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Abstract 
Anaerobic digestion is often used as an approach to deal with high COD waste 
streams. Compared to the aeration systems it allows better energy manage-
ment due to the biogas production but also has several limitations including 
inlet waste streams quality and the additional equipment required for energy 
harvesting. In recent years, the bio-electrochemical systems (BES) and processes 
are intensively studied as a method for organic waste utilization, including 
wastewater. They potentially could bring several benefits to the wastewater treat-
ment, mainly due to avoiding aeration (and aeration cost) and direct energy re-
covering in the form of electricity. Besides their anaerobic nature, the biolog-
ical processes in BES are respiration-like contrary to the fermentative degra-
dation typical for conventional anaerobic digestion which eventually will pro-
vide better mineralization and higher efficiency in terms of COD and BOD 
removal in such reactors. This study is a direct comparison between conven-
tional anaerobic digestion and Microbial Fuel Cell (as a typical BES reactor) 
during utilization of wastewater from industrial production of ethanol by 
fermentation. COD removal rates and dynamics, energy recovery properties 
and parameters such as secondary sludge production are investigated in order 
to characterize the feasibility and technological readiness of BES as a step to-
wards their commercialization. 
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1. Introduction 

Waste and energy management appears as major environmental issues and de-
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velopment of new technologies and general approach on these topics is of great 
interest for scientific community and society [1]. It is well known that organic 
matter in wastewater could be a source of energy and if this potential could be 
utilized it would easily meet the demand of the treatment process itself. In this 
sense, a recent study estimated that the usual energy value of domestic wastewater 
could reach 7.4 kJ per liter (based on the typical COD of 500 mgO2/L) and in 
some cases, when it is mixed with specific industrial waste streams this value 
could be several times higher [2]. Besides the energy efficiency, the wastewater 
treatment technics have many technological challenges including the secondary 
streams generated during the treatment. A huge amount of residual sludge con-
sisting mainly of biomass produces during the utilization of organic waste is 
probably the main problem to be managed. Anaerobic digestion of biomass is 
considered one of the most effective and efficient methods of second-generation 
technology [3]. The sludge streams from domestic and industrial wastewater 
treatment are stabilized in anaerobic condition in a process which involves di-
gestion, fermentation, gasification, incineration, and pyrolysis [4] [5] [6]. During 
this treatment the organic matter in the wastes is reduced and some energy is 
recovered in the form of biogas. The process is conducted by the catalytically ac-
tivity of several groups of microorganism which are responsible for the trans-
formation of the complex organics via hydrolysis, acidogenesis, acetogenesis and 
methanogenesis [7]. The anaerobic digestion works effectively in both meso-
philic (30˚C - 35˚C) and thermophilic (50˚C - 60˚C) conditions, and for this 
reason temperature control is often needed [8]. 

Biogas consists mainly of methane and carbon dioxide with small amounts of 
nitrogen, hydrogen and H2S [9] [10]. Most of the biogas is produced in the mid-
dle of digestion after the bacterial population has increased and decreased due to 
the fact that the substrate begins to deplete [11]. The gas is normally stored on 
top of the digester in an inflatable gas bubble or extracted and stored next to the 
facility in a gas holder. The methane in biogas can be burned to produce both 
heat and electricity.  

The anaerobic digestion cannot break down compounds, such as lignin which 
need to be utilized in anaerobic conditions and they remain in the residuals after 
the process. anaerobically. These compounds could inhibit the growth of plants 
when if AD excess sludge is directly used as a fertilizer, so addition treatment 
such as composting and aerobic biodegradation is needed [12] [13].  

