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A b s t r a c t  

Due to the constant growth of the world's population, the amount of generated wastewater is also constantly 

increasing. One of the devices that can use wastewater as a raw material for energy production is a microbial fuel 

cell (MFC). MFCs technology is constantly evolving. However, to increase its use, it is necessary to improve its 

efficiency. There are various possibilities to ensure this, such as the use of new electrode materials, new cell 

designs, or the use of wastewaters from different sources. In this paper the analysis of MFC operation (cell voltage, 

power, and current density) fed by mixed municipal and industrial wastewaters was shown. Moreover, the change 

in time of COD was analyzed. Due to cost reduction the membrane-less microbial fuel cell (ML-MFC) was chosen. 

It was noted that the addition of concentrated process wastewater increases the COD reduction time in the ML-

MFC. An increase of generated bioelectricity during fed ML-MFC by mixed municipal and industrial (process 

wastewater from yeast production) wastewater was demonstrated. The highest values of average cell voltage 

(598 mV), maximum power (4.47 mW) and maximum current density (0.26 mA·cm-2) were obtained for a 10% 

share of yeast process wastewater in the mixed wastewater, which fed the ML-MFC. 

Keywords: bioelectricity, bioenergy, microbial fuel cell (MFC), yeast process wastewater, environmental 

engineering, renewable energy sources, wastewater treatment, COD reduction, environmental 

protection 

1. INTRODUCTION 

Due to growing global production of energy the reducing greenhouse gas emissions is an immensely 

challenging task because this production is largely dependent on fossil fuels. In the XX century the 

increase of global population, production and consumption what caused decline in natural carbon 

sequestration capacity and so significant surge level of the greenhouse gas. No method of effective 

carbon dioxide elimination is currently used on a mass scale. Moreover, currently it does not seem that 

such method will be used in the foreseeable future. Currently, reducing greenhouse gas emissions is 
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achieved mainly through curbing the rise in greenhouse gas emissions by reducing the energy intensity 

and by enhancing energy efficiency of production [1,2]. Therefore, it is necessary to develop a new 

energy platform that will simultaneously ensure increased energy security and the reducing carbon 

dioxide emissions. One of the future solutions is to use wastewater as an energy source and at the same 

time the reduce greenhouse gas emissions by the eliminating of incineration process [3-5]. Due to 

planning to 2050 achieving carbon neutrality, it will be necessary not only change in energy production 

technology but also lifestyle changes. A significant lifestyle change may be difficult for society to 

accept, mainly due to the planned increase in energy prices and planned limits on energy consumption 

[5-9]. 

With the growth of the world's population the amount of waste or wastewater still growing and 

requires more and more financial expenditures for its treatment. [10-12]. A large part of waste 

substances are organic substances contained in wastewater. There are many methods of disposal, e.g., 

waste incineration, biogas production, treating wastewater with the use of activated carbon or the Fenton 

reaction [3-5,13-15]. However, wastewater contains several times more energy than it is needed for its 

disposal and therefore it would be important to recover some of this energy for energy purposes [4,9]. 

One of the technologies that can be used to recover energy from wastewater is a microbial fuel cell 

(MFC) technology [4,10-12]. MFC is electro-bio-chemical system in which bioelectricity is produced 

by microorganisms fed by wastewater. In MFC the microorganisms act as catalysts [2,13,15]. Using 

MFC technology, it is possible to generate bioelectricity but simultaneously they can be supporting 

element of wastewater treatment in wastewater treatment plant due mainly on reduce the chemical 

oxygen demand (COD) [16-22]. 

The MFC to produce energy can use any biodegradable source of organic matter, from pure 

compounds to, e.g., wastewater [23,24]. In the MFCs the microorganisms act as a catalyst of anode 

[4,10,11,16,25]. Microorganisms that are produce bioelectricity include, e.g., Clostridia, Bacteroidetes 

or fungi as, e.g., Saccharomyces [10,11,26-33]. However, there are also other microorganisms present 

in the MFC anode chamber, which have not yet been fully determined [30,34]. Microorganisms for MFC 

are obtained from bottom sediments, soil or from wastewater treatment plants (activated sludge) and 

from previously operating MFC [4,32,35-40].  

The MFCs using biomass accumulated in organic wastewater are renewable energy sources as 

nature-friendly renewable energy sources of the future [26-30,31-34,41-46]. However, for MFCs to be 

used on a large scale, it is necessary to increase their efficiency. Currently the main disadvantage of 

MFCs is low current density [4,16,19,20,23,24]. The low value of this parameter results mainly from 

the low metabolic rate of the microorganisms which act as a catalyst. But MFC operation is also 

influenced by the electrode material or the type of wastewater [22,48-52] or using mediators [10,53]. 

