocities without the risk of significant sludge washout.

Effective contact between the sludge and wastewater in UASB systems is achieved through two
methods. First, wastewater is evenly distributed over the bottom of the reactor to ensure uniform
contact. Alternatively, agitation caused by the production of biogas and the upflow velocity within

the reactor promote contact between the sludge and wastewater.

A low surface area design of the reactor facilitates the feeding process, while the accumulation of
biogas production along the height of the tower reactor creates a turbulent flow. The increased

upflow velocity enhances the contact between the sludge and pollutants present in the
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wastewater. For wastewaters containing biodegradable compounds, a liquid recirculation flow can
be employed to further improve mixing and minimize stratification of substrates and intermediate

products along the reactor's height, thereby reducing the risk of inhibition'24126-130,

To prevent the washout of sludge aggregates, the UASB reactor incorporates a gas collection
dome at the top, creating a zone with reduced turbulence. This design feature effectively serves

as an in-built secondary clarifier within the reactor.

Table 2.9 presents a comprehensive overview of the distinctive characteristics and challenges
associated with UASB reactors. The key feature that makes UASB reactors popular as high-rate
anaerobic reactors globally, particularly in tropical countries, is their ability to achieve high removal
efficiencies of COD without the need for support materials, thanks to the presence of granular or
flocculent sludge. Moreover, the natural turbulence generated by rising gas bubbles facilitates
efficient contact between wastewater and biomass, eliminating the need for mechanical mixing
and significantly reducing energy requirements and associated costs. Most notably, the
granulation/blanketing process in UASB reactors enables independent and effective manipulation
of solids and HRTSs, allowing the design to be tailored based on the degradative capacity of the
biomass and resulting in considerably shorter treatment times compared to conventional

digesters™'.

Table 2. 9 Challenges and distinctiveness of UASB reactor

Distinctiveness Challenges
» Utilization of granular or flocculent sludge, > Start-up susceptibility to temperature and
eliminating the need for a support organic shock loads'2.
medium132.133 > Difficulties in controlling bed expansions,
» High biomass concentration, enabling limiting organic loading rates 32134,
effective CcOD removal and » Wash-out, flotation, and disintegration of
accommodating diverse loading granular sludge.
rates'31132 > Performance  deterioration at low
> Sludge blanketing, allowing for shorter temperatures'®.
hydraulic retention time and extended » High sulphate concentration®.
solids retention time. » Necessity of post-treatment to meet

» Generation of rising gas bubbles, obviating discharge standards for organic matter,
the need for mechanical mixing and nutrients, and pathogens.'’
reducing energy consumption Purification of biogas.

» Extensive practical expertise in
implementation'32

A\
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Start- up.

The successful operation and stability of a UASB reactor heavily rely on the initial start-up phase,
which is influenced by various physical, chemical, and biological factors 3. These factors
encompass the nature of the wastewater, operating conditions, and the presence and growth of
active microbial populations in the seed sludge or inoculum. An essential requirement is the
acclimatization period during which the seed sludge is gradually adapted to the specific operating
conditions. Typically lasting between 2 to 8 months '? this period has posed significant

challenges for the practical implementation of UASB reactors.

Different inoculum sources can be used for UASB reactors, including granules from full-scale
UASB reactors treating brewery wastewater, as well as non-granular sources such as anaerobic
digested sludge and waste activated sludge. The selection of the most suitable inoculum source
for a specific wastewater type can be determined through toxicity and biodegradability tests 138139,
While UASB reactors can function efficiently without granules, the formation of granules during
start-up offers advantages by enabling high COD removal efficiency in a shorter time frame and
allowing treatment of larger wastewater volumes. The significance of granules in UASB reactor

operation has spurred research on the theories and mechanisms of anaerobic granulation 0141

The initial development of granules involves four steps: (1) Transport of cells to a substratum, (2)
Initial reversible adsorption to the substratum, (3) Irreversible adhesion of cells to the substratum

through microbial appendages and/or polymers, and (4) Cell multiplication and granule formation.

2.5.5 Anaerobic expanded and fluidized bed systems (EGSB and FB)

The presence of sulfate-reducing bacteria (SRB) in anaerobic digestion of organic wastewater
can negatively impact methane-producing bacteria (MPB) and hinder treatment efficiency.
Additionally, the toxic effect of sulfides produced by SRB affects anaerobic bacteria in the reactor.
To overcome these challenges, a two-phase process has been employed to separate sulfate
reduction from methane production, but it can be complex and costly. As research on SRB and
anaerobic reactors advances, there is growing interest in utilizing modern, high-efficiency

anaerobic reactors to treat high-sulfate wastewater'?-151,
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EGSB and FB systems represent the second generation of sludge bed reactors, capable of
handling high organic loading rates exceeding 30 to 40 kgCOD/m?. d. In the FB process, bacteria
attach to mobile carrier particles such as fine sand, basalt, pumice, or plastic. The FB system is
considered an advanced anaerobic technology with potential loading rates of 50-60 kgCOD/m?3.

d. However, maintaining long-term stable operation has proven to be challenging.

The system relies on the development of a uniform and stable attached biofilm or particles in
terms of thickness, density, and strength. To achieve stable biofilm growth, extensive pre-
acidification, and the absence of dispersed matter in the feed are necessary. Despite these efforts,
controlling the film thickness evenly throughout the reactor is difficult, often resulting in the
segregation of different biofilm types along the reactor height. In full-scale reactors, carrier
particles tend to segregate from the biofilms, causing operational issues. Flow adjustments are
required to retain the biofilm particles in the reactor, leading to the accumulation of support
material in the lower section and the presence of detached biofilms in the upper section. Achieving
this separation requires maintaining a relatively low superficial velocity, which contradicts the

primary objective of a FB system.

FB systems have evolved in recent years, with the Anaflux system'? representing a modern
approach. Unlike traditional FB systems, the Anaflux system emphasizes bed expansion rather
than bed fluidization for improved operational ease. It employs an inert porous carrier material

(such as particles <0.5 mm in size with a density of around 2) to facilitate bacterial attachment.

At the top of the reactor, a triple-phase separator, like the gas-liquid-solids separation (GLSS)
device found in UASB and EGSB reactors, is incorporated. When the biofilm layer on the media
becomes excessively thick, causing lighter aggregates to accumulate in the separator, periodic
extraction takes place using an external pump. The extracted material undergoes shear forces to
remove a portion of the biofilm. Subsequently, both the media and detached biomass are
reintroduced into the reactor, allowing the free biomass to be rinsed out of the system. This
controlled process ensures a more homogeneous reactor bed and enables the retention of a
substantial biomass concentration (up to 30-90 kgVSS/m? reactor) while facilitating excellent

liquid-biomass contact through high liquid upflow velocities (up to 10 m/h)

The EGSB system utilizes granular sludge, which possesses excellent settling characteristics and
high methanogenic activity. Under high sludge loading rates, the settleability may be affected by
biogas accumulation in the granules. However, the system allows for the application of high
superficial liquid velocities exceeding 6 m/h. These velocities, combined with gas lifting within the
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bed, lead to a slight expansion of the sludge bed. This facilitates efficient contact between the
sludge and wastewater, resulting in significantly higher loading potentials compared to

conventional UASB installations.

In certain expanded bed systems, the combined hydraulic and gas flows generate net liquid flow
velocities of 25-30 m/h, promoting extensive mixing of the reactor medium with the available
biomass. Unlike the Anaflux FB system, controlling the size of the biomass is generally not
required, although oversized granules have been observed in specific cases. EGSB systems rely
on complete retention of the granular sludge and have demonstrated exceptional performance in
full-scale installations treating various types of wastewaters, achieving organic loading rates up
to 40-45 kgCOD/m3. d.

Importantly, EGSB reactor systems offer the ability to effectively treat challenging wastewater that

conventional UASB systems may struggle with.

» Wastewater containing biodegradable organic chemicals: Full-scale reactors demonstrate
stable performance over extended periods when treating wastewaters with high
concentrations of formaldehyde, such as 10 g/l formaldehyde %3

» Cold and dilute wastewater: EGSB reactors excel in treating low-temperature (even below
10°C) and low-concentration (COD << 1 g/l) wastewaters, where biogas production and
mixing are limited '54. The enhanced hydraulic mixing in EGSB systems is independent of
biogas production.

» Wastewater containing long-chain fatty acids: In UASB systems, long-chain fatty acids
tend to accumulate and form inaccessible clumps on the sludge. EGSB systems, with
higher upflow velocities, allow for better distribution and utilization of the substrate by the
biomass "%°.

» Wastewater with foaming issues in UASB systems: EGSB systems offer a solution for

wastewater prone to foaming problems in UASB systems.

Due to the exceptional performance of these "super" high-rate anaerobic systems, large

companies currently tend to install more EGSB systems than UASB system (Figure. 2.17)
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Figure 2. 17: UASB and EGSB systems in full-scale anaerobic treatment installations (1984-2007).

A schematic presentation of EGSB reactor is illustrated in Figure 2.18.
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Figure 2. 18 Schematic diagram of EGSB reactors 5.

2.5.6 Other anaerobic high-rate systems

Different designs have been tested to introduce staging in the various phases of anaerobic
treatment, offering alternatives to ACP, UASB, and EGSB reactors '*. A prominent example is the
two-stage process, where the acidification step is fully separated from the methanogenic step.

Additionally, anaerobic baffled reactors (ABR) provide horizontal staging by operating as a series
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of UASB units in sequence. These innovative approaches offer potential advancements in

anaerobic treatment strategies.

Large-scale applications of the baffled reactor on domestic sewage have not progressed further
due to hydrodynamic limitations and constraints on achieving the desired solid retention time
(SRT). In a baffled system, the superficial liquid velocity is significantly higher than in a single-
step sludge bed reactor, causing most of the sludge to be carried along with the liquid through
various compartments. This necessitates separation of the sludge after the last compartmentin a
settler and its return to the reactor. For high-temperature treatment, vertically staged reactors like
the upflow staged sludge bed system'®®'%° have been specifically developed. Although the staged
reactor concept has shown promising results on a pilot scale, no full-scale reactors have been

developed thus far.

The anaerobic sequencing batch reactor (ASBR) offers interesting possibilities as a set of
anaerobic reactors operated in a batch mode using a 'fill and draw' method. In this system, a
specific amount of raw wastewater is introduced into the anaerobic reactor after the supernatant
from the previous batch has been discharged. The gentle mixing of the reactor contents facilitates
the contact between settled viable sludge and the wastewater, leading to the elimination of
biodegradable organics. After an appropriate reaction time, the sludge is allowed to settle, and
the supernatant solution is discharged before starting the next cycle. ASBR has demonstrated
successful granulation on dilute wastewaters, even at lower ambient temperatures '®. It has also
shown effectiveness in treating wastewaters containing LCFAs '8'. During the filling period, LCFAs
are absorbed by the anaerobic sludge, followed by a gentle digestion phase that stabilizes and
regenerates the absorbed sludge into highly active methanogenic biomass. Another high-rate
system that has garnered increased attention over the past decade is the AnMBR. This reactor

type is the focus of this PhD thesis and will be analyzed in-depth in subchapter 2.6.

2.5.7 Types of anaerobic high-rate reactors installed until 2015

Sludge bed systems dominate the market among high-rate reactors. Van Lier (2008) highlighted
that between 1981 and 2007, around 77% of all installed reactors were sludge bed systems,
predominantly UASB and EGSB/IC types. The study also noted a decline in the sales of traditional
UASB reactors, with a rising preference for EGSB types. This shift has persisted, with leading
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contractors like Paques BV and Biothane-Veolia reporting minimal sales of conventional UASB

reactors, as seen in Figures 2.19 and 2.20"%2,
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Figure 2. 20: Sales of anaerobic high-rate reactors by Biothane-Veolia since the company’s start-up (1976)162

From the two figures, it's evident that AnMBR began to emerge after 2008. However, there were

very few installations up until 2015.
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2.6 Anaerobic membrane bioreactors (AnMBR)
2.6.1. Introduction

Previous chapters discussed various high-rate anaerobic systems. A primary limitation of
anaerobic treatment is the slow growth rate of anaerobic bacteria, leading to an extended HRT
and, consequently, large reactor volumes. Several schemes proposed in the previous chapter
address this challenge by adopting high-rate systems that retain active bacterial biomass. The
most prevalent anaerobic reactor types are the UASB reactor and the ABR. However, when using
UASB technology to treat partially soluble wastewaters, such as domestic wastewater, there's a
challenge: the washout of un-hydrolyzed fine particulate matter due to high upward liquid
velocities, resulting in reduced organic matter removal ', Conversely, the ABR isn't apt for
treating high-strength wastewaters (e.g., industrial wastewater with a COD exceeding 1000 mg/L)

over extended periods due to biomass washout from elevated gas production.

Another emerging technology that can potentially increase the efficiency of the anaerobic
processes is ADMBR. AnMBRs combine anaerobic treatment with membrane filtration, offering
efficient wastewater treatment, high biomass retention time and energy recovery 9164 MBRs that
combine biological treatment and membrane filtration for the secondary treatment of wastewater
have been applied successfully for aerobic wastewater treatment in many full scale WWTPs 163164,
Conventional aerobic/anoxic processes are usually used for the treatment of municipal
wastewater. A key advantage of MBR is the complete retention of biomass leading to higher mixed
liquor suspended solids concentrations and zero effluent suspended solids concentrations '°.
This characteristic allows for long SRTs and a corresponding decrease in HRT; SRTs of 150 d to
>200 d have been reported % and sludge production is up to 20 times lower compared with that

in aerobic processes ",

AnMBRs are effective in treating wastewater with high COD, BOD, salinity, and SS '¢’. Industrial
wastewater (from the pharmaceutical %8, brewery ', textile'’°, dairy """, pulp and paper , and
food 72, etc.) are all treated using this method. The last decade, it has been efficiently applied for
the treatment of low strength municipal wastewaters (e.g., municipal wastewater with COD in the
400-700 mg/L range).as well''8,

Energy recovery is a key benefit of AnMBRSs. Biogas is produced, primarily methane, which can

be utilized as a valuable energy source ''°. This biogas can cover a significant portion of the
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energy demand for the wastewater treatment process, reducing reliance on external energy
sources and promoting sustainability. AnMBRs align with the principles of the circular economy

by maximizing resource utilization and minimizing waste.

