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WP9 Επικοινωνία και διάδοση 

D.9.1 Ιστοσελίδα του έργου. 

Δημιουργήθηκε η ιστοσελίδα του έργου DENOMINATE [Μ18] 

 

 

Όπου καταχωρήθηκαν όλες οι σημαντικές πληροφορίες του έργου όπως: 

 η περιγραφή του έργου 

 οι στόχοι καθώς και  

 η μεθοδολογία που ακολουθήθηκε 



 

 

 



 

D9.2 Δραστηριότητες και διάδοση των αποτελεσμάτων 

Η ομάδα του DENOMINATE απαρτίζεται από τα ακόλουθα ερευνητικά μέλη όπου βοήθησαν για την 
ολοκλήρωση αυτού του έργου: 

Καθ. Γεράσιμος Λυμπεράτος (επιστημονικός υπεύθυνος) 

Δρ. Κωνσταντίνα Παπαδοπούλου (ΕΔΙΠ) 

Δρ. Ασημίνα Τρεμούλη (μεταδιδάκτωρ) 

Δρ. Γεώργιος Μάριος Λύτρας (μεταδιδάκτωρ) 

Δρ. Θεόφιλος Καμπερίδης (μεταδιδάκτωρ) 

Αχιλλέας Ζαρκαλίου (υποψήφιος διδάκτωρ) 

Γεράσιμος Κανέλλος (υποψήφιος διδάκτωρ) 

Στα πλαίσια του έργου DENOMINATE ολοκληρώθηκαν 8 διπλωματικές (παρακάτω πίνακας), ενώ είναι υπο 
ολοκλήρωση τα διδακτορικά των Α. Ζαρκαλίου και Γ. Κανέλλος, στην Σχολή Χημικών Μηχανικών ΕΜΠ στο 
εργαστήριο Οργανικής Χημικής Τεχνολογίας. 

 

 

 



Όνομα Επώνυμο Τίτλος 

ΑΝΤΙΓΟΝΗ ΣΤΑΜΕΛΟΥ Αξιοποίηση υγρού κλάσματος 
αποβλήτων τροφίμων για παραγωγή 
αέριων βιοκαυσίμων σε αντιδραστήρα 
CSTR 

ΕΥΑΓΓΕΛΙΑ ΠΡΙΦΤΗ Συν-επεξεργασία αστικών υγρών 
αποβλήτων σε αντιδραστήρα SBR 
(Sequencing Batch Reactor – 
αντιδραστήρας διαλείπουσας 
λειτουργίας) 

ΑΝΝΑ ΜΩΚΟΥ Επεξεργασία αστικών υγρών 
αποβλήτων σε ταχύρρυθμο 
βιοαντιδραστήρα (PABR), με 
λειτουργία (ABR) 

ΙΩΑΝΝΑ – 
ΕΛΕΝΗ 

ΚΙΟΥΚΗ Επεξεργασία υγρών αποβλήτων σε 
αντιδραστήρα SBR (Sequencing Batch 
Reactor - αντιδραστήρας 
διαλείπουσας λειτουργίας) 

ΔΗΜΗΤΡΙΟΣ ΜΙΧΟΠΟΥΛΟΣ Σταθεροποίηση αποβλήτων από 
φωτοβολταϊκά πάνελ 

ΑΝΤΩΝΙΟΣ ΚΟΝΔΥΛΗΣ Συνεπεξεργασία υγρού κλάσματος 
τροφικών αποβλήτων με 
λυματολάσπη για παραγωγή αέριων 
βιοκαυσίμων σε αντιδραστήρα CSTR 

Ευφροσύνη Κουτρουμάνου Μελέτη ενεργειακής αξιοποίησης του 
συμπυκνώματος της ξήρανσης 
ζυμώσιμων αστικών αποβλήτων 

Ευάγγελος 
Μάριος  

Καστρίνης Μελέτη Διαφορετικών Υλικών 
Κατασκευής σε Μικροβιακή Κυψελίδα 
Καυσίμου 

 

Η διάδοση των αποτελεσμάτων του έργου DENOMINATE πραγματοποιήθηκε με 2 δημοσιεύσεις σε διεθνή 
περιοδικά με κριτές και 9 ανακοινώσεις σε διεθνή και εθνικά συνέδρια, όπως παρουσιάζονται παρακάτω: 

Δημοσιεύσεις σε διεθνή περιοδικά με κριτές 

1. G.M. Lytras, E. Koutroumanou, and G., Lyberatos,  Anaerobic co-digestion of condensate produced 
from drying of Household Food Waste and Waste Activated Sludge, Journal of Environmental Chemical 
Engineering, Volume 8, Issue 4, 2020,  DOI: 10.1016/j.jece.2020.103947. 

2. Zarkaliou A., Kougias C., Mokou A., Papadopoulou K*. Lyberatos G. Anaerobic Digestion of Synthetic 
Municipal Wastewater (MWW) in a Periodic Anaerobic Baffled Reactor (PABR): Assessment of COD 



Removal and Biogas Production, Applied Sciences (2022), 12 (24), 
https://doi.org/10.3390/app122413037.  

 

Ανακοινώσεις σε διεθνή συνέδρια 

3. G. Kanellos, A. Tremouli, G. Lytras, A. Kondylis, G. Lyberatos, Co-digestion of the liquid fraction of food 
waste with waste activated sludge, 8th International conference of engineering for waste and biomass 
valorization, WasteEng2020. 

4. Lyberatos G., keynote speaker, Integrated management of municipal wastewater with source 
collected biowaste"International Conference "Protection & Restoration of the Environment - PREΧVΙ", 
Kalamata, July 5-8 2022, Εlite Resort Hotel 

5. A. Zarkaliou, C. Kougias, K. Papadopoulou, G. Lyberatos, Anaerobic Digestion of Municipal Wastewater 
(MWW) in a Periodic Anaerobic Baffled Reactor (PABR), 17th International Conference on 
Environmental Science and Technology Athens, Greece, 1 to 4, CEST2021. 