As an alternative, bio-electrochemical processes offer many of the benefits of 
the anaerobic digestion but avoiding some of the above mentioned drawbacks 
Microbial Fuel Cells (MFC) are example of bio-electrochemical type of reactors 
which are intensively studied in the recent years. They combine biological and 
electrochemical processes to generate electricity, hydrogen or other useful 
chemicals form organic substrates, including waste organics. MFCs have attracted 
interest following the recent trends of developing sustainable methods and prod-
ucts. They offer simultaneous wastewater treatment and direct electrical energy 
harvesting which could significantly improve the water management environ-
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mental footprint in general [14]. The organic substrates in MFC reactors are bi-
ologically oxidized in the anode compartment under anaerobic conditions, 
where the oxygen as a terminal electron acceptor is replaced by the anode itself. 
The microorganisms driving this process are able to transfer directly the elec-
trons obtained from the decomposition of the organic molecules to the anode. 
These electrons flow through an external electric circuit to the cathode where 
they are consumed in different cathodic reactions (usually an oxidant agent re-
duction). Due to the presence of communities in wastewater, they serve as a 
source of bacteria for the formation of electrochemically active biofilm on the 
anode surface [15] [16]. From the biochemical point of view, there is fundamental 
difference between the conventional anaerobic digestion and bio-electrochemical 
processes even though both processes are anaerobic. Anaerobic digestion is pre-
dominantly fermentative transformation of the substrates without involvement 
of any complex electron transport mechanisms for ATP synthesis. On the con-
trary, in the microbial fuel cell, a respiratory type of metabolism is implemented 
with all the typical energy benefits for the bacterial cell.  

Anaerobic cellular respiration is similar to aerobic cellular respiration in that 
electrons extracted from a fuel molecule (organic substrate or the pollutants in 
the treated wastewater) are passed through an electron transport system, driving 
ATP synthesis. The only difference between the two processes is the terminal 
electron acceptor due to the absence of oxygen attributed to the anaerobic con-
ditions. 

This study aims to directly compare conventional anaerobic digestion and 
Microbial Fuel Cell (as a typical BES reactor) during utilization of wastewater 
from industrial production of ethanol by fermentation. COD removal rates and 
dynamics, energy recovery properties and parameters such as secondary sludge 
production are investigated in order to characterize the feasibility and technolog-
ical readiness of BES as a step towards their commercialization. 

2. Experimental 
2.1. Wastewater Characteristics 

The waste stream treated in the studied reactors contains the industrial 
wastewater flows collected form a different technological processes during the 
preparation and processing of the raw materials for the fermentation, alcoholic 
fermentation itself and the distillation of the final product. The main parameters 
are as follow: Conductivity—1480 μS/сm; pH—6.8; COD—1980 mgO2/dm3; 
Volatile fatty acids—460 mg/dm3; Total Nitrogen—29.2 mg/dm3; Total Phos-
phorus—11 mg/dm3. 

2.2. Anaerobic Digester Operation Parameters 

The anaerobic digester which was a subject of this study is a key wastewater 
treatment reactor in the ethanol and wine production facility near Burgas, Bul-
garia. The complete scheme of treatment includes Pumping station, grids, pri-
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mary clarifier, mixing and equalization tank, the anaerobic reactor itself and fi-
nal sedimentation tank. Mixed culture presented in the anaerobic reactor in-
cludes high number of acetogenic and methanogenic bacteria. Biogas produced 
during the digestion is collected in the upper part of the reactor and then col-
lected by the dedicated gas line. During the process, the anaerobic digester is 
maintained in mesophilic conditions with temperature between 30˚C - 35˚C and 
pH 6.8 - 7. 

2.3. MFC Configuration and Operation 

The prototype MFC used in this study was assembled as a cylindrical plastic re-
actor consists of two chambers separated by Nafion® 424 perfluorinted proton 
exchange membrane. The cell segments were equipped with the respective sam-
pling and gas/liquid transport ports. The electrodes were 30 mm in diameter 
made of carbon cloth with stainless steel current collectors. They were connected 
with external electric circuit loaded with 1000 Ohms resistor. The volumes of 
cathode and anode chambers were 45 dm3 (Figure 1). The anode compartment 
is fed by wastewater and inoculated with biomass form the anaerobic digester 
(2% w/w). 2% solution potassium ferricyanide used as catholyte and terminal 
electron acceptor. The process is conducted in ambient temperature of 18˚C - 
20˚C. 

2.4. Analytical Methods 

The Chemical Oxygen Demand (COD) was measured using Lange cuvette tests 
(LCK 314) and HACH DR 3900 spectrophotometer. 

 

 
Figure 1. Experimental design and construction of the microbial fuel 
cell used in the experiments: 1—anode; 2—cathode; 3—proton ex- 
change membrane; 4—external electric circuit. 
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The biomass growth was measured by KERN DAB100-3 Moisture and dry 
weight and expressed as a concentration of dry biomass. 