It should be underlined that AnMBR is being in line with the new package that European
Commission is piloting since 2018 and is called “Innovation Deals for the Circular Economy”. This
package promotes AnMBR as an innovation towards sustainable wastewater treatment. On the
report of EU, AnMBR promotes the extraction of energy and nutrients, and accelerates treated

water re-use for irrigation to overcome challenges of water scarcity 3.

However, AnMBRs face challenges that need to be addressed for successful implementation.
Competition between methanogenic bacteria and SRB, membrane biofouling, and efficient
operation at low ambient temperatures are among the challenges that need to be overcome 4.
High sulfate concentrations can hinder biogas production, while sulfate-reducing bacteria can
cause odor issues, outcompete methanogens, and lead to corrosion. Membrane biofouling
reduces filtration efficiency and increases operational costs '75. Operating AnMBRs at low
temperatures poses challenges related to lower treatment efficiency, methane solubility and

biogas retrieval 17°.

In conclusion, AnMBRs offer a sustainable and efficient approach to wastewater treatment and
energy recovery. By combining anaerobic treatment with membrane filtration, they achieve
enhanced solids removal, reduced sludge production, and the production of valuable methane
gas. Addressing challenges related to bacterial competition, membrane fouling, and low-
temperature operation will further improve the performance and feasibility of AnMBRs for

sustainable wastewater treatment and energy recovery.

2.6.2 History and commercial development

The concept of AnMBR was first introduced by Grethlein'””, who utilized an external cross-flow
membrane to treat the effluent from a septic tank. This process resulted in an increased biomass
concentration, an 85-95% reduction in biochemical oxygen demand (BOD), and 72% nitrate
removal. Over the last three decades, AnNMBR's advantages have been extensively established

in academic literature.
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Realizing AnMBR's potential, both industry and government sectors have invested significantly to
promote AnMBR systems. The most significant advancements include the creation of
commercially viable AnMBR systems, notably "Membrane Anaerobic Reactor System (MARS)”
and "Anaerobic Digestion Ultrafiltration (ADUF)"in the 1980s. These systems underwent
extensive testing and operation on both pilot- and full-scale levels, primarily for industrial
wastewater treatment. Concurrently, the Japanese government launched a national project,
"Aqua-Renaissance '90", leading to the creation of numerous AnMBR systems 3-8 Most of

these commercial AnMBR systems relied on an external configuration.

By the 2000s, research on AnMBR pivoted towards system performance, filtration characteristics,
membrane foulant characterization, and membrane fouling control. The successful
implementation of submerged aerobic MBRs in the early 2000s fueled the exploration of
submerged AnMBRs (SAnMBRs) for wastewater treatment. In the recent decade, the Kubota
Corporation designed a SAnNMBR process called "KSAMBR", which found successful application
in multiple full-scale food and beverage industries '®'. ADI Systems Inc., using similar technology,
developed the ADI-AnMBR system, specifically for food wastewater treatment. The most
extensive AnMBR installation globally, completed by ADI, delivered an effluent devoid of SS, with
99.4% COD removal, enabling 100,000 gallons/day of wastewater to be conveniently discharged
into the municipal system. The 2010s witnessed a significant amount of research dedicated to
submerged AnMBR treatment, with efforts made to enhance energy efficiency, widen application

scope, and tackle technical issues such as membrane fouling.

2.6.3 Research trends in AnMBR since 2006

In recent years, there has been a significant increase in research dedicated to the application of
AnMBRs for treating various types of wastewater. Numerous articles have been published that
delve into different aspects of anaerobic MBR, including its configuration, operational methods, a
critical comparison with other existing reactors, membrane configuration, strategies for mitigating
fouling, and the performance of the reactor when treating both municipal and industrial
wastewater. These scholarly publications aim to establish a solid foundation and provide general

insights into the topic.

From 2006 onwards, there has been a significant surge in global research focused on AnMBRs,
as depicted in Figure 2.21. As of the time of writing this thesis, Scopus has documented 715
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research publications dedicated to AnMBR studies. These publications cover a diverse range of
topics, including membrane fouling, membrane cleaning techniques, treatment of residential or
municipal wastewater, industrial wastewater treatment, modeling approaches, economical design
considerations, and microbial community analysis, among others. It is evident from this extensive
body of research that AnMBR systems represent a cutting-edge technology with a broad spectrum

of applications.
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Figure 2. 21 :Number of AnMBR research articles published since 2006 retrieved from Scopus.

AnMBR-related articles have been published across 48 different journals. In 2006, there was only
1 publication that specifically explored AnNMBR and its procedures. Except for slight increments in
2013 and 2014, the number of publications remained relatively stable until 2016. However,
starting from that point, there was a substantial annual growth, leading to 111 articles being
published in 2020.

The accompanying pie chart in Figure 2.22 indicates the prominence of Bioresource Technology
(26%), Water Research (10%), Journal of Membrane Science (8%), and Chemical Engineering
Journal (7%) as the top publishing journals. These four journals collectively account for over 60%
of all AnMBR-related articles, while the remaining papers are distributed among an additional 44

journals.
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M Bioresource Technology

M Water Research
Journal Of Membrane Science

B Chemical Engineering Journal

B Science Of The Total Environment

H Journal Of Environmental Management

B Environmental Science Water Research And
Technology

W Water Science And Technology

Separation And Purification Technology

M Journal Of Water Process Engineering

Figure 2. 22: Major journals publishing articles related to AnMBR retrieved from Scopus.

The research reviewed encompasses various areas, with the highest proportion (18.07%)
dedicated to other applications. These applications cover a wide range of topics, including
activated sludge treatment, removal of trace organic contaminants, anammox process, landfill
leachate, food waste, HRT impact, comparative performance of UASB reactor with AnMBR,
biogas production, dissolved gas transfer, and energy recovery, among others. These topics are

collectively classified as "other topics."

Around 12.84% of the studies investigated the microbial community. The remaining research
themes are as follows: fouling studies (12.52%), municipal wastewater (11.89%), wastewater
treatment (10.62%), temperature studies (7.13%), combined aerobic and anaerobic membrane
bioreactor systems (6.34%), industrial wastewater (4.62%), sewage treatment (3.33%), forward
osmosis (FO) (3.17%), pharmaceuticals (3.17%), modeling (2.85%), design and economics
(1.90%), and membrane cleaning (1.58%). All the remaining percent is dedicated to other
applications which cover a wide range of topics, including activated sludge treatment, removal of
trace organic contaminants, anammox process, landfill leachate, food waste, HRT impact,
comparative performance of UASB reactor with AnMBR, biogas production, dissolved gas

transfer, and energy recovery.
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2.6.4 Advantages and Disadvantages of AnMBR technology

In its simplest terms, an AnMBR is a process of biological treatment that operates in an oxygen-
deprived environment and uses a membrane to facilitate the separation of solids and liquids. Its
benefits, when compared to traditional anaerobic systems and aerobic MBRs, have been widely

acknowledged in scientific literature'82-185,

A comparison of conventional aerobic treatment, anaerobic treatment, aerobic MBR, and AnMBR
is encapsulated in Table 2.10. Evidently, AnMBR technology merges the benefits of both
anaerobic treatment and MBR technology. Some of the key advantages often highlighted include:
the complete retention of biomass, superior quality of the resulting effluent, reduced sludge

output, smaller spatial requirements, and the production of net energy.

There are predominantly two design layouts employed in the deployment of AnMBR systems: the
external, or side-stream configuration, and the submerged, or immersed configuration. The
external design allows for more immediate and direct management of fouling, delivering benefits
such as simplified membrane replacement and high fluxes. However, these come with the trade-
offs of more frequent cleaning needs and high energy usage (approximately 10 kWh/m? product)
18 Additionally, it has been found that elevated cross-flow velocities can detrimentally affect the

activities of the biomass in AnMBR systems 187189,

In contrast, the submerged configuration involves the direct placement of the membrane within
the liquid medium, utilizing a pump or gravity to draw the permeate through the membrane. This
setup boasts several unique advantages over its external counterpart. These include significantly
reduced energy demands and less stringent cleaning protocols, as well as gentler operating

conditions, due to the lower tangential velocities.
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Table 2. 10: Comparative analysis of aerobic treatment, anaerobic treatment, aerobic MBR and AnMBR."""

Feature

Organic Removal

Efficiency

Effluent quality
Nutrient Removal
Organic Loading Rate

Sludge production
Footprint

Biomass retention
Nutrient requirement
Alkalinity requirement

Energy requirement
Temperature
sensitivity

Startup time
Bioenergy recovery
Mode of treatment

Conventional aerobic Conventional

treatment
High

High
High
Moderate

High
High
Low to moderate
High
Low

High
Low

2-4 weeks
No
Total

anaerobic treatment
High

Moderate to poor
Low
High

Low

High to moderate

Low

Low

High for certain industrial
Stream

Low

Low to moderate

2-4 months
Yes
Essentially pretreatment

Aerobic MBR

High

Excellent
High
High to Moderate

High to moderate
Low
Total
High
Low

High
Low

<1 week
No
Total

Anaerobic MBR

High

High
Low
High

Low
Low
Total
Low
High to moderate

Low
Low to moderate

<2 weeks

Yes
Total or pretreatment
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2.6.5 Implementations of AnMBR in different wastewater treatment scenarios.

Athorough examination reveals a growing focus on AnMBR research by individuals and research
institutions, particularly over the last six years. This trend can be attributed to two main factors in
wastewater treatment. On one hand, industrial sectors are confronted with increasingly strict
demands for improving water use efficiency and closing their process water cycles, a trend set to
continue into the future. Furthermore, the likelihood of dealing with extreme wastewater conditions

is expected to rise in the coming years.

On the other hand, while the expenses associated with traditional technologies are gradually
increasing due to labor costs and inflation, the prices for all membrane equipment have been
consistently decreasing over the past decade. In addition, the opportunity to recover biogas during

AnMBR treatment can provide significant benefits that can substantially reduce operational costs.

When assessing the financial outlay, both in terms of setup and running costs for a project,
AnMBR is progressively becoming a more appealing choice. In this section, we will examine the

various applications of AnMBR and their cutting-edge implementations in wastewater treatment.

2.6.5.1 Synthetic wastewater

Treating synthetic wastewater is a standard procedure to trial novel ideas or investigate
membrane fouling's broad aspects '®2. Many recent investigations involving AnMBR have used
synthetic wastewater as the feed, which makes sense given that AnMBR, particularly SAnMBR,
is a relatively new approach for wastewater treatment, and membrane fouling is a significant
concern. Table 2.11 showcases several recent studies about AnMBR systems treating synthetic
wastewater. Various materials, including glucose, starch, molasses, peptone, yeast, and volatile

fatty acids, have been used to create feed.

Since there are no persistent compounds, AnMBR typically achieves over 95% COD removal.
OLR depends on the purpose of the research and is generally high when synthetic wastewater is
used to measure the removal efficiency or processing capacity of an AnMBR. Theoretically,
AnMBR can reach high OLRs (usually >10 kg COD/m?/d) like High-Rate Anaerobic Reactors
(HRARS), such as UASB reactors, hybrid UASB reactors, and EGSB reactors.
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However, most studies applied an OLR of less than 10 kg COD/m?/d. This can be traced back to
several factors associated with AnMBR operation. Many studies have used a completely stirred
tank reactor (CSTR) configuration due to its simplicity in use and construction. This setup typically
operates at a lower biomass concentration compared to HRARs, translating to a lower OLR.
Additionally, for research purposes, high biomass concentration and OLR may not be necessary,
as membrane fouling is the primary research focus, and high biomass concentration or OLR could
obstruct sustainable AnMBR operation. Based on these studies, it's safe to conclude that AnMBR

holds promise as a technology capable of achieving high organic degradation.
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Table 2. 11: Studies on AnMBRs employed for treating synthetic wastewater .

Type of wastewater

Tapioca starch

wastewater

Meat extract+peptone

Whey +sucrose

Glucose+peptone+yeast
extract

Glucose

Glucose

Volatile fatty acid

Maltose  +glucose +
volatile fatty acid

Molasses

Scale

a

Configurati

on

External

Submerged

Submerged

External

External

External

External

Submerged

External

Characteristics of
membrane

Hollow fiber UF
membrane
Pore size: 0.03-0.15 pm

Flat-sheet PE membrane,
Pore size: 0.4 ym

Flat-sheet membrane,
Pore size: 0.4 ym

Tubular MF membrane
Zirconia pore size: 0.14 ym
PP pore size: 0.2 ym
Hollow fiber PE

membrane

Pore size: 0.4 pm
Flat-sheet membrane,
Pore size: 0.45 ym

Tubular ceramic aluminum
oxide (Al,O3;) membrane
Pore size: 0.2 ym

Hollow fiber PP membrane
Pore size: 0.45 ym

Tubular ceramic
membrane,

Pore size: 0.1 ym

Type of

reactor

AF+M

CSTR+M

CSTR+M

CSTR+M

CSTR+M

CSTR+M

CSTR+M

CSTR+M

CSTR/
CSTR+M

Reacto
r
volume
(L)

1

1

4.5

2.5

0.6

3/6

Operating condition

HRT=10d

Temp=30 °C
OLR=1.76 kg
COD/mé/d

HRT=6 h SRT=150
MLVSS=2.62+0.13 g/L
Temp=35+1 °C
Flux=10 LMH
SRT=30-40 d
MLVSS=5.5-20.4 g/L
OLR=1.5-13 kg
COD/mé/d

Temp=35+1 °C
Flux=2-5 LMH
HRT=6.5 d
Temp=54-56 °C
OLR=4 kg COD/m®/d
MLSS=3.5 g/L

HRT=12 h
SRT=30d
Flux=5.3 LMH
OLR=1.1 kg
COD/m3/d
7.0
MLVSS=5.132 g/L
Temp=25-30 °C
SRT=120d
MLVSS<21 g/L
OLR=10-55 kg
COD/m®/d

Temp=55 °C
Flux=20-40 LMH
HRT=14d
MLVSS=19.5 g/L
OLR=2.5 kg COD/m®d
Temp=35° C
HRT=16/32 h
MLVSS=1.8/10 g/L
OLR=14.9/5.6 kg
COD/m®/d

pH=6.8—

Influent ¢

COD=20.1
5

COD=0.45
+

0.02

COD=27
Kij-
N=1.288
COD=0.8

COD=0.55

COD=10

COD=25

COD=10/8

Effluent ¢

COD=675-780
(>95%)

CODs=18%9
(95%)

CODt=-(79-
84%)

COD=-(99.1%)

COD=95£9(99.6
%)

COD=-
81%)

(78—

Referenc
e

190

183

191

190
192

193

194

195

196
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Temp=55/55 °C
pH=5.5/7.2
a L=laboratory/bench scale.

b PE=polythylene and PP=polypropylene.
¢ CSTR=completely stirred tank reactor and AF=anaerobic filter.
d The concentration unit is g/L if not specified and — indicates value not reported.

e The concentration unit is mg/L; removal efficiency is presented in parentheses; CODs=soluble COD, and CODt=total COD.
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2.6.5.2 Industrial wastewater treatment

The upswing in industrial activities has generated substantial industrial wastewater,
predominantly coming from a wide array of sectors like food processing, paper and pulp, textiles,
chemicals, pharmaceuticals, petroleum, tanneries, and manufacturing. Industrial wastewater
typically features high organic density and/or extreme physical and chemical properties such as
pH, temperature, and salinity. Additionally, it may contain synthetic and natural elements that could

be detrimental to or hinder biological treatment procedures.