However, due to low rate of metabolism the obtaining amount of electricity is low. It is due the fact that 

the obtaining current density is directly proportional to the reaction rate on anode (in case of MFC, to 

rate of microorganisms' metabolism) [4,5,54]. 

Various types of wastewaters can be used as food for microorganisms in MFCs, both municipal 

and industrial wastewater [55-60]. The examples of industrial wastewater used in MFCs can be, e.g., 

tannery wastewater [61] or electroplating industry wastewater [62]. However, the most beneficial are 

wastewater from the food industry [63]. Various wastewaters from food industry are used in MFCs 

research, depending on availability (depending on the world region, type of crops or on the 

type/advancement of the food industry). For research are used the wastewater from production from 

fruits and vegetables processing, e.g., brewery wastewater [64,65], waste of papaya [56], banana [66], 

golden berry [67], blueberry [68], onion [69], as well as yeast wastewater [57-58].  

Municipal wastewater contains many undesirable compounds and substances for the operating of 

MFCs. Examples include detergents, soap, heavy metals, and dangerous viruses and pathogenic bacteria 
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that enter the wastewater along with feces. Whereas the composition of process wastewater from the 

food industry is strictly defined and these types of contamination are eliminated. Therefore, it would be 

important to enrich the municipal wastewater with the process wastewater. Mixing both types of 

wastewaters will provide additional portions of organic substances and will also reduce the overall 

concentration of the above-mentioned unfavorable compounds and substances. Moreover, feeding the 

microorganisms in the anode chamber with such mixed wastewater should improve the operating of the 

MFC. In this work the feeding membrane-less microbial fuel cell (ML-MFC) by the mixed municipal 

and process wastewater was analyzed. 

2. MATERIALS AND METHODS 

For analysis as industrial wastewater the process wastewater from yeast production was selected. In the 

yeast factory the process wastewater (PWW) is produced at the stage of molasses clarification, 

centrifugation, and vacuum filtering. These wastewater as fertilizer is mainly directed to agricultural 

fields [70,71]. Figure 1 shows the formations points of the process wastewater in the yeast production. 

In this study, the most concentrated wastewater from yeast production was selected for mixing with 

municipal wastewater. This wastewater was collected from molasses clarification streams and from the 

first centrifuge. Process wastewater from these streams was mixed in equal proportions (50:50). This 

mixture represented technological wastewater for further measurements.  

 

 
Fig. 1. Yeast production line with the formations points of the PWW 

 

Process wastewater from selected sources (from molasses clarification and from the first centrifuge) has 

a very high concentration of pollutants. Therefore, it was decided to add to municipal wastewater 

(MWW) a small amount of process wastewater. In measurements added 0, 5, 10, 15, and 20% of the 

process wastewater to the municipal wastewater.  

The measurement was divided into two stages: the analysis of the chemical oxygen demand 

(COD) reduction, and the analysis of the electrical parameters during MFC operation. In case of the 
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COD reduction the Hanna HI-801 Iris spectrophotometer (HANNA Instruments, Woonsocket, RI, USA) 

was used. Whereas in case of the measurements of the electrical parameters the cell voltage, power, and 

current density was measured where a Fluke 8840A multimeter (Fluke Corporation, Everett, WA, USA) 

and a PGSTAT302N potentiostat (Metrohm-Autolab BV, Utrecht, Holland) was used. 

For measurements the membrane-less microbial fuel cell (ML-MFC) with the chambers placed 

one above the other was selected. The anode chamber was placed at the bottom, and the cathode chamber 

was placed above the anode chamber. The chambers are separated by a layer of glass wool. Placement 

of chambers and separator (glass wool) ensures limited oxygenation of the anode chamber. Fresh 

wastewater flows into the anode chamber from an external tank, and only after the organic matter has 

been used by microorganisms, the wastewater slowly flows by the separator to the upper cathode 

chamber. Only there is the wastewater oxygenated and then directed back to the external tank. Moreover, 

elimination of proton exchange membrane (PEM) allows to reduction of build cost (the PEM is often 

the most expensive component of MFC). Therefore, this type of cell to research was chosen [57]. The 

ML-MFC housing was printed by the 3D printing technology (Zortrax M200 3D printer with the Z-Suite 

software; Zortrax S.A, Olsztyn, Poland). For printing the HIPS plastic was used.  