6. T. Kamperidis, P. Pandis, E. Vlachaki, A. Tremouli, G. Lyberatos, Condensate originating from household 
fermentable waste as a substrate for microbial fuel cells, 17th International Conference on 
Environmental Science and Technology Athens, Greece, 1 to 4 September 2021, CEST2021. 

7. Zarkaliou A., Papadopoulou K.*, Mokou A., Kiouki E., Lyberatos G., Development of a novel concept 
for interrated management of municipal wastewater and biowaste. 9th International Conference on 
Engineering for Waste and Biomass Valorisation WasteEng2022, Copenhagen (Denmark), June 27-30, 
2022 

8. Zarkaliou A. Prifti E., Kokkas T., Papadopoulou K.*, Lyberatos G., Development of an innovative 
scheme for the simultaneous treatment of municipal wastewater and the condensate from drying 
food waste, 18th International Conference on Environmental Science and Technology. CEST2023, 30 
August to 2 September 2023, Athens, Greece. 

9. Lyberatos G., keynote presentation Combined management of food waste and municipal wastewater, 
18th International Conference on Environmental Science and Technology. CEST2023, 30 August to 2 
September 2023, Athens, Greece. 
 

Ανακοινώσεις σε εθνικά συνέδρια 

10. Ζαρκαλίου Α, Παπαδοπούλου Κ*, Λυμπεράτος Γ, Ανάπτυξη Καινοτόμου Προσέγγισης για την 
Ολοκληρωμένη Διαχείριση των Αστικών Υγρών Αποβλήτων και Βιοαποβλήτων, 13o Πανελλήνιο 
Επιστημονικό Συνέδριο Χημικής Μηχανικής Πάτρα, 2-4 Ιουνίου 2022 

11. Α. Ζαρκαλίου, Κ. Παπαδοπούλου*, Γ. Λυμπεράτος Ολοκληρωμένη διαχείριση των βιοαποβλήτων και 
αστικών υγρών αποβλήτων για παραγωγή βιοαερίου, ΕΛΛΗΝΙΚΗ ΕΤΑΙΡΕΙΑ ΔΙΑΧΕΙΡΙΣΗΣ ΣΤΕΡΕΩΝ 
ΑΠΟΒΛΗΤΩΝ σε συνεργασία με την  International Solid Waste Association (ISWA), «Επιτάχυνση της 
Μετάβασης στην  Κυκλική Οικονομία - Ευκαιρίες & Κίνδυνοι», 28—29 Σεπτεμβρίου 2022 
(Πολυτεχνείο, Πατησίων) 

 

 

D.9.3 Έκθεση σχεδίου διάδοσης στο τέλος του έργου 

https://doi.org/10.3390/app122413037


Παρακάτω παρουσιάζεται ολοκληρωμένα η διάδοση των αποτελεσμάτων του έργου DENOMINATE 

Publication 

1. G.M. Lytras, E. Koutroumanou, and G., Lyberatos, Anaerobic co-digestion of condensate produced 
from drying of Household Food Waste and Waste Activated Sludge, Journal of Environmental Chemical 
Engineering, Volume 8, Issue 4, 2020, DOI: 10.1016/j.jece.2020.103947. 
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Highlights 

• Suitable mixing of different waste streams to achieve high performing Anaerobic Digestion. 

• CSTR achieves >90% COD removal for mixed feed of wastes. 

• Biogas productivity >20L/d, with a methane content of up to 80%. 

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 the intricate sequence 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 disposal in the soil or conversion into useful by-products [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, increase the biogas 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 start-up. The substrates to be co-digested 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 (condensate), rich 
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 hydraulic retention time (HRT) of 20 days, constant temperature at mesophilic conditions 
of 35⁰C and is monitored through frequent observation of various measurements according to Standard 
Methods. The Analytical methods used for characterizing the mixed feedstock and digested 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 Fatty 
Acids and alcohols [2]. The biogas production is measured through an oil displacement technique and the 
methane content is quantified using a GC-TCD. 

Results and discussion 

Condensate samples are extracted every hour of the pretreatment process in order to analyze the temporal 
distribution of the waste characteristics. Figure 1a 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 feedstock 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]. 

 

Figure 1: The condensate effluent characteristics versus time showing a) its dry weight (right y-axis) and tCOD 
(left y-axis) content and b) its TOC (right yaxis) and TN (left y-axis) load. 

Following the start-up in batch mode, the bioreactor was shifted to continuous mode. The influent was 
maintained constant at 5 L of mixed W.A.S. and 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% . 

 

Figure 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. 

 



Figure 3: The CSTR daily biogas productivity (left y-axis) and its methane content (right y-axis) 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 day with 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 within the biogas. 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 this work is to study the treatment of municipal wastewater in a Periodic Anaerobic Baffled 
Reactor (PABR). PABR is an innovative, high-rate bioreactor, designed to operate under high organic loadings. 
Apart from the Hydraulic Retention Time (HRT) an important operational 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, during which the 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 1 gsCOD/Lbioreactor*d. The maximum CH4 productivity was 26.5 LCH4/d corresponding to 
the operation under HRT=1d, OLR=0.89 gsCOD/Lbioreactor*d and T=0.25 days. Conclusively, the PABR is a high-rate 
AD system, capable of treating MWW under extreme operational conditions. 

 

Keywords: Anaerobic Digestion; Bioreactor; High-rate; 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 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 
(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 contemplated in the 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 anaerobic digestion (AD) of the wastewater has been examined (Sosnowski et al., 2003). 