Table 2.12 provides a snapshot of notable recent cases where AnMBR was utilized to process
different types of industrial wastewater. The principal area of application seems to be wastewater
from the food industry. A review of relevant literature indicates that this wastewater is usually
biodegradable and non-hazardous, containing high amounts of COD and SS' . As pointed out
by Liao et al. 82, AnMBR has vast potential for treating wastewater that's high in organic strength
and particulate content. Such characteristics make wastewater from the food industry especially

compatible with AnMBR treatment.

In general, the COD removal efficiency achieved was above 90%, with the applied OLR typically
falling within the 2-15 kg COD/m%d range. Since the majority of AnMBRs used CSTR
configurations, the achievable OLR would be less than that of HRAR, but more than conventional
CSTR digesters. For instance, Kubota Corporation developed a SAnMBR system known as the
"KSAMBR" process, which has been successfully deployed in numerous full-scale food and
beverage industries '8'. This process can reduce the volume to about a third or a fifth of
conventional digesters if the biomass is concentrated three to five times, resulting in three to five

times the volume based OLR, assuming the same flow rate is maintained.
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Table 2. 12: AnMBR performance in treating industrial wastewater summarized.

Type of Wastewater

Cheese whey

Diluted tofu
processing waste

Olive-mill
wastewater

Brewery
wastewater+surplus
yeast

High-concentration
food wastewater

Distilley produces
wastewater

Kraft evaporator
condensate

Kraft evaporator
condensate

Scale

a

Configuration

External

External

External

External

External

Submerged

Submerged

Submerged

Characteristics
of membrane ®

MF pore size:
0.2 ym

Hollow fiber MF
membrane

Ceramic tubular

UF 25 kDa
MWCO
Ceramic
tubular; Pore
size: 0.2 ym

Flat-sheet PES
20-70 kDa
MWCO

Kubota flat-
sheet
membrane
Flat-sheet
PVDF
membrane 140
kDa MWCO

Flat-sheet
PVDF
membrane 140
kDa MWCO

Type of
reactor ©

CSTR/
CSTR+M

CSTR+M

PABR+M

CSTR+M

CSTR+M

CSTR+M

UASB+M

UASB+M

Reactor
volume
(e
5/15

15

4.5

400

10

10

Operating condition

HRT=1d/4d
SRT=-/29.7-78.6 d
MLVSS=-/6.4-10 g/L
OLR=-/19.78 kg
COD/m®/d
Temp=37+2/37 °C
Flux=139.5 LMH
HRT=4h
concentration=
150-200 mg/L
Temp=60+0.1 °C
pH=5.5+0.1
Flux=4.32 LMH
HRT=16.67 h
MLSS=1.05-2.41 g/L
Temp=35+2 °C
Flux=80-450 LMH

RNA

OLR=12 kg
COD/m3/d
MLVSS=12 g/L
Flux=4-20 LMH
Temp=30 °C pH=6.9
HRT=60 h SRT=50 d
pH=7.0%0.2

OLR<4.5 kg
COD/md/d

MLSS=6-8 g/L
Temp=37+0.5 °C
Thermophilic range

HRT=5.8 d SRT=230
d

MLSS=8.3+1.6 g/L
OLR=3.1+0.8 kg
COD/m®d
Temp=55t1 °C
Flux=2.4+0.6 LMH
HRT=1.93 d SRT=230
d

MLSS=8.2+1.5 g/L
OLR=12.2+1.1 kg
COD/m®d

Influent ¢

COD=68.6+3.3
BOD;s=37.71+2.84
Ki-N=1.12+0.01
TP=0.5+1.8x10-3
TSS=1.35+0.06
pH=6.5

COD=26.5+2.2
NH,*-N=0.86+0.12

PO,*>-P=0.58+0.06

TS8=23.5¢3.5
pH=1.0

COD=350-500
NH;*-N=15-21
PO, -P=3-4.5
SS=1-1.5
pH=6.5-7.8
CODs=21
Particulate COD=
45-50

COD=2-15
S$S8=0.6-1.0
Chromaticity
color=6000-1000
pH=5-6

COD=101.3
TN=3.72

TS=6 % pH=4.11
CODt=10

CODt=10

Effluent f

COD=- (98.5%)
BOD;<100
(99.2%)

TSS=— (100%)

Carbohydrate
Content<2 g/L

COD<30 (>95%)
TN=9-9.85
(15-20%)
PO-P<1 (81%)
pH=6.9-7.3
COD=190 (99%)
TSS=0 (100%)

COD=141-2388
(81.3-94.2%)

COD=— (75-92%)

CODs=— (97—
99%)
CODs=— (97—
99%)

Reference

198

199

200

201

185

181

184

184
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Type of Wastewater

TMP whitewater

Petrochemical
wastewater

Textile wastewater

Scale

Configuration

Submerged

Submerged

Submerged

Characteristics
of membrane ®

Flat-sheet
PVDF
membrane 140
kDa MWCO

Kubota flat
panel
membrane Pore
size: 0.45 ym

Hollow fiber MF
membrane Pore
size: 0.40 ym

a L=laboratory/bench scale, P=pilot scale, and F=full scale.

b PVDF=polyvinylidine fluoride and PES=polyethersulfone.

Type of

reactor ©

UASB+M

CSTR+M

CSTR+M

Reactor
volume
(L

10

23

3.25

Operating condition

Temp=35t1 °C
Flux=7.2+0.9 LMH
MLSS=5.7+0.8 g/L
OLR=2.4+0.4 kg
COD/m®d

Temp=35t1 °C
Flux=5.2+0.5 LMH
HRT=31.5 h SRT=175
d

MLSS>30 g/L
OLR=14.6 kg
COD/m®d

Temp=37 °C
Flux=8.5-16 LMH
HRT=24 h pH=6.8-7.2
Temp=35 °C
Flux=1.8-14.4
PAC
dose=1.7 g/L

LMH

Influent ¢

CODs=2.78-3.35

COD=19 pH=7.2

COD=730-1100

¢ CSTR=completely stirred tank reactor, UASB=upflow anaerobic sludge blanket, and PABR=periodic anaerobic baffled reactor.

d — indicates value not reported.

e The concentration unit is mg/L if not specified; CODs=soluble COD, and CODt=total COD.

f The concentration unit is mg/L and removal efficiency is presented in parentheses

Effluent f

CODs<300 (90%)

COD=612 (98%)

COD=-(90%)
Color=— (94%)
Turbidity=8 NTU

Reference

202

203

204
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2.6.5.3 Municipal wastewater

The primary use of anaerobic methodologies has historically been focused on industrial or high
strength wastewater treatment. Its use in municipal wastewater treatment has been comparatively
less, a trend that can be attributed to two major factors. Firstly, retaining slow-growth anaerobic
microorganisms within the short HRT needed for treatment of low strength, or municipal
wastewater has proven to be a challenge 2%. Secondly, the slower kinetic rates of anaerobic
metabolism often result in effluents that do not meet the required standards for wastewater

disposal or reuse 2%,

However, a promising solution for sustainable municipal wastewater treatment could come from
integrating membrane separation technology with anaerobic bioreactors. This combination
ensures total biomass retention and provides several benefits, including reduced sludge
production, improved effluent quality, the potential for net energy production, and the elimination

of additional costs linked to aeration in aerobic treatment processes 29729,

The use of AnMBRs in municipal wastewater treatment has gained significant recognition in
recent years 118207209 Several studies attest to the effectiveness of this technology. For instance,
AnMBRs have been found to typically eliminate >85% of COD and >99% of TSS under selected
operational conditions, irrespective of system design?'®. This level of performance notably

exceeds that of conventional UASB treatments and is comparable with aerobic MBR procedures.

The high efficiency of AnMBRs is largely due to the employment of membranes with pore sizes
ranging from 0.01-0.45 uym, which allow for effective retention of SS, most colloids, and some
organic materials. Moreover, the full capture of sludge by the membrane and the use of extended

SRT ensure effective pollutant removal 2%,

Nevertheless, it is important to note that increasing the pore size of the membrane can lead to a
decrease in the efficiency of COD removal. This was apparent in a study by Zhang et al., which
reported a reduction in COD removal to 57.3+6.1% due to the use of a dynamic membrane for

separation 2",

Despite the high efficacy of ADMBR systems in the removal of COD and TSS, the effectiveness
in eliminating total nitrogen (TN) and total phosphorus (TP) tends to be minimal 2'° (Table 2.13).
This is anticipated as the removal processes of TN and TP typically require the presence of anoxic

or aerobic conditions. While this characteristic could prove beneficial if the effluent is destined for
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applications such as irrigation or agriculture, it usually necessitates an additional downstream

treatment phase for effluent reclamation.

The integration of AnMBR technology with traditional biological nutrient removal methods can
present challenges due to the low COD:N and COD:P ratios common in AnMBR effluents. A
potentially promising solution for nutrient removal lies in the process of partial
nitritation/nitrification, with ammonium serving as the electron donor, thus decreasing the need for
additional carbon sources or electron donors 2'2. The Forward Osmosis (FO) membrane process
provides an alternate approach, with its capability to reject almost all N and P contaminants. Albeit
more energy-intensive, physical, or chemical nutrient removal processes also offer potential

solutions.

A recent and significant concern in the realm of environmental health is the occurrence of trace
contaminants, such as endocrine disrupting chemicals (EDCs) and pharmaceutically active
compounds (PhACs), in both treated and untreated municipal wastewater 2'3, Studies suggest
that the efficacy of removing EDCs and PhACs during anaerobic digestion is subpar 24215, As
reported by Ifelebuegu 2'4, the anaerobic digestion process witnesses a persisting presence of
EDCs, with removal percentages varying between 21-24% for steroidal estrogens (E1), 18-32%
for 17B3-estradiol (E2), 10-15% for 17a-ethynylestradiol (EE2) and 44—-48% for nonylphenol (NP).

It's important to note that the removal efficiency could be improved by prolonging the HRT and
utilizing bioaugmentation. Under anaerobic conditions and with a relatively extended HRT can be
substantial degradation of certain PhACs, including acetylsalicilic acid (ASA), ibuprofen (IBU),
and fenofibrate (FNF). An AnMBR system implemented by Saravanane and Sundararaman 2'¢ to
treat wastewater containing a cephalosporin derivative achieved a considerable degradation
enhancement, with a removal rate of 81% at a maximum cephalosporin concentration of 175
mg/L, through the process of bioaugmentation. The primary means of removing these trace
contaminants during the sludge process appears to be biodegradation facilitated by

microorganisms and sorption onto biomass 2™,

Regarding operational parameters, AnMBR systems usually maintain a HRT longer than 8 hours,
which compares favorably with traditional anaerobic systems '®2, and surpasses the typical 4-8
hours seen in aerobic MBRs. This corresponds to a lower OLR of less than 3 kg COD/m?®/day
compared to aerobic MBRs. The membrane flux used in most AnMBR studies seems to be under
15 LMH, which is less than the 25-140 LMH and 3.7-85 LMH for external and submerged
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configurations respectively in aerobic MBRs 2'. This lower sustainable membrane flux could

present a challenge for the practical engineering application of AnMBR.

In a study examining the creation of a dynamic membrane on Dacron mesh (pore size=61 um), a
high flux of about 65 LMH was attained in anaerobic dynamic membrane bioreactors (AnDMBR)
2" Considering the relatively high cost of ultrafiltration (UF) or microfiltration (MF) membranes,
coupled with their low sustainable flux, ANDMBR seems to be a promising solution for municipal

wastewater treatment.

The capital costs for SANMBR systems treating municipal wastewater were found to be
approximately 800 US$/m®/day capacity '®", which is competitive when compared to literature
values for full-scale aerobic MBRs 2'8. The total operational costs were only a third of the aerobic
counterpart of a similar capacity 2'°. Additionally, the operational costs can be fully compensated
by the benefits of biogas recovery. A cost-sensitive analysis demonstrated that membrane
parameters, including flux, price, and lifespan, have decisive roles in determining the total life
cycle costs of the SANMBR '¥7. SANMBR could be a promising technology for municipal
wastewater treatment, provided that significant improvements can be made to membrane

performance.
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Table 2. 13: AnMBR performance in treating municipal wastewater summarized.