As an anode the carbon felt was used. Whereas, as a cathode the carbon cloth was used. During 

the operation of ML-MFC the cathode (in cathode chamber) was constantly aerated (2 L·h−1) by air 

stone bubbler. The external load (100 Ω) was used to connect the electrodes (to close the electrical 

circuit) [5,16,22]. Before using the municipal and industrial wastewater in to the MFC, the 

microorganisms by 5 days were acclimatized [16,72]. 

For comparison of effectiveness of COD reduction after adding the process wastewater the three 

different reactor was used.  First: reactor without aeration (control measurement), second:  reactor with 

aeration, and third: ML-MFC [72]. Glass aquariums with a capacity of 15 L were used as the First and 

Second reactors. In reactor without aeration the wastewater was inoculated with passive air only through 

the interface of the wastewater [22,58,72]. In reactor with aeration the wastewater was constantly aerated 

(200 L·h−1). The reactors without and with aeration was of 15 L capacity. Initial COD concentration of 

mixed wastewater was 1413 ± 50 mg·L−1 for 0% addition of PWW, 2980 ± 50 mg·L−1 for 5% addition 

of PWW, 4547 ± 50 mg·L−1 for 10% addition of PWW, 6114 ± 50 mg·L−1 for 15% addition of PWW, 

and 7680 ± 50 mg·L−1 for 20% addition of PWW. COD concentration measurements were performed 

both before and during the measurements, at one-day intervals. To comparison of the effectiveness of 

COD reduction of the ML-MFC with the reactor without aeration and reactor with aeration the ML-

MFC was combined with external wastewater tank (with slow circulation of 0.05 L·h−1 in a closed 

loop). To allow comparison to the capacity of the other reactors the volume of wastewater in the entire 

system was 15 L (MFC + an external tank). The external tank was much larger than the capacity of the 

MFC to ensure constant access to fresh wastewater. And the flow was slow enough to allow for a 

permanent supply of nutrients (for microorganisms). Furthermore, the slow flow, together with the very 

slow mixing of the wastewater in the external tank, minimized the oxygenation of the wastewater 

supplied to the anode chamber. All reactors were operated until 90% COD reduction was achieved [72]. 

3. RESULTS AND DISCUSSION 

In first step the reduction of COD concentration was analyzed in three reactors (Figure 3). All reactors 

(R1, R2, and R3) were fed with the same wastewater.  Figure 2-6 contains details of the reduction of 

COD over time for the three types of reactors, and with addition accordingly of 0, 5, 10, 15 and 20% of 

the PWW. 
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Fig. 2. Reduction of the COD in wastewater without adding PWW 

 

 
Fig. 3. Reduction of the COD in wastewater with addition 5% of the PWW 

 

 

 
Fig. 4. Reduction of the COD in wastewater with addition 10% of the PWW 
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Fig. 5. Reduction of the COD in wastewater with addition 15% of the PWW 

 

 

 
Fig. 6. Reduction of the COD in wastewater with 20% of the PWW 

 

According to the data obtained (Figures 4-6), a reduction of COD to 90% were obtained for all reactor 

types and for all PWW concentrations. Depending on the type of reactor (without aeration, with aeration 

or MFC), the reduction time varied. The initial values of COD concentration were different depending 

on the amount of added PWW. Due to the high COD value, the addition of PWW increases the 

concentration of the mixture used for measurements (Figures 4-6). In the case of MWW (without the 

addition of PWW), the COD reduction time without aeration was 29 days, whereas the reduction time 

for aeration and MFC was 12 days (Figure 2). However, the characteristic of curve for aeration is more 

beneficial because the COD reduction is much more intense than when using MFC. However, unlike 

MFC, aeration requires significant amounts of energy.  

The higher the concentration of PWW, the longer the time required for COD reduction to the 

desired level. However, it should be noted that at the same time the difference between the reduction 

time for the reactor without aeration and for the MFC decreases (Figures 4-6; green cross markers, and 

red triangular markers). In the case of MWW (without addition of the PWW), the COD reduction time 

for MFC is 41% of the reduction time for control measurement (without aeration). And accordingly for 

5% PWW addition - 45% of control measurement time (CMT) (Figure 3), for 10% PWW addition - 

59% of CMT (Figure 4), for 15% PWW addition - 76% of CMT (Figure 5), and for 15% PWW addition 

- 82% of CMT (Figure 6). It should also be noted that in each case, for all PWW concentrations, the 
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COD decline curve for aeration is the most beneficial. But as noted earlier, oxygenation (aeration) 

requires significant energy expenditure.  