The yield and the specific yield of residual sludge were calculated by the dif-
ference in the amount of the final and initial biomass measured and then the 
values were related to the COD removed during the time of process. 

All analyses and measurements were performed in three replicates and the 
mean values are presented in the corresponding graphs and tables. 

3. Results and Discussion 

For the purposes of this study, the dynamics of COD removal in industrial an-
aerobic digester and Microbiological Fuel Cell constructed as a lab-prototype 
were compared during utilization of real waste stream from ethanol production 
and distillation. The data obtained and direct comparison of the main parame-
ters of both processes is presented in Figure 2 and Table 1. A high efficiency 
(above 95%) in terms of COD removal was observed in both cases. However, it 
was found that the anaerobic digestion requires significantly shorter treatment 
time to achieve this efficiency rate (about 120 hours vs. 380 hours). The COD 
removal rates are comparable since the values are of same order, but again the 
advantage of anaerobic digestion is obvious. Given that anaerobic degradation is 
a process that has been very well integrated in the industry for years it has 
reached high advanced technical and technological state of development in terms 
of equipment design and process control and optimization, so this results are not 
unexpected. However, in certain stages of the biodegradation process in the IGC 
the maximum (instantaneous) COD removal rates observed in MFC reactor are 
almost two times higher, which clearly demonstrate the potential of bio-electro- 
chemical methods. Probably this new technology hides significant opportunities 
that can be developed by optimizing both the technique (design) and the process 
parameters. Another positive characteristic of MFCs is the almost twice lower 
yield of excess sludge during the water treatment process, which can be a great 
technological advantage given the fact that residual sludge in a secondary waste 
flow which have to be managed and processed. In addition, MFCs offer a poten-
tial opportunity to recover energy from waste directly in the form of electricity, 
avoiding the additional technological stages such as burning biogas to harvest 
energy. Furthermore, even if both processes were carried out solely for the pur-
pose of waste streams stabilizing or treatment (without targeted energy recov-
ery), the elimination of mechanization would significantly reduce the carbon 
footprint of wastewater treatment activities due to the fact that methane is a 
much stronger greenhouse gas than carbon dioxide (which is the only end 
product of the biological degradation of organic matter in MFCs). Of course, 
another factor in this sense is the temperature regime difference between anaer-
obic digestion which often needs heating and temperature control and bio- elec-
trochemical processes characterized by significantly lower (close to the ambient) 
temperature requirements.  
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Table 1. Comparison of the performans of anaerobic digestion (AD) with that of microbial fuel cells (MFC). 

PARAMETER Anaerobic digestion (AD) Microbial fuel cell (MFC) 

HYDRAULIC RETENTION TIME 120 h 384 h 

TEMPERATURE REGIMES 
30˚C - 35˚C (requires heating and temperature  
control) 

18˚C - 20˚C (doesn’t require heating 
and temperature control) 

COD REMOVAL EFFICIENCY 95.7% 97% 

AVERAGE COD REMOVAL RATE 376.2 mg/dm3/day 118.3 mg/dm3/d 

MAXIMUM COD REMOVAL RATE 380 mg/dm3/day 722 mg/dm3/day 

BIOMASS GROWTH (EXCESS 
ACTIVATED SLUDGE—DRY WEIGHT 
PER GRAM COD) 

0.159 g/g COD 0.09 g/g COD 

ENERGY RECOVERY Biogas (heat and electricity after cogeneration) Direct electricity generation 

 

 

Figure 2. COD removal dynamics (Blue—Anaerobic digestion; Red—Microbial 
Fuel Cell). 

4. Conclusion 

Based on the data obtained MFC technology demonstrated a great potential to be 
used as an alternative approach for utilization of waste streams with high organic 
load. Although, the anaerobic digestion and the rectors used are well developed 
and improve over the years of industrial application and at this stage they are 
available industrial technology contrary to bio-electrochemical processes and 
Microbial Fuel Cells which are still far from commercialization. Anyway, these 
new reactors have a promising future and advantages which are still to be uncov-
ered. However, many obstacles cloud occur in their real life implementation, in-
cluding scaling problems and hidden long term exploitation costs. 
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