Type of
wastewater

Municipal
wastewater

Municipal
wastewater

Municipal
wastewater

Dilute
Municipal
wastewater

Domestic

wastewater

Municipal
wastewater

Domestic
wastewater

Municipal
wastewater

Scale

Configuration

Submerged

Submerged

External

External

External

Submerged

External

External

Characteristics of
membrane ®

Flat-sheet MF
PVDF 140 kDa MWCO

Flat-sheet dynamic
membrane,
Dacron mesh

Tubular UF
membrane
40 kDa MWCO

PVDF; pore size:
0.1 um, 200
kDaMWCO

Hollow fiber, MF,
Pore size: 0.2 ym

Non-woven
PET,
pore size: 0.64 pm

fabric,

UF membrane
100 kbDa MWCO

Flat-sheet, CA,
Pore size: 0.2 ym

Type of

reactor
c

CSTR

UASB

UASB

CSTR

CSTR

UASB

CSTR

CSTR

Reactor
volume

(L)
60

45

10

180

12.9

50

15

Operating
condition

HRT=10 h
MLSS=6.4-9.3 g/L
OLR=~1.0 kg
COD/m3/d
Temp=30+3 °C
Flux=11 LMH

HRT=8 h
MLSS=5.9-19.8 g/L
OLR=~0.9 kg
COD/m3/d
Temp=10-15 °C
Flux=65 LMH
HRT=3 h
SRT=100d
Temp=25 °C

Fluxb7 LMH

HRT=3 h
SRT=100 d
Temp=25 °C
Fluxb7 LMH

HRT=6 h
MLSS=14-80 g/L
OLR=2.16 kg
COD/m®d
Temp=25 °C
Flux=7.5 LMH
HRT=2.6 h
OLR=2.36 kg
COD/m®d
Temp=15-20 °C
Flux=5 LMH
HRT=15 h
SRT>140d
MLVSS=0.5-10 g/L
OLR=2.0 kg
COD/m®d
Temp=37 °C
Flux=3.5-13 LMH
HRT=16.67 h

Influent ¢

COD=425+47
NH4+ -
N=32.4+11.6 NO
- N=1.310.4
TP=4.3+0.5
SS=294+33
pH=7.6+0.3
COD=302.1+87 9
NH4 + N=37.9+8.6
TN=58.8+10.2
S$S=120+23
pH=7.3+0.3

CODt=646+103
CODs=385+63
TSS=140%18
MPNFecal
coliforms=106/
100 ml
CODs=38-131
pH=7.5

CODt=540

COD=259.5+343.8
NH, +
N=27.5+13.6
TP=4.2+1.4

COD=685+46.4
TOC=157+8.6
BOD5=356+18.5
Kj-N=156+7.8
TP=11.5+£0.6
S$S5=380+9.3

COD=350-500
NH4 + -N=15-21

Effluent ¢

COD=51+10 (88+2%)
NH,*—N=31.1+12.3
(~0%)
NO;™—N=1.1%0.6 (~0%)
TP=3.8£0.7 (~0%)
$S<0.8 (>99.5%)
pH=7.00.2
COD=121+34
(57.7+4.6%)
SS=0-15
pH=7.2-7.6

CODt=104+12 (87%)
CODs=104+12 (73%)
BOD=32+5 TSS<1
MPN Fecal
(100%)

cv:JIiforms_0

CODs=18-37 (55-69%)
NH,*~N=8.9-51.8
NO*N<0.4 (0%)
NO,N<0.4 (0%)
pH=6.6+0.1

CODs=65 (88%)

COD=77.5+£29.5
NH,*—N=27.6+12.5
TP=3.2+1.3

COD=87.846.2 (88%)
TOC=19%1
BOD5=31.2+2.2 (90%)
Ki-N=38.8+2
TP=1120.55

$8=0

pH=7.70.2

CODb30 (>95%)
TN=9-9.85 (15-20%)

Reference

197

21

206

208

207

118

209

197
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Type of Scale
wastewater 2

Domestic L External
wastewater
Municipal L External

wastewater

a L=laboratory/bench scale.

Configuration

Characteristics of
membrane

PTFE Teflon
membrane
pore size: 0.45 ym

PVDF; pore size: 0.1
pm,
200 kDa MWCO

Type of

reactor
c

CSTR

CSTR

Reactor
volume

(L)

850

10

Operating
condition

MLSS=1.05-2.41
g/L

Temp=35+2 °C
Flux=80—-450 LMH
HRT=14.4 h
OLR=0.8 kg
COD/m®/d
Temp=22 °C

HRT=48 h
MLSS=1.01+0.29
OLR=0.0310.01 kg
COD/m®/d
SRT=19d
Temp=32 °C

Influent ¢

PO4 3--P=3-4.5
SS=1-15
pH=6.5-7.8

CODt=620-650
(637)
TOC=180-230
(207)

NH, +-N=56-61
(58)

Ki-N=70-78 (74)
TP=10-12 (11)
CODs=84+21
NH4+—
N=27.3+13.5

PO —P=612.3
NO; —N=0.3+0.2
TSS=120£60
pH=7.5:0.1

b PVDF=polyvinylidine fluoride, PET=polythylene terephthalate, CA=cellulose acetate, and PTFE=polytetrafluoroethylene.

¢ CSTR=completely stirred tank reactor and UASB=upflow anaerobic sludge blanket.

d The concentration unit is mg/L if not specified; CODs=soluble COD, and CODt=total COD.

e The concentration unit is mg/L; and removal efficiency is presented in parentheses.

Effluent ¢ Reference

PO, ~Pb1 (81%)
pH=6.9-7.3

TOC=17 (>90%) 220
Ki-N=67
TP=10

CODs=25+12 (58+14%) 22!
NH,+-N=8.9-51.8
NO;=Nb0.4 (0%)
NO,—Nb0.4 (0%)

pH=6.6+0.1
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2.6.6 Membrane system

The performance and efficiency of AnMBR systems are directly influenced by the choice of
membrane module ??2. Among the modules available, the most widely marketed and utilized
options are hollow fiber (HF), flat sheet (FS), and multi-tubular (MT) membranes, primarily due to
their favorable quality-to-price ratio. Submerged processes, such as those involving vacuum-
driven membranes in anaerobic reactors, often employ HF or FS membranes 223224, On the other
hand, MT membranes are commonly used in side-stream configurations, where they operate as

cross-flow membranes driven by external pressure 22°.

Choosing the appropriate module and its material is crucial for achieving optimal process
performance. Membranes in AnMBR systems are typically constructed using materials such as
polymers, ceramics, and metals. The selection of the module and its specific material composition
plays a significant role in determining the overall efficiency and effectiveness of the AnMBR

process.

Polymeric membranes are widely utilized in practical membrane separation processes, in contrast
to metal and ceramic membranes, which tend to be costly and have limited applications 222,
Among the polymeric membrane options, materials such as polyvinylidene fluoride (PVDF),
polysulfone (PSF), polypropylene (PP), polyethylene (PE), and polyethersulfone (PES) are

commonly employed in AnMBR systems 222224.226-228

There are several reasons why organic polymer membranes are well-suited for AnMBR
applications. Firstly, they offer a more cost-effective solution compared to ceramic membranes.
Moreover, organic polymer membranes exhibit higher packing density and enjoy widespread
availability in the commercial market. These advantages make organic polymer membranes the
preferred choice for AnMBR systems, owing to their lower cost, higher packing density, and

greater commercial accessibility compared to alternatives such as ceramic membranes??°.

Only few research studies have explored the use of inorganic ceramic membranes, by conducting
laboratory scale experiments. These ceramic membranes, typically composed of aluminum oxide,
have wide pore sizes ranging from 0.05 to 0.5 um 2. Integrating ceramic membranes into
AnMBRs could be a strategic choice for treating wastewater under challenging conditions, such
as high temperatures and pressures, handling substantial organic loads with short HRTs, while
minimizing excessive sludge production. This integration allows for direct and efficient capture of
COD and improved biogas production .
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Ceramic membranes exhibit impressive resistance to temperatures up to 350 °C, pressures up to
4 bars, and a wide pH range of 0-14, making them highly durable against corrosive chemicals
and cleaning agents 2*2. One study, 2* demonstrated that a bench-scale AnMBR system using
ceramic flat-sheet membranes effectively treated domestic wastewater supplemented with food
waste recycling wastewater, achieving impressive COD and Total Organic Carbon (TOC) removal
efficiencies of 98.3% and 97.9%, respectively. The system operated at a target HRT of 12 hours,
corresponding to an OLR of 3.0 kg COD/m?/d. During operation, the average methane production
was 0.21 L CH4/g COD removed 2%,

Ceramic flat-sheet membranes have a double-layer structure with a coated layer on the porous
support layer, facilitating permeate draw and maintaining the target flux for extended periods, up
to approximately 200 days, without the need for chemical cleaning. Furthermore, these
membranes effectively eliminate biopolymers and low molecular weight substances, major fouling
precursors?':23, By utilizing ceramic membranes, clogging frequency is reduced due to their high
hydrophilicity, leading to improved fouling efficiency. The negatively charged surface of ceramic
membranes at neutral pH enhances electrostatic repulsion forces with most foulants, further

contributing to effective fouling prevention 233,

In comparison to polymeric membranes, ceramic membranes have demonstrated superior
performance in filtering solutions with varying ionic strength, requiring less frequent cleaning and
withstanding more aggressive cleaning agents. Physically and chemically, ceramic membranes

are more efficiently cleaned, surpassing polymeric membranes by 70% and 25%, respectively 232,

However, the cost of ceramic membranes remains a significant concern, constituting a
considerable portion of the total investment cost for implementing large-scale AnMBRs for MWW
97 Researchers are continuously working on improving the permeability and antifouling
properties of filtration membranes to make the application of membrane filtration in AnMBRs more

technically and economically viable, given the rapid advancements in materials science 2.

Among the promising membrane processes, FO stands out as an osmosis process utilizing
semipermeable membranes to efficiently separate water from solvents through highly
concentrated draw solutions. FO systems rely on osmotic pressure differentials rather than
hydraulic pressure differences, enabling operation at low or no hydraulic pressure and exhibiting

high contaminant removal and low membrane fouling tendencies 2%,
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The analysis above highlights the potential benefits of combining various configurations of
anaerobic bioreactors with membrane filtration to create an efficient AnNMBR system. These high
retention systems are specifically designed to meet stringent standards for eliminating certain
pollutants and adhering to strict regulations. They utilize bioreactors with membranes of even
higher porosity, such as the anaerobic osmotic membrane bioreactor and anaerobic membrane
distillation bioreactors. Integrating forward osmosis or membrane distillation processes into these

setups can enhance the removal of contaminants and germs in specific water reuse applications
229,235,236

Compared to conventional microfiltration and ultrafiltration membranes, FO membranes offer
distinct advantages, including higher selectivity, reduced fouling tendencies, and better fouling
reversibility 2%”. However, the choice of using these membranes depends on the vision and scale
of the water reuse projects, considering that they can be quite expensive. To make an informed
decision and find the optimal AnMBR configuration, a comparative study involving long-term full-

scale operation is crucial to serve as a valuable reference 2%,

Table 2.14 provides a summary of the principal membrane materials and modules utilized in
AnMBR research. As indicated, most of the membranes deployed feature pore sizes spanning
from 0.03 to 1.0 ym. This range is notably smaller than the size of most flocs or microorganisms

found in AnMBR systems, thereby facilitating almost total biomass retention.

Table 2. 14: Principal materials and modules of the membrane employed in AnMBR research.

Membrane Module Nominal pore Manufacturer Reference

material configuration size/um

PVDF Hollow Fiber 0.04 GE, USA 238

PVDF Hollow Fiber 100kDa Koch, USA 239

PVDF Flat sheet 70kDa SINAP, China 197,240

140 kDa

PVDF Tubular 0.03 Norit X-Flow, Inc. 2
Netherlands

PVDF Tubular 0.1 PCI Membrane 2%
Systems, Inc. USA

PES Flat sheet 20-70 kDa SINAP, China 185

PES Tubular 20kDa Weir Envig, Paarl, 2%
South Africa

PE Flat sheet 0.4 Kubota 243

Corporation,Japan
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Membrane Module Nominal pore Manufacturer Reference

material configuration size/ym

PE Hollow Fiber 0.4 Mitsubishi Rayon, 2%
Japan

PP Hollow fiber 0.45 Sumitomo Electric  '9°
Fine Polymer Inc.,
Japan

PSF Tubular 0.2 Triqua, 245,246
Netherlands

Ceramic Tubular 40kDa Aquatech 206
Memtuf©, Korea

Ceramic Tubular 0.2 Atech Innovations, %4
Germany

Metal Tubular 1.0 Fibertech Co., Ltd, 2
Korea

Typically, the membrane accounts for a significant portion, up to 72.3%, of the total capital cost in
AnMBR systems used for MWWT?2%8 To address this cost challenge, researchers have explored
the possibility of using low-cost filters as an alternative to reduce the expenses associated with
membranes, considering that membranes are primarily employed for liquid-solid separation.?4%:2%0
These low-cost filters have been modified by incorporating anti-fouling functional groups on their
surfaces to mitigate membrane fouling.?®'. However, it's worth noting that while these filters
achieve high water flux due to their high permeability and larger pore size, they are not suitable
for long-term operation due to their low shear and tensile strength. In light of this, investigations
have been conducted on more economical pore-sized materials, such as non-woven filter media

and stainless steel mesh, which exhibit self-forming dynamic membrane properties?%2.

The membrane pore size plays a crucial role in AnMBRs, impacting the retention rate, energy
consumption, and filtration resistance. Additionally, the membrane pore size significantly
influences membrane fouling.?%3. Consequently, selecting the appropriate membrane pore size in

AnMBRs depends on the type of mixed liquor suspended solids.