The PABR was designed by Skiadas and Lyberatos (1998).  It is an innovative high-rate anaerobic digestion 
system capable of anaerobically processing high organic-loaded feedstocks 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 resembling a simple 
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 compartments is the 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 1. PABR experimental setup 

 

2. Materials and Methods 

A pilot-scale 77-L active volume PABR was utilized for the AD experiments. The system was fed with a synthetic 
municipal wastewater, operating under mesophilic conditions 35oC, 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 NH4Cl (regarding the experimental phase),  0.08 g/L CH3COONa, 0.044 g/L KH2PO4, 0.0275 g/L 
MgSO4*7H2O, 0.0025 g/L CaCl2, 0.004 g/L KCl, 0.125 g/L NaHCO3, 1.875 mg/L FeCL3*6H2O, 0.1875 mg/L H3BO3, 
0.225 mg/L KI, 0.15 mg/L MnSO4, 0.0275 mg/L ZnSO4*7H2O, 0.0375 mg/L CuSO4*5H2O and 12.5 mg/L EDTA 
(Shuli Liu et al., 2020). Every experimental phase had 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 remained constant 
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 concentration 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 gsCOD/L*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 
Parameters 

Experimental Phases 

Phases 1 2 3 4 5 6 

Operation Duration 
(days) 

21 23 20 10 69 4 

HRT (days) 10 6 4 3 2 1 

T switching period 
(days) 

2.5 1.5 1 0.75 0.5 0.25 

Six distinct experimental phases were carried out as shown in Table 1. Throughout the experimental process 
pH, total alkalinity, Total Suspended Solids (TSS), Volatile Suspended Solids (VSS), total and soluble Chemical 
Oxygen Demand (tCOD, sCOD), Volatile Fatty Acids (VFAs) TOC, TN and TKN (data not shown), biogas 
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 were 
measured using a gas chromatograph (SHIMADZU GC-2010 plus), while a GC-TCD (SHIMADZU GC-2014) was 
used for the measurement of the methane content in the generated biogas. Moreover TOC-L Shimadzu 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. Experimental results, 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. 

 



 

Figure 2. Biogas and biomethane average production throughout the six experimental phases. 

 

Figure 3. COD concentration in the PABR compartments, Feed and Effluent at every operational experimental 
phase. 

As shown in Figure 2 maximum biogas production observed during the 6th experimental phase, reaching 
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 the treatment 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 observed in the experimental phase when the basic operational parameters were HRT: 1 d 
and the OLR: 0.89 gsCOD/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 load of the PABR 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 the highest, the average daily bio-methane production was 30% lower from that of experimental 



phase 6. This approach would be efficient with liquid wastes of high organic load (10-6 g/L) if the PABR 
anaerobic system was used as a pretreatment method to aerobic oxidation 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 microorganisms. Under anaerobic 
conditions various substrates have been examined using MFC technology. This study examines the potential 
use of the liquid fraction of fermentable household waste (source-sorted food waste), which results from 
condensation of the vapors generated during drying, as a feed to the MFC. The main characteristics of this 
substrate are: 13 g COD/L, pH=3.5, conductivity=262 μS/cm. Condensate was fed to two single-chamber air 
cathode MFCs, using mullite and GoreTex as cathodic electrodes, respectively. The oxygen reduction catalyst 
was MnO2 in 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 maximum power output was 0.52 μW/m3 for the mullite cell and 0.28 μW/m3 for the GoreTex cell, 
respectively. High COD removal efficiencies (>75%) were achieved for both cells.  

Introduction 

Efficient municipal waste management (MW) is a key factor that contributes to the 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 households [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 Attica, Greece, an innovative FW valorization approach has 
been developed and implemented at pilot-scale within the framework of the Horizon 2020 project 
WASTE4think [Antonopoulou et al 2019, Tremouli et al. 2019, Lytras et al. 2020]. The implemented waste 
management scheme included the source-separated 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 limits its 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 is bioelectricity 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 effluent is oxidized 
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 the cathodic 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 O2. The separator between the anode and the cathode may increase the cost of 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 [Tremouli 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 similar 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 embedded 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 Tremouli et al. [2019]. For the second cell, the four cathodic mullite electrodes were internally 
coated with the oxygen reduction catalyst by mixing graphite paint (12 g), xylene (3 ml), ethanol (3 ml) and 3 
g MnO2. An external resistance set at 100 Ω was connected between the anode and the cathode electrodes. 

The cells were operated in batch mode, each filled up with 150 cm3 anodic liquid. The cells were placed in a 
temperature-controlled room, at 27 oC. During the acclimation period both cells were fed with synthetic 
wastewater consisting of phosphate buffer (3.67 g/L NaH2PO4 and 3.45 g/L Na2HPO4), potassium chloride (0.16 
g/L KCl), sodium bicarbonate (5 g/L NaHCO3), trace elements (1% v/v, described elsewhere [Skiadas & 
Lyberatos 1998]) and glucose (1.5 g COD/L) as the electron donor. During the first three acclimation cycles the 
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 that are generated during the drying and shredding of the pre-sorted fermentable 
fraction of household food waste collected door-to-door in the Municipality of Halandri, Greece [Ntaikou et al 
2018]. The characteristics of condensate were 13 g COD/L, pH=3.5, conductivity=262 μS/cm cm and contained 
the following volatile fatty acids (VFAs) acetic 1008 ± 720 mg/L, propionic 75 ± 25 mg/L, iso-butyric 40 ± 28 
mg/L, butyric 144 ± 68 mg/L and iso-valeric 13 ± 4 mg/L. The VFAs concentrations are the average values of 
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 fluctuations 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 Potentiostat – Galvanostat (PGSTAT128N – AUTOLAB) with an Ag/AgCl 
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 quantification of VFAs, 1 ml of sample acidified with 30 μL of 20% H2SO4 was analyzed 
via a gas chromatograph (SHIMADZU GC-2010 plus) equipped with a flame ionization detector and a capillary 
column (Agilent technologies, 30m x0.53mm ID x1 μm film, HP-FFAP) using an auto sampler (SHIMADZU AOC-
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]: 

𝐶𝐸 = 
MO2∙∫ Idt

t

0

F∙b∙V∙ΔCOD
 Eq. 1 

MO2 is the molar weight of Oxygen (=32), F is the Faraday constant (=96485 C/mol), b is number of electrons 
per O2 mole (=4), V is the effective volume of the cell (=150 ml) and ΔCOD is the difference between the initial 
and the final COD measurements for each batch cycle. 

Results 

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 active biofilm. 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 detailed results 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 time, 1st cycle 0.62 mA and 
4th cycle 0.42 mA.  

Table 1 Measurements and calculations of the GoreTex cell operation. 

