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svarm hat Is generated B large quantities &t the Waste Activased
Sudge (WAS). The WAS Is produced uring the treament of manicipel
WRSIWREE Wstng (e Mctvated shadpe medhod. Considening & total COD
produection of 120 3 per pemen per day, 3 shadge production of 5040 3
Oy mamer per Capita por duy s expecsed [1415)

Anaerobic Digestion (AD) Bas boon proposed as an eevironmentally
friendly and cost- efective alirnative for the treatmwot of both HFW
and WAS (15201 It is & comples microbially madiated process. 82
which the organic cartoa s coaversd % B3 most oxidbied wate (carton
Soxhde), and 1o 15 most redeced form (methans) I the form of bogas.
[22). Roogas cosists of metane (S0-T0K), caton @anide (20-50%)
and minor amounts of other compounds, sxh as Bltrogen, oxyzen,
hydrogen suifide, ammonis and wadt vapor. The Cadorific Vakse of
mathane is %0 4 M/kg. For Mogas with a methane content 18 B range
of 60-65% the Lower Calonafic Valee (LCV) & approtimatcly 20-25 MU/
o " Dloga [27). Baogas 15 & versstle enieyy Carrier M oo B wed
Arecty for combined beat and electricity (CHP) genenation of can be
Wirsded 1800 bomethane Dirough removal of 0O, by peocesses Such s

Wt/ amnine KTebbing. pressore swing adwoeption of the Sabatier m
action. It can den be fod 0 the natemal gas 3d or used aler com.
pronion as a foul (MeONG) In the atemotive secioe [24]. Agest from
Dlogas, daestate i also prodeced. The dipestate & Do stabllaed o
trentaich edfiuent of the AD process, witich cas be ted efther &5 a soll
conditionor of as compest after belng peoperty peocessed [ 25)
Athough AD &y carmestly used for FW treatmest o indestrial scale,
it we & mied and sl often faces several techaical challenges, soch
2 the seod for feadstock pretrestment, VFA accumeiaion and peocess
tnstddiny, foanieg low Duffer capactty, and especially high cest of
LASIpOCTATon and opeeation [17). AD Bas been traditonadly wed for
he stablitzaton and redection of the solld cootent of WAS. Duriag the
AD of WAS enwryy 15 the form of Deogas is produced (24 but due to the
ow Dlocegradab@ity of WAS, @ process s not cost effective (7).
Boges prodecton from AD of WAS can be impeoved by several pee-
teatment methods Thesmal, chemical, biodogical, ensymane [25) and
mechankal processes, as well as combisations of these, have boen
Suded & posdbie pro-tevatment methods of WAS. These methods
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Tahle 2
Main characteristics of condensate, anaerobic sludge and WAS.
Cordensate WAS Anaerobic sudge
Parameter Avesage* StDev. Average® StDev.  Average®*  StDew.
00D (g 0u/1) 1.7 3.07 35.45 5.07 17.09 022
sCOD (g Ou/L) 11.7 0.00 LR 028 15 002
TsS (g1 0.05 002 .15 .97 .7 1.0
V5S (gL} - - 2170 198 127 110
pH 4.45 040 ETT 035 6.98 000
Acetabe (mg/L) 134000 251.40 9530 10,89 OO 000
Propionate (mg/  45.08 13.23 E5.60 14.71 LR .00
L}
Iso-buatyrate 53.38 1626  I3.62 1106 D00 000
[mgsL)
Butyrate (mg/T)  73.14 40,27 1995 1351 0.0 000
Iso-valerate (mg/  14.5% 835 14.36 10,10 0D 000
L)
Valerate (mg/L)  0.00 000 2EB5 1.82 0.0 000
Ethanol (mg/L) .09 085 0L 000 0.0 000
TEN (mg/L) 10.503 4.44 1440000  282.E4 1200 120,20
Tatal alkalinity R 1200000 150000 3750000 250,00
[mg CalOz
L)

" Average values of the characteristics of three different samples are de-
picted.

™" Average values of the characteristics of three independent measurements
of the same sample.

" Cannot be measured due to low pH.

Table 3

Composition of the feedstocks used in the batch experiments in bench scale
bioreactors. Different ratios of condensate to WAS were used in each experi-
ment to investigate the applicability of co-digestion.

Composition (% v/v) Nomenclature
Condensate WAS Anaerohic Shsdge {Inoculum)

19 76.25 4.75 CWA

- 55.25 4.75 WA

95.25 - 4.75 CA

- 100 CONTROL

cause disintegration of the cells contalned In the WAS, permitting the
release of thelr Intracellular matter that becomes more accessible to
anaeroblc microorganisms. This Improves the overall digestion process
rate and the extent of sludge degradation, thus reducing the reguired
retention time of the anaerobic digester and Increasing the methane
production rates [20]. However, these methods of pretreatment requine
extensive use of chemicals, heat, electricity, or some combination of
these, so thelr application Is limited for economic reasons. An alter-
native method for enhancement of AD of WAS s Its co-digestion with
other streams of organlc waste [20].

It has been proved that for several feedstocks, co-digestion systems
perform better than mono-digestion ones [31]. Several studles showed
the benefits of co-digestion through mechanisms such as dilution of
potential toxlc compounds, Improvement of nuirlent balance, sy-
nerglstic effects of microorganisms, Increased load of blodegradable
organic matter leading to higher blogas yields [32]. In particular, co-
digestion of WAS with other organic wastes could Increase the amount
of blodegradable organic matter and at the same time provide a foed-
stock with an optimum CN ratio [26). The optimal C:N ratio for AD
ranges from 20 to 30, depending on the feedstock used [23]. A lack of
nitrogen has negative effects on the methane yield as It constliutes a
structural element of many Intracellular components (eg. DNA, RNA
and protelns). Conversely, a high nitrogen concentration can Imply an
excess In the formation of ammonia which Is toxic for the process of AD
when present at high levels. Many different agriculiural, Industrial and

Joumnal of Ervirermental Chemical Engineering § (2020) 103947

municipal organic wastes have been used as co-substrates for the
anaeroble co-digestion of WAS. The co-digestion of WAS with most of
these substrates lead to higher blogas production, compared to the
mono-digestion of WAS (Table 1) [9,34].

At municipal lavel, FW and WAS are currently belng treated as se-
parate waste streams, defined by the main phase in each case, solid and
liquid, respectively. In the municlpality of Halandrl [25], In Attica,
Greece an Innovatve FW valorization approach was developed and
Implemented at pllot-scale within the framework of the Horlzon 2020
project WASTE4think [26]). The Implemented waste management
scheme [ncluded the source-separated collection of the household food
waste from 250 households. The collected FW was then led to a drying/
shredding facllity of the Munleclpality. The drylng/shredding process of
the food waste results In a homogenized solld blomass product named
FORBI (Food Residue Blomass). The mean molsture of FORBI Is 108, as
almost 75-80% of the Initial molsture of raw material Is removed.
Malsture [s removed In the form of water vapors that are collected by a
condenser. FORBL rich in carbon and nitrogen with optimal C:N ratlo Is
an Ideal substrate for many blological processes, such as anaerobic di-
gestion, dark fermentation [27], composting [38] and electriclty pro-
duction through microblal fuel cells [39]. The produced condensate Is
rich In organic carben but poor [n nitrogen which limits its blologlcal
treatment

Based on the results of the project and the characteristics of con-
densate, an alternative scenarlo in which the condensate can be com-
bined and co-managed with the WAS Is proposed. In this research work,
the feasibllity of co-digesting the condensate with WAS Is assessed as a
novel approach for the valorization of these waste streams.

Through this novel approach for simultanecus treatment of WAS
and condensate, the drying and shredding of the FW could take place
nearby the axisting anaeroblc digesters In Wastewater Treatment Plants
In order to Increase thelr blogas yield and render the procedure of
municipal wastewater treatment less energy demanding and more
economical, reducing at the same time the transportation cost of FW
treatment

2, Material and methods
2.1. Analyrical methods

The measurements of tC0D and sCOD, TSS and VSS and temperature
were carrled out according to Standard Methods [55]. The pH was mea-
sured using a digital pH-meter (WTW INOLAE PH720). For the quantifi-
cation of VFAs, 1 ml of sample acidified with 30pL of 208 H.S0, was
analyzed via a gas chrematograph (SHIMADZU GC-2010 plus) equipped
with a flame lonization detector and a caplllary column (Agllent tech-
nologles, 30m x0.53mm ID x1 pm film, HP-FFAP) using an autosampler
(SHIMADZU AOC-205). The oven was programmed from 105 “C to 160°C
at @ rate of 15 “Cmin™ and subsoquently to 225 *C (held for 3 min) at a rate
of 20°Cmin™. Hellum was used as the carrier gas at 30 mlmin™, the In-
Jector temperature was set at 230°C and the detector at 230°C. For the
quantification of the methane content of the blogas, a GC-TCD with He-
llum as carrler gas was used (SHIMADZU GC-2014). The separation col-
ummn's (Supelco Carboxen 1000) length was 5'm and the Interior dizmeter
21 mm. The Inltlal temperature of the GC-TCD was 40°C. For the esi-
matlon of the methane content a temperature program was used (total
duration: 25 min.) during which the temperature was Increasing 10 “C-min
! until reaching 185 “C and staying stable at this temperature for 5min-
utes, The methane content then was calculated using a standard callbra-
tion curve. The Mogas production rate was measured using an ofl dis-
placement technigque [56,57].

2.2, Drying and shredding

The drylng and shredding of HFW tock place In the commercially
avallable Dryer-shredder GAIA GC-300. In each operation cycle, 130 kg
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Sy, A mentoned before, 100kg of condemsate e produced from
aning and dweddng of 120 kSograms of rew HFW, whikh oooupy a
wvolume of 1101, Therefore, slmont 021 of condermate are prodoced
e Capita por day

24, Medhare poemadl ausesmen:
uch

were ning the

Test Systems 1l (AMPTS, Bicprocess Coomel AB, Lend,

chamder B acrased 1 o 04 °C wing e

Swe Fach of (e ANPTS® bottes (SO0 toenl volume: 008
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10 4
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Fog. 3. phl of the Diorwninir during e Datioh operation of D beb sonde stmtrobic Sipeted. For e hanch g

e sdded W seor Suring St

working volurte and 100 md Beadpacy) was eguipped Wi an I
Avidual mecharical miver 0d Operatad a8 & Dinch soale anserobic
Bloreactor. The groduced Diopas from each of e Dotths pasoed
Srowh 3 3IM NaOH solation which retaned OO, 3ad HS, whie al.
owing Setane o pass Dough sy, 00 wiraded dogss pased
Srogh 3 flow meter device (000 for each Incubation Dottle) miich

2 3

Danv
of e

moamred g prodectivity Brosgh water Glptaconont. The ressits of
Deneh scale experineats are cxpressed & pormadined sl (50). ANl e
Poriment ared 3 (he wame TN cuing he sate Isoculam and cos-
tineed antd no further blogas was produced. During startap, Sushing
Wit N, took place and & sapiles were 2acubated M 35 °C Sooughout
e experiment
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Thew experiments wese condected  &etormiioe the yiehd

of e

Gurtng watap, 51 of ansecbic Sudpe were wed 3 ocshum For e
Batch mode operation 201 of coodersate and 80 L of WAS mere added
o1 once during startap. For the fad batch eperation, SO L of WAS were
A3 a1 D startap of the bloros =d1lol w2 aed
once 3 day for 2 time poried of 20 days.