Table 2.15 provides a summary of various AnMBRs with different membrane pore sizes and
configurations and their respective influence on COD removal. The range of pore sizes between
0.1-10 um is typically associated with microfiltration (MF), while pore sizes of 0.002-0.1 ym are
related to ultrafiltration (UF). These membrane options enable longer SRT or better biomass
retention in the AnNMBR system?*255, Previous research has demonstrated that using smaller

membrane pore sizes can mitigate surface clogging and improve the retention rate?.
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Table 2. 15: Membrane materials and module configuration of AnMBR technology

Membrane Module
material

PTFE @ Hollow
fiber
PVDF ® Hollow
fiber
Metallic Flat sheet
PE ° Flat sheet
PTFE® Flat sheet

PVDF ® Flat sheet

Ceramic Flat
tubular

PES ¢ Flat sheet

Membrane Surface

pore size
0.3 ym

0.05 ym

0.2 um

0.2 ym

0.45 uym

0.1 ym

0.1 um

0.038 um

area (m?)
0.2

30

0.1

0.122

1.59

0.33

0.08

3.5

Operational conditions

Municipal wastewater; flux:
12 LMH; pH: 7.5; COD (g
L™"):72.9; TS (gL™):44.7
Urban wastewater; removal
efficiency: 87%; HRT (h): 6—
21; SGD: 0.23

Distillery wastewater;
removal efficiency: 94.7%;
pH: 4-5; COD (g L™): 0.7-
1.5; HRT (h): 10-30; SS (g
L™"): 3-8

Synthetic industrial
wastewater; removal
efficiency: 97%; pH: 7; COD
(g L™): 3-4; HRT (h): 24-6
Municipal wastewater;
removal efficiency: 92%;
COD (g L™): 0.637; TOC (g
L™"): 0.207

Synthesized wastewater;
removal efficiency: 84%; pH:
4-5; HRT (h): 36; SS (g L™):
1.9

Synthesized  wastewater;
removal efficiency: 88%; pH:
6.8—7.2; HRT (h): 7; COD (g
L™"):0.35-0.5; SS (g L") 10
Synthesized wastewater;
removal efficiency: 82.7%;
pH: 6.8; COD (g L™): 0.630

Reference

257

258

259

260

222

261

262

263

a PTFE, polytetrafluoroethylene. b PVDF, polyvinylidene difluoride. ¢ PE, polyethylene. ¢ PES, polyethersulfone

The pore sizes of membranes mentioned in Table 2.15 typically range from <0.001 to 1 ym, which

is generally smaller than the size of microorganisms and flocs, allowing them to effectively retain

almost all biomass. Figure 2.23 illustrates the different membrane separation capacities.
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Figure 2. 23 Types of membrane separation capacities?64

In general, AnMBRs commonly employ three types of membrane configurations: hollow-fiber,
tubular, and flat sheet membranes (Figure. 2.24). The hollow-fiber membranes have garnered
significant interest in the scientific community for treating bio-waste due to their advantages, such
as a higher surface area per unit volume (1200 m? m3), cost-effectiveness, and capability to
withstand heavy backwashing. However, they are prone to rapid fouling, necessitating more

frequent cleaning cycles 2%.

On the other hand, tubular membranes exhibit higher resilience to harsh operating conditions,
greater mechanical strength, longer lifespan, and lower fouling propensity, making them an
attractive option. Despite these benefits, tubular membranes have some drawbacks, including
lower packing density, reduced surface area per unit volume (100 m? m-3), and relatively higher
operational costs, which somewhat limit their practicality?®® .In contrast, flat sheet membranes
show great promise for commercial applications in AnMBRs due to their enhanced stability, higher
effective flux, longer lifespan, and ease of replacement and cleaning '*". These features position

flat sheet membranes as an appealing choice for a wide range of AnMBR applications.
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Figure 2. 24: Different membrane configurations of AnMBR 264

2.6.7. Operating parameters and conditions affecting AnMBR performance

When considering the key operational parameters that influence the efficiency of AnMBRs, the
primary operating parameters include: (1) sludge retention time (SRT), (2) hydraulic retention time
(HRT), (3) organic loading rate (OLR), and (4) temperature, The influence of these parameters
on the AnMBR system's performance is evident in terms of organic removal (like COD and/or
BOD removal) and reactor stability, characterized by volatile fatty acids (VFAs) content and

alkalinity.

> Sludge Retention Time (SRT)

The SRT which corresponds to the period the sludge remains in the AnMBR is one of the most
important operational parameters that affects the following: (1) effluent characteristics; (2)
concentration of suspended solids in the reactor; (3) biogas production; (4) microbial community
and (5) degree of sludge stabilization??. It's noteworthy that, unlike an UASB reactor, an AnMBR
has the capacity for complete biomass retention, which facilitates a more straightforward control
over the SRT.

To minimize sludge wasting, the use of long SRT is desired 2% It results in higher digestion
efficiency lower sludge production and increased methane recovery 268269270 | onger SRT retains
the organic matter longer, allowing more time for degradation of slowly biodegradable-organic

compounds that leads to higher quality of the permeate 269271,
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Methane vyield is lower at shorter SRT because more carbon is utilized for cellular growth rather
than methane production %7-2%°  |n terms of methane solubility in the permeate, Yeo and Lee
(2013) demonstrate that longer SRT decreases the amount of dissolved methane by over 50%
specifically when the SRT is extended from 20 to 40 days?2. This is potentially due to the
reduction in active methanogens as indicated by slower substrate utilization and endogenous
decay at SRT of 40 days. At longer SRT, sludge production decreases due to the increased
hydrolysis of volatile suspended solids (VSS)) and greater proportion of available carbon is

utilized for methanogenesis rather than cellular growth 220,

A study conducted by Trzcinski and Stuckey (2010) involving two SAnMBRs treating municipal
solid waste leachate at psychrophilic temperatures - with SRTs set at 300 and 30 days,
respectively - discovered a correlation between extended SRT and increased soluble COD
removal®*3. On the other hand, Baek et al. (2010) reported that a substantial reduction in SRT,
from 213 to 40 days, did not yield any significant effects on the performance of the treatment or
the incidence of membrane fouling?®. This observation underlines the intricate nature of the
relationship between SRT, treatment efficiency, and membrane fouling. The relationship seems
to depend heavily on the chosen HRT and the characteristics of the feed being treated. As a
general rule, AnMBR operations employing relatively prolonged HRTs and SRTs tend to be
beneficial, as they lead to enhanced methane recovery, improved overall treatment performance,

and diminished sludge production?” .

The maijority of AnMBR systems are known to operate within a nearly neutral pH range, given that
anaerobic digestion typically occurs within a pH spectrum of 6.5-8.5, with the optimal range being
between 7.0 and 8.0 2’4, Attaining such a pH range usually necessitates neutralization, which may
lead to excessive use of chemicals, especially in instances where the feeds have extreme pH
values or when the hydrolysis and acidogenesis phases result in a decrease in pH values. From
this perspective, achieving equilibrium at a desirable pH seems to be a promising strategy, though

the relevant research in the context of AnMBR systems remains notably limited.
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» OLR

Controlling OLR in an AnMBR system is vital as excessively high value results in its failure while
extremely low values do not maximize its capacity 2’°. Changes in OLR may be obtained either

by increasing the influent flow rate, the influent pollutant concentration or by shortening HRT.

Arise in OLR leads to better COD removal rates and boosts biogas output due to greater methane
generation?®276-278 ' As an example, a 400% OLR increase results in around 600% and 625%
surge in biogas and methane outputs respectively 2’8, This surge can be attributed to the positive
effects on microbial communities ?°. For instance, in AnMBRs treating different wastes, the
primary methanogens shift, indicating changes in microbial compositions 242277 This shift seems
to enhance certain microbial functions, like hydrolytic enzyme activities, which can increase

significantly with rising OLR 277

However, there are downsides to high OLR. It might cause a dip in methane's proportion in biogas
due to the rising CO; levels ?°. The reason could be the growth of CO2-producing bacteria
promoted by elevated OLR and the negative effects of accumulating VFAs 22°. For example, a

study observed reduced biogas production when OLR was ramped up %"

Despite this, the ability to handle varying (and particularly higher) OLRs showcases AnMBR's
operational stability. This adaptability, coupled with potential benefits like more biogas output and

cost savings, makes high OLR operation of AnMBR economically favorable 277281,

» Temperature

AD is profoundly affected by temperature. AD processes can be categorized into three
temperature groups: psychrophilic (0-20°C), mesophilic (20-42°C), and thermophilic (42-75°C).
Elevated temperatures notably enhance methanogenesis, with the thermophilic range (50-60°C)
being particularly effective in degrading carbohydrates (97% degradation), lipids (95%
degradation), and proteins (75% degradation) 2%2. The increased removal efficiency leads to

improved methanogenic activity, methane production, and recovery?%,
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Operating within the mesophilic range (25—-35°C) can achieve a net energy recovery. However, to
reduce operational costs, especially for AnMBR, temperatures below 15°C are more

economical®**?®. One drawback of lower temperatures is the decline in removal efficiency?82%,

In AnMBR treating concentrated sewage, COD removal efficiency varies between 76—95% for
temperatures ranging from 17—-34°C but drops to 67% at 15°C2%. Likewise, the Annamox-FMBR
from Kwak et al. (2019) showed a decrease in TN removal efficiency from 85% to below 30%
when temperatures went from 25°C to 15°C. Subsequent increases in temperature led to
improvements in removal efficiency?®2%’. Contrarily, a study by Lim et al. 2019 found little
difference in COD and BODs removal efficiencies across temperatures ranging from 31.5°C to
12.7°C, suggesting that AnMBRs can still function effectively even below 20°C. Reduced removal
efficiency at lower temperatures stems from slowed microbial activity, which correlates with higher

VFAs levels in the permeate?’6-285,

Additionally, decreased temperatures impact biogas production. Biogas and methane outputs
decline at cooler temperatures with methane being more soluble in liquid phases in colder
conditions?®5286.288  Ghifts in the archaeal community can occur due to temperature changes,
potentially causing reduced methane yields from lowered methanogenic activity?®. Significant
temperature drops might even halt biological processes in AnMBRSs, evident by stopped biogas

production and VFA accumulation 2%,

From the perspective of industries like pulp and paper or textiles that produce high-temperature
wastewater, AnMBRs operating at thermophilic temperatures can negate the need for
temperature moderation methods common in mesophilic treatments'®19%2%0  Yet higher
temperatures can cause reduced membrane flux due to sludge deflocculation and Extracellular

Polymeric Substances (EPS) release. Finding the optimal operational temperature is crucial.

Yet, for many streams, including municipal wastewater, operation at ambient or lower
temperatures is a practical necessity for cost-effective implementation of AnMBRs. The treatment
by psychrophilic AnMBRs has recently garnered substantial interest 2°'. It has been discovered
that both psychrophilic and mesophilic treatments achieved similar COD removal efficiency,
nearing 90%, although the former showed a slightly higher rate of membrane fouling due to the
accumulation of VFAs 22, This outcome underscores the potential role of membrane filtration in

maintaining performance stability amidst temperature variations.
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Temperature also influences membrane fouling, as evidenced by multiple studies 28829
Generally, sludge becomes denser and smaller at higher temperatures. As a result, it is less
influenced by cross-flow forces and is more likely to deposit on the membrane surface, forming a
cake layer'®. Specifically, the fouling layer on the membrane surface of an AnMBR operated at
65°C is thicker than that at 45°C. This identifies 45°C as the optimum temperature that balances
both biogas production and sustained membrane use. The thicker fouling layer and resultant flux
decline observed by Yao et al. (2019) might also be attributed to the enhanced microbial activity
at elevated temperatures, leading to increased production of SMP and EPS 2'". Conversely, the
reduced cake layer at lower temperatures results in more significant pore blocking, as noted by
Watanabe et al. (2017) at 10-15°C?%. This phenomenon is likely due to the increased SMP and
EPS production at these cooler temperature ranges. Such an uptick in SMP and EPS production
is often a microbial defensive response against environmental stresses like temperature
fluctuations 2%¢. Between cake layer fouling and pore blocking, the former is considered more
manageable because of its reversible nature. Other AnMBRs operated within the 15-35°C
temperature range also demonstrate more severe fouling at lower temperatures, as marked by

flux reduction 2%,

To broaden the application of AnMBR technology, a key challenge lies in overcoming the issues
caused by local climate change conditions within the 0 to 25°C range. However, up until now, no
studies have evaluated the treatment performance of AnMBRs on psychrophiles at ambient

temperatures.

> Hydraulic Retention Time (HRT)

In contrast to SRT, HRT refers to the duration wastewater (specifically, soluble compounds)
remains in the bioreactor. Extending the HRT offers several benefits: it enhances treatment

performance, diminishes sludge production, and augments methane recovery 2%42%,

Yang et al. (2019) found that when HRT is reduced to just 1 hour, there's a roughly 60% drop in
COD removal. This dip leads to a poorer effluent quality (meaning a higher COD in the effluent).
Such an outcome might arise from incomplete pollutant degradation at these brief HRTs 266:2%,
Additionally, reductions in nitrogen and volatile solids removal have been observed with

decreasing HRT 287297,
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Interestingly, a shorter HRT intensifies the process (that is, leads to a higher OLR). This intensified
environment fosters faster microbial growth, as evidenced by increases in metrics like MLSS and
MLVSS 2%, One might expect this to yield more biogas. However, Santos et al. (2017) found no
notable difference in methane production between HRTs of 127 hours and 74 hours?®. This lack
of significant change could be because 74 hours, in this context, is still a relatively lengthy HRT
compared to other studies. As an illustration, Yang et al. (2019) reported a 90% surge in biogas
production (from 0.21 to 0.40 L/g COD removed) when HRT was cut from 24 to 8 hours3®, Yet,
when HRT was further shortened to just 1 hour, methane production plummeted by about 60%,
going from 0.12 to 0.05 L CH4/g COD removed. This drastic HRT cutback can curb specific
methanogenic activity, resulting in an accumulation of VFAs instead of the more desired methane
output 3!, This methane reduction might also stem from decreased recovery opportunities, given

the insufficient time at shorter HRTs for dissolved methane to transition to the gas phase.

Another consequence of a low HRT is the potential destabilization of the AnMBR system due to
increased VFA production. While VFAs are vital intermediate products in anaerobic digestion and
play a role in green fuel production 32-3% their abundance in an AnMBR system can signal
instability 278303305306 Flevated VFAs at lower HRTs can cause a pH drop, leading to
acidogenesis. This acidic environment inhibits methane-producing microorganisms 57:306.307,
Consequently, the VFA-to-alkalinity ratio of the system is often employed as an overarching
stability metric. A system is deemed stable (and primed to handle higher OLR) when this ratio is

below 0.3-0.4, but it's seen as verging on acidification when the ratio exceeds 0.5 3%8-310

2.6.8 Important references on AnMBR treating Municipal Wastewater Treatment

Based on the previously discussed literature, ANMBR is emerging as a viable solution for treating
municipal wastewater when the appropriate HRT and SRT settings are applied. Its adoption has
expanded since 2008. Yet, there are discrepancies in the data, with some studies presenting
conflicting results. Many of these investigations use synthetic wastewater and are conducted at
specific temperatures. This raises questions about how temperature, SRT, and HRT impact
AnMBR's efficiency in processing real municipal wastewater. There's a pressing need to delve
deeper into these variables to determine the optimal operating conditions and assess if AnMBR

can operate in an energy-positive manner. Tables 2.16 and 2.17 catalog AnMBR studies that focus
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on treating municipal wastewater under various conditions. The studies have been categorized

by temperature range and span from 2009 to 2022.