Cycle 
# 

CODin (g/L) 
Inlet 
pH 

Imax 

(mA) 
COD Removal (%) 

1st 9.9 5.9 0.62 95% 

2nd 9.2 4.0 0.52 96% 

3rd 12.7 4.9 0.44 94% 

4th 14.7 3.8 0.47 92% 

5th 13.8 4.3 0.42 77% 

The GoreTex cell achieved high COD removal (>92%) in all five cycles, but a decrease was observed in the last 
cycle (77%). The inlet characteristics in terms of COD and pH have possibly affected the performance of the 
cell, as the inlet COD is 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 cycles were very low, approximately 2%. 



 

Figure 1: 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 presented in Figure 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 current output decreased with 
time, as it can be seen in Figure 1 and Table 2 (current output for the 1st cycle 2.02 mA and 0.83 mA for the 4th 
cycle, respectively). As it can be seen from Figure 1, during the 3rd cycle the current output of the mullite cell 
(red line) 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 observed in its maximum value during time (2.02 mA 
1st cycle, 1.54 mA 2nd cycle, 1.26 mA 3rd cycle and 0.83 mA 4th cycle). Coulombic efficiencies calculated for the 
four cycles ranged between 4% - 9%. 

The VFAs were almost completely consumed by the microorganisms, leading to an increase in the pH in both 
cells at the end of every cycle (e.g. GoreTex cell 1st cycle inlet pH=5.9, outlet pH=7.13, mullite cell 4th cycle inlet 
pH 3.8, outlet pH=4.36). 

Table 2 Measurements and calculations of the mullite cell operation. 

Cycle # 
CODin 
(g/L) 

Inlet 
pH 

Imax 

(mA) 

COD Removal 
(%) 

1st 10.9 5.9 2.02 96% 

2nd 6.2 6.1 1.54 91% 

3rd 10.5 4.8 1.26 95% 

4th 12.5 3.8 0.83 94% 

Electrochemical Characterization 



 

Figure 2 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 output was achieved by the 
GoreTex cell Pmax = 0.52 mW/m3, while the mullite cell achieved Pmax = 0.3 mW/m3. 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 density curves indicate that, in both cells, ohmic resistances dominated, but were greater 
for the GoreTex cell, due to a higher slope (698 Ω internal GoreTex cell resistance, 211 Ω internal mullite cell 
resistance). Despite the facts that acclimation was not as fast 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 was treated 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 

 Revolutionize the field of waste and wastewater management 

 Develop an innovative approach in the field of municipal waste and wastewater management 

 Co-manage the liquid fraction of the Fermentable Municipal Solid Waste (condensate) and the 
Municipal Wastewater streams 

 PABR is a high-rate 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 wastewater management 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 years, the fermentable 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 valorized and (b) cleaner 
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 Municipal Wastewater (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 to explore an alternative that is much more 
meaningful and sustainable: To co-manage 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 the 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 management [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 high-rate digester, suitable for municipal sewage treatment because of 
its low construction, 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 batch reactor, SBR) for the treatment of the 
effluent of the PABR digester. The specific system was a 15L sequencing batch reactor. The SBR operation 
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 remained 
below 520mg/L and TSS 610mg/L respectively. The 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 between 7.7-8.3 - basic conditions), while 
the total alkalinity was around 1100mgCaCO3/L. 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 respectively. 

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 (OLR) 0.94gCOD/L*d. 
Biogas production 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 and co-managed with either the municipal 
wastewater in a common collection sewer 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 various ways as developed and described 
in [4]. 
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Abstract The objective of this work is the 
development of a new treatment scheme for 
Municipal Wastewater (MWW) along with the 
condensate from drying and shredding food waste. 
These two streams are currently collected and 
treated separately from each other. The new 
environmentally efficient treatment scheme 
proposed here is based on the chemical similarity of 
these two waste streams due to their mainly organic 
nature. Food waste was collected separately from 
households and led to a drier/shredder, where the 
liquid phase (condensate) is separated from the solid 
phase. The condensate is mixed with MWW and led 
to a high-rate anaerobic reactor, where both 
streams are treated. In this work a 77L high-rate 
digester, a Periodic Anaerobic Baffled Reactor 
(PABR) was utilized. The PABR effluent is fed in a 
Sequencing Batch Reactor (SBR) for further 
treatment until the final effluent meets the 
environmental criteria for safe disposal. The biogas 
generated from the PABR was 36.6 L/d with a 
methane content of 65%.  The SBR operated utilizing 
the Anaerobic – Aerobic -Anoxic (AOA) process for 
simultaneous organic carbon and nutrient removal. 
The process generated an effluent suitable for 
disposal in terms of organic matter, nitrogen and 
phosphorus content. 

 

Keywords: Anaerobic Digestion; Food Waste; 
Municipal Wastewater; PABR; SBR 

5. Introduction 

Food Waste (FW) is defined as the food lost in the 
final stages of the Food Supply Chain (FSC), which 
includes the distribution and retail sector along with 
the final consumer [1]. Food loss is also observed 
along the previous food productions stages 
although, in the developed countries, households 
are responsible for most of the food waste [2]. 

Currently the majority of food waste in Greece is 
collected along with the rest of the non-recyclable 

municipal solid wastes and is led to landfills and 
incineration plants [3]. This management scheme 
results in biogas emissions from landfills impacting 
climate change and loss of potential energy or 
nutrient recovery from the fermentable fraction of 
municipal solid waste.  

On the other hand, Municipal Wastewater (MWW) 
is collected through the sewage system and led to 
Wastewater Treatment Plants (WWTP). The 
benchmark approach for MWW consists of primary 
sedimentation, biological oxidation utilizing aeration 
and secondary sedimentation. This “activated 
sludge” process is characterized by high energy costs 
especially for aeration and high biosolids generation 
[4]. Concerning food waste alternative treatments 
schemes along with food prevention policies are 
introduced in order to reduce its negative 
environmental impact. An alternative approach was 
proposed by the Horizon 2020 “Waste4Think” 
research program where Food Residue Biomass 
(FORBI) resulting from drying and shredding food 
waste collected separately from households was 
valorized through Anaerobic Digestion for energy 
recovery among various alternatives [5]. 

Novel WW management schemes focus on 
processes with  lower energy consumption and 
higher nutrient 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 
is currently used in WWTPs as a side process mostly 
for the treatment of the excess sludge generated by 
biological oxidation, there are recent projects 
examining the feasibility of AD as a direct MWW 
treatment process. A significant limitation is the low 
efficiency of anaerobic digestion for low organic 
strength wastewaters such as municipal 
wastewater.  High-rate AD systems may be used as 
the only viable option. A notable effort towards this 
goal is the installment of a full scale Expanded 
Granular Sludge Bed Reactor (EGSBR) in a WWTP in 
Ireland, during the operation of which, high BOD 
removal rate (85%) was accomplished [7].  It is, 
however, desirable to co-treat municipal 
wastewater with other higher strength wastewater 
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streams in the effort to increase the potential of 
methane recovery.  The liquid fraction of food waste 
is such a stream. 

While food waste is treated as solid waste, it 
contains high amounts of humidity (70-80%) [8] [9] 
[10] and MWW contains significant amount of 
biosolids [11]. This study is based on the approach 
proposed by the Horizon 2020 “WASTE4Think” 
research program  where the drying process divided 
food waste in two streams: a) the solid part called 
FORBI and b) the liquid part containing the majority 
of the moisture content of food waste and other 
volatile compounds such as Volatile Fatty Acids 
(VFAs) and Ethanol [12].  

It is then a reasonable option to consider the co-
treatment of MWW with the condensate generated 
upon drying food waste in a high-rate anaerobic 
digester.  The high-rate anaerobic system utilized in 
this study is the Periodic Anaerobic Baffled Reactor 
(PABR), while the digestate was treated in a 
Sequencing Batch Reactor (SBR) in order to attain 
effluent characteristics that are suitable for 
discharge to receiving water bodies.  

 

6. Materials and Methods 

A synthetic wastewater for testing the idea of co-
digestion  was formulated based on the literature 
and had the following composition: 0.7g/L glucose, 
0.019 g/L NH4Cl, 0.08 g/L CH3COONa, 0.044 g/L 
KH2PO4, 0.0275 g/L MgSO4*7H2O, 0.0025 g/L CaCl2, 
0.004 g/L KCl, 0.125 g/L NaHCO3, 1.875 mg/L 
FeCL3*6H2O, 0.1875 mg/L H3BO3, 0.225 mg/L KI, 0.15 
mg/L MnSO4, 0.0275 mg/L ZnSO4*7H2O, 0.0375 
mg/L CuSO4*5H2O and 12.5 mg/L EDTA (Liu et al. 
2013). The FW condensate resulting from drying and 

shredding FW for the restaurant of the National 
technical University of Athens. FW was collected 
separately daily and led to a dryer where the liquid 
part (condensate) was separated from the solid 
residue. The condensate was then mixed with the 
synthetic municipal wastewater at a ratio of 10% 
/90% respectively and fed to a PABR. The PABR is a 
high-rate anaerobic system developed by Skiadas 
and Lyberatos (Skiadas, I. V., Lyberatos 1998).  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 down- flow and one up-
flow, thus resembling a simple Anaerobic Baffled 
Reactor (ABR), only arranged in a circular structure. 
The innovative approach of this bioreactor is its 
ability to periodically change the inflow and outflow 
compartments. The Switching Period T (the period 
for one complete switching of compartment roles), 
along with the Hydraulic Retention Time (HRT) 
determine the flow patterns of the reactor. In this 
work, a 77L PABR was utilized and operated under 
ABR mode (compartment switching was not 
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 
waste(Zarkaliou et al. 2022). 

In this work a 15 L SBR was used. to treat the PABR 
effluent so as to reach the required effluent quality 
for discharge. The SBR had an external jacket for 
temperature control via water circulation. Every 
operation cycle of the SBR was divided in four 
phases. The first phase was the feeding phase 
followed by the reaction period that consisted of 
distinct Anaerobic, Aerobic and Anoxic conditions. 
The final phases of the operation cycle were the 
sedimentation phase and the discharge.  



 

 

Figure 3 PABR experimental set-up 

 

 

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 was kept constant at 
35 oC.  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 volume 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 mixture of 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 environmental limit. Especially 
Nitrogen (TN) was close to 50 mg/L, while Total 
Phosphorus (TP) between 4-5 mg/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 
Anaerobic-Aerobic- Anoxic (AOA) process in the 
SBR the final effluent had an average TN and TP 

value of 6 mg/L and 1.9 mg/L respectively. The 
daily measurements of the TN concentration in the 
SBR feed and effluent are shown in Figure 3. 

It can be concluded that while the Anaerobic co – 
digestion of the FW condensate along with 
municipal wastewater can reduce their organic 
content at a sufficient rate, it is not effective 
regarding other nutrients such as nitrogen and 
phosphorus. However, high-rate AD could serve as 
a first step before the activated sludge process in 
WWTP’s and reduce the energy consumption of 
aeration needed for the oxidation of the organic 
matter while also producing methane. 



 
Table 3 Operational parameters of the Anaerobic Digestion process. 

HRT  1 d 

Switching Period Τ  - 

Organic Loading Rate OLR  1,035 ( gCOD/L/d) 

Feedstock Temperature  4 (οC) 

Reactor Temperature  35 (οC) 

 

 

Table 4. Operational parameters of biological oxidation process 

HRT  0.69 d 

Cycle Duration  11 hrs 

Feedstock Fed per Cycle  10 L 

Feedstock Temperature  4 (οC) 

Reactor Temperature  25 (οC) 

  

 

    
 

                                         Figure 4. Daily production of biogas and bio-methane in the PABR 
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                                                     Figure 5. TN concentration in SBR feedstock and effluent. 