2 Rowslts and discwwsion
11 Mehaw poarnad opertams

The cumulstive medane yikds during the anaerobic digestion of
b ad co of both e shows i g |,
The tasch axperiments Sated 20 Siys untll 1000 or 0o blogas produc.
008 wat ctaervod. The reudts poesentiod arv the tet Medane yiekd after

of the Iadvadusl sudeeales (Condensate and WAS) and of the sxmnre of
the coodermate 350 WAS (ralio 1:4). Asaobic mooo-<igestion of WAS
nd CONSNRN0 Wore periormed 10 suwss e Momethane potential of
each suleirate, Atserobic coO-dipmiion was perfonmsed 1o e the
foaudesty of co-dipesting e two wvams. The axporsaemtal Geign &
hown o Tadle 5 Al Datch sests weee performed 88 Diplicane.

25 Baxh and fod baxch oparioens tn Moroxar

A Bloroacton stade of statrbens shoed WiDh 3 workang velame of 1001
was wsed for the conducion of besch and fed-tasch experiaents. The
content of the Ditewacior was Contitoomly Atiroed By & propedier a3l
tator, The mporature wan kept cometant at 35 °C by chroslating water
from a thermostased bath theougd the bloreactons jacket. Ia both cases,

A the control yhes

According %0 Fig. 1, 50 methane was prodeced Som anacrctic G
otion of the condesnate aong. Almont 518 Naul of methate wore
produced Beough anaercbic digestion of WAS, whikh commponds to 3
metane yield of 1906 Nmil GHa'g 1000\ et

Codigmtion of WAS and condenrate Jod to 3 Sigher methase yiild
of 3341 Nal GHo'g 1000 s producing amost 500 Noul of me-
Cune. Theredore, the co-dipation of WAS with condemate eahasced
@ mathane yield from 1906 10 X34.1 Nawl CHL/ g 1000 Bt b
o Almost T25% Inorese In the meane yiekd compared with the
staavobic Spotion of WAS

The CN nthe of he feadstock wed I sxch exporimwnt b = I
poctass factor hat Gelrmaine he Methane yiekd The CN rathe of
condessate b almost 100X Dercfore B amount of Togn I A
mnizing Sactor Sor 1t anaerobic Gigestion. Through Be addnion of WAS
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g, 7. Concemtrwncn of VIAs Guring v Sod batch operation of Be lab scale snaerobic Siprater. For the fod Datch operation. TWAS and the Inoculum were sdded &
e Vit up of U Dlorenctor sod 1 L of condemsate was added oner & day for & i peariod of 20 deyn

Table &

Ml charscoerntes of the of the b scale Morvactor doring e stat wp and
aher B end of B fod batch experiment. Total YWAs reprosent e comalative
concentration of acetate, P b be. w =l

v o 24

vakorme
P B o —————
w00 ) E=T e
00 g N o1s
™ g nn nn
e ne N
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Then, it remainad stable and chose 10 the optimem for anaerobic &
peson pH mage (6.8 1w07.2) (60).

The dgaificant docream of pil Sering Be startop of the Noroactor
colncided with & sigaificant Increase ia e concentration of VFAs of
Bloceacton (Fig. 4) The concentration of acetate Incroased stgnaficantty
dreringg the sEart-up of B Bioseactor and seached up %o 045 mg /1. The
scoerndation of acetane is Idicathwe of tshidasoe of scototrophic me-
Sancpenests. After 3 pertod of acclimation, the concentration of YFA»
decreased patficantly eaml no VEAS were detectod.

Co-agestion of WAS and condensate in dloosacior }d 10 a methane
ekl of 2267 ml, QL7 g 1000,y (Tabie 5) Thivefore, B 1o-
s obtalned from the baich experiment In e b scake bloreacior are
I agrooment with the findings of the methane potential exporimonts.

13 Fod daxh opertney i Moraxar

Accordisg ® g 1 e cumulathe Sethae production cunve
during he Batch exporiment appears 1o be sigmold. The Ly phse s
ndicative of mhidition. Daring the lag phase the pi of e Sloseactor
remmadned below the optsmarn for sethanopans range of pH roulting in
B low percentage of methand in Do peoduced Diogas. This ishiuos
could be attrideted to the Jow ph and Bigh concmtration of VAL of De
condermate. In order 1o alieviste the posuibie Sshadition Sue 10 33 U0
of a high guntity of condensaie, we also operated the doractor in 2
fod-batch mode.

The fod batch experimsont Laad for 24 Qays unml 0o further Moga
was prodeced. Almost 5251 of blogas were produced during the fed-
Batch operation of e b scale beoreacior (Fig 5) The moss methane
percentage was 74.3% and temained above 64% Mroughoot Me €x-

persnoet.

The pl remsained sbove 4.5 Miroughost the fad-Datch experiment
(Fig 6) which is within e optime pH rasge for anaercbic digestion.
o adfition, e concentration of VIAs remalned bolow J10me/l
Deoughtet he cxperiment (713 7). Therefose, YWAS &d not sccume-
Sate In the bloreacior.

The fed-balch operation of © bab scale Dosoactor ked 10 » methane
yiehd of 34281 mL CH/ & 1000, (Tl 6), which Is higher than
B oo cbtalned hough the taich operation of (he Jab scale dipester
The Sethane yiehd i close 1o e Beoretical yleld of methane wiich b
oqual 0 350ml’ g PO00 e Thercfore, the co-dgestion of WAS
with condensate proved 10 be a really peomising alternative for Se
valcetration of Doth stroams.
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3.4. Duscusston

Co-digestion of WAS and condensate proved to be an effective way
not cnly to enhance the methane yiekd of WAS but also to treat the
condensate.

The condensate could not be used as feedstock for anaerobic mi.
croorganisms due to low concentration of TKN. The low C:N ratio of
condensate hinders the blological treatment of this stroam, as there Is
not enough nitrogen for the microorganisms to bulld up Important
blological molecules like proteins and nucleic acids. Apart from nl-
trogen, the condensate Is also poor In other minerals and phosphate,
which are Important for the biological processes, Nevertholess, the
condensate contains castly degradable carbon that can easily be con-
sumed by microorganisms whenever sufficient amounts of nitrogen,
phosphorus and minerals are secured.

Durtng the batch operation of the 100 L bloreactor akmost 320 mL
CHY/ 2 100D cememee Which 1s close to the yiedd obtained from anae-
robic co-digestion of FW with food wastewater, (Table 1). Even higher
methane yield was achioved during the fed-batch operation of the
bloreactor, reaching up to 34281 mL CH,/ 3 100D o umes- In this re.
search work the ratio of condensate: WAS used In the co-digestion
process was calculated based on real dats regarding the production of
condensate and WAS at municipal Jevel, so we did not attempt to op-
timize these ratios to get a better methane yield but to tnvestigate the
effect of several operational parameters on the methane yleld.

‘This rescarch work represents part of an innovative method for the
combined treatment of the overall blodegradable organic wastes (HFW
and wastewater) that are produced at Municipal level which s totally
different from the current waste management scheme

4. Conclusion

In this study, WAS and condensate, produced through drying and
shredding of source.separated collected FW, were co-digested In me.
sophilic conditions, Almost 32267mL CHy 8 100D cammes a0
34281 mL CHy 3 00D mmmes Wore produced during the batch and
the fed-batch operation of a lab scale anaerobic digester, The co-di-
gestion of WAS and condensate enhanced the methane yield of WAS by
40% (batch operation) and by 43.5% (fied batch operation). This inding
1s tmportant for the re-destzn of the current wasie management scheme.
Basod on the obtained results, units for the drying and shredding of FW
could be Installed In existing wastewater treatment plants. The pro-
duced condensate could be co-digested with WAS, limiting the cost of
treatment of wastewater treatment and the produced FORBI could be an
ideal substrate for many blological processes.
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Abstract: The benchmark approach for municipal wastewater is based on biological
oxidation. Due to high energy ¢ ption, alternative schemes are proposed, among

which anaerobic digestion is the most promising. In this work, the direct anaerobic digestion of

municipal wastewater in a high-rate system is examined. The reactor utilized for the study is the

periodic anaerobic baffled reactor (PABR). Two distinct experimental cycles were conducted, during

which the operational parameters of the PABR were consecutively modified: in the first cycle, six

phases were conducted where the hydraulic retention time (HRT) varied from 10 to 1 days, the

;‘;e“:":’; period T between 2.5 days and 0.25, while the OLR remained constant at values near 1.0 gsCOD/L/d.
Citation: Zarkaliou, A ; Kougias, C.; During the second cycle, four distinct phases were conducted with no switching imposed. The HRT
Mokou, A ; Papadopoulou, K; varied from 4 to 1 d. The last experimental phase of both cycles was the most significant, due to
Lyberatos, G. Anacrobic Digestionof  feedstock resemblance to raw wastewater. The biogas and the biomethane production rates reached

Synthetic Municipal Wastewater 66.8 L/d and 41.1 L/d, respectively, while the COD reduction rate reached 73.7%. Conclusively, the
(MWW) in a Periodic Anaerobic PABR is a high-rate AD system, capable of treating MWW under extreme operational conditions.
Baffled Reactor (PABR): Assessment

of COD Removal and Biogas Keywords: high-rate bic digestion; municipal s PABR
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Academic Editor: 1. Introduction
Ramaraj Boopathy Wastewater treatment is a key process in ensuring public health and environmental

well-being. The environmental aspect of this process is based on removing pollutants,
such as organic matter and nutrients (N, P), before disposal. The energy cost of the
activated sludge process, the most widely used municipal wastewater treatment process,
is quite high (0.69-3.01 kWh/kg COD) [1]. The increase in the cost of energy has led to
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treatment in a facility aimed at removal of suspended solids through primary sedimentation,
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biological oxidation of organic matter under aerobic conditions, biological nutrient (N and
P) removal, and disposal of the clarified effluent following disinfection by chlorination. The
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MWW has been proposed by many researchers, and notable is the installment of a full-scale
expanded granular sludge bed reactor (EGSBR) ina WWTP in Ireland, during the operation
of which a high BOD removal rate (85%) was accomplished [5]. Another management
scheme that is a substantial departure from the conventional activated sludge process is
the low-energy mainline (LEM) process [6]. This scheme is based on direct low-strength
anaerobic digestion of municipal wastewater after primary sedimentation and use of the
reactor’s effluent as irrigation water, as no significant amount of nitrogen and phosphorus
would be consumed in the anaerobic process, based on the same concept by examining the
capabilities of an innovative high-rate anaerobic system to treat municipal wastewater.

The aim of this work is to examine the suitability of a novel high-rate anaerobic system—
the periodic anaerobic baffled reactor (PABR)—to treat municipal wastewater directly.

2. Materials and Methods
2.1. Experimental Process

The PABR is a high-rate anaerobic system designed by Skiadas and Lyberatos [7]. It
consists of two concentric cylinders, as shown in Figure 1, with the inner one operating as
heat exchanger. The space between the two cylinders is divided into four compartments,
each of which is divided in two sections, one downflow and one upflow, thus resembling a
simple anaerobic baffled reactor (ABR), only arranged in a circular structure.

Figure 1. Experimental setup of the PABR used in the experiments. A B,I'A indicate the compart-
ments of the reactor. Valves 1,4,7,10 are the inlet valves of compartments A,B,I',A while valves 2,5,8,11,
are their effluent valves. Valves 3,6,9,12 control the communication between the compartments.

The innovative approach of this bioreactor is its ability to periodically change the
inflow and outflow compartments. The PABR introduces a novel operational parameter
called switching period (T), which along with the hydraulic retention time (HRT) rearranges
the flow patterns of the reactor. T is the period for one complete switching of compartment
roles. Through this parameter, the time each compartment will be used as the inlet and the
outlet is determined. The switching between the compartments is achieved with valves
fitted on the external piping, which determine whether the compartment will be used as
the inlet or outlet or as an intermediate compartment. This flexibility gives the biomass the
opportunity to withstand fluctuations of the feed concentration, leading to easier culture
adaptation under extreme or varying conditions.

When the HRT/T ratio is equal to 1, every compartment receives the same amount
of untreated substrate. On the other hand, if we do not switch periodically the role of
each compartment, the flow pattern of the reactor resembles that of a four-compartment
anaerobic baffled reactor. A pilot-scale 77L active volume PABR was utilized and both
operation modes (switching and ABR mode) were examined and evaluated for similar
organic loading rates and HRTs.
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A number of studies have examined the performance of the PABR under various
OLRs, HRTs, and TS and by utilizing different types of feedstock other than typical
municipal wastewaters [8-12].

2.2. Feedstock Composition

In order to secure a constant composition of the feed, instead of real raw municipal
wastewater, a synthetic mixture was used that resembles its main characteristics. The syn-
thetic wastewater used for the PABR in the present study consists of: 10 to 1.0 g/L glucose,
0.306 to 0.0285 g/L NH4Cl (regarding the experimental phase), 0.08 g/L CH3COONa,
0.044 g/L KH,POy, 0.0275 g/L MgSO4-7H,0, 0.0025 g/L CaCl,, 0.004 g/L KCl, 0.125
g/L NaHCO;, 1.875 mg/L FeCL3-6H>0, 0.1875 mg/L H3BO3, 0.225 mg/L KI, 0.15 mg/L
MnSOy, 0.0275 mg/L ZnSO4-7H>0, 0.0375 mg /L CuSO4-5H,0 and 12.5 mg/L EDTA [13].
Every experimental phase had different concentration of glucose and ammonium chloride
so that the OLR would be kept constant while reducing the HRT. The relative concentra-
tions of these two substances were chosen so that the C/N ratio was maintained constant
close to 50 [14].

2.3. Analytical Methods

The scope of the experimental process was to evaluate the efficiency of the PABR
under different conditions in terms of organic load reduction and biogas and biomethane
productivity. Initially, the COD was high (10,000 mg/L) in order to achieve good anaerobic
digestion operation and then, as the municipal wastewater typically has COD concentra-
tions under 1000 mg/L, the organic load of the feed mixture was progressively reduced
while keeping the organic loading rate constant. Therefore, the bioreactor operated under
various HRTs and T while the organic loading rate was kept at values near 1 gsCOD/L/d
(as outlined in Tables 1 and 2).

Table 1. Operational parameters imposed during the first experimental cycle.

First Experimental Cycle Experimental Phases
Operational Parameters First Second 3rd 4th 5th 6th
Duration (d) 21 33 20 10 69 9
HRT (d) 10 6 4 3 2 1
T (d) 10 6 4 3 2 i}
OLR (g sCOD/L/d) 0.91 0.96 0.95 0.90 0.91 1.06

Table 2. Operational parameters imposed during the second experimental cycle.

Second Experimental Cycle Experimental Phases
Operational Parameters First Second 3rd 4th
Duration (d) 28 15 15 22
HRT (d) 4 3 2 1
OLR (gCOD/L/d) 097 0.97 1.02 1.06

The reactor was fed with the synthetic wastewater and operated under mesophilic con-
ditions (35 °C), for 242 consecutive days. Two distinct experimental cycles were conducted,
as shown in Tables 1 and 2. During the first cycle, six consecutive experimental phases
were conducted, with the reactor operating in a switching mode with constant HRT/T and
OLR/HRT ratios. During the second experimental cycle, four experimental phases were
conducted with similar OLR/HRT ratios, but the reactor operated in the ABR mode with
no switching imposed. Throughout the experimental process, pH, total alkalinity, total
suspended solids (TSS), volatile suspended solids (VSS), soluble chemical oxygen demand
(sCOD), biogas production and methane content were monitored at regular intervals. TSS,
VSS, sCOD and alkalinity were measured according to standard methods (APHA, 1995),
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while a GC-TCD (Shimadzu GC-2014, Duisburg, Germany) was used for the measurement
of the methane content of the generated biogas.

3. Results and Discussion
3.1. First Experimental Cycle

The overall efficiency of the PABR throughout the whole experimental cycle is pre-
sented in Table 3. The HRT reduction from 10 d to 1 d affected the biogas yield, as well as
the COD removal achieved. Furthermore, the experimental phase with the lowest HRT
showed the highest amount of biogas (1d HRT—44.3 L/d) and biomethane production
(1d HRT—26.5 L/d). On the other hand, the average COD removal rate during the HRT
1 d phase is reduced to 69.4%. The highest COD removal occurred during the fourth
experimental phase (HRT 3 days) where the COD consumption of the process reached 89%.
As shown in Table 3, during all experimental phases the PABR effluent had significant
deviations in COD concentrations.

Table 3. Average daily results of the first experimental cycle phases.

First Experimental Cycle Experimental Phases
Characteristics 1st 2nd 3rd 4th 5th 6th
Biogas Production (L/d) 25.6 +4.2 338+ 3.7 370+ 3.2 35.6 +25 323 +49 443+ 18
Biomethane Production (L/d) 69+ 34 152+ 54 18.7 +£ 3.7 185+58 21.1+42 265+ 1.6
CHj Biogas content (%) 27.0 £+ 10.7 445+ 134 50.9 + 10.5 543+ 17.6 66.5+ 84 59.6 + 0.6
sCOD Feedstock (g/L) 9.11+ 0.75 574+ 023 3.78 +0.59 2.71 + 0.29 1.81 +0.16 1.06 + 0.06
sCOD Effluent (g/L) 1.86 + 1.20 094 + 0.94 0.50 + 091 0.28 + 0.12 0254015 0.37+£0.12

Average COD removal (%)

79.5 83.7 86.9 89.6 85.30 64.9

As shown in Figure 2, the daily biogas production increased as the HRT was reduced
from 10 days to 6 days and remained at the same daily production levels when the HRT
took the values of 4, 3 and 2 d. During the last experimental phase, the average daily biogas
increased to 44.3 L/d. The biomethane production is calculated by the concentration of
methane in the daily generated biogas. Generally, it is concluded that as the HRT is lowered,
the methane concentration of biogas increases, with the exception of the last experimental
phase, as shown in Figure 3. In Figure 3, the daily concentration of methane in biogas is
presented. It is clear that as the HRT is lowered, the methane content of the biogas increases.
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50 ' ' 1 ' il
70 1 | [ : ¢ Methane(L/d)
2=ien ] ] [ ;
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Figure 2. Daily biogas and biomethane production of PABR.
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Figure 3. Daily methane concentration of the biogas generated in the PABR.

Regarding the behavior of the process in removing the organic content of the waste,
two aspects are examined. First, the COD removal is examined between the feedstock and
the effluent of the reactor, and second, the concentration distribution of the COD between
the four compartments of the PABR. Figure 4 shows the variation of sCOD with time during
the consecutive six phases of the PABR switching mode operation. In all cases, the process
shows significant sCOD reduction. The only experimental phase presenting significant
sCOD at the effluent is the first experimental phase (HRT 10 d). This happens due to
the time required for acclimation to the new feedstock type. The inoculum used for the
PABR startup was obtained from a CSTR reactor operating in higher HRTs and with excess
activated sludge as feedstock. By observing the COD reduction of the last experimental
phase (HRT 1 d), where the synthetic waste resembles as much as possible the characteristics
of MWW, it is concluded that although the effluent is not yet directly disposable due to its
COD concentration, a significant reduction is achieved without consuming the equivalent
energy needed for aeration in biological oxidation.

10.00 [ ' (] '
°
] 1 [} 1
9.00 @ 1 1 '
e 1o j o
7.00
] ! [} ]
6.00 " 1 %) Eflieat
5.00 : ' : : : = = = = 2nd Exp. phase
i ] U} ]
:: "lo N‘. p' : = = = = 3rd Exp. phase
200 °° 1 1 M eo s oq ' = = = = 4th Exp. phase
100 e : .&" ‘: .’ g = = = = 5th Exp. phase
000 © 1 © ae?%% has e, o0 o ’
0 50 100 150 = = = = 6th Exp. phase
Time (d)

Figure 4. Daily sCOD of the reactor’s feedstock and effluent.

Figure 5 shows the average sCOD concentration and also the variation in sCOD in
the four compartments of the PABR. It has been demonstrated that when switching is
frequent enough (low switching period T), the PABR resembles the behavior of a UASBR
(upflow anaerobic sludge blanket reactor) [7]. This was indeed verified also in this case
when operating with a constant HRT/T ratio.




Appl. Sci. 2022, 12, 13037

60f14

NN
8
o

sCOD (mg/L)
a
o

o 88

gt

e  Average CODin PABR
compartments
= = = = 2nd Exp. phase

o= = = = 3rd Exp. phase

== = = = 4th Exp. phase

iiiy‘; & ;P = = = = 5th Exp. phase

80 100 120 140 160
== = = = 6th Exp. phase
Time (d)

Figure 5. Average daily sCOD concentration and variation of in the four PABR compartments.

Similar variation in the COD concentration was also noticed for other process param-
eters, such as the pH and the total alkalinity, as shown in Figures 6 and 7, respectively.
The pH values have strong fluctuations during the higher HRT phases and after the third
experimental phase are stabilized at values between 7 and 8. Due to the characteristics of
the feedstock, the pH did not cause inhibition of the process as the pH of the feedstock
is in the favorable range for anaerobic digestion. On the other hand, the alkalinity of the
synthetic MWW proposed by the literature is significantly low (0.125 g/L NaHCO3 = 78mg
CaCO3/L), and due to the water used in feedstock preparation, the total alkalinity of the
feedstock was 913 mgCaCO3/L in the first experimental phase. As the HRT is lowered,
the low alkalinity of the feedstock could introduce a limitation for the process. In order to
avoid this problem, the proposed alkalinity of the synthetic mixture was changed and more
NaHCO3 was added as alkalinity buffer in order to stabilize the alkalinity of the process
above the value of 2000 mgCaCO3/L. As the total alkalinity of the feedstock increased,
the alkalinity of the reactor’s compartments increased also. During the first experimental
phase feeding the reactor with 912.50 mgCaCO3/L on average, the compartments average
alkalinity was 1147 mg/L. Increasing the alkalinity of the feedstock to 2500 mgCaCO3/L
led to an average alkalinity of 1821 mg CaCOg3/L in the reactor. Further increase in the
feedstock alkalinity led to higher increase inside the reactor compartments, with the highest
amount noticed during the fourth experimental phase (3560 mg CaCO3/L). It is observed
that as the alkalinity took higher values, the productivity of the reactor in biogas generation
and biomethane concentration increased. This is an indication of the significant role of
alkalinity for process efficiency. It can be concluded that if high-rate anaerobic digestion is
to replace the activated sludge process for MWW treatment, the alkalinity of the feedstock
can be a major limitation parameter for the process. In Table 4, the average daily pH and
total alkalinity values are given for the reactor, the feedstock and the effluent.




Appl. Sci. 2022, 12, 13037 7o0f14
14 [ ] v ' ® Fesd
}; : : : : 5 e  Compartmenta
11 H ' {1 i ®  Compartmentb
mloF b b :
9 N ' | - ° ] . Compartment c
-
z s ‘l 1 il.""h~.‘ s ale u'&-b:a o Compartmentd
1
: . a : : : H = = ==2nd Exp. phase
a e 1 [ !
3 1 1 ] H o= = = = 3rd Exp. phase
2 : : : H = = = = 4th Exp. phase
1 | [ H
) 1 [l 1 H == == == = 5th Exp. phase
o 40 60 80 100 120 140 160 —---- 6th Exp. phase
Time (d)
Figure 6. Daily pH values of feedstock and reactor compartments.
5000 i . . ; .
[} [} ! e  Feed
1 ] [} ]
4000 : : . ‘ : ® Compartmenta
% ! !* ’ o ! ? ! e Compartmentb
3000 V8 o ®e. 3 S
] ! =4 g 4% *“9gp e Compartment
o 1 e Figfes i o ° . e ompartment ¢
o 1 ] LA ] %0
En 2000 1 1 le® © d ! ® > ®  Compartmentd
.
] K : : : : . : == = = = 2nd Exp. phase
1000 § * ] ] [ I | ]
18 1 " ' == == = = 3rd Exp. phase
1 1 [ | ]
0 1 1 L1 1 == == = = 4th Exp. phase
0 20 40 60 80 100 120 140 160 = = == 5th Exp. phase
Time (d) = = = = 6th Exp. phase
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Table 4. Average daily pH and total alkalinity of the feedstock, compartments and effluent.
Feedstock Compartment a Compartment b Comp c Comp d Effluent
Exp. Alkalinity Alkalinity Alkalinity Alkalinity Alkalinity Alkalinity
Prase P mgcacoyr PH mgaacosr PH mgcacos PH mgCacosr  PH mgcaco,n PH mgcaco,n
1st 597 912.5 6.23 1063 6.00 1188 664 1300 653 1038 626 1147
2nd 7.11 2500 6.87 1719 6.86 1896 6.89 1919 649 1750 6.87 1821
3rd 7.75 2770 723 3240 7.31 3140 727 3090 726 3050 7.36 3130
4th 8.00 2658 7.36 3583 742 3667 739 3475 7.38 3517 751 3560
5th 7.94 2880 7.55 3555 7.56 3095 759 3145 760 3127 765 3130
6th 8.15 2512 7.46 2125 7.51 2300 749 2738 744 2563 753 2431

Regarding the concentration of the biosolids, it seems that the solid content in the
PABR compartments was reduced during the experiment. This phenomenon can lead to the
assumption that as the HRT is reduced, the reactor reduces its biomass. However, the low
concentrations of suspended solids and volatile suspended solids in the compartments, the
effluent is caused due to biomass sedimentation in the reactor lower parts, and this is typical
for a high-rate system such as this. As shown in Figure 8, in each PABR compartments a
two-phase system is formed between the biomass (solid phase) and the treated effluent
(liquid phase). The sampling and the effluent valve of each compartment are placed in the

higher parts of the reactor.
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Compartment Effuent Valve
Compartment Inlet Valve

Compartment Sample Vaive

Biomass Sedimentation

Figure 8. PABR compartment cut.

In Figures 9 and 10, the daily concentrations of the TSS and VSS measured from
samples obtained from the four separate compartments are presented. In general, we
can conclude that as the HRT is reduced, both TSS and VSS are also reduced. In the first
experimental phase (10 d HRT), the average TSS and VSS concentrations were 0.83 g/L and
0.63 g/L respectively, while in the last experimental phase the same concentrations were
0.22 g/L and 0.14 g /L, respectively. In Table 5, the average TSS and VSS concentration of
every compartment and that of the effluent for all experimental phases is presented.
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Figure 9. Daily TSS concentration in reactor compartments.
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Figure 10. Daily VSS concentration in reactor compartments.
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Table 5. Average daily TSS and VSS concentration in feedstock, reactor’s compartments and effluent.

Compartment a Compartment b Compartment ¢ Compartment d Effluent
Exp. TSS VSS TSS VSsSs TSS VSS TSS VSS TSS VSs
Phase (g/L) (/L) (g/L) (g/L) (g/L) (g/L) (/L) (g/L) (g/L) (g/L)
1st 0.98 0.79 0.63 043 0.57 0.33 1.16 0.99 0.75 0.63
2nd 0.61 047 0.64 0.52 0.60 0.54 0.63 0.54 0.58 049
3rd 0.50 0.31 044 0.26 0.55 0.35 0.50 0.31 048 0.32
4th 0.50 0.35 043 0.31 0.46 0.31 0.50 0.32 048 0.32
5th 0.30 0.20 0.32 0.31 0.33 0.23 0.34 0.21 045 0.28
6th 0.12 0.24 0.20 0.13 0.24 0.13 0.20 0.15 0.25 0.16
3.2. Second Experimental Cycle
The average results and their standard deviation for every phase of the second experi-
mental cycle are presented in Table 6.
Table 6. Average daily results of the second experimental cycle phases.
Second Experimental Cycle Experimental Phases
Characteristics 1st 2nd 3rd 4th
Biogas Production (L/d) 58.1+3.1 68.0 + 4.1 71.6 + 8.6 66.8 +2.3
Biomethane Production (L/d) 429+74 446 +64 423+45 41.1+£35
CHy, Biogas content (%) 71.7+11.2 65.07 £ 75 60.01 +£5.3 61.6 +4.7
sCOD Feedstock (g/L) 3.89+0.10 292 +0.30 2.05 +£0.12 1.03 £+ 0.15
sCOD Effluent (g/L) 0.82+0.04 048 +0.17 0.24 +0.10 0.27 + 0.06
COD removal (%) 789 83.5 88.3 73.7
In Figure 11, the daily production of biogas and biomethane in the reactor per ex-
perimental phase shows increase in biogas production after the first experimental phase
and then a significant reduction in the beginning of the third experimental phase. In the
middle of the third experimental phase, the reactor increased again its biogas generation,
and during the 56th day of operation reached the maximum production recorded (81.3 L
biogas). During the last experimental phase (HRT 1 d) the reactor showed greater stability
both in terms of biogas and biomethane production. The same pattern is shown in Figure 12,
where the daily methane percentage in the generated biogas is depicted.
90
| I |
i | h‘.m P
70
T 60 ﬁ!"m & | e ® Biogas
E 50 # N .
* ®e,! ! r) ~ | *°' e Methane
gn 40 ° ¢ ® b. (LA % ..\
-3 30 ° e | | — — 2nd Exp. phase
20
10 ] ] | = = 3rd Exp. phase
0 ! ! ! = = 4th Exp. phase
0 15 30 45 60 75 20

Time(d)

Figure 11. Daily biogas and biomethane production.
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Figure 12. Daily methane concentration of biogas generated from the PABR.

Regarding the COD consumption in this experimental cycle, again a significant reduc-
tion was presented in the reactor’s effluent. Although reduction levels reached 88.3% (2d
HRT), the effluent still does not reach the criteria for disposal. The lower effluent COD
concentration achieved is that of 240 mg/L in the third experimental phase and the highest
value in COD effluent was observed during the first experimental phase 820 mg/L. The
daily sCOD values of each compartment are presented in Figure 13, while the daily sCOD
values of the feedstock and the effluent are presented in Figure 14. The sCOD concentration
of the effluent in the last experimental phase shows that a significant reduction is obtained
(73.7%). However, as in the previous cycle, the effluent is not directly disposable.

[ ! !
| | |
| | |
| | | ® Compartmenta
| | |
% " i ° . ® Compartmentb
$. | - ° l: ® Compartmentc
e [ b
o!® L3 ° a‘ ® Compartmentd
®
[ ) ‘b ©@ 1 Q © ® © - = = = 2nd Exp. phase
= ‘. b.’.’ ° : * ‘ ° = = = 3rd Exp. phase
() ®
(N ] a L] ~ = = 4th Exp. phase
15 30 45 60 75 20

Time(d)

Figure 13. Daily sCOD values of PABR compartments.

The pH of the process observed in Figure 15 was fairly constant during all experimental
phases of the cycle for all compartments, without any significant fluctuation. Also, by
adding NaHCOj as alkalinity buffer in the feedstock, the alkalinity of the process remained
at the desired levels of 2000-2500 mgCaCOj3/L for all experimental phases, as shown in
Figure 16. The average daily pH and total alkalinity values are presented in Table 7.
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Figure 14. Daily sCOD values of the reactor’s feedstock and effluent.
14 ; i ’ ® Fead
i; : : : e Compartmenta
11 ] ] ]
10 : : : e Compartmentb
2 ° 1 | X
g o e ® ° ] o g o ®  Compartment ¢
§7g°q.~|’°.g;‘..o#0000 ®
6 ' ' H e  Compartmentd
5 ) | ]
4 1 1 1 = = = = 2nd Exp. phase
3 ] ] ]
2 : : : = = = = 3rd Exp. phase
1
0 1 ! 1 = == = = 4th Exp. phase
0 15 30 45 60 75 90
Time (d)
Figure 15. Daily pH values of the feedstock and the reactor compartments.
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Figure 16. Daily total alkalinity value of the feedstock and the reactor’s compartments.




Appl. Sci. 2022, 12, 13037

12 0f 14

Table 7. Average daily values of pH and total alkalinity of the reactor’s feedstock, compartments
and effluent.

Feedstock Compartment a Compartment b Compartment ¢ Compartment d Effluent
Exp. Alkalinil Alkalini Alkalinil Alkalinil Alkalinil Alkalini
Phae  PH mgCACO?;L pH mgCaCO?’IL pH mgCaCOt;yIL pH mgCaCO:yIL pH mgCaCOZyIL pH mgCaCO:)’L
Ist 741 2339 7.30 2188 7.40 2172 731 2294 725 2172 741 2100
2nd 7.37 2390 7.24 2480 7.31 2560 729 2610 722 2460 731 2410
3rd 7.98 2238 7.14 4806 7.2 2319 725 2419 728 212 747 287
4th 851 225 7.24 2333 7.37 2367 736 2383 737 2308 7.60 2375
The average amount of TSS and VSS per compartment at every experimental phase is pre-
sented in Table 8, while their daily concentrations are presented in Figures 17 and 18, respectively.
Table 8. Average daily values of reactor’s compartment and effluent.
PEI’;E;! Compartment a Compartment b Compartment ¢ Compartment d Effluent
TSS VSS TSS Vss TSS VSs TSS VSS TSS Vss
(g/L) (g/L) (g/L) (gL (gL) (g/L) (g/L) (g/L) (g/L) (g/L)
1st 0.38 0.26 024 0.17 0.24 0.17 0.43 0.33 048 0.34
2nd 0.39 0.34 0.30 021 0.22 0.21 0.49 0.40 0.52 0.38
3rd 0.66 0.43 0.31 0.21 0.26 0.17 0.40 0.27 0.26 0.19
4th 0.32 0.23 0.19 0.11 0.16 0.11 0.30 0.23 0.18 0.13
1 I | 1
| I 1
0.8 | | ° - ® Compartmenta
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Figure 17. Daily TSS concentration in the reactor’s compartments.
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Figure 18. Daily VSS concentration in the reactor’s compartments.




Appl. Sci. 2022, 12, 13037

13 0f 14

References

Comparing the two operational modes, it is concluded that in both switching and
ABR mode, the process shows significant efficiency, especially during the last phase of each
cycle, where the feedstock resembles the most the composition of municipal wastewater. In
terms of possible energy recovery, during the sixth phase of the first cycle biogas generation
reached 44.3 L/d with almost 60% methane content, while during the fourth phase of the
second cycle with similar conditions imposed, biogas generation reached 66.8 L/d and
methane content 61.5%. On the other hand, in terms of waste treatment, during the last
phases of the first and second cycles, the COD removal rate reached 64.9% and 73.7%,
respectively. In both aspects the ABR operational mode presents better results.

4. Conclusions

In this paper, we evaluated the efficiency of a PABR for the treatment of synthetic
municipal wastewater operating under different conditions and assessed biogas and
biomethane productivity along with COD removal. During both experimental cycles,
the reactor showed high potential both in terms of biomethane generation and of organic
matter reduction. The most significant results were obtained during the last phase of each
experimental cycle, where the feedstock resembled the most the municipal wastewater
characteristics.

During the PABR operation (first experimental cycle) the process was efficient in terms
of energy recovery, but the organic content of the effluent in the last experimental phase
was higher than the environmental limit. During the ABR operation (second experimental
cycle), biogas and biomethane production reached 66.8 L/d and 41.1 L/d, respectively.
However, similarly to the first experimental cycle, the COD concentration of the reactor’s
effluent is over the environmental limit.

As a conclusion, the PABR is a high-rate anaerobic digestion system capable of operat-
ing in low organic loadings and low HRTs. This capability gives the PABR the potential of
reducing the energy consumption of MWW management by operating as a pretreatment
step before the aeration tank in MWW treatment plants.
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Purpose

Anaerobic Digestion (A.D.) is the biological process during which complex organic compounds of wastes are
decomposed in the absence of oxygen, by anaerobic microorganisms. Through thatensecuence of
actions of these microorganisms (disintegration, hydrolysis, acidogenesis, acetogenesis, methanogenesis), the
organic substrates are converted into renewable energy, in the form of biogas, while the residue meets the
specifications for digpsal in the soil or conversion into useful-psoducts [1]. This study aims to suggest a
novel approach for simultaneous treatment of municipal waste sludge and the liquid fraction of food waste,

in order to render the A.D. process more stable, increageltiogas yield and treat the mixed waste stream

more effectively.

Materials and methods

Anaerobic Sludge obtained from the Municipal Wastewater Treatment Plant of Attica, Greece was used as
inoculum for the A.D. reactor during stasp. The substrates toebcodigested were Waste Activated Sludge
(W.A.S.), obtained from the same treatment plant, and the liquid fraction of household food waste. The food
waste undergoes a rapid shredding, drying and condensation process and the liquid fraction (conddcisate), r

in organic load, is mixed with W.A.S. and used as substrate to be fed in the bioreactor. The digestion process
of the mixed substrates takes place in a 100 L anaerobic bioreactor in continuous operation mode. The CSTR
is kept at a constant hydraulictemtion time (HRT) of 20 days, constant temperature at mesophilic conditions

2F opx/ YR A& Y2yA(lG2NBR GKNRBdZAK FNBIljdz2Syid 206aSND
Methods. The Analytical methods used for characterizing the mixed feedstockligested outlet of the
bioreactor include pH, alkalinity, solids, total and soluble Chemical Oxygen Demand (COD) measurements,



Total Organic Carbon (TOC) and Total Nitrogen (TN), dissolved and Total Kjeldahl Nitrogen (TKN), Volatile Fatt
Acids and alcoHe [2]. The biogas production is measured through an oil displacement technique and the
methane content is quantified using a GCD.

Results and discussion

Condensate samples are extracted every hour of the pretreatment process in order to analyze gogatem
distribution of the waste characteristics. Figure la depicts the tCOD of condensate extracted in relation to its
moisture content, while Figure 1b shows the TOC and TN of the samples. These results are utilized for the
determination of the mixed feestock characteristics. During startup, the inoculum included a mixture of
Anaerobic Sludge, W.A.S. and Condensate in ratios 1:17:2 respectively, based on previous studies [3].
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Figure 1: The condensate effluent characteristics versus time showing g)wsight (right yaxis) and tCOD
(left y-axis) content and b) its TOC (right yaxis) and TN ¢keftsy load.

Following the starup in batch mode, the bioreactor was shifted to continuous mode. The influent was
maintained constant at 5 L of mixed W.Aa8d condensate in 2:1 ratio, based on the annual global Municipal
Solid Waste generation rate [4]. Figure 2 shows the continuous operation sCOD at the inlet and outlet of the
bioreactor, indicating that the organic matter COD removal exceeds 90% .
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Figue 2: The sCOD of the CSTR inlet and outlet versus operation time.

As a result of the digestion of the mixed feed, biogas is produced. Figure 3 depicts the total biogas productivity,
as well as its methane content.
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Figure 3: The CSTR daily biogas prodtc(ieft yaxis) and its methane content (righiaxis) versus operation
time.

Conclusions and perspectives

Most of the organic matter of the mixed feed is digested. The COD removal was over 90%. The steady state
operation yielded over 20L biogas per deigh a methane content of 80%. Future perspectives include the
optimization of the CSTR operation, in terms of Organic Loading Rate, search for optimal C:N ratio for digestion
of the mixed feedstock, HRT, biogas productivity and methane content withirbithgas. In addition,
supplementary BioMethane Potential measurements will be performed in smaller scale bioreactors for
optimization of the abovementioned parameters.
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Abstract

The scope of thisvork is to study the treatment of municipal wastewater in a Periodic Anaerobic Baffled
Reactor (PABR). PABR is an innovative;raighbioreactor, designed to operate under high organic loadings.
Apart from the Hydraulic Retention Time (HRT) an importguerational parameter is the Switching Period

(T). The current research work aims to study the impact of the operational parameters variation (HRT and T)
in the biogas and biomethane productivity.

Six distinct experimental phases were conducted, duringlvtiie operational parameters of the PABR were
consecutively modified: HRT varied from 10 to 1 day, T between 2.5 and 0.25 days while the OLR remained
constant at values near kd@dloioreactod. The maximum ChHproductivity was 26.5 LGH correspondimg to

the operation under HRT=1d, OLR=0.89#l-vioreactor’d and T=0.25 days. Conclusively, the PABR is adtigh

AD system, capable of treating MWW under extreme operational conditions.

Keywaords:Anaerobic Digestion; Bioreactor; Highte; Methane; Municipal Wastewater; PABR
1. Introduction

Currently, the benchmark approach to municipal wastewater (MWW) management consists of sewer
collection, treatment in a facility aiming at removal of suspended solids through primary sedimentation,
biological oxidatiorof organic matter, biological nutrient (N and P) removal and disposal of the clarified
effluent following disinfection by chlorination. The process generates a mixture of primary and excess
secondary sludge which are typically mixed, stabilized by anaedaipestion and dewatered before disposal
(Chan et al., 2009). The key operating costs lie in the aeration and in sludge (biosolids) management (Mohan
et al., 2008).

Alternative approaches that would reduce the energy requirements have been contemjitated recent

years. Indeed, it is possible to produce energy from the dissolved organic matter in wastewater, rather than
consuming energy for aeration, followed by a partial recovery through anaerobic digestion of the biosolids.
Among them, direct anaelic digestion (AD) of the wastewater has been examined (Sosnowski et al., 2003).

The PABR was designed by Skiadas and Lyberatos (1998). It is an innovatiate ligherobic digestion
system capable of anaerobically processing high orgaaited feedsbcks at low HRTs. As shown in Figure 1

it consists of two concentric cylinders. The space between the two cylinders is divided into four compartments,
each one of which is further divided into two sections, one downflow and one upflow, thus resemblimge si
ABR, only arranged in a circular structure. However, an important property of the specific bioreactor is the
ability to periodically change the inflow and (outflow) compartment.

The time required for all the compartments to act as feeding compartsie&nthe switching period T. This
specific operational parameter gives the bioreactor the element of operational flexibility: when T is high, the
bioreactors operation is similar to an ABR, while when it is low the operation approaches the one of an Upflow
Anaerobic Sludge Blanket (UASB).



Figure 1LPABR experimental setup

2. Materials and Methods

A pilotscale 77L active volume PABR was utilized for the AD experiments. The system was fed with a synthetic
municipal wastewater, operating under mesophdanditions 35C, for 147 consecutive days.

The synthetic wastewater used for the PABR in the present study consists of: 10 to 1.0 g/L glucose, 0.306 to
0.0285 g/L NKCI (regarding the experimental phase), 0.08 g/LCTHDNa, 0.044 g/L D, 0.0275 g/L
MgSQ*7H,0, 0.0025 g/L Ca£0.004 g/L KCI, 0.125 g/L NaHCKB75 mg/L Fe@i6H.0, 0.1875 mg/L #BQ;,

0.225 mg/L Kl, 0.15 mg/L Mn§0.0275 mg/L ZnS&H0, 0.0375 mg/L CuFBH;O and 12.5 mg/L EDTA

(Shuli Liu et al., 2020). Every experimental phaaé different concentration of glucose and ammonium
chloride so that the OLR would be kept constant while reducing the HRT. The concentrations of the above
mentioned substances, were chosen by calculating the C/N ratio that would occur so that it remanséaht

near the value of 50.

The scope of the experimental process was to evaluate the efficiency of the PABR under different conditions
in terms of organic load reduction and biogas and biomethane productivity. Municipal wastewaters tend to
have COD camentration lower than 1000mg/L, so by reducing the organic load of the feed mixture we tried
to approach that value as much as possible.

Therefore, the bioreactor operated under various HRTs and T while the organic loading rate was kept at values
near 1 gecodL*d (as outlined in Table 1). In all cases, the ratio of HRT/T was kept constant and equal to 1.

Table 1.Operational Parameters, 6 phases, PABR



Operational Experimental Phases

Parameters

Phases 1 2 3 4 5 6
Operation Duration 21 23 20 10 69 4
(days)

HRT (days) 10 6 4 3 2 1
T switching period 2.5 15 1 0.75 0.5 0.25
(days)

Six distinct experimental phases were carried out as shown in Table 1. Throughout the experimental process
pH, total alkalinity, Total Suspended Solids (TSS), V@at#ipended Solids (VSS), total and soluble Chemical
Oxygen Demand (tCOD, sCOD), Volatile Fatty Acids (VFAs) TOC, TN and TKN (data not shown), biog
production and methane content were monitored in regular intervals, to assess the efficiency of the process.
TSS, VSS, tCOD, sCOD and alkalinity were measured according to Standard Methods (APHA, 1995), VFAS we
measured using a gas chromatograph (SHIMADZROGE plus), while a GOCD (SHIMADZU @C14) was

used for the measurement of the methane content irethenerated biogas. Moreover TQGhimadzu was

used for the measurement of total organic carbon and total nitrogen.

3. Materials and Methods

The overall efficiency of the PABR throughout the experimental phases is presented in Table 2:

Table 2 Experimentatesults, 6 phases, PABR

Experimental Phases

Phases 1 2 3 4 5 6

OLR (gsCOD/L*d) 0.91 0.96 0.95 0.90 0.85 0.89
tCOD removal (%) 79.5 83.7 86.9 89.6 85.3 64.9
Biogas productivity (L/d) 25.6 33.8 37.0 35.6 32.3 44.3
CH4 productivity (L/d) 6.9 15.2 18.7 18.5 21.1 26.5

From table 2 it is apparent that HRT reduction from 10 to 1 days significantly affected the biogas and methane
productivity, as well as the tCOD removal achieved in the PABR respectively.
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As shown in Figure 2 maximum biogas production observed during the 6th experimental padeng
44.29, while the biomethane production reached 26.5 L/d. As shown in Figure 3 the PABR reactor managed to
reduce the effluent COD at every experimental phase that operated.

4. Conclusion

In this paper, we evaluated the efficiency of a PABR for ri@trnent of a synthetic municipal wastewater
operating under different conditions and assessed biogas and biomethane productivity.

It was shown that the PABR can efficiently operate under HRTs as low as 1 day. Specifically, maximum biogas
production was oberved in the experimental phase when the basic operational parameters were HRT: 1 d
and the OLR: 0.89%&@#L*d. In those phases biogas production reached 44.3 L/d, while the biomethane
production reached 26.5 L/d. Furthermore, the reduced organic loathefPABR effluent leads to the
conclusion that can replace the benchmark approach for treating similar wastes, even though the biogas
production is not suitable for energy recovery. For example, at the fourth experimental phase were the COD
removal was tk highest, the average daily bimethane production was 30% lower from that of experimental



phase 6. This approach would be efficient with liquid wastes of high organic log&l A0 if the PABR
anaerobic system was used as a pretreatment method to derokidation tanks.
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Abstract

A microbial fuel cell (MFC) is a bioreactor that converts the chemical energy of the bonds of organic
compounds to electrical energy, through the catalytic reactions of microorganismser Uatherobic
conditions various substrates have been examined using MFC technology. This study examines the potential
use of the liquid fraction of fermentable household waste (sotgoded food waste), which results from
condensation of the vapors gendea during drying, as a feed to the MFC. The main characteristics of this
d4dz0a0GNI 0SS FNBY Mo 3 /h5k[ZX LITodpI O2y Rdaénibar@n G &r H
cathode MFCs, using mullite and GoreTex as cathodic electrodes, respedtieelyxygen reduction catalyst

was MnQin both cases, while graphite granules were used as anodic electrodes. The units were operated in
batch mode. Linear sweep voltammetry was carried out in order to conduct electrochemical characterization.
The maximumLJ2 ¢ S NJ 2 dzii LJdz(i & I2ANJ AEBH Yz € K (1 S® foOthef GoreTey dell, 1 ®H
respectively. High COD removal efficiencies (>75%) were achieved for both cells.

Introduction

Efficient municipal waste management (MW) is a key factor that contriliotése overall waste management
[European Commission Proposal 2015]. Although the amount of MW is not the same across EU countries
[EUROSTAT 2017], food waste is the major fraction of MW [European Parliament News 2017], 53 % of which
is produced in househds [Stenmark 2016]. Food waste (FW) is rich in various substances with high energetic
and nutritional content [Antonopoulou et al 2019], making an excellent supply for many biological processes
[Ng et al 2020]. In the municipality of Halandri, in AttiGagece, an innovative FW valorization approach has
been developed and implemented at pHstale within the framework of the Horizon 2020 project
WASTE4think [Antonopoulou et al 2019, Tremouli et al. 2019, Lytras et al. 2020]. The implemented waste
managenent scheme included the sourseparated collection of the household FW from 250 households.
The collected FW was then led to a drying/shredding facility of the Municipality. The produced condensate is
rich in organic carbon but poor in nitrogen which tenis biological treatment. An exploitation approach of



condensate is its mixing with waste activated sludge as a feed for an anaerobic digester, in order to enhance
the methane yield [Lytras et al. 2020].

Another approach of condensate exploitation isdiectricity production using the microbial fuel cell (MFC)
technology. This is an innovative approach to wastewater treatment with direct electricity output [Logan
2009]. The MFC is comprised of an anode and a cathode compartment. In the anode the effluadized

by bacteria, under anaerobic conditions. The produced electrons are collected through the anodic electrode
and transferred to the cathodic electrode by an external resistance. The produced protons are transferred
through the separator to theathodic chamber. On the cathodic electrode an electron acceptor is reduced
[Obileke et al. 2021]. Depending on the acceptor the presence of a catalyst may be needed; such is the case
of Q.. The separator between the anode and the cathode may increassodtef the system, especially when
membranes are used [Daud et al. 2015]. More feasible options than membranes have been researched and
provided comparable results at lower costs, such as ceramic electrodes [Winfield et al. 2016] and GoreTex
cloth [Tremauli et al. 2019].

In this study, the performance of two single chamber MFCs with alternative cathode assemblies (ceramic and
GoreTex) was studied. Two MFCs were acclimated and operated using raw condensate as the substrate.

Materials and Methods

Two simliar Plexiglas single chamber MFCs were constructed, as described elsewhere [Tremouli et al. 2021].
Each cell had four tubes running through the anodic compartment. The same anode electrode setup was used
for both cells, graphite granules (250 g) and an edded graphite rod. Different cathode electrodes were

used for the two cells. For the first cell, four cathodic electrodes with GoreTex cloth were assembled as
specified in Tremoulket al.[2019]. For the second cell, the four cathodic mullite electrodesevinternally

coated with the oxygen reduction catalyst by mlxmg graphite paint (12 ), xylene (3 ml), ethanol (3 ml) and 3
gMnQ® 'y SEGSNYyLt NBaradlyOS asSi G mann m 61 o2yy

The cells were operated imatch mode, each filled up with 150 émnodic liquid. The cells were placed in a
temperaturecontrolled room, at 27°C. During the acclimation period both cells were fed with synthetic
wastewater consisting of phosphate buffer (3.67 g/L M®iand 3.45 g/L N&iPQ), potassium chloride (0.16

g/L KCI), sodium bicarbonate (5 g/L NakC@®ace elements (1% v/v, described elsewhere [Skiadas &
Lyberatos 1998]) and glucose (1.5 g COD/L) as the electron donor. During the first three acclimatidimecycles
cells were inoculated with anaerobic sludge (10 % v/v) obtained from the Likovrisi, Athens, Greece sewage
treatment plant.

Following the acclimation period, glucose was replaced with condensate. Condensate was produced by
condensing the vapors thare generated during the drying and shredding of the-gpoeted fermentable

fraction of household food waste collected deto-door in the Municipality of Halandri, Greece [Ntaikou et al
2018]. The characteristics of condensate were 13 g COD/L, pH=3F5debni A JA &8 THcH >{ kOY (
GKS F2ftft26Aay3a @2t 0AES FLHGG& | OAR& 0+ Gadzihé NJOS (kO
YAK[Z o0dzieNAO wm@hf ENEQ® MaAkp hyKRKIKED ¢KS +Cla 02y
four different feed samples. In order to improve the low conductivity and pH, phosphate buffer was added in
the raw condensate. After the mixing the improved pH and conductivity were 4.9 and 6.6 mS/cm, respectively.
The condensate feeding presented fluctweis because it originated from gathered HFW, which varied each
batch.

The voltage of the cells was recorded every two minutes by a Keysight LXI Data Acquisition. Linear sweep
voltammetry was conducted by a PotentiostatGalvanostat (PGSTAT128MUTOLABYith an Ag/AgCI
reference electrode. The pH and conductivity were measured by digital instruments (WTW INOLAB PH720)
and (WTW INOLAB) respectively. Soluble COD was measured according to the standard methods [Standard



Methods 2012]. For the quantificatich¥ +C! a> wm Yf 27F &l YL S I OARAFTASR
via a gas chromatograph (SHIMADZ2GT) plus) equipped with a flame ionizq’gion detector and a capillgry
O2ftdzvy o! 3Af Syl GSOKy2ft 23ARFAPYusiogmaiyautamptep (SFHMWADZWBAOE M >
20 s).

Coulombic efficiency (CE) was calculated according to Eq.1. CE is the charge produced to the charge that is
contained in the substrate and is calculated by [Logan 2009]:

" o)
MQ? is the molar weighof Oxygen (=32), F is the Faraday constant (=96485 C/mol), b is number of electrons
perdY2ftS ornox + A& GKS SFFSOGAQPS @2tdzyS 2F (KS OSH
and the final COD measurements for each batch cycle.

Resluts
GoreTex cell operation

The duration of the acclimation period of the GoreTex cell was 660 h. For the acclimation to be considered
complete, there had to be repeatable current peaks and high COD removal, implying development of the
electrogenic activiofilm. The maximum current output for the acclimation cycles was 0.5 mA.

Following the acclimation period, the glucose synthetic feed was replaced with raw condensate and the results
are presented in Figure 1. Five cycles were carried out; the detaiedts of each cycle are presented in Table

1. The current output was comparable to the maximum current achieved during the acclimation,
approximately 0.5 mA. However, the maximum current output was decreased over firag;lé 0.62 mA and

4" cycle 0.2 mA.

Tablel Measurements and calculations of the GoreTex cell operation.

gyc'e CODin (g/L) Lnkllet " cob Remova (%)
(mA)

99 59 062 95%

ond 92 4.0 0.52 96%

3rd 12.7 4.9 0.44 94%

4th 14.7 3.8 0.47 92%

5t 138 43 042 1%

The GoreTex cell achieved high COD removal (>92%) in all five cycles, but a decrease was observed in the la:
cycle (77%). The inlet characteristics in terms of COD and pH have possibly affected the performance of the
cell, as the inlet COB increased and the pH is lowered through the cycles. The maximum current output (0.62
mA) was achieved in the first cycle, where both a low inlet COD (9.9 mg/L) and highest pH (5.9) were measured.
Coulombic efficiencies calculated for the five cyclesewary low, approximately 2%.
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Figurel: Current output versus time during operation of the two cells (Black = GoreTex cell, Red = mullite cell).
The cycles have been numbered with the respective colors.

Mullite cell operation

The duration of the acclimation of the mullite cell was 2010 h. The maximum current output for the acclimation
cycles was 2.28 mA. Following the acclimation period, the synthetic glucose feed was replaced with raw
condensate and the results are presentedrigure 1. Four cycles were carried out, the detailed results of each
cycle being presented in Table 2. In particular, the maximum current output achieved was 2.02 mA, similar to
the acclimation maximum current output (2.28 mA). However, the maximum cuawaipit decreased with

time, as it can be seen in Figure 1 and Table 2 (current output forfthgcle 2.02 mA and 0.83 mA for theé 4
cycle, respectively). As it can be seen from Figure 1, duringtieg®e the current output of the mullite cell
(redline) presented fluctuations which are attributed to the electrical connection issues.

The COD removal (>91%) was high for the mullite cell. The maximum current output is affected by the low pH
and the high COD of the raw condensate while a drop is obdervits maximum value during time (2.02 mA
1%tcycle, 1.54 mA™cycle, 1.26 mA™cycle and 0.83 mA™cycle). Coulombic efficiencies calculated for the

four cycles ranged between 499%.

The VFAs were almost completely consumed bynti@oorganisms, leading to an increase in the pH in both
cells at the end of every cycle (e.g. GoreTex alytle inlet pH=5.9, outlet pH=7.13, mullite cédlicycle inlet
pH 3.8, outlet pH=4.36).

Table2 Measurements and caltations of the mullite cell operation.

Cycle s CODIN  Inket IMaX" ~op  Remova
@) PH (a9

109 59 202 96%

i 62 61 154 91%

3¢ 105 48 126 95%

4 125 38 083 94%

Electrochemical Characterization
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Figure2 Volumetric power density versus volumetric current density versus voltage as extracted by LSV
experiment on the two cells. (Black = GoreTex cell, Red = mullite cell)

Figure 2 presents the polarization curves of the two cells. The maximum power outpaichiased by the
GoreTex cell Rx= 0.52 mW/mi, while the mullite cell achieved.R = 0.3 mW/ni. The OCVs (open circuit
voltages) obtained were 0.228 V and 0.452 V for the GoreTex and mullite cell, respectively. The voltage versus
volumetric current densy curves indicate that, in both cells, ohmic resistances dominated, but were greater
F2NJ GKS D2NB¢SE OStfs RdzS G2 || KAIKSNI af2LIS 6c oy
resistance). Despite the facts that acclimation was rsofast and the OCV was not as high as for the GoreTex
cell, the mulite cell overall performed better in terms of power output, waste treatment efficiency and
coulombic efficiency.

Conclusion

The liquid fraction of dried fermentable household waste wastied using two single chamber MFCs using
different cathode assemblies (GoreTex and mullite assembly, respectively). The mullite cell performed better
than the GoreTex cell in terms of COD removal and power output. The results indicated that both cells had
difficulty treating the raw condensate wastewater, because of its high COD 13 g/L and low pH 3.5 and
conductivity 2.62 mS/cm.
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2. Highlights
1 Revolutionize the field of waste and wastewater management
1 Develop an innovative approach in the fielchafinicipal waste and wastewater management

1 Comanage the liquid fraction of the Fermentable Municipal Solid Waste (condensate) and the
Municipal Wastewater streams

1 PABR is a higtate bioreactor, designed to operate under high organic loadings in low HRTs

3. Purpose

Historically, the management of municipal solid waste and that of wastewater have evolved in two
independent streams, defined by the main phase in each case: solid and liquid, respectively.

Currently, the benchmark approach to municipal wastewatgnagement consists of sewer collection,
treatment in a facility aiming at removal of suspended solids through primary sedimentation, biological
oxidation of organic matter, biological nutrient (N and P) removal and disposal of the clarified effluent
following disinfection by chlorination. The process generates a mixture of primary and excess secondary sludge
which are typically mixed, stabilized by anaerobic digestion and dewatered before disposal [1,2].

Concerning solid waste management, for many yeds féermentable organic matter, mostly food waste, is
collected usually mixed with recyclables in a commingled bin and then led to the landfill. Separate collection
of food waste at the source allows for (a) high quality food waste that can be valorize(bpteaner
recyclables [3].

The purpose of present work is to develop an innovative approach in the field of municipal waste and
wastewater management. More specifically, it focuses on the Fermentable Municipal Solid Waste (FMSW) and
the MunicipalWastewater (MWW) streams. These two streams are currently being treated as separate waste
streams; FMSW is collected as part of the mixed solid waste and landfilled and MWW is led to a wastewater
treatment facility through the sewer. We hereby propose teplre an alternative that is much more
meaningful and sustainable: To-omanage the liquid fraction of the Fermentable Municipal Solid Waste
(condensate) and the Municipal Wastewater streams. We have recently developed a method to separate the
solid and he liquid fraction of the Fermentable Municipal Solid Waste (drying and shredding process) and we



aim to build upon this experience to develop an innovative and sustainable treatment framework that can
revolutionize the field of waste and wastewater managnt [4].

4. Materials and methods

The Periodic Anaerobic Buffled Reactor (PABR) is a novel bioreactor, designed to operate at high organic
loading rates [5, 6, 7]. The PABR is a-hagé digester, suitable for municipal sewage treatment because of

its low ®nstruction, operation and maintenance costs, low excess sludge production, and high capacity for
biogas production at a small retention time.

We evaluated the anaerobic digestion potential of a mixture of the condensate resulting from drying food
waste and of municipal wastewater mixture using a PABR with an operating volume 77L. Biogas productivity,
methane content, pH, alkalinity, sCOD, tCOD, TSS, VSS and VFAs were measured routinely.

We developed also an activated sludge system (a sequencing tegtctor, SBR) for the treatment of the
effluent of the PABR digester. The specific system was a 15L sequencing batch reactor. The SBR operatior
secure both COD and (N) removal. During the experiments soluble and total COD, total nitrogen (TN), alkalinity,
TSS and VSS were measured regularly both in the feed and the effluent of the SBR.

5. Results and discussion

The PABR exhibited great stability in the effluent with a mean sCOD removal rate was 77%. The VSS remainec
below 520mg/L and TSS 610mg/L respectivEhe mean biogas productivity was 51mg/L and the mean
methane composition of the biogas was 66%.

For the SBR, the pH levels in the effluent remained close to 8 (range betwe@37basic conditions), while

the total alkalinity was around 1100mgod . SBR showed satisfactory behavior in removing organic loading
below the environmental discharge limit of 120mg/L. The COD of the effluent remained approximately 100
mg/L. Total nitrogen was 12.4mg/L while the TS and VSS were 0.25 mg/L and 0.2 mg/L edgpectiv

6. Conclusions and perspectives

Overall, the PABR proved to efficiently operate under HRTs as low as 4 days. Specifically, biogas production
observed when the basic operational parameters were HRT 4 d and organic loading rate (OlBjlG®4g
Biogas poduction was 51L/d.

The work contributes to the development of a framework in which the liquid fraction (condensate) of the
municipal fermentable household waste will be combined andmamaged with either the municipal
wastewater in a common collectiosewer system or will be transported and mixed with the excess sludge
generated in conventional treatment plants, enhancing the generation of biogas. At the same time the dried
and shredded food waste (food residue biomass) can be exploited in variouasvdgseloped and described

in [4].
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municipal solid wastes and is led to landfills and
Abstract The objective of this work is the incineration plants [3]. This management scheme
development of a new treatment scheme for results in biogas emissions from landfills impacting
Municipal Wastewater (MWW) along with the climate change and loss of potential energy or
condensate from drying and shredding food waste. nutrient recovery from the fermentable fraction of
These two streams are currentlgollected and  municipal solid waste.
treated separately from each other. The new
environmentally efficient treatment scheme On the other hand, Municipal Wastewater (MWW)
proposed here is based on the chemical similarity ofis collected through the sewage system and led to
these two waste streams due to their mainly organic Wastewater Treatment Plants (WWTP). The
nature. Food waste was collected separately from benchmark approach for MWW consists of primar
households and led to a drier/shredder, where the sedimentation, biological oxidation utilizing aeration
liquid phase (condensate) is separated fromthe solidr Yy R a4 S 02 y Rl NB ASRAYSY Gl A
phase. The condensate is mixed with MWW and ledd f dzZR3S¢ LINRP OSaa A& OKI NI O
to a highrate anaerobic reactor, where both especially for aeration and high biosolids generation
streams are treated. In this work a 77L higle [4]. Concerning food waste alternative treatmts
digester, a Periodic Anaerobic Baffled Reactor schemes along with food prevention policies are
(PABR) was utilized. The PABR effluent is fed in mtroduced in order to reduce its negative
Sequencing Batch Reactor (SBR) for furtherenvironmental impact. An alternative approach was
treatment until the final effluent meets the LINP L2 &SR o6& (GKS | 2NRT2Y
environmental criteria for safe disposal. The biogasresearch program where Food Residue Biomass
generated from the PABR w&6.6 L/d with a (FORBI) resulting fromndng and shredding food
methane content of 65%. The SBR operated utilizingvaste collected separately from households was
the Anaerobicg Aerobic-Anoxic (AOA) process for valorized through Anaerobic Digestion for energy
simultaneous organic carbon and nutrient removal. recovery among various alternatives [5].
The process generated an effluent suitable for
disposal in terms of organic matter, mgen and Novel WW management schemes focus on
phosphorus content. processes with lower energy consumption and
higher nutrent recovery [6] AD is gaining ground, as
it has low energy requirements but also the potential
of energy recovery in the form of methane. While AD
Keywords: Anaerobic Digestion; Food Waste; is currently used in WWTPs as a side process mostly

Municipal Wastewater; PABR; SBR for the treatment of the excess sludge generated by
_ biological oxidation, there are recent projects
5. Introduction examining the feasibility of AD as a direct MWW

] ] ] treatment process. A significant limitation is the low
Food Waste (FW) is defined as the food lost in thegtficiency of anaerobic digestion for low organic

final stages of the Food Supply Chain (FSC), WhiCQtrength wastewaters such as  municipal
includes the distribution and retesector along with |, - ctewater. Highiate AD systems may be used as
the final consumer [1]. Food loss is also observeding only viable option. A notable effort towards this
along the previous food productions stages goq is the installment of a full scale Expanded
although, |n' the developed countries, households Granular Sludge Bed Reactor (EGSBR) in a WWTP in
are responsible for most of the food waste [2]. Ireland, during the operation of which, high BOD
removal rate (85%) was ammplished [7]. It is,
however, desirable to ctreat municipal
wastewater with other higher strength wastewater

Currently the majority of food waste in Greegs
collected along with the rest of the nemecyclable
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streams in the effort to increase the potential of shredding FW for the restaurant of the National
methane recovery. The liquid fraction of food waste technical University of Athens. FW was collected
is such a stream. separately daily and led to a dryer where the liquid
part (condensate) was separated from the solid
While food waste is reated as solid waste, it residue. The condensate was then mixed with the
contains high amounts of humidity (8D%) [8] [9]  synthetic municipal wastewater at a ratio of 10%
[10] and MWW contains significant amount of /90% respectively and fed to a PABR. The PABR is a
biosolids [11]. This study is based on the approachhighrate anaerobic system developed by Skiadas
LINELIZaSR o0& UKS | 2NAI 2ahd LyberateySkiédas, £ ¢.9Uyerl&tdsy1bos)
research program where the drying presedivided  consists of two concenitr cylinders as shown in
food waste in two streams: a) the solid part called Figure 1, with the inner one operating as heat
FORBI and b) the liquid part containing the majority exchanger. The space between the two cylinders is
of the moisture content of food waste and other divided into four compartments, each of which is
volatile compounds such as Volatile Fatty Acidsdivided in two sections, one dowflow and one up
(VFAs) and Ethanol [12]. flow, thus resembling a simple Aebic Baffled
Reactor (ABR), only arranged in a circular structure.
It is then a reasmable option to consider the €0 The innovative approach of this bioreactor is its
treatment of MWW with the condensate generated gapility to periodically change the inflow and outflow
upon drying food waste in a higlate anaerobic  compartments. The Switching Period T (the period
digestel‘. The h|g'mte anaerobic SyStem utilized in for one Comp|ete Switching of Comnment ro|es),
this study is the Periodic Anaerobic Baffled Reactorglong with the Hydraulic Retention Time (HRT)
(PABR), while the digete was treated in a determine the flow patterns of the reactor. In this
Sequencing Batch Reactor (SBR) in order to attaifyork, a 77L PABR was utilized and operated under
effluent characteristics that are suitable for ABR mode (compartment switching was not
discharge to receiving water bodies. imposed.). From previous experiments the PABR
showed higher efficiency both in terms of COD
removal and biogas production operating without
Switching Period imposed for this type of

6. Materials and Methods wastg(Zarkaliou et al. 2022)

A synthetic wastewater for testing the idea 0f-CO ., yhis \work a 15 L SBR was used. to treat the PABR

digestion was formulatedbase'd' or? the literature effluent so as to reach the required effluent quality
and had the following composition: 0.7g/L glucose, for discharge. The SBR had an external jacket for

0.019 g/l NkCl, 0.08 g/L GROONa, 0.044 g/l temperature control via water circulation. Every
KHPQ, 0.0275 g/l MgSEVH:0, 0.0025 g/l Call operation cycle of the SBR was divided in four
O'Ooi g/L KCl, 0.125 g/l NaH{CQ.875 mg/L phases. The first phase was the feeding phase
FeCi*6H:0, 0.1875 mg/L $8G, 0.225 mg/IKI, 0.15 followed by the reaction period that consisted of
mg/L MnSQ@ 0.0275 mgil. ZnSGH;0, 0.0375 distinct Anaerobic, Aerobic and Anoxic conditions.

mg/L CuSOSH:0 and 12.5 mg/l__ EDTAiu e_t al. The final phases of the operation cycle were the
2013) The FW condensate resulting from diyiand sedimentationphase and the discharge.



value of 6 mg/L and 1.9 mg/L respectively. The
_ daily measurements of the TN concentration in the
P - X e SBR feed and effluent are shown in Figure 3.
4 -
/ It can be concluded that while the Anaerobicao
: digestion of the FW condensate along with
\ /¥ municipal wastewater can reduce their organic
content at a sufficient rate, it is not effective
x " regarding other nutrients such as nitrogen and
phosphorus. However, higtate AD could serve as
a first step before the activatl sludge process in
22 ¢t Qa YR NBRdzOS (KS Sy
aeration needed for the oxidation of the organic
matter while also producing methane.

A,
Figure3 PABR experimental saip

The PABR operated under 1 day HRT with no
switching period imposed. The reactor was fed
with 77L of feedstock daily. The Feedstock was a
mixture of 90% synthetic Municipal Wastewater
and 10% Fermentable Municipal Solid Waste
condensate. The temperature wkept constant at
35°C. The effluent of the PABR was then mixed
again with condensate in a ration of 85 % PABR
effluent and 15% condensate and led to the SBR
reactor. The reactor was fed at the 2/3 of its active
volume in every cycle. The 1/3 of the vale was
constantly occupied by the activated sludge. The
operational parameters of the Anaerobic Digestion
process are presented in Table 1 and those of the
Activated Sludge Process in Table 2

3. Results and Discussion

Concerning the AD process, the miduof FW
condensate and synthetic MWW constituted a
suitable feedstock for the PABR. Especially in terms
of biogas the average daily production reached the
value of 36.6 L/d with a methane content of 65 %.
In terms of COD removal, the process reached a
rate of 92% which is similar to that of biological
oxidation process but without consuming
equivalent energy. Figure 2 shows the daily biogas
and biomethane production. While the digestate
COD was low other nutrients had concentrations
higher than the enviromental limit. Especially
Nitrogen (TN) was close to 50 mg/L, while Total
Phosphorus (TP) betweer5mg/L. The digestate
was led to the SBR in order to achieve a total TN
below 12 mg/L and TP below 2 mg/l. After the
AnaerobieAerobic Anoxic (AOA) process the
SBR the final effluent had an average TN and TP



Table3 Operational parameters of the Anaerobic Digestion process.

HRT 1d
Switching Period ¢ -

Organic Loading Rate OLR 1,035 ( gCOD/L/d)
Feedstock Temperature 4 (°C)

Reactor Temperature 35 ¢C)

Table4. Operational parameteo$ biological oxidation process

HRT 0.69d
Cycle Duration 11 hrs
Feedstock Fed per Cycle 0L
Feedstock Temperature 4 (°C)
Reactor Temperature 25 CC)
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Figure5. TN concentration in SBR feedstock and effluent.
4. Conclusion

This work proposed a novel management scheme where two municipal waste streamstezated by
utilizing their similar chemical nature (organic) in comparison with the physical phase approach which has
been traditionally used for collection and disposékolid and liquid wastes, respectively.

The proposed novel management scheme includes thdigestion of FW condensate with MWW in a
high-rate anaerobic system with potential energy recovery and treatment of the digestate by
biological oxidation in orgr to reach the environmental safety disposal criteria.
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