Table 2. 16:References regarding AnMBR treating synthetic municipal wastewater

Synthetic wastewater Operating Temperature

Year of references 0-15°C 16-20°C 21-42°C 43-55°C
2009 273,311,312 194
201 0 191,195,240

2011 313 269,314 196
2012

201 3 175 315

2014 316 316-321

201 5 284 322 284,323

201 6 324,325 324,325 324,325 326
201 7 286 289,327,328 277,286,289,329-331

2018

201 9 282,304,332-336

2020 230,337,338

2021 339

2022 340,341

Table 2.16 presents references related to the treatment of synthetic municipal wastewater using
AnMBR from 2009 to 2022, organized by operating temperature ranges. Notably, the 21-42°C
range has garnered the most attention, evidenced by the majority of references. On the other
hand, the 0-15°C and 16-20°C intervals have seen less research focus. It's also observed that
COD removal rates from synthetic wastewater consistently show efficiencies exceeding 90%. This

highlights the importance of examining real wastewater to obtain more authentic data

Table 2. 17: References regarding AnMBR treating real municipal wastewater

Real wastewater Operating Temperature

Year of references 0-15°C 16-20°C 21-42°C 43-55°C
2009 118 207

201 0 206,208,342

2011 343 197,343,344

201 2 345 345,346

2013 175

201 4 49,350 347,348 49,350

201 5 349 225,350 231,351

2016 352
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Real wastewater
Year of references
2017

2018

2019

2020

2021

2022

Operating Temperature
0-15°C

361

365
369-371

16-20°C

353,354
357-359
361

366,365
369,370

21-42°C

355,356
359,360

361
337,362,363
365-368

369,370,372-375

43-55°C

364

Table 2.17 illustrates that, once again, there are more references associated with mesophilic

temperatures. However, the difference is not as pronounced as in the case of synthetic

wastewater, which is understandable given that we are dealing with real wastewater here. As for

the references related to psychrophilic temperatures, only a few of them pertain to ambient

temperatures and are presented in detail in the Table 2.18.

Table 2. 18: AnMBR treating municipal wastewater at ambient temperatures

Reactor
Type/Membrane
configuration

1 UASB
External

2 UASB
Submerged

3 Gas
AnMBR
submerged

4 Submerged UASB

sparging

5 Gas
AnMBR
submerged

sparged

6 Granular activated
carbon synergized
anaerobic
membrane
bioreactor

7 Submerged
AnMBR

Type of

membrane

Tubular

Area 0.2 m?
Tubular
Polyethylene
Area 0.98m?
Hollow Fibre
Area 30m?

Tubular
Polyvinylidene
fluoride

Area 0.2375 m?
Hollow fiber

Hollow Fiber

Area 20 m?

UF membrane
system 41 m?

Type of Inlet
wastewater COD
(mg/L)
Municipal 186.5
Wastewater
Municipal 259.5
wastewater
Municipal -
wastewater
Municipal 525
wastewater 174
Municipal 620
wastewater 240
after
screening
Municipal 277-
wastewater 348
Effluent from 905
the pre- 429
treatment
step  (sand
and grease
removal)

I+

I+

Operating

Conditions T,

HRT
Ambient

HRT 5.5-10h

15-20°C
HRT 2.6

17-33°C
HRT=6-26h

18-21°C
HRT 8 h

13-32°C
HRT 11h

5-35°C
HRT 6-24 h

18-27 °C
SRT70d
HRT 41, 25

Outlet
coD

77.5
129.5

222461

58 +27

<50

80
mg /L

,116

Ref

376

118

345

353

361

365

370
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Reactor Type of Type of Inlet Operating Outlet Ref

Type/Membrane membrane wastewater COD Conditions T, COD
configuration (mg/L) HRT
8 submerged PVDF hollow- Municipal 400mg/l 15, 20, 25 °C 50 mg/L  3%°
AnMBR fiber wastewater (simulate
membrane ambient
module temperatures)
72 m?

Most of the current research primarily focuses on a single HRT, with only a few studies examining
multiple HRTs. However, the relationship between temperature variations and the performance of
the AnMBR is not well-researched. This thesis aims to address this gap by investigating the effects
of different HRT variations on AnMBR's performance under the ambient (psychrophilic) conditions

typical of the Mediterranean climate in Greece.

Additionally, it's important to note that until 2021, all references were limited to pilot and laboratory
studies. The introduction of a full-scale AnMBR treating municipal/domestic wastewater is first
appeared in 2022%°. This indicates a significant need for further research on AnMBR for further

integration.

2.6.9 AnMBR different Configurations

Three distinct configurations can be utilized when integrating a membrane model with an

anaerobic bioreactor, as illustrated in Figure. 2.25:

» The Side-stream AnMBR configuration positions the membrane module externally to the
bioreactor tank, setting them up in parallel.

» The Internal Submerged AnMBR layout submerges the membrane within the main body
of the bioreactor tank, ensuring a more direct interaction between the process and the
membrane.

» The External Submerged AnMBR configuration, by contrast, immerses the membrane

module in a separate chamber, distinct from the primary bioreactor vessel.
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Municipal Municipal Municipal
wastewater wastewater
— v —
Effluent Effluent
Anaerobic bioreactor Cross flow or external Anaerobic bioreactor Anaerobic bioreactor Membrane module
membrane module submerged in an

external chamber

Figure 2. 25 Schematic presentation of (a) an external/pressurized AnMBR; (b) a submerged AnMBR; and (c)
externally submerged AnMBR

The first variant of the anaerobic reactor configuration involves an external membrane unit,
referred to as a crossflow AnNMBR or external AnMBR (Figure 2.25a). In this setup, the membrane
module remains separate from the reactor itself, with the mixed liquor pumped under pressure
from the bioreactor to the membrane unit. Operating under pressure and with a tangential flow,
the membranes facilitate the generation of permeate, which is essentially the treated effluent. The

concentrated retentate is then recycled back into the anaerobic bioreactor®”’.

The second configuration is termed the submerged AnMBR, where the membrane module is
directly placed within the anaerobic bioreactor (Figure 2.25b). This immersion facilitates a direct
contact between the membranes and the dissolved anaerobic biomass. The filtration process is
driven by a pressure difference generated by applying low negative pressure inside the

membranes.

The third setup involves an external tank anaerobic reactor with a submerged membrane unit,
also known as the externally submerged AnMBR (Figure 2.25c). Here, the membrane system is
placed in an external setup, separate from the main bioreactor, submerged in a tank filled with
biomass and functioning under low negative pressure. The biomass is pumped from the

bioreactor to the external setup while the surplus mixed liquor is recycled back to the bioreactor.

One notable advantage of external membrane configurations is the ease of membrane cleaning
or replacement without disturbing the operational conditions of the anaerobic reactor. Specifically,
in the external AnMBR, the use of pumps for retentate recycling creates a high shear rate that

can disrupt cells and flocs, mitigating membrane fouling 378
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However, submerged systems have gained popularity in recent years due to economic
considerations. Compared to external systems, these setups have lower energy requirements as
the filtration occurs at reduced pressures. External systems, on the other hand, demand more
space and have more expensive infrastructural requirements, including the need for additional

tanks.

2.6.10 Membrane fouling

AnMBRs have become a significant technology in wastewater treatment, but they face a critical
problem known as membrane fouling. This phenomenon leads to reduced efficiency, necessitates
frequent cleaning, shortens the membrane's life, and increases both costs and energy

consumption for processes like sludge recirculation or gas scouring.

While membranes from aerobic systems can sometimes be used in AnMBR, the interaction
between the membrane and the materials in the sludge suspension is different in the anaerobic
environment. This difference results in unique challenges regarding fouling characteristics in
AnMBR systems.

In recent years, a variety of methods to study membrane fouling has been developed, enhancing
our understanding of how fouling occurs specifically in AnMBR systems 37°. Although there is a
considerable amount of research on AnMBR, there appears to be a lack of a thorough review that

focuses solely on membrane fouling within this system.

2.6.10.1 Membrane fouling classification.

Membrane fouling is usually divided into reversible and irreversible types, based on how it can be
cleaned. Reversible fouling pertains to fouling that can be cleared by physical methods such as
backflushing or relaxation under cross-flow conditions, while irreversible fouling requires chemical
cleaning for removal. On the other hand, irreversible fouling is a type of permanent fouling that

can't be eradicated by any cleaning techniques.

Typically, reversible fouling is associated with the loose external deposition of material, whereas

irreversible fouling is often the result of pore blocking and foulants that become strongly attached
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during the filtration process. Over time, as the fouling layer forms a robust matrix with the solute,

removable fouling may transform into an irremovable layer.

In studying the characteristics and origins of irreversible fouling, significant attention has been
paid to the investigation of cake layer formation. In extended SAnMBR operations, researchers
noticed that the mechanism of membrane fouling was predominantly due to cake formation and
consolidation, which couldn't be removed through back-flush cycles or relaxation. This differed

from internal pore fouling.

Comparatively, Di Bella et al.(2007) found that the cake layer in an aerobic MBR was primarily
removable®®. Cake formation is indeed a multifaceted process affected by numerous factors, but
it can be concluded that, on average, the cake layer in AnMBR generally exhibits lower
removability than that in the aerobic compartment. This difference in removability is likely due to

the distinct sludge properties between the two systems.

Membrane fouling can be further differentiated into biological, organic, and inorganic categories,
depending on the components causing the fouling '822%!. Biological fouling is linked to how
biomass interacts with the membrane. This form of fouling often begins with pore clogging,
initiated by cell debris and colloidal particles. Interestingly, passive adhesion of colloids and
organic matter has been observed even in zero-flux operation scenarios, before the

commencement of biomass deposition 3¢,

Gao et al.(2010) noted that in a SANMBR, about 65% of the particles in the top cake layer were
smaller than 0.3 um, coinciding with the pore size of the used membrane?/°. These small particles
or flocs could easily penetrate and obstruct the membrane pores. Additionally, biological fouling
encompasses the gathering and adhesion of extracellular polymeric substances (EPS) and
soluble microbial products (SMP) on the membrane and pore surfaces since these substances

are biologically excreted.

Some research has also delved into the investigation of the microbial community and its
contribution to membrane fouling in AnMBRs. For example, Gao et al. (2010) and Lin et al. (2011)
discovered differences in the microbial communities found on membrane surfaces versus those
in bulk sludge in both external and submerged AnMBRs. These findings suggest that specific
bacteria might selectively adhere to and proliferate on the membrane surface, further complicating

the understanding and mitigation of fouling in these systems.
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Organic fouling is mainly linked to macromolecular species like biopolymers. An analysis in
SANMBR revealed that foulants were rich in proteins and polysaccharides. Inorganic fouling
involves substances such as struvite (MgNH4PO4-:6H20), K:.NH4PO4, and CaCOs. The cake layer

in a SANMBR may consist of various organic and inorganic elements 188190.209.381.382

Biological, organic, and inorganic fouling occur simultaneously, often increasing filtration
resistance. For example, microbial cells' deposition with struvite contributes to the formation of a
firmly attached cake layer. Membrane fouling generally starts with pore clogging, followed by
biocake formation 38334 |n SANMBR, cake thickness and maximum sustainable membrane flux
have been found to vary greatly compared to aerobic MBR systems. Additionally, AnMBRs might
be more prone to inorganic fouling due to higher concentrations of specific substances®®. These
unique characteristics of membrane fouling indicate that controlling it in AnMBR requires special

attention.

Membrane fouling is a complex phenomenon that can result from various contributing factors,
and several mechanisms have been proposed to elucidate this %387 These include pore
obstruction by microscopic particles known as colloids, adsorption of soluble compounds onto the
membrane, biofouling caused by microbial growth on the membrane, and solids deposition on the
membrane's surface, forming a layer that can harden over time. Furthermore, the composition of

these fouling substances can change over a prolonged operational period.

In the current design trend of AnMBRSs, a consistent flow rate is maintained 84246:388-3%_Qperating
in this mode, a three-stage pressure profile across the membrane is observed, characterized by
an initial quick increase in pressure (stage 1 Figure. 2.26), a prolonged slow rise (stage 2 Figure.
2.26), and then a swift escalation again (stage 3 Figure. 2.25). This pressure profile is also seen

in aerobic Membrane Bioreactors (MBRs)'.
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Figure 2. 26 Diagrammatic representation of the three-stage TMP (Transmembrane Pressure) profile, along with the
associated fouling mechanisms.284

The interplay of forces in these processes is complex. On one hand, there's permeation drag,
which draws substances onto the membrane and intensifies with increasing pressure. On the
other hand, back transport exists, which involves forces that can push particles away from the
membrane. Initially, colloids and soluble products are easily drawn into the membrane pores and
can block them, causing the first quick surge in pressure. These substances also condition the

membrane surface, promoting the subsequent formation of a solids layer, known as cake '8,

As the cake layer thickens, it prevents more particles from penetrating and clogging the
membrane pores, leading to the slow rise in pressure. The cause of the second sudden jump in
pressure is still up for debate. Some suggest it could be due to an uneven distribution of fouling
materials and changes in local flow rates, while others link it to a sudden surge in certain
compounds at the bottom of the cake layer, possibly due to bacterial death within the cake layer.

It's likely that both these explanations have merit387:388

Lastly, the cake on the membrane surface undergoes a process referred to as consolidation or
compression, where it becomes denser as pressure rises. This process can create an osmotic

gradient or a difference in salt concentration across the membrane. Recent studies suggest this
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osmotic pressure might be a significant factor in membrane fouling once a cake layer has

formed3%2.