4. Conclusion 

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

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

Διαχρονικά, η διαχείριση των Στερεών και Υγρών Αστικών Αποβλήτων έχει εξελιχθεί σε δύο ξεχωριστά 
ρεύματα, με βάσει τη κύρια φάση του κάθε ρεύματος: υγρή και στερεή. Αντικείμενο της παρούσας 
εργασίας αποτελεί η ανάπτυξη μίας καινοτόμου προσέγγισης στον τομέα της διαχείρισης των Αστικών 
Αποβλήτων. Πιο συγκεκριμένα, εστιάζει στη συν-διαχείριση του υγρού κλάσματος των 
Βιοαποικοδομήσιμων Αστικών Στερεών Αποβλήτων (συμπύκνωμα) που προκύπτει από την ξήρανση 
τροφικών υπολειμμάτων και των Αστικών Υγρών ΑποβλήτωνΗ αύξηση του οργανικού φορτίου στο νέο 
ρεύμα που προκύπτει, σε σχέση με τυπικό αστικό υγρό απόβλητο επιτρέπει την επεξεργασία του με 
αναερόβια χώνευση προς παραγωγή βιοαερίου αντί για τη συμβατική ενεργοβόρο διεργασία ενεργού 
ιλύος.  

Στην παρούσα εργασία χρησιμοποιήθηκε ένας Περιοδικός Αναερόβιος Χωνευτήρας με Ανακλαστήρες, 
Periodic Anaerobic Baffled Reactor (PABR) για την επεξεργασία του αποβλήτου που προκύπτει από τη 
συνένωση των δύο ρευμάτων. Ο  

Ο PABR παρουσίασε μεγάλη σταθερότητα με μέσο ποσοστό απομάκρυνσης διαλυτού COD (sCOD) 92%, 
μέση παραγωγικότητα βιοαερίου 35.8 L/d και ποσοστό μεθανίου 64%. Αποδείχθηκε ότι ο PABR μπορεί 
να λειτουργήσει αποτελεσματικά με υδραυλικό χρόνο παραμονής (HRT) έως και 1 ημέρα.  

 

ΛΕΞΕΙΣ ΚΛΕΙΔΙΑ: PABR, αναερόβια χώνευση, συμπύκνωμα, τροφικά υπολείμματα, υγρά αστικά 
απόβλητα.  
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1. ΕΙΣΑΓΩΓΗ 

Σήμερα η κύρια προσέγγιση της διαχείρισης των Aστικών Υγρών Aποβλήτων αφορά τη συλλογή τους 
μέσω αποχετευτικού δικτύου και την επεξεργασία τους σε μονάδες βιολογικού καθαρισμού για την 
αφαίρεση των αιωρούμενων στερεών και των θρεπτικών συστατικών τους (άζωτο, φώσφορο) μέσω 
διεργασιών καθίζησης, βιολογικής οξείδωσης του οργανικού φορτίου και απολύμανσης μέσω 
χλωρίωσης. Στη συνέχεια ένα μείγμα πρωτογενούς και δευτερογενούς ιλύος που παράγεται από την 
παραπάνω διεργασία οδηγείται για αναερόβια χώνευση πριν την τελική του διάθεση. Το κύριο 
λειτουργικό κόστος που φέρει το παραπάνω σύστημα επεξεργασίας βασίζεται, στον αερισμό της ιλύος 
που απαιτείται για την οξείδωση του οργανικού της φορτίου [1]. Για την εξομάλυνση του συγκεκριμένου 
κόστους έχει προταθεί, συνολική ή μερική σταθεροποίηση των αποβλήτων μέσω αναερόβιας χώνευσης 
με σκοπό την παραγωγή ενέργειας [2]. Ωστόσο, η συγκεκριμένη πρόταση έχει αποτελεσματική εφαρμογή 
μόνο για περιοχές με θερμό κλίμα, λόγω της χαμηλής συγκέντρωσης σε οργανικό φορτίο που περιέχεται 
στον συγκεκριμένο τύπο αποβλήτων . 

Όσον αφορά στη διαχείριση των βιοαποικοδομήσιμων στερεών αποβλήτων και ιδιαίτερα των οικιακών 
τροφικών αποβλήτων, έχει διαπιστωθεί ότι περιέχουν αρκετά υψηλό υγρό περιεχόμενο, (τυπικά 70-80%) 
διαχείρισή τους από τα υπόλοιπα στερεά απόβλητα με αποτέλεσμα να συμβάλουν αρνητικά τόσο στην 
απώλεια σημαντικού ποσοστού καθαρών ανακυκλώσιμων υλικών όσο και στην απελευθέρωση μεγάλων 
ποσοτήτων βιοαερίου μέσω των ΧΥΤΑ, συμβάλλοντας σημαντικά στο φαινόμενο του θερμοκηπίου. 
Κοινοτικές Οδηγίες (Ευρωπαϊκή Ένωση), πιέζουν προς την ορθολογική διαχείριση του συγκεκριμένου 
τύπου αποβλήτων που αφορούν αρχικά τη χωριστή συλλογή τους στη πηγή  και τηνδιαφοροποίησή τους 
από το ρεύμα που οδηγείται στους ΧΥΤΑ  με σκοπό την ενεργειακή τους αξιοποίηση μέσω μεθόδων όπως 
αυτή της αναερόβιας χώνευσης [4, 5].  

Ένα πρώτο στάδιο για την ορθολογική αξιοποίηση των βιοαποικοδομήσιμων στερεών αποβλήτων 
επιτεύχθηκε στο πλαίσιο του Προγράμματος Horizon2020 ( Waste4Think)  όπου το ΕΜΠ, σε συνεργασία 
με τον Δήμο Χαλανδρίου εφάρμοσαν ένα πιλοτικό πρόγραμμα χωριστής συλλογής των οικιακών 
τροφικών αποβλήτων, προ-επεξεργασίας και ενεργειακής αξιοποίησης αυτών μέσω αναερόβιας 
χώνευσης. Η προ-επεξεργασία αφορά τον τεμαχισμό και την ξήρανση της μάζας των αποβλήτων 
χωρίζοντάς το σε δύο ρεύματα, το στερεό (Food Residue Biomass, FORBI) που οδηγείται για αναερόβια 
χώνευση και το αρκετά πλούσιο σε οργανικό φορτίο υγρό συμπύκνωμα (condensate). Η παρούσα 
εργασία  στοχεύει στην συνεπεξεργασία του υγρού αυτού κλάσματος και ενεργειακή αξιοποίησή του 
μέσω αναερόβιας χώνευσης μαζί με συνθετικό απόβλητο που προσομοιάζει τα χημικά χαρακτηριστικά 
των κοινών υγρών αστικών λυμάτων.    

Για την μελέτη της παραπάνω διεργασίας επιλέχθηκε ένας Περιοδικός Αναερόβιος Αντιδραστήρας με 
Ανακλαστήρες τύπου PABR ( Periodic Anaerobic Baffled Reactor) [6, 7, 8, 9]. Ο PABR είναι ένας καινοτόμος 
ταχύρρυθμος αντιδραστήρας και μια ελκυστική διαδικασία για τα αστικά λύματα λόγω του χαμηλού 
κόστους κατασκευής, λειτουργίας και συντήρησης, της χαμηλής παραγωγής ιλύος και της υψηλής 
παραγωγής βιοαερίου σε μικρό χρόνο παραμονής τόσο σε υψηλές όσο και σε χαμηλές οργανικές 
φορτίσεις. Ο PABR αποτελείται από δύο ομόκεντρους κυλίνδρους, όπως φαίνεται στην (Εικόνα 1), με τον 
εσωτερικό να λειτουργεί ως εναλλάκτης θερμότητας, ώστε να διατηρείται το σύστημα σε σταθερή 
θερμοκρασία. Ο χώρος ανάμεσα στον εσωτερικό και τον εξωτερικό κύλινδρο αποτελείται από τέσσερα, 
ίδιου όγκου διαμερίσματα, κάθε ένα από τα οποία χωρίζεται σε ένα ανοδικό και ένα καθοδικό τομέα. 
Κάθε διαμέρισμα προσομοιάζει υδραυλικά, έναν αναερόβιο αντιδραστήρα με ανακλαστήρες ABR 



παραμέτρου λειτουργίας η οποία ονομάζεται Περίοδος Εναλλαγής (Switching Period ) T. Η συγκεκριμένη 
παράμετρος καθορίζει το χρονικό διάστημα για το οποίο κάθε διαμέρισμα του αντιδραστήρα λειτουργεί 
ως διαμέρισμα Εισροής. Η περίοδος εναλλαγής Τ μαζί με τον υδραυλικό χρόνο παραμονής, Hydraulic 
χαμηλές τιμές της παραμέτρου Τ ο PABR προσεγγίζει την συμπεριφορά ενός αντιδραστήρα Upflow 
μεταξύ των διαμερισμάτων, ο αντιδραστήρας προσομοιάζει τη συμπεριφορά τεσσάρων αντιδραστήρων 
ABR συνδεδεμένων σε σειρά. Στην συγκεκριμένη εργασία εξετάζεται η αποτελεσματικότητα του PABR, ως 
προς την αναερόβια συγχώνευση μίγματος Aστικών Υγρών Aποβλήτων, municipal wastewater (MWW) 
και Συμπυκνώματος Τροφικών Αποβλήτων (condensate). 

 

2. ΜΕΘΟΔΟΛΟΓΙΑ 

Χρησιμοποιήθηκε συνθετικό μίγμα που προσομοιάζει τα φυσικοχημικά χαρακτηριστικά των MWW. Η 
συνταγή για το συγκεκριμένο διάλυμα αντλήθηκε βιβλιογραφικά και είναι η εξής:  0,7g/L  C6H12O6 , 0.124 
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Οι παράμετροι λειτουργίας για κάθε πειραματική φάση παρουσιάζονται στον Πίνακα 1. Ο αντιδραστήρας 
λειτούργησε χωρίς περιοδική εναλλαγή (ως ABR). Καθ’ όλη την διάρκεια των πειραμάτων διεξάγονταν 
καθημερινές αναλύσεις  διαλυτού χημικώς απαιτούμενου οξυγόνου (sCOD). H παραγωγή βιοαερίου και 
Μεθανίου παρακολουθούνταν ημερησίως. Όλες οι αναλύσεις διενεργήθηκαν σύμφωνα με τις Πρότυπες 
Μεθόδους [11], ενώ για τη μέτρηση της περιεκτικότητας σε μεθάνιο στο παραγόμενο βιοαέριο 
χρησιμοποιήθηκε αέριος χρωματογράφος ( SHIMADZU GC-2010 plus). 

 

 

Εικόνα 1 Πειραματική διάταξη PABR 



Πίνακας 1 Παράμετροι λειτουργίας για κάθε πειραματική φάση 

Λειτουργικές Παράμετροι Εγκλιματισμός Πειραματική φάση 

Υδραυλικός Χρόνος Παραμονής 2 Μέρες 1 Μέρα 

Ρυθμός Οργανικής Φόρτισης 0,98 gCOD/(L*d) 0,97 gCOD/(L*d) 

Περίοδος Εναλλαγής Διαμ/των  - - 

Θερμοκρασία Λειτουργίας 35oC 35oC 

 

 

3. ΑΠΟΤΕΛΕΣΜΑΤΑ ΚΑΙ ΣΥΖΗΤΗΣΗ 

 

Στον Πίνακα 2 παρουσιάζονται τα συγκεντρωτικά αποτελέσματα της φάσης εγκλιματισμού και της 
πειραματικής φάσης λειτουργίας. Λόγω της χαμηλής συγκέντρωσης σε COD του τελικού διαλύματος 
ανάμειξης των δύο αποβλήτων, ο HRT του αντιδραστήρα μειώθηκε στην μία μέρα με σκοπό η 
πειραματική φάση λειτουργίας να έχει τον ίδιο ρυθμό οργανικής φόρτισης με την φάση εγκλιματισμού. 
Όσον αφορά την παραγωγή βιοαερίου και βιομεθανίου ο αντιδραστήρας δεν φαίνεται να επηρεάζεται 
σημαντικά από την προσθήκη του condensate και την μείωση του HRT όπως φαίνεται στο (Διάγραμμα 1). 
Ενδιαφέρον παρουσιάζει η σύγκριση του παραγόμενου μεθανίου με το θεωρητικό μέγιστο της 
διεργασίας που εξαρτάται από την κατανάλωση οργανικού φορτίου (Διάγραμμα 2). Στο Διάγραμμα 2 
παρατηρείται ότι ο αντιδραστήρας παρουσιάζει χαμηλές αποδόσεις κατά την πρώτη φάση λειτουργίας 
ενώ στην συνέχεια παρουσιάζει ικανοποιητική απόδοση για τον ρυθμό οργανικής φόρτισης στον οποίο 
λειτουργεί. Όσον αφορά στην κατανάλωση του οργανικού φορτίου, η πειραματική φάση λειτουργίας 
παρουσιάζει αρκετά ικανοποιητικό βαθμό απόδοσης. Επίσης επιτυγχάνεται σημαντική μείωση του 
οργανικού φορτίου του μίγματος μέσω της αναερόβιας χώνευσης, όπως φαίνεται στο (Διάγραμμα 3). 

 

Πίνακας 2 Συγκεντρωτικά αποτελέσματα λειτουργίας του αντιδραστήρα. 

 Εγκλιματισμός Πειραματική φάση 

Αποτελέσματα Μέση τιμή Μέση τιμή 

Παραγωγή Βιοαερίου (L/d) 38,7 ± 4,4 34,5 ± 3,2 

Παραγωγή Μεθανίου (L/d) 21,1 ± 3,5 20,6 ± 3,3 

Ποσοστό Μεθανίου (%) 56,2 ± 6,9 63,1 ± 7,5 

COD υποστρώματος (g/L) 1.98 ± 0.2 0.97± 0.08 



Κατανάλωση COD (%) 78 ± 17,7 91± 4,5 

Απόδοση ως προς CH4 (%) 53 ± 19,7 88 ± 16,3 

 

 



Διάγραμμα 1 Παραγωγή Βιοαερίου και βιομεθανίου ανά ημέρα λειτουργίας. 

 

Διάγραμμα 2 Παραγόμενο μεθάνιο και αναμενόμενο θεωρητικό ανά ημέρα λειτουργίας. 

 

Διάγραμμα 3 Διαλυτό COD στην τροφοδοσία και στην εκροή του αντιδραστήρα. 

 

Το συγκεκριμένο αποτέλεσμα είναι ενθαρρυντικό καθώς δείχνει ότι η συγκεκριμένη μεθοδολογία θα 
μπορούσε να αντικαταστήσει την ενεργειακά ασύμφορη διεργασία της βιολογικής οξείδωσης αν όχι για 
την πλήρη γραμμή επεξεργασίας των αστικών λυμάτων, για ένα ποσοστό της. Συγκεκριμένα παρατηρείται 
ότι με την πάροδο της διεργασίας  η κατανάλωση οργανικού φορτίου ξεπερνάει το 90%. Το γεγονός αυτό 
σε συνδυασμό με την ταχύρρυθμη λειτουργία του αντιδραστήρα δηλαδή την ικανότητα του να 
επεξεργάζεται μεγάλους όγκους αποβλήτων ημερησίως καθιστά την διεργασία βιώσιμη.  
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ΠΕΡΙΛΗΨΗ 

Αντικείμενο της παρούσας εργασίας αποτελεί η ανάπτυξη μίας καινοτόμου προσέγγισης στον τομέα 
της διαχείρισης των Αστικών Αποβλήτων. Πιο συγκεκριμένα, εστιάζει σε δύο από τα ρεύματα των 
Αστικών Αποβλήτων: τα Βιοαποικοδομήσιμα Αστικά Στερεά Απόβλητα και τα Αστικά Υγρά Απόβλητα. Η 
διαχείριση των συγκεκριμένων ρευμάτων σήμερα βασίζεται στην αρχή ότι αποτελούν δύο ξεχωριστά 
ρεύματα. Προτείνουμε την μελέτη μίας εναλλακτικής προσέγγισης: Τη συνδιαχείριση του υγρού 
κλάσματος των Βιοαποικοδομήσιμων Αστικών Στερεών Αποβλήτων (συμπύκνωμα) και των Αστικών 
Υγρών Αποβλήτων. 
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Δεδομένης της υψηλής συγκέντρωσης οργανικού φορτίου στο νέο ρεύμα, οδηγήθηκε για αναερόβια 
χώνευση προς παραγωγή βιοαερίου. Χρησιμοποιήθηκε ένας Περιοδικός Αναερόβιος Χωνευτήρας με 
Ανακλαστήρες, Periodic Anaerobic Baffled Reactor (PABR). Ο PABR είναι ένας καινοτόμος αντιδραστήρας 
και μια ελκυστική διαδικασία για τα αστικά λύματα λόγω του χαμηλού κόστους κατασκευής, λειτουργίας 
και συντήρησης, της χαμηλής παραγωγής ιλύος και της υψηλής παραγωγής βιοαερίου σε μικρό χρόνο 
παραμονής ακόμα και σε υψηλές οργανικές φορτίσεις. Στην παρούσα εργασία ο PABR παρουσίασε 
μεγάλη σταθερότητα με μέσο ποσοστό απομάκρυνσης sCOD 77%. Η μέση παραγωγικότητα βιοαερίου 
ήταν 51 L/d και το ποσοστό μεθανίου ήταν 66%. 

Συνολικά, ο PABR αποδεικνύεται ότι είναι ένα καινοτόμο σύστημα αναερόβιας χώνευσης ικανό να 
επεξεργάζεται αναερόβια πρώτες ύλες υψηλού οργανικού φορτίου σε χαμηλούς χρόνους παραμονής 
HRT. Αποδείχθηκε ότι ο PABR μπορεί να λειτουργήσει αποτελεσματικά με HRT έως και 1 ημέρα. 

 

Λέξεις Κλειδιά: PABR, αναερόβια χώνευση, συμπύκνωμα, τροφικά υπολείμματα, υγρά αστικά 
απόβλητα 
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