
I. J. Education and Management Engineering, 2021, 3, 1-10 
Published Online June 2021 in MECS (http://www.mecs-press.org/) 

DOI: 10.5815/ijeme.2021.03.01 

Copyright © 2021 MECS                                                        I.J. Education and Management Engineering, 2021, 3, 1-10 

Data Driven Through Machine Learning on 

Electricity Production by Anode Respiring 

Bacteria Using the Microbial Fuel Cells   
 

Mustafa Kamal Pasha
a
, Khurram Munawar

a  
 

a
Department of Environment, Society and Design, Lincoln University - New Zealand”   

Email: kpasha2003@gmail.com 

 

Received: 08 November 2020; Accepted: 20 January 2021; Published: 08 June 2021 

 

 

Abstract: Microbial Fuel Cell (MFC) is a bio-electrochemical device that generates electric current by using bacteria. 

MFCs are currently a topic of intense research and interest due to their ability to produce renewable energy along with 

added benefits such as wastewater treatment. Although the theoretical concepts and applicability of MFCs are great, 

their application, thus far has been limited due to the limits of power production. Current research aims to improve the 

efficiency as well as the upper limit of power production by MFCs. In parallel to current research, this study is designed 

with a similar aim to do a comprehensive data analysis on the topic of MFCs by using techniques of Artificial 

Intelligence. Therefore, we started this study by obtaining the relevant data through an extensive literature retrieval for 

developing Artificial Neural Network model. The data from the output layer was viewed by using VOSviewer software 

and was further subjected to analysis. The data collected through machine learning provided an insight about the 

optimal conditions of MFCs which would allow for maximum current production. It discusses two existing types of 

MFCs; namely mediator type and mediator free type of MFC. Anode respiring bacteria (ARB), also known as 

exoelectrogenes can be used as the mediator to transfer electrons by utilizing the substrate present at the anode. Our 

results suggest that different combinations of bacterium and biofilms can produce more electric current with improved 

stability. This study will provide an insight to improve the working capacity of MFCs. It is likely that MFCs will one 

day be used as a stand-alone power production method by optimizing the current production capacity. Moreover, these 

advancements will have a significant by utilizing MFCs for making chips and biosensors, and treating wastewater. 

 

Index Terms: MFCs, ARB, Machine Learning, ANN 

 

 

1. Introduction 

A number of micro-organisms belong to the aerobic families of microbes. These microbes can convert biochemical 

energy stored in the ATP molecules, which implies that by using oxygen, these microbes can utilize the chemical 

energy stored in the ATP molecules and convert it into electrical energy [1]. This conversion is done by the transfer of 

electrons from one terminal (anode) to another terminal (cathode) due to microbial activity at the anode. The recent 

literature shows that the anode respiring bacteria transfer electrons present in the organic or inorganic substrates. 

Selection of suitable anode respiring bacteria for setting up microbial fuel cells depend on anode potential as 

maintenance of microbial colony and its growth depends on energy available at anode [2]. The electron acceptors can be 

solid substances such as oxides, nitrates and sulphates [3]. Meanwhile, some other microbes may respire through 

different solid electron acceptors to gain energy [4]. Data derived through machine learning can help us to find out a 

number of ways in which the electron transfer can occur within a microbial cell [1]. These methods include the use of 

heterolytic compounds or the use of a macrophage containing hemosiderin, in both of these mechanisms, the solubility 

of solid electron acceptors is enhanced before incorporating in the cell [4].  

In the improved efficiency of microbial fuel cells, the kinetics of Anode Respiratory Bacteria play a key role [5]. 

Therefore, while setting up a microbial fuel cell, it is important to select a suitable electron donor compound. For 

example, acetate is a very effective electron donor substrate. The kinetics of acetate are a bit higher than other 

compounds and this compound cannot be fermented [6].The low values of K suggest that the Anode Respiring Bacteria 

that can deposit onto the anode will be oligotropic in nature and the higher values of K suggests the opposite i-e; non-

oligotropic bacteria will deposit on the anode. The high qmax value in comparison with low K values predicts that the 

anode respiring microbe can utilize substrate even at low concentration of substrate. This condition is said to be ideal 

for the ARB and microbial fuel cells as it allows microbial growth that is linked with efficiency of MFC even when 

substrate is depleting [7].  
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Data collected from the study of  (Heilmann & Logan, 2006) explained that, as a general rule, the microorganisms 

consume sugar in aerobic conditions and produce carbon dioxide and water [8]. Anaerobic MFCs, however, utilize the 

power of microorganisms in anaerobic conditions. In the anaerobic conditions, microorganisms produce carbon dioxide, 

protons, and electrons. A study by (Logan et al., 2006) proves that inorganic mediators such as natural red, methylene 

blue, or thionine are used by MFCs to tap into the electron transport chain of microorganisms and, in anaerobic 

conditions, it channel the generated electrons[9]. The mediator crosses the bacterial membrane of the microorganisms 

and liberates electrons from the ETC which would normally be taken up by oxygen due to its increased electro 

negativity. The reduced mediator then exits the cell and transfers it to an electrode which becomes the anode. This 

oxidizes the mediator returning it to its original state, ready to carry out its function again [9]. In a study, a comparison 

of electricity production by aerobic and anaerobic MFCs was done. Results suggested that aerobic MFCs have a greater 

potential of electricity production compared to anaerobic MFCs as duration of gas retention was considerably low in 

anaerobic MFCs which served as a limiting factor [10].  