To summarize, membrane fouling in AnMBR systems is multifaceted, potentially involving pore
obstruction, compound adsorption, biofouling, as well as the creation and consolidation of cake
layers. Understanding these processes demands consideration of both physical forces and
chemical interactions. Continued research is necessary to fully comprehend and manage these

complex mechanisms 388:393,394

2.6.10.2 Parameters Affecting Membrane Fouling

Membrane fouling in AnMBR stems from the interplay between the membrane and the sludge
suspension, and it's influenced by various factors. These can be grouped into four main

categories:

» Feed Characteristics: The nature of the material being treated, such as solids and

chemicals like Mg, Al, Ca, Si, and Fe, can cause fouling. Pretreatment methods like
filtration, pH adjustment , and specific removal of elements (e.g., using a dialyzer/zeolite
unit to remove NH4* ) can help reduce fouling "90.198.220,

» Broth Characteristics: These include aspects like SMP, EPS, and particle size distribution

(PSD). Extreme conditions like pH and temperature can change the PSD of the sludge,
which affects fouling. For example, Martin-Garcia et al. found that SMP in AnMBR was
500% higher than in aerobic MBR 3%,

» Membrane Characteristics: The specific properties of the membrane itself, such as its

composition and structure.

» Operational Conditions: Operational aspects like flow rates, HRT, OLR, SRT, and pH can

either directly or indirectly affect fouling. For instance, increasing gas scouring can
improve conditions but may also disrupt sludge, leading to more fouling. The concept of
the “shear rate dilemma” describes this dual effect. Optimizing operational conditions

requires careful balancing and often pilot testing to find the right setup'.

Generally, higher MLSS, OLR, residual COD, and SMP in AnMBR are likely to cause more serious

fouling. As a result, membrane fouling control should receive more focus in AnMBR systems.
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2.6.10.3 Membrane Fouling Control

Addressing membrane fouling is crucial for efficient system operation, and strategies can be
divided into five areas:

» Pretreatment of Feed: Removing trash or adjusting extreme pH levels in the feed can

prevent fouling. Certain elements originating from inorganic matters can also be managed
through wastewater pretreatment programs 188:198.220.390

» Optimization of Operational Conditions: Proper adjustments to parameters like flux, HRT,

SRT, biomass concentration, pH, and temperature can control fouling. Strategies like
operating at sustainable flux are well-known, and the connection between these

parameters and broth properties is summarized in Table 2.193%,

More specifically, Table 2.19 systematically details how various factors impact the fouling
parameters in anaerobic membrane bioreactors (AnMBR). Operational conditions, like
Hydraulic Retention Time (HRT), directly influence specific biomass concentrations,
whereas Substrate Retention Time (SRT) can affect membrane fouling with specific
wastewater types. Temperature shifts are seen to modify COD supply and flux behaviors.
Biomass characteristics, such as Mixed Liquor Suspended Solids (MLSS), are linked to
both initial and stabilized flux changes. On the microbial front, certain bacteria play a
decisive role in cake layer formation on the membrane. The membrane's inherent
properties, like its surface roughness or type (e.g., PEl or PVDF), are also shown to exhibit

particular fouling trends.

» Modifying Activated Sludge: Altering the composition of the sludge to minimize its fouling

potential.

» Modification of Membrane and Optimal Design of Membrane Module: Adjusting the

membrane's design and characteristics to reduce its susceptibility to fouling.

» Membrane Cleaning: Regular maintenance and cleaning to remove fouling substances

from the membrane's surface.

In conclusion, membrane fouling is a multi-dimensional issue that requires attention to a range of
factors, from the nature of the feed and the properties of the sludge to the operational conditions
and the membrane's own characteristics. By understanding these aspects and implementing

control strategies, more effective and efficient AnMBR operation can be achieved.
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Table 2. 19 :The influence of fouling parameters on AnMBRs operation

Parameter

Effect on Membrane Fouling

Operational conditions

HRT
OLR
SRT

Hydrodynamic
conditions

Permeate flux

Temperature

HRT| > biomass concentrationt, PN/PS in SMP1 — dTMP/dt?
HRT|>EPS?, SMP1 —cake resistance?

HRT | >biopolymers?, floc size| — specific cake resistance?
OLR?t->VFA concentration?, predominant VFA type changed
SRT1->sludge activity|, SMPt— dTMP/dtt

SRT1>MLVSS1, floc size| —irreversible fouling?

Gas sparging rate1-> critical fluxt

Gas sparging time | >TMP1

CFV1->shear forcet, floc size| —-critical flux firstlyt then|

Gas sparging was ineffective in increasing the critical flux
CFV1>SMP1, floc size| — flux|

Permeate fluxt —long-term operation period|

Permeate fluxt —cake formation ratet

Permeate fluxt —fouling ratet

Temperature| —COD supt —stable flux|

Temperaturet —COD supt, floc size|, PN/PS of EPSt —filtration resistance?
Temperaturet —viscosity|, COD removalt — flux}

Biomass characteristics

MLSS

PSD

SMpP

EPS

Microbial
community
Membrane
characteristics

MLSS1->initial and stabilized flux|, optimal MLSS = 15-18 g/L
MLSSt->TMP1

MLSS | >solids deposition rate|

Number of small flocst — filtration resistance?

Floc size| —specific cake resistance?

D 0.11->cake formation rate|

SMP1 — filtration resistance?

High-MW protein and carbohydrate materialt — internal foulingt

Low flux was attributed to high amounts of SMP

PN/PS ratiot —fouling rate|

EPSt1 — cake resistancet

EPS the foulant layer contributed to membrane fouling

Some bacteria play a pioneering role in cake formation

Relative abundance of bacteria was different in cake layer and suspension
MWCO1, surface roughness? — flux declinet, recoverable flux rate|

Pore sizet —attainable flux|

Fouling of PElI membrane was faster than PVDF membrane coated with PEBAX

Wastewater Type

Synthetic low-strength wastewater
Acidified wastewater

Synthetic municipal wastewater
Synthetic coke wastewater
Synthetic low-strength wastewater
Synthetic low-strength wastewater
Kraft evaporator condensate
Saline sewage

Acidified synthetic wastewater
Acidified wastewater

Diluted anaerobic sludge

Swine wastewater

Kraft evaporator condensate
Domestic wastewater

Municipal solid waste leachate
Kraft evaporator condensate

Food wastewater

Diluted anaerobic sludge
Food industry wastewater
Dilute municipal wastewater
Kraft evaporator condensate
Synthetic municipal wastewater
Kraft evaporator condensate
Kraft evaporator condensate
Low-strength synthetic feed
Medium strength wastewater
TMP whitewater

Acidified wastewater
Particulate artificial sewage
TMP whitewater

Artificial sewage

Food wastewater

Synthetic wastewater
Artificial sewage

Ref.

269
195
397]
196
269
193
398
311
399
386
295
291
400
256
291
184
185
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2.6.11 Materials utilized for optimizing AnMBR performance: a look into their various types
and distinguishing features.

Enhancing performance in AnMBRs, specifically digestion improvement and fouling mitigation,
can be achieved through the implementation of various materials with distinct characteristics.
Among various techniques like scouring, cross-flow filtration, and parameter optimization, the
addition of cost-effective and accessible additives in AnMBRs stands out as an efficient way to

alleviate membrane fouling*®®.

Some of these additives include carbon-based materials such as activated carbon, biochar, and
carbon nanomaterials, have been extensively studied for their effectiveness. Flocculants, both
organic and inorganic, are also used in wastewater treatment for COD removal, suspended solids
reduction, and color elimination. Inorganic flocculants are favored for their non-toxicity, ease of
availability, and rapid global development due to low cost and high efficiency. Organic polymer
flocculants are divided into natural forms, like chitosan and modified starch, and synthetic varieties

like polyacrylamide and phenolic condensates*%:407

Another innovative method is the application of carriers like porous suspended biofilm carriers in
submerged ceramic membrane bioreactors, which have proven effective in alleviating fouling.
Other materials such as PAC, GAC, biochar, zeolite, and waste yeast have also been employed

to effectively reduce membrane fouling.

In summary, the performance enhancement of AnMBRs is closely tied to the characteristics of
various materials utilized within the system, from carbon-based substances to diverse flocculants
and specialized carriers. These materials not only assist in improving digestion but play a

significant role in mitigating fouling, an essential aspect of efficient AnMBR operation 4%,

2.6.11.1 Carbon based materials.

Carbon-based materials are known to significantly enhance interspecies electron transfer within
the microbial communities of anaerobic digestion systems. The improvement in anaerobic
digestion using these materials is ascribed to their conductivity, biocompatibility, chemical stability,
lightweight composition, and porous structure. Such materials, including activated carbon,
biochar, and carbon cloth, are highly conductive, enabling an efficient increase in direct
interspecies electron transfer (DIET) between acetogens and methanogens. Within the DIET
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microbial framework, electrons are directly relayed from exoelectrogenic microbes to electron-
trapping microbes at a rate that is 106 times faster than indirect interspecies electron transfer

(IIET). This leads to the effective biodegradation of organics 4°°.

Activated carbon is a widely used additive in AnMBRs, effective in treating various types of
wastewater ranging from high-strength industrial waste to low-strength municipal waste. The
efficiency of AnMBR varies with the substrate concentration and type of wastewater; for example,

a high OLR may cause VFA accumulation and hamper system performance.

Activated carbon can be prepared through different methods, including microwave pyrolysis (MP),
hydrothermal carbonization, and the two-step activation method. Each method has its advantages
and drawbacks. For instance, MP offers uniform pore volume but suffers from large-scale
reproducibility issues 4'°. The two-step activation process allows for higher surface areas but

consumes more energy and time 4.

Some studies have experimented with different raw materials, such as sawdust and corn cob, to
create activated carbon with specific surface areas that support microbial colonization, thereby
promoting anaerobic processes #'2. A comparison with biochar, a more economical option 43,
reveals that biochar's low-temperature production preserves pore structure but results in a less

efficient specific surface area compared to activated carbon.

Activated carbon, known for its rich porosity, large surface area, and high electric conductivity,
has become a popular additive in AnMBRs due to its efficiency? and unique properties. Recent
studies have examined different forms and sizes of activated carbon to control membrane fouling.
Zhang et al. (2017) found that certain powdered activated carbons (PACs) reduced fouling
effectively, though over-dosage of PAC might lead to blockage. A study by Ng et al. (2017)
revealed that smaller-sized PAC (100 pm) improved flux and produced cleaner permeate,
enhancing biogas production. Charfi et al. (2017) further emphasized the importance of GAC size,
with larger particles being more efficient in fouling mitigation but needing more energy for
fluidization. Future research is needed to optimize particle size to minimize both energy
consumption and membrane surface accumulation. Though adding activated carbon raises the

operating cost compared to biochar, its retention for reuse can significantly cut costs#'441°,
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2.6.11.2 Iron based and other potential materials.

Iron-based materials can replace parts in anaerobic digestion systems, making a connection
between different microbes to complete a complex reaction. Zero valent iron (ZVI) is useful and
affordable in reducing clogs in the system*'. Research showed that ZVI in wastewater treatment
could reduce clogging by 20%. It also helps group waste particles together'’418, Nano ZVI (nZVI),

a smaller version of ZVI, can reduce concentrations in the system and aid in methane production.

Zeolite, a mineral, helps remove nitrogen and phosphorous and allows bacteria to cling to it,

improving the process.

Other chemicals like FeCls, CaCl,, and PACI have been used to control clogs **'4'®. They work by
grouping waste particles, making them easier to remove. A study found that adding FeCl;
improved waste breakdown and prevented further clogging). FeCls could be a good long-term

choice.

Researchers have tried to find the right amount of chemicals like PACI and FeCls to use. While
there are promising results, there's still uncertainty about how FeCls works over the long term. If

it keeps working well, it could be great for large-scale, ongoing waste treatment.

Some studies have focused on combining carbon-based and iron-based materials to enhance the
breakdown of organic substances and improve the overall performance of anaerobic digestion, a

process used to decompose waste materials 420421

Zhao et al. (2017) explored the combination of granular activated carbon (GAC) and magnetite
(FesO4) in anaerobic digestion. They found that adding FesO4 to the system significantly
enhanced the removal of organic substances in a subsequent reactor containing GAC. This
improvement was linked to the growth of special bacteria that reduce iron, encouraged by the

presence of ferric oxides*?.

Wang et al. (2021) developed a new material by combining iron-rich Fenton sludge with biochar.
When applied to an anaerobic digestion system, this novel material aided in breaking down

wastewater's organic matter, increasing the rate of a specific COD removal by 3.7-7.2%.

Carbon-based and iron-based materials also influence the production of EPS, which are
compounds produced by microbes. In a study by Sun et al. (2021), researchers created GAC
loaded with nZVI, finding that the iron ions released by nZVI contributed to the formation of EPS.

These iron ions (Fe #*) can interact with proteins in bacteria, creating a stable three-dimensional
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structure. The interaction between EPS and metal ions can form a gel-like network on the surface
of sludge, strengthening the connection between microbes and resulting in a stable granular

sludge. This structure enhances the overall efficiency of the anaerobic digestion process*?>.

Previous research has demonstrated the effectiveness of using beads, such as polyethylene
terephthalate beads and glass beads, to prevent clogging) in certain systems. These beads are

used in a process called granular media fluidization.

This approach works in two primary ways. First, the movement and mixing of the beads create
turbulence within the fluid, reducing what is known as concentration polarization, a condition that
can lead to fouling. Second, the beads have a scouring effect, rubbing against surfaces and
removing previously deposited materials that can cause clogging “**. Together, these actions by

the beads effectively mitigate membrane fouling, enhancing the overall efficiency of the system.

In conclusion, various additives have proven effective in reducing membrane fouling. However,
further research is needed to understand the long-term effects of different types of additives. For
larger particles, such as GAC, an examination of potential wear and tear on membranes is
necessary. For smaller particles like Poly-Aluminium Chloride (PAC), careful determination of the
optimal dosage is required to prevent clogging of pores. Lastly, exploring the use of waste

materials as additives could provide meaningful insights and advantages.