Next, the electrical parameters during ML-MFC operation were analyzed. First, the current 

density was measured. Because the biofilm was covered the entire surface of the dense carbon felt 

(anode), all electrode pores were aligned with the biofilm during the MFC operation. Therefore, the 

anode surface was determined as the geometric surface of the electrode. And this value was used for 

determining of current density. Table 1 presents the current density obtained during ML-MFC operation, 

and with addition accordingly of 0, 5, 10, 15 and 20% of the PWW. 

Table 1. Current density obtained during ML-MFC operation 

parameter 0% PWW 5% PWW 10% PWW 15% PWW 20% PWW 

current density (max. value) 

[mA·cm−2] 
0.15 0.18 0.26 0.23 0.22 

 

As can be seen from the data in Table 1, the highest value (0.26 mA·cm-2) of current density was obtained 

for 10% of PWW addition in mixed wastewater (which was fed to ML-MFC). The lowest value (0.15 

mA·cm-2) of this parameter was obtained for 0% of PWW share. In the case of 15 and 20% of PWW, 

similar current density values were obtained (0.23 mA·cm-2 for 15% and 0.22 mA·cm-2 for 20%, 

respectively). However, these values are noticeably lower than those obtained for 10% PWW addition. 

 

Next, the cell voltage obtained during the operation of the ML-MFC was measurements. The results of 

these measurements are shown in Figure 7. 

 

 
Fig. 7. Cell voltage of the ML-MFC in time, depending on the percentage of PWW 

 

According to the data obtained (Figures 7), the obtained cell voltage value depends on the percentage 

of PWW addition. The average cell voltage value during 12 days of cell operation for MWW was 

500 mV, 554 mV for 5% PWW addition, for 10% PWW addition – 598 mV, for 15% PWW addition - 

494 mV, and  for 20% PWW addition - 508 V. Whereas the maximum cell voltage values were 0.580 V 

for 0% of PWW, 0.650 V for 5% of PWW, 0.690 V for 10% of PWW, 0.590 V for 15% of PWW, and 
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0.630 V for 20% of PWW. It should be noted that the maximum cell voltage values were achieved with 

10% of PWW addition. Moreover, it should be noted that the cell voltage increased with increasing the 

PWW addition up to 10% (when the maximum cell voltage value and the maximum average value over 

12 days were reached), and then the voltage decreased with the addition of PWW.  

Next, the power curves obtained during the operation of the ML-MFC was measurements. The 

results of these measurements are shown in Figure 8. 

 

 
Fig. 8. Power curves of the ML-MFC, depending on the percentage of PWW 

 

According to the measurements obtained (Figures 8), the maximum power value was obtained, 

similarly to the cell voltage, for 10% PWW addition. Moreover, as with the cell voltage, the power 

increased with increasing the PWW addition up to 10%, and then the power decreased with the addition 

of PWW. The maximum cell power was 4.47mW for 10% PWW. However, for 0% PWW the power 

was 3.92mW, for 5% PWW - 4.31mW, for 15% PWW - 4.12mW, and for 20% PWW - 4.11mW. The 

maximum value obtained for 10% PWW addition represents approximately a 14% increase in power 

compared to measurements for 0% PWW addition. 

4. CONCLUSIONS 

During the study, feeding of ML-MFCs by mixed municipal (MWW) and industrial (PWW) 

wastewaters was analyzed. The measurements demonstrated that the addition of PWW to the MWW 

influences the operation of the ML-MFC. In the case of COD concentration reduction measurements, 

the effect of wastewater concentration (which results from the addition of highly concentrated process 

wastewater) can clearly be seen. The higher the concentration of PWW, the longer the COD reduction 

time (mainly due to the increasing concentration of COD). Moreover, at the same time the difference 

between the reduction time for the reactor without aeration and for the MFC decreases. In fact, the 

aeration curves indicate that in the case of COD reduction, aeration is more beneficial than the use of 

MFC. However, oxygenation requires significant energy inputs, which in most treatment plants 

constitute approximately 50% of the wastewater treatment costs. The use of MFC would not only save 

on aeration costs, but also allow for a small amount of energy recovery. However, the cell voltage and 
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power increased with increasing the PWW addition up to 10%, and then these parameters slightly 

decreased with a further addition of PWW. The average value of the cell voltage (598 mV) for 10% 

PWW addition was of 19% higher compared to measurements for 0% PWW addition (500 mV). 

Whereas the maximum power for 10% PWW addition (4.47 mW) represents approximately a 14% 

increase in power compared to measurements for 0% PWW addition (3.92 mW). In conclusion, under 

the conditions adopted in the experiment (type of MFC, electrodes, type of wastewater, etc.), the best 

electrical parameters were obtained for 10% of the addition of yest process wastewater. 
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