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Kocaeli University, Department of Environmental Engineering, Kocaeli University, Kocaeli 41001, Turkey

A R T I C L E  I N F O

Keywords:
Microbial fuel cell
biotic-abiotic nitrate removal
energy production
PROMETHEE

A B S T R A C T

Microbial fuel cell (MFC)’s are sustainable resource recovery technologies that produce green energy. While 
sewage sludge fed with dairy industry wastewater was oxidized in the anode, the energy production and 
treatment potentials of MFCs in which nitrate was reduced under abiotic-biotic conditions in the cathode 
compartment were evaluated. It was determined how the performance changed when the conditions of the 
cathode compartment were changed as biotic (heterotrophic-autotrophic) and abiotic. The performance of the 
MFC was evaluated by anodic and cathodic coulombic efficiency (CE), maximum power density, chemical ox
ygen demand (COD) and NO3

- removal. Considering the MFC performance criteria and the cost of the carbon 
source added to the catholytes, the preference order of the MFCs was determined using a multi-criterion decision 
methodology called the PROMETHEE approach, which allowed for pairwise comparison of alternatives on a 
criterion basis using preference functions. Accordingly, abiotic MFC˃autotrophic MFC˃heterotrophic MFC 
preference order was obtained. It was revealed that all criteria except nitrate removal efficiency had a positive 
effect on the selection of abiotic MFC. Although the nitrate removal efficiency in abiotic MFC was lower than 
biotic MFCs, the energy production performance was determined to be quite high.

1. Introduction

The effects of climate change have revealed the need to switch to 
green and low-carbon energy production technologies as soon as 
possible. However, the performance of energy generation technologies 
should be evaluated from a new 4E perspective. Energy, exergy, econ
omy and environment are taken into account in the 4E evaluation sys
tems (Wang et al., 2024). MFCs are a series of physically, 
electrochemically and biologically interconnected processes and are 
sustainable resource recovery technologies (Esfandyari et al., 2017a; 
Guo et al., 2023). A 4E analysis of stacked MFC was performed by 
Nasrabadi and Moghimi (2022). It was determined that by scaling up the 
system, the maximum power and energy efficiency would be 332 kW 
and 58 %, respectively. The results showed that the MFC system is more 
profitable than conventional energy systems. Conventional systems 
produce 5000 tons of CO2 per year, while MFCs produce 1 ton of CO2 

(Nasrabadi and Moghimi, 2022). The use of waste in energy production 
makes the process sustainable in environmental/economic/social terms. 
Waste sludge disposal in treatment plants is an important problem. Since 
the organic matter content of sewage sludge is high, its evaluation in the 
field of energy production has become a preferred approach, although 
there are many disposal methods. In the most widely used anaerobic 
digestion method, sludge stabilization is achived along with energy 
production. MFCs have 4 times the energy production potential 
compared to anaerobic digestion and offer a sustainable alternative for 
biomass management. One of the most important obstacles limiting the 
application of MFCs is their inadequacy in the treatment of wastewater 
containing high COD (Hassan et al., 2024). MFCs can be integrated into 
combined systems, allowing for the simultaneous production of energy 
and treatment of wastewater or organic waste (Esfandyari et al., 2024). 
Sludge attracts attention as an important substrate source in the 
anaerobic compartment. Nitrogenous compounds are the main 
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constituents that support growth thus, nitrogen entry into the receiving 
aquatic environment through wastewater should be prevented. This 
process is achieved by denitrifying nitrate, which is the final oxidation 
step of nitrogen. In addition, when nitrate is taken with drinking water, 
it may cause health problems such as blue-baby disease in babies. 
Although there are many advanced nitrate removal methods, denitrifi
cation processes are widely used in both wastewater and drinking water 
treatment. Nitrate serves as an important electron acceptor in MFCs 
under both biotic and abiotic conditions. Heterotrophic denitrification 
uses organic carbon as the electron donor while autotrophic denitrifi
cation uses hydrogen and sulfur as electron donors. At the biocathode, 
organic and inorganic C are given to the microorganisms as a carbon 
source in the heterotrophic and autotrophic denitrification processes, 
respectively. Since organic carbon residues in water cause problems 
after heterotrophic denitrification, autotrophic denitrification is offered 
as an alternative in the presence of inorganic electron donors for nitrate 
removal from water to be used as drinking water. Nitrate removal is 
recommended under abiotic conditions where contamination with both 
organic matter and microorganisms is undesirable. MFC technology is a 
technology that simultaneously produces energy via nitrate removal and 
reduces CO2 emissions and energy consumption (Guo et al., 2023). The 
most effective factor in high power generation in MFCs is to determine 
the electron acceptor that will reduce potential losses at the cathode. It is 
desired that the cathodic electron acceptor has a high redox potential, to 
be sustainable, to show fast kinetics, to be economically viable and to be 
easily accessible (He et al., 2015). There has been increased interest in 
the use of nitrate as an electron acceptor.

In cathode heterotrophic denitrification, electroactive microorgan
isms transfer the electrons they obtain from the electrode to denitrifiers, 
thus reducing the need for organic matter. In this way, CO2 emissions 
from the system are also reduced. In addition, biocathode autotrophic 
denitrification does not require electron donor sources such as H2 or 
reduced sulfur compounds. The electrons required for nitrate reduction 
are transmitted to the denitrifiers via electroactive microorganisms (Zhu 
et al., 2024). The use of low conductivity waters such as groundwater 
may limit autotrophic denitrification in the biocathode. Irreversible 
energy losses occur at low conductivity, and resistance to electron and 
proton transport between compartments occurs. Thus, nitrate reduction 
is not complete (Puig et al., 2012). Denitrification in MFCs has attracted 
attention because the reduction potential of nitrate is similar to oxygen. 
In addition, it has been proven that nitrite, a byproduct of nitrate 
reduction, can be used as an electron acceptor (He et al., 2015; Puig 
et al., 2012). Under abiotic denitrification conditions, charge accumu
lates on the electrode due to capacitance, and with this accumulated 
charge capacity, nitrate gains five electrons and is reduced to N2. 
Reduction is achieved by four different bacterial enzyme. The reduction 
potential of nitrate is + 0.549 (V vs Ag/AgCl) and the reduction steps are 
shown by Eq. 1-5 (Al-Mamun et al., 2017; Lefebvre et al., 2008; Vijay 
et al., 2022). Potential losses may occur in the biocathode as the needs of 
microorganisms such as growth consume energy. However, the reduced 
overpotentials resulting from biocatalysis will compensate for this loss 
(Virdis et al., 2008). 

NO−
3 +2e− +2H+→NO−

2 +H2O E0 = +0.233 (1) 

NO−
2 + e− +2H+→NO+H2O E0 = + 0.150 (2) 

NO+ e− +H+→0.5N2O+0.5H2O E0 = +0.975 (3) 

0.5N2O+ e− +H+→0.5N2 +0.5H2O E0 = + 1.155 (4) 

2NO−
3 +10e− +12H+→N2 +6H2O E0 = +0.549 (5) 

The traditional approach is to determine MFC performance by out
puts such as energy production only or treatment efficiency only. 
However, the importance of MFC outputs vary in practice. Therefore, 
statistical approaches are needed. The correct approach is to evaluate 

simultaneously occurring MFC outputs together according to their 
importance. Here, nitrate removal was investigated under biotic and 
abiotic catholyte conditions in an MFC using waste sludge fed with dairy 
industry wastewater as substrate. MFC outputs such as energy produc
tion, treatment potential, and external carbon cost were considered 
simultaneously and the most appropriate MFC was determined with the 
Preference Ranking Organization Method for Enrichment Evaluation 
(PROMETHEE) approach, which is a multi-criteria decision-making 
process (MCDM). Hence, the MFC outputs that are positively and 
negatively influential and the MFC output with the highest degree of 
influence are revealed.

2. Materials and methods

2.1. Experimental procedure

The mixture of anaerobic sludge taken from a fermentation industry 
wastewater treatment plant and dairy industry wastewater was used as 
substrate in the anode compartment. Nitrate was used as an electron 
acceptor in the cathode compartment. The experiments were conducted 
in an MFC reactor made of plexiglass with each compartment having an 
active working volume of 800 mL. Each compartment was divided by a 
Nafion 117 proton-exchange membrane (Fisher Scientific/Thermo 
Fisher Scientific, Waltham, MA, USA) with surface area of 10 cm2. The 
membrane was pretreated with 30 % H2O2 solution at 40 ◦C for 24 hours 
before each experiment. Carbon fabric electrodes (FuelCell Store) with a 
surface area of 22.5 cm2 (5 cm*4.5 cm) were used as anode and cathode 
electrodes. The mixture of anaerobic sludge (500 mL) taken from the 
fermentation industry wastewater treatment plant and dairy industry 
wastewater (200 mL) was used as substrate in the anode chamber. 
100 mL and 50 mL of exoelectrogen rich sludge was added to the anode 
and biocathode compartment, respectively. Enrichment of sludge in 
terms of exoelectrogens was carried out as described in a previous study 
(Durna Pişkin and Genç, 2024). A mixed culture enriched with exoe
lectrogens was added as an inoculum in the anode compartment and as a 
microbial population to provide denitrification in the cathode 
compartment. While the mixed liquor suspended solids (MLSS) values of 
the anode and cathode were 40 g/L and 10 g/L, respectively, the mixed 
liquor volatile suspended solids (MLVSS) values were 14 g/L and 
3.4 g/L, respectively. A solution containing 40 mg/L NO3

—N (500 mL) 
was used in the cathode compartment. A NaNO3 solution was used as 
NO3

- source for the cathode. 2125 mg/L K2HPO4, and 2600 mg/L 
KH2PO4 buffer solutions were added to the anode and cathode com
partments. NaHCO3 (1000 mg/L) and CH3COONa (1250 mg/L) were 
used as carbon sources for the microorganisms in autotrophic and het
erotrophic denitrification, respectively. Under abiotic conditions, no 
inoculum or carbon was added to the catholyte. In all experiments, the 
anode and cathode compartments were mixed with a magnetic stirrer. 
At the beginning of the experiments, both compartments were swept 
with N2 gas to remove oxygen. Before starting the experiments, the 
anodic and cathodic solutions were adjusted to pH 7.0 with a 
Mettler-Toledo pH meter and the experiment was carried out at 23 
± 1.5 ◦C. The electrodes were connected to each other with conductive 
copper wire. All experiments were carried out using 1000 Ω external 
resistance. Samples were taken from the anode and cathode compart
ments under conditions where the voltage remained constant. All 
chemicals used in the experiments were analytical grade. The MFC 
experimental setup is shown in Fig. 1.

2.2. Analysis

The voltage between the anode and cathode during 4300 min was 
determined by a Unit UT8804E Benchtop Digital Multimeter. The 
voltage and power were calculated according to Ohm’s law using Eqs. 6 
and 7, respectively. The coulombic efficiency (CE) was calculated by Eq. 
8. 
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I = Ecell/Rext (6) 

Here, I is the current, Ecell is the voltage measured through an 
external resistance (Rext).

The power density (P) was determined using Eq. (9) and normalized 
with the surface area of the electrode. 

P = I*Ecell (7) 

The coulombic efficiency (%) is expressed as the ratio of the total 
coulombs transferred from the substrate to the anode to the maximum 
number of coulombs that can be transferred. The coulombic efficiency 
was calculated according to Eq. 8 (Peera et al., 2021). The Coulombic 
efficiency was calculated in the MFC system based on the anode and is 
also referred to as the anodic coulombic efficiency in some sources 
(Bhattacharya and Chatterjee, 2024). 

Anodic CE(%) =
8
∫ tb

0 Idt
FVanΔCOD

× 100 (8) 

In recent years, the concept of cathodic CE has come to the fore with 
the use of different electron acceptors. The cathodic coulombic effi
ciency can be calculated using Eq. 9. 

Cathodic CE(%) =

∫ t
o Idt

(

5 ΔNO−
3 Vc

Mn

)

F
× 100 (9) 

where I (A) = current generation during the operating time (t, s); Van 
(L)= active volume of the anode chamber, Vc (L) = active volume of the 
cathode chamber; F = Faraday constant (96485 C/mol); Mn = nitrogen 
atomic weight (14 g/mol); ΔCOD is the initial and effluent COD differ
ence (mg/L) at the anode, and ΔNO3

- represents the initial and effluent 
NO3

- difference (mg/L) at the cathode (Bhattacharya and Chatterjee, 
2024).

The polarization curve was plotted using different external re
sistances between 1 × 105 and 10 Ω.

COD and NO3
- analyses were carried out to determine the treatment 

performance in the anode and cathode chambers, respectively. Nitrate 
analysis was carried by a Hach DR 6000 spectrophotometer. using the 
LCK340 - Nitrate Cuvette Tests on the filtrate obtained by filtering the 
analyte through a 0.45 μm pore diameter filter. COD analysis was con
ducted according to the standard 5220 closed reflux method. The COD 
and nitrate removal efficiencies were calculated according to Eq.10. 

Removal Efficiency(%) =
C0 − Ct

C0
× 100 (10) 

where C0 (mg/L) is the initial COD or nitrate concentration, and Ct(mg/ 
L) is the COD or nitrate concentration at reaction time, t (min).

Electrochemical impedance spectroscopy (EIS) measurements were 
carried out for whole cell using a VersaSTAT 4 potentiostat and Ver
saSTUDIO electrochemical software. In the test, the anode electrode was 
used as the working electrode and the cathode electrode was used as the 
counter and reference electrodes (Lu et al., 2015; Tou et al., 2024).

Measurements were conducted for heterotrophic MFC with a fre
quency range of 1000 kHz to 0.1 MHz and an amplitude of 10 mV and 
for abiotic MFC with a frequency range of 10000 kHz to 0.1 MHz and an 
amplitude of 10 mV. Zsimp software is used to fit the measured EIS data 
to the equivalent circuit model (Tou et al., 2024).

2.3. PROMETHEE approach

The most suitable MFCs for biotic and abiotic nitrate removal in 
terms of energy production, treatment efficiency and required C (car
bon) cost were determined by PROMETHEE (The Preference Ranking 
Organization Method for Enrichment Evaluation). The PROMETHEE 
method is a MCDM method developed by Brans and Vincke (1985). 
PROMETHEE is a prominent ranking method for ranking and selecting a 
finite set of alternative actions among often conflicting criteria 
(Behzadian et al., 2010). The method evaluates the alternatives based on 
the specified preference functions and determines the priorities of the 
alternatives. GAIA (Geometrical Analysis for Interactive Aid) plane is a 

Fig. 1. MFC experimental setup.
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graphical representation. The GAIA plane, a visual tool, provides a 
graphical representation of the results obtained with the PROMETHEE 
method. This tool also helps to understand conflicts between criteria and 
which criteria are influential in the selection of alternatives (Mareschal 
and Brans, 1988). The PROMETHEE rainbow visually represents a sliced 
view of the net ranking achieved with PROMETHEE II. Positive and 
negative impact criteria can be displayed for each alternative (Tusher 
et al., 2024). Biotic and abiotic MFCs were evaluated according to CE, 
maximum power density, C-cost, COD and NO3

- removal criteria and the 
most suitable MFC was determined. Alternative MFCs were ranked using 
the Visual PROMETHEE software.

3. Results and discussion

3.1. Evaluation of MFCs in terms of their energy production potential and 
treatability

While the dairy industry wastewater and sludge mixture were 
oxidized in the anode chamber of the MFC, abiotic and biotic (hetero
trophic and autotrophic) nitrate reduction was carried out in the cath
ode section. The energy production and treatment potential of MFCs 
were evaluated simultaneously. The results are given in Table 1.

COD removal remained at approximately the same levels in all MFCs 
because the only variable that can affect the degree of organic matter 
oxidation is the abiotic/biotic condition of the catholyte. MFCs were 
evaluated with anodic CE calculated based on the electrons generated by 
the decomposition of organic matter (COD) and cathodic CE calculated 
based on the electrons required for the reduction of nitrate. It was 
observed that CE was at the maximum level in the abiotic cathode 
process where nitrate removal efficiency was at the lowest level. In 
abiotic MFC where 5 % NO3

- was removed, anodic and cathodic CE were 
determined as 15.4 × 10− 2 and 67.94, respectively. In heterotrophic 
and autotrophic MFCs where NO3

- was removed as 98.5 % and 22.5 %, 
anodic and cathodic CE were determined as 1.5 × 10− 2, 0.33 and 
3.1 × 10− 2, 3.06, respectively. Carbon is generally thought to be an 
excellent conductor and anti-corrosion material for making electrodes 
for MFCs. However, because of the poor adhesion of bacteria, electron 
transport from microbial biofilm to the electrode surface is limited when 
utilising traditional anodes. This problem affects the MFC’s ability to 
operate by lowering its power output, which impedes the technology’s 
practical application. High internal resistance is the other major draw
back (Khan et al., 2024; Soomro et al., 2016). A high salt concentration 
damages carbon-based electrodes or metal-based current collectors (Li 
et al., 2018). Here, the anode chamber had a sufficiently high salt con
centration to support biodegradation and was not at a level that would 
damage the electrode. Since the MFCs were operated under practically 
anticipated operating conditions, no significant change in the electro
chemical properties of the electrodes was expected. The only difference 
between biotic MFC and abiotic MFC was that mixed microbial popu
lation that will provide nitrate reduction were used in the cathode 
compartment of biotic MFC. Electroactive microorganisms carried the 

electrons they received from the cathode electrode to denitrifiers, 
providing higher nitrate removal. In abiotic conditions, since electron 
transfer from the electrode to nitrate was insufficient, nitrate removal 
efficiency remained low. In the study conducted by Puig et al. (2012), in 
the MFC fed with sodium acetate in the anode compartment, It was 
determined that nitrate removal by autotrophic denitrification was 
approximately 5 times greater than that by abiotic denitrification (Puig 
et al., 2012). In this study, a 4.5-fold increase in nitrate removal rate was 
obtained by autotrophic denitrification compared to abiotic conditions. 
In the study conducted by Jiang et al. (2017), 87.05 % nitrate removal 
and 1.52 mA/m3 power density were achieved by autotrophic denitri
fication (Jiang et al., 2017). The high voltage observed at low NO3

- 

removal increased the cathodic CE to the maximum. High COD removal 
decreased the anodic CE. The high COD in the anode chamber encour
aged the growth of fermentation and methanogenesis bacteria, which 
cannot contribute to electricity production (Nguyen and Babel, 2023). 
Power production was achieved by reducing nitrate in the cathode 
compartment. However, the formation and accumulation of intermedi
ate products may lead to loss of oxidation capacity of the electron 
acceptor, resulting in low CE (Puig et al., 2012). Nitrite is frequently 
generated during the startup stages of the microbial-driven denitrifica
tion process as a result of pH variations, a lack of electron donors, or 
electrode potential oscillation (Li et al., 2024b). During the stabilization 
phase, nitrite accumulation is minimal.In MFCs, nitrite’s electron con
sumption is superior to that of nitrate, leading to a greater cathodic 
coulombic efficiency and a nitrite reduction rate that is up to two times 
quicker than that of nitrate, hence enhancing the nitrogen removal ef
ficiency (Nguyen and Babel, 2024). In the study conducted by Li et al. 
(2016), in a MFC with a Pt-free plain electrode, nitrite and nitrate were 
reduced only 87.2 % on the 4th day with an integrated short-cut nitri
fication and autotrophic denitrification, the nitrate reduction rate was 
0.0028 kg N/m3d, and the nitrite reduction rate was 0.0068 kg N/m3 

d (Li et al., 2016). Experimental results obtained by Yao et al. (2024)
revealed that potential acclimation could efficiently improve denitrifi
cation performance by relieving the phenomenon of nitrite accumula
tion (Yao et al., 2024). The results indicated that potential acclimation 
was conducive to enhancing denitrifying enzyme activity and that the 
electron transport system activity could be increased by 5.8 times. After 
potential acclimation, the nitrite accumulation was efficiently relieved. 
The accumulation of nitrous oxide in the cathode is the most important 
reason for the decrease in coulombic efficiency at the cathode. Strategies 
have to be found to minimize the accumulation of this intermediate. 
Incomplete denitrification can reduce the coulombic efficiency of the 
cathodic denitrification due to the reduced number of electron equiva
lents actually taken up by bacteria at the electrode (Virdis et al., 2008). 
To achieve the desired level of effluent treatment in the anode and 
cathode compartments, MFCs need to be operated at high retention 
times. Longer retention times will reduce the power generation poten
tial. Therefore, the use of MFCs as final treatment units is not feasible. 
When the initial concentrations of nitrate and nitrite were about 
50 mg/L and 23 mg/L, respectively, after around 43 days of operation, 
the removal efficiency for both NO3

- -N and NO2
- -N in the system stabi

lized at almost 99.5–99.9 % (Deng et al., 2020). In this study, MFCs were 
monitored for approximately 10 days. Nitrite levels were determined to 
be approximately 0.7 mg/L, 2.5 mg/L, and 8 mg/L for abiotic, hetero
trophic, and autotrophic MFCs, respectively. By increasing the electron 
donor without allowing the growth of fermentation bacteria and 
methanogens in the anode compartment, creating environmental con
ditions that will support microbial growth in the biocatholyte, and 
increasing the retention time, complete reduction of denitrification in
termediate products will be achieved. Thus, intermediate product 
accumulation can be prevented.

The real voltage of a MFC is less than the theoretical one. This 
decrease is cause by ohmic, concentration and activation over potentials 
(Esfandyari et al., 2017b). Due to the activation energy required for an 
oxidation/reduction reaction, activation losses occur during electron 

Table 1 
Outputs of biotic and abiotic MFCs.

Outputs Biotic MFC 
(Heterotrophic 
denitrification)

Biotic MFC 
(Autotrophic 

denitrification)

Abiotic MFC

Anodic CE (%) 1.5 × 10− 2 3.1 × 10− 2 15.4 × 10− 2

Cathodic CE 
(%)

0.33 3.06 67.94

Max power 
density (mW/ 
m2)

0.99 5.65 95.34

COD removal 
(%)

45.00 47.00 50.00

NO3
- removal 

(%)
98.50 22.50 5.00
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transfer to or from a reacting compound at the electrode surface. Ohmic 
losses are the resistance of the electrodes and their junctions to the flow 
of electrons and the resistance of the flow of ions through the proton 
conducting membrane (PEM), anode and cathode electrolytes (Teoh 
et al., 2023). Concentration losses are limitations on current production 
due to the rate of mass transport of a species to or from the electrode 
(Esfandyari et al., 2017b). In particular, the change in conductivity 
associated with nitrate in the catholyte is likely to cause significant 
changes in ohmic losses.

The significant increase in voltage observed in the abiotic MFC was 
due to the high potential difference between the anode (biotic) and 
cathode (abiotic). In biotic MFCs, low voltage occurred because the 
potential difference between the anode (biotic) and cathode (biotic) 
remained at lower levels. Polarization curves are used to determine the 
dependence of MFC performance on resistance. The polarization rep
resents the change between voltage (V) and current density (mA/m2) 
using the projected area of the electrode (Benghernit et al., 2022). The 
polarization curves of MFCs are shown in Fig. 2. The maximum power 
density in the abiotic MFC was determined as 95.34 mW/m2, whereas it 
was determined as 0.99 mW/m2 and 5.65 mW/m2 in heterotrophic and 
autotrophic MFCs. In the polarization graph of the three MFC experi
ments, it is seen that in the heterotrophic MFC (Fig. 2(a)) the voltage 
decreased suddenly in the high external resistance region. The losses in 
this region were caused by the initiation energy of oxidation/reduction 
reactions frequently observed in biochemical processes and are 
expressed as the fast voltage loss region (Choudhury et al., 2021). It is 
seen that the least voltage loss in this region was in the abiotic MFC. 
When the polarization curve of the abiotic MFC is examined (Fig. 2(c)), 
it is seen that ohmic and mass transfer losses were more intense. While 

ohmic losses expressed the resistance of the electrodes and their con
nections to the flow of electrons and the resistance of the flow of ions 
passing through the proton conducting membrane (PEM), anode and 
cathode electrolytes, mass transfer losses generally occurred due to the 
concentration losses of chemical substances limited by diffusion to the 
electrode surface (Guo et al., 2021). The cathodic losses incurred in 
MFCs have been a challenge to achieve the desired performance, mainly 
with biocathodes. Therefore, it is possible to overcome this with special 
applications. For example, it was determined that the use of granular 
activated carbon acting as an electrochemical capacitor doubled the rate 
of autotrophic denitrification and increased the maximum power den
sity from 37.6 ± 4.8 mW/m2 to 379.2 ± 7.4 mW/m2 (Thapa et al., 
2024). In the heterotrophic MFC and autotrophic MFC, which have bi
otic cathodic chambers, voltage losses were determined more in the high 
resistance region (Fig. 2(a) and (b)). It can be said that activation losses 
are evident for these two MFCs. In the abiotic MFC (Fig. 2(c)), voltage 
losses originating from ohmic and mass transfer are seen to be more 
evident. Since no biological reduction occurs in the cathode in the 
abiotic MFC, these losses are thought to be lower compared to biotic 
MFCs.

In MFCs where both the anode and cathode compartments were bi
otic, the maximum power density was lower than in abiotic MFCs since 
the potential difference between the two biotic chambers was low. The 
internal resistance of the MFCs was calculated from the slope of the 
linear region of the voltage-ampere curve. The internal resistances for 
heterotrophic, autotrophic and abiotic MFC were calculated as 1405.6, 
4422 and 654.87 Ω, respectively. It was compatible to obtain the highest 
maximum power density with the abiotic MFC having the lowest in
ternal resistance. In the study conducted by Zhu et al. (2016), in 

Fig. 2. Polarization graphs of MFC’s: (a) Heterotrophic, (b) Autotrophic, (c) Abiotic).
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heterotrophic denitrification using decomposed Cyanobacteria solution 
as substrate, a 0.064 ± 0.005 kg TN/m3d nitrogen removal rate and 
1.28 mW/m2 power density were obtained (Zhu et al., 2016). It can be 
said that this value is compatible with the maximum power density 
value obtained with the waste substrate mixture in the current study. In 
heterotrophic and autotrophic cathodic denitrification where sodium 
acetate was used as an electron donor, the nitrate removal rate and 
power density were obtained as 2.06 kg NO3

- -N/m3d, 3.02 W/m3 and 
0.13 ± 0.011 kg NO3

- -N/m3d, 207.05 ± 5 mW/m3, respectively (Vijay 
et al., 2019). In abiotic denitrification, it is known that the electrode acts 
as an electron donor and removes nitrate at certain levels. For bio
cathode systems, it is stated that the bacteria in the biocathode system 
could use electrons which are provided by their own metabolism to 
perform denitrification. When evaluated from this perspective, the 
denitrification rate is higher in biotic cathode systems (Li et al., 2024b). 
In this study, the power density obtained by autotrophic denitrification 
was 5.7 times higher than that obtained by heterotrophic denitrification. 
The reactor configuration affected electron supply and indirectly nitrate 
removal. In the study conducted by Bhattacharya and Chatterjee (2024), 
a power density of 370 mW/m3 was obtained in the H-type reactor at the 
cathode where autotrophic denitrification took place. This value 
increased to 1441 mW/m3 when the reactor configuration was 
cube-shaped (Bhattacharya and Chatterjee, 2024). Different strains and 
environmental factors may affect the denitrification abilities of cathodic 
electroactive bacteria that can exchange electrons with electrodes (Shi 
et al., 2024). The use of high-performance denitrifiers will positively 
affect the process. With autotrophic denitrification with a mixed culture, 
a maximum output voltage of 120 ± 5 mV at 1000Ω over 400 h and 
approximately 70 % NO3-N removal were obtained. It is reported that 
this value was increased to 93 % by the isolated strain Lyy (S.stutzeri) (Li 
et al., 2024a).

When the voltage versus time curves of the three MFCs are examined, 
the voltage increased rapidly and reached the maximum value due to the 
usable substrate in the anode compartment (dairy industry wastewater). 
This increase was determined at 1081 min (46.12 mV), 841 min 
(88.89 mV) and 1200 min (448 mV) in heterotrophic, autotrophic and 
abiotic MFCs, respectively. At the point where soluble and usable sub
strate was depleted, the endogenous phase began for the microorgan
isms present in the sludge. In endogenous respiration, it was observed 
that the voltage value decreased rapidly because the substrate con
sumption rate was slow. Between 2000 and 4300 minutes, the voltages 
for heterotrophic, autotrophic and abiotic MFCs remained stable at 40, 
80 and 450 mV, respectively. This situation was accepted as the steady 
state. Since the anode conditions were constant and the cathode con
ditions changed in the examined MFCs, the potential difference between 
the two compartments created this change.

3.2. Determining the most suitable MFC with the PROMETHEE approach

Biotic and abiotic MFCs were evaluated in terms of energy produc
tion, treatment performance and C cost, and the most suitable MFC was 
selected with the PROMETHEE approach. The PROMETHEE analysis 
was based on the data presented in Table 1. In the calculation of the cost 
of organic and inorganic C added in the cathode compartment, the sales 
price in Türkiye was taken into account. The costs of carbon added to the 
cathode in heterotrophic and autotrophic MFCs were taken as € 0.034 
and € 0.0019. No carbon addition was made in the abiotic MFC. Here, all 
criteria determining the performance of the MFC were taken as equal 
weights and the PROMETHEE analysis was performed to obtain the 
preference ranking. The weighting of the criteria can be done by deci
sion makers. In practice, the weighting of the criteria will of course 
change when the desired treatment efficiency, energy efficiency of the 
process and cost are taken into account. By changing the weighting of 
the criteria, the MFCs were analyzed and the preference rankings pre
sented in Table 2 were obtained. As can be seen, the change in the 
criteria weighting did not affect the ranking insignificantly, and in every 

case, the Abiotic MFC was selected.
In PROMETHEE II, the net flow is shown in a single column (Fig. 3

(a)). Alternatives are shown as horizontal lines in the flow columns. At 
the top of the ranking is the abiotic MFC. Accordingly, the order of 
preference was determined as abiotic MFC>autotrophic MFC>hetero
trophic MFC. As seen in Fig. 3(a), the net Phi score of the abiotic MFC, 
which ranks first among the alternatives in the study (Phi = 0.5833), is 
greater than all of them. The net superiority values of the autotrophic 
MFC and heterotrophic MFC are negative and are Phi = − 0.1207 and 
Phi = − 0.4627, respectively.

As shown in Fig. 3(b), alternative MFCs are shown as square boxes in 
the GAIA plane, criteria are shown as vectors, and the decision axis is 
shown as a red vector. More detailed results can be obtained in the GAIA 
plane. For example, the longer the criterion axis, the greater the 
discrimination power. Criterion vectors in the same direction represent 
similar preferences, while criterion vectors in opposite direction repre
sent conflicting preferences (Agustin et al., 2022). The alternative 
abiotic MFC closest to the red decision bar appears to be the most 
suitable MFC. All criteria except maximum power density were 
approximately the same length and affect the choice to the same degree. 
The maximum power density criterion can be interpreted as the criterion 
that affects the performance more because it is closer to the decision 
vector and longer. In general, if the vector lengths of the criteria are 
short, it is interpreted as the discriminative power of the criteria being 
low. It is clearly seen that the discriminative power of all criteria except 
the maximum power density is low.

PROMETHEE rainbow provides a visual representation of the criteria 
that influence the alternatives. The alternatives are listed from left to 
right in order of preference and divided by criterion slices from bottom 
to top (Fig. 4). For example, in the Abiotic MFC alternative on the far 
left, the anodic CE, cathodic CE, max. power density, C- cost and COD 
removal criteria in the upper part [+ 1/0] have a positive contribution 
on the selection of this alternative. The nitrate removal criterion in the 
lower part [-1/0] has a negative contribution on the selection of this 
alternative. Heterotrophic MFC was ranked last in the preference 
ranking. All criteria except nitrate removal had a negative effect on this 
selection. In autotrophic denitrification, the criteria had no significant 
effect. While C-Cost, COD and NO3

- removal positively affected the se
lection, anodic and cathodic CE and maximum power density criteria 
negatively affected the selection.

3.3. Electrochemical analysis of biotic and abiotic MFCs

Electrochemical impedance spectroscopy (EIS) is an effective and 
non-destructive characterization method widely used to characterize 
electrochemical processes quantitatively and qualitatively (Borole et al., 
2010; Sekar and Ramasamy, 2013). Electrochemical impedance spec
troscopy (EIS) was performed for the most preferred alternative MFC 
(abiotic) and the least preferred alternative MFC (heterotrophic) 

Table 2 
PROMETHEE rankings obtained with different weightings.

Response (weight) Ranking

Anodic CE (%) (1), Cathodic CE (1), Max 
power density (1), COD removal (1), NO3

- 

removal (1), Cost* (1)

Abiotic MFC>Autotrophic 
MFC>Heterotrophic MFC

Anodic CE (%)(2), Cathodic CE (2), Max 
power density (2), COD removal (1), NO3

- 

removal (1), Cost* (1)

Abiotic MFC>Autotrophic 
MFC>Heterotrophic MFC

Anodic CE (%) (1), Cathodic CE (1), Max 
power density (1), COD removal (2), NO3

- 

removal (2), Cost* (1)

Abiotic MFC>Autotrophic 
MFC>Heterotrophic MFC

Anodic CE (%)(1), Cathodic CE (1), Max 
power density (1), COD removal (1), NO3

- 

removal (4), Cost* (1)

Abiotic MFC>Heterotrophic 
MFC>Autotrophic MFC

Cost*: The cost of organic and inorganic carbon added in the cathode 
compartment
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according to the PROMETHEE ranking. After the polarization curve was 
created, EIS was performed on the day the experiments reached 
maximum voltage. Fig. 5 shows Nyquist plots of the heterotrophic and 
abiotic MFCs. Zsimp software was used to fit the measured electro
chemical impedance data using an equivalent circuit. The equivalent 
circuit consists of the ohmic total resistance, a Constant Phase 
Element-Resistor parallel pair (these two groups represent a typical 
Randles circuit) and finally a Warburg element to represent diffusion 

effects (Sindhuja et al., 2016; Wang et al., 2022). In the equivalent cir
cuits of MFCs, the first resistor R1 represents the total ohmic loss, which 
includes and represents both electronic and ionic resistances in all 
components (electrodes, proton exchange membrane, and anolyte). R2 
can represent the charge transfer losses caused by the activity of the 
biofilm of the anode, while R3 represents the charge transfer losses in 
the cathode, and the Warburg element represents the diffusion resis
tance in the substrate, oxygen, or other reactants (Chen et al., 2018). 

Fig. 3. PROMETHEE II net ranking and GAIA plane.

Fig. 4. PROMETHEE Rainbow.
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Nyquist plots for abiotic and heterotrophic MFC are given in Fig. 5. For 
the two MFC experiments the equivalent circuit provided good agree
ment with the measured impedances.

Comparing the shapes of the abiotic and heterotrophic Nyquist plots, 
it can be understood at first glance that the shape of the abiotic MFC is a 
typical shape consistent with the literature, with a semi-arc at high 
frequencies and then a typical Warburg behavior at low frequencies. 
However, this shape was deformed for the heterotrophic MFC and the 
first half of the arc depressed. It was found that the current drawn was 
better in the case of abiotic MFC; this is thought to be mainly due to the 
increased potential difference allowing the current to flow quickly due 
to the anaerobic anode and abiotic cathode of abiotic MFC.

4. Conclusions

Nitrate is a pollutant and an important electron acceptor in microbial 
fuel cell (MFC)’s. MFCs with biotic and abiotic nitrate reduction were 
compared in terms of energy production potential, treatability and 
added C (carbon) cost criteria. The Preference Ranking Organization 
Method for Enrichment Evaluation (PROMETHEE) approach, one of the 
multi-criteria decision-making method, was used for selection. The MFC 
with the highest energy production and treatability, and the lowest C 
cost was determined which was the abiotic MFC. The abiotic MFC stood 
out in the selection with its advantages such as power generation and 
not requiring carbon addition. It was determined that heterotrophic and 
autotrophic MFCs showed a higher treatment performance compared to 
an abiotic MFC. The heterotrophic MFC provided a higher NO3

- removal 
than the abiotic MFC. It was determined that all criteria except nitrate 
removal had a positive contribution on the selection of the abiotic MFC. 
The PROMETHEE approach is recommended to select the most suitable 
one among all alternative methods/equipment that will improve the 
performance of the MFC and remove the obstacles to its commerciali
zation. There is a need to evaluate alternatives that will minimize energy 
losses in the operation of MFCs in the future. The PROMETHEE approach 
can be used safely to select the most suitable one from the perspective of 
environmental and economic sustainability among all alternatives, 
including the biotic/abiotic cathode status, the configuration of the MFC 
unit and its location in the waste treatment plant, the type of electron 
acceptor and electrode, and the pretreatment method applied to the 
substrate.
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