2.6.12 Economic aspects of AnMBR

As we delve into the detailed economic assessment of AnMBR plants, Table 2.20 presents a
comprehensive outlook, dividing the costs into capital and operational ones. The capital
expenditure primarily encompasses the procurement and setup of anaerobic reactors, filtration
tanks, pumps, compressors and blowers, screeners, pipelines, control systems, as well as the
acquisition of land and construction. On the other hand, operational costs are those related to
energy, chemicals, labor and maintenance. Despite the extensive list of cost components, this
review will confine itself to the critical cost variables, focusing specifically on costs associated with

membranes and energy.
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Table 2. 20: Breakdown of Capital and Operating Costs for an AnMBR Plant

Category Item
Bioreactor and Filtration

Tank
Anaerobic Digestors
(CSTR, UASB, EGSB,
etc.)

Membrane Cost

Pump Cost

Capital

Costs Screener Cost

Compressor and Blower
Cost
Piping Cost

Control System
Land Cost

Construction Cost
Energy Cost

Chemical Cost

Operating

Costs Labor Cost

Maintenace Cost

Cost Description
Expenditure associated with the acquisition of
bioreactor and filtration tanks

Costs for various anaerobic digestors and
accompanying filtration tanks

Procurement of hollow fiber or flat-sheet
membranes

Investment in permeation, backpulse, and sludge
recirculation pumps

Expenditure for screeners utilized in the
pretreatment of influent

Costs associated with submerged AnMBR
compressors and blowers for biogas scouring for
fouling control

Investment in influent, permeation, and sludge
recirculation piping

Expenditure related to the process control system
Cost of land procurement for the AnMBR facility
Overall construction expenditure for the AnMBR
facility

Ongoing energy consumption costs for pumps,
compressors, and blowers

Recurring costs for chemicals utilized in membrane
fouling treatment

Labor expenses for staff including operators,
technical personnel, and managerial staff

This refers to the regular expenses associated with
the upkeep, repair, and replacement of equipment
and parts to ensure the AnMBR facility's optimal
performance.

It's essential to underline that the adoption of any novel technology pivots largely on cost

considerations. A key breakthrough, in this respect, was the inclusion of membrane modules into

anaerobic processes. This innovation led to a substantial cutback in operating expenses by 50%,

compared to the anaerobic processes that existed before the upgrade*?® . This economic

advantage can be attributed to an amplified system capacity, the ability? to process wastewater

with a higher biomass concentration, and the elimination of the need for dewatering and solids

disposal.

To illustrate the distribution of costs within an AnMBR system, it's useful to segment them into

three categories: a) capital costs, involving aspects such as reactor design and construction,
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membrane, and equipment installation; b) operational costs, which include energy consumption,
sludge disposal, and the usage of chemicals; and ¢) maintenance costs, which cover the cleaning

and replacement of membranes, and the replacement of electrical equipment.

Of these, the membrane-related costs are particularly significant. They are a function of the
membrane price, the applicable flux, and the lifespan of the membrane, and they represent the
most substantial part of the expenses tied to the full-scale application of AnMBRs Studies have
shown that the cost of the membrane in an AnMBR accounts for a massive 72.3% of the total
capital cost at a design flux of 10 L/m? h and a membrane price of US $50/m? for a flat-sheet
PVDF membrane3®. This is ten times the cost associated with the energy required for biogas

sparging per m?®of treated wastewater 245,

Although there is a significant decrease in membrane cost over the past decade 4?6427, the overalll
lifecycle capital costs are still highly affected by membrane cost due to their relatively short
lifespan, typically between 3-11 years?'®?*5. To decrease AnMBR capital cost dynamic
membranes have been introduced. These dynamic membranes are seen as a cost-efficient
replacement for traditional membranes in AnMBRs for wastewater treatment. Encouragingly,
research indicates that the production cost of a nanocomposite nonwoven membrane for dynamic
membrane bioreactors is roughly one-third the price of a commercial PVDF membrane.
Therefore, the development of efficacious strategies for controlling cake layer thickness in

dynamic AnMBRs could be pivotal in substantially reducing AnMBR capital costs.

The operational expenditures linked with AnMBRs comprise costs associated with energy
consumption, particularly biogas scouring on the membrane surface, sludge disposal, and
chemical usage, including the addition of nutrients. The energy required for biogas scouring
constitutes a significant segment of the total operational costs. This cost factor is particularly
crucial in side-stream AnMBRs, which demand a high cross-flow velocity to mitigate membrane

fouling.

Upon comparison of energy and membrane costs for a specific flux and membrane price,
submerged AnMBRs present a more economical option, with expenses being several times lower
than their side-stream counterparts. This finding is reinforced by research conducted by Lin,
Chen, et al. (2011), and Lin, Liao, et al. (2011), which showed that the operational cost of a
submerged AnMBR utilized for municipal wastewater treatment was significantly less than that of
an aerobic submerged MBR. This discrepancy in cost is attributable to the reduced expenses
related to biogas scouring energy and sludge disposal in the case of submerged AnMBRs. Similar
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results were reported in a study by Martin et al. (2011), which modelled the energy demand of
aerobic and anaerobic MBRs for wastewater treatment*?®. The results revealed that the energy
required for fouling control in AnMBRs had a value of 0.8 kWh/m?3. Hence, the examination of
these operational costs suggests a clear economic advantage for submerged AnMBRs in

wastewater treatment applications.

Relative to aerobic MBRs, AnMBRs hold a distinct advantage in the form of biogas recovery,
which has the potential to offset operational costs. A striking illustration of this advantage is the
successful operation of an anaerobic reactor integrated with ultrafiltration membranes at Tenstar
for over a decade. This system, employed for the treatment of soluble wheat starch, led to
substantial financial savings. These savings included a significant reduction in effluent charges,

amounting to over £100k (US$161k), coupled with a biogas benefit of £30k (US$48.3k) per year
429

Furthermore, AnNMBRs facilitate significant cost reductions in aeration and sludge disposal due to
their low sludge yield and oxygen-free environment. While direct cost comparisons between
aerobic and anaerobic MBRs are not widespread, noteworthy observations have been made. For
instance, the total costs for treating evaporator condensate, a byproduct of the kraft pulp
production process, were found to be lower when an AnMBR was used prior to a conventional

aerobic process, compared to using a standalone aerobic process.

Maintenance costs for AnMBRs include expenses related to membrane cleaning and
replacement, as well as electrical equipment replacement. The information available on the
chemical cleaning of fouled membranes in AnMBRs is somewhat limited due to the small number
of pilot-scale studies and full-scale AnMBR applications. Nevertheless, the data garnered from a
few pilot-scale studies 174343430431 gggests that the membrane maintenance cost of AnMBRs is
expected to align with the performance of aerobic hollow-fiber membranes used in full-scale MBR

plants.

In terms of membrane fouling, it is anticipated that the protocols and frequency of membrane
cleaning used in full-scale aerobic MBR plants could be applied to ANMBR plants 2'%3% Research
concluded that the cost of chemicals consumed for membrane cleaning accounts for
approximately 33% of the operational costin an AnMBR plant for municipal wastewater treatment

with a capacity of 20,000 m®/day.
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2.7 Anaerobic Digestion models

2.7.1 Introduction

Anaerobic digestion (AD) is renowned as a pivotal technology, specializing in the microbial
treatment of organic wastes and byproducts to produce biomethane, a substantial source of
renewable energy. This technology aligns with the goals of the Circular Economy Action Plan, a
cornerstone of the European Green Deal, which aspires to steer the EU towards a sustainable

transformation, aiming for climate neutrality by 2050 42,

It is crucial to note the specific energy consumption in Greek WWTPs averages around 38
kWh/PE annually, with a range between 15 to 86 kWh/PE. Concurrently, the average annual GHG
emissions from Greek WWTPs stand at approximately 94 kCO2e/PE, with variations between 61
to 161 kgCO2e/PE. Notably, a significant portion of a WWTP's total energy consumption, between

40-70%, is attributed to the energy demands for aeration 97433,

There are multiple discussions today regarding the integration of AD plants into the future energy
system and circular bioeconomy, aimed at supplying biomethane or electricity tailored to demand
434 Depending on specific objectives, proper methods for process design, monitoring, and control
are essential to accommodate flexible plant management amidst varying substrate qualities and
quantities. When paired with pertinent sensor data and laboratory analyses, dynamic process
models form a solid foundation for the highly automated and efficient operation of future plant

concepts “°.

Anaerobic process models can be leveraged for 1) pragmatic plant design and efficiency
appraisal, 2) thorough state analysis and process optimization, 3) model-based process control
and surveillance, 4) parameter approximation and system identification, 5) investigation of
biochemical and physicochemical correlations, 6) benchmarking of operating systems, or 7)

devising experiments for cost-intensive test series 436437,

Since the late 1960s, a plethora of dynamic models for simulating the characteristic variables of
AD processes have been established. The structures of individual models exhibit substantial
variability in the number and kind of components considered, the phases of the process, and the
physicochemical dependencies. Initial models typically delineated the anaerobic breakdown of

simple monomers or organic acids, while later models integrated substrate characterization by
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organic compounds or specific nutrients (such as carbohydrates, proteins, and lipids), enabling a

comprehensive representation of the entire AD process 43,

By combining relevant model approaches, the Anaerobic Digestion Model No. 1 (ADM1)
presented by ?° has established itself as the standard for modelling of AD processes. Typically
applied to Continuous Stirred-Tank Reactors (CSTR), the ADM1 outlines 19 biochemical
processes, including reactions of disintegration, hydrolysis, acidogenesis, acetogenesis, and
methanogenesis, along with three gas-liquid transfer processes and six acid-base kinetic

processes. These processes facilitate conversions between 36 state variables.

Building on Batstone et al. (2002) study, Rosen and Jeppsson in 2006 integrated the ADM1 with
the Activated Sludge Model (ASM) under the IWA Benchmark Simulation Model 2 (BSM2)
framework, forming a comprehensive plant-wide model suitable for wastewater treatment plants.
BSM2, with its detailed depiction of AD acid-base processes and recommended values for model

stoichiometric and kinetic parameters, has since become a standard for studies utilizing ADM1.

2.7.2 Brief Description of the ADM1 anaerobic digestion model by IWA

ADM1 serves as a structured model delineating the biochemical and physicochemical procedures
inherent to AD. The model is elaborated comprehensively in the pertinent scientific document by
Batstone et al.,, (2002). It primarily encompasses components, processes, stoichiometric
coefficients, kinetic expressions, and relevant parameters as its major elements. All these
components are integrated within a Petersen matrix to facilitate the quantitative depiction of the

AD process.

In the case of the majority of mechanistic biochemical models, intensive state variables are
employed. Soluble components, denoted as S in the model, and particulate components,
represented as X in the model, include microbial biomass, categorized by functional clades, and
substrate particulates. These components are illustrated by state variables, with biochemical and
chemical processes serving as source/sink elements within the overall mass balance. The model
encompasses the biochemical processes of Anaerobic Digestion (AD), outlining five integral

steps: disintegration, hydrolysis, acidogenesis, acetogenesis, and methanogenesis.

The model provides a comprehensive overview of the components and bioconversion processes,

as depicted in Figure. 2.27. As originally outlined, the ADM1 proposed a two-phase solubilization
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process, where composite particulates (XC) undergo disintegration into particulate proteins (Xpr),
carbohydrates (Xch), lipids (Xli), and inert substances (Xi and Si). Subsequently, degradable
disintegration products are hydrolyzed into amino acids (Saa), sugars (Ssu), and long-chain fatty

acids (LCFAs, represented as Sfa in the model).

| Biomass death

| Xe |

Disintegration Processes:
m Xeh | Xpr | | Xii | Xi =——> Disintergration

Hydrolysis i =——> Hydrolysis

—> Uptake of sugars

= = Uptake of amino acids

s=====> Uptake of LCFA

—> Uptake of propionate
dx, X,

Xx,

ae X,

-—> Uptake of valerate
and butyrate

Pj = Pmax 111215 ... ... I
j 1123 ——> Uptake of acetate

= =2 Uptake of H,

Figure 2. 27 The conceptual model for ADM1: (1) sugar degraders (Xsu), (2) amino acid degraders (Xaa), (3) LCFAs
degraders (Xfa), (4) propionate degraders (Xpro), (5) butyrate and valerate degraders (Xc4), (6) acetate degraders
(Xac), and (7) hydrogen degraders (Xh2).439,

Following this, the acidogenesis process ensues, where sugars and amino acids are fermented
into VFAs, hydrogen, and carbon dioxide by varied degraders, while LCFAs are oxidized to yield
acetate and hydrogen. Additionally, propionic acid (Spro), butyric acid (Sbu), and valeric acid
(Sva) undergo anaerobic conversion into acetate (Sac), carbon dioxide (Sco2), and hydrogen
(Sh2). The concluding step, methanogenesis, encompasses aceticlastic methanogenesis,
resulting in methane production through acetate cleavage, and hydrogenotrophic
methanogenesis, where carbon dioxide is converted into methane (SCh4) by hydrogen-utilizing

methanogenic bacteria.

Biomass growth is inherently connected to substrate uptake, correlated via a yield coefficient. The

decayed biomass reverts to the complex organics fraction and undergoes further disintegration
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and hydrolysis. Besides the organic species, the model includes inorganic carbon (SIC) and
nitrogenous species (SIN) as acid-base active compounds, serving as elemental balance
closures. The Chemical Oxygen Demand (COD) is employed as the primary unit, with zero-COD

nitrogenous and inorganic carbon species represented in their molar concentrations.

The conversion rates of substrates are represented through a variety of process kinetics. The
disintegration and hydrolysis of intricate organic materials—being extracellular processes—are
characterized by first-order kinetics, dependent on substrate concentration. The decay of biomass
is similarly depicted by first-order kinetics. This model is empirical, presumed to mirror the

accumulative impacts of extracellular processes while omitting microbial effects 44°.

For all intracellular biochemical processes, including acidogenesis, acetogenesis, and
methanogenesis, Monod-type kinetic expressions are employed. Intracellular conversion
processes can experience inhibition due to unsuitable pH levels or the buildup of intermediate
products like inorganic nitrogen, free ammonia %42 among others. The impacts of such
inhibitions are quantified through inhibition functions (I) and incorporated into the kinetics 