Microbial fuel cells are classified as either mediator type or mediator-less type of MFCs based on transfer of 

electrons to anode from bacteria. In the former type of MFC i.e mediator type MFCs, bacteria require agents that 

facilitate the electron transfer between electrode and the microorganism because these bacteria lack such surface 

proteins which can assist in this transfer. However, in the latter type of MFC i.e mediator-less MFCs no mediator is 

required by microbial colonies to transfer the electrons to the electrode. Therefore, they are mostly dependent on metal 

reducing bacteria and are less toxic and cost effective [11]. Numerous benefits are associated with both mediator type or 

mediator-less MFCs along with some associated loopholes as well. 

All this data suggests that MFCs are constantly evaluated for improving their working capacity. It includes 

substances to be used as electrodes, microbial colonies, mediators, electrode potential, energy, current generation and 

many more factors. Therefore, in order to improve the electricity generation of MFCs by using anode respiring bacteria, 

it is important to comprehensively study MFCs in terms of its assembly, its making, electrode potentials, bacterial 

colonies and the limiting factors which limit the electricity production of MFCs. As a clear difference in outcomes of 

mediator and mediator less MFCs is present, therefore, in order to improvise the MFCs, current knowledge should be 

known and the research gaps must be identified. Owing to the increased use of computers and internet sources, machine 

learning utilizes the idea of vast volumes of data being produced every day in various fields [12, 13]. Therefore, 

approach of machine learning will be utilized in this study to answer the use of MFCs for the benefit of the general 

public; however, with the continued research in this field, it is a future goal to use the MFCs in lower power systems 

such as water treatment facilities [14,15]. 

This study is conducted with the aim to utilize the advancements of AI by applying the principles of Artificial 

Neural Networks to gain an insight of existing types of MFCs in order to improvise them. Artificial Neural Networks 

work on similar principles as that of a human brain in which information is stored through the input layer that is 

processed by hidden layer and ultimately results are displayed by output layer and are further subjected to analysis. 

Previously, it was the areas of industry and education that were seen to be wining from the new technologies. But, the 

recent years have seen an increase in the need of integrating the modern age equipment in the field of health and 

biological sciences [16]. Other than computer, the devices like antennas and wireless devices can also be used for the 

collection of data. As the data collected through these devices would have large benefits, such as wearable antennas are 

now being used in personal wellbeing, entertainment, military and biological sciences [17- 21]. Therefore, data was 

obtained from the authentic internet sources and was fed into the ANN model. The output of this ANN model was 

comprehensively evaluated and a detailed descriptive analysis of the available literature is given in this study. This 

study will provide a comprehensive analysis of Microbial Fuel Cells and a basis to modern research to improve the 

working capacity of MFCs so that they can be exploited in a sustained way to obtain electrical energy on a larger scale. 

2. Methodology  

The framework of this research is depicted through Fig.1. We started this study by formulating the research 

question and the keywords for this study were listed down. Based on these keywords, literature was retrieved and 

relevant data was obtained that was subjected to ANN modelling for efficient processing and data interpretation. Based 

on the results of ANN model, articles were collected for further data analysis 
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Fig. 1 Framework of Research 

The AI methodology adopted for this research is shown in Fig. 2. As this study utilizes ANN approach for efficient 

evaluation of the data, therefore, input data on experimental design of MFCs was obtained from top-tier journals. 

Hidden layer processes the data and the output layer displays the processed data on possible methods for the generation 

of electricity by MFCs through AI.  

 

 

Fig. 2 AI based methodology adopted for identification of best method for the generation of electricity through MFC 

2. 1 Keywords formulation and data retrieval  

Data was collected through an extensive literature retrieval from different research engines including Scopus, web 

of science, science direct etc., through a combination of keywords. High index papers published in top-tier journals 

were selected to carry out this research. After selection of the multiple sets of articles, different keyword queries were 

formulated and depending on the most researched keywords data was collected and compared. The keywords used for 

this research includes “Electricity Production through Bacteria”, “Electricity Production through Anode Respiring 

Bacteria”, and “Electricity Production through Microbial Fuel Cells”. To make arrangements between articles obtained 

by using these keywords, ANN model was used which is explained below in detail. 

2. 2 ANN model 

The Multilayer Artificial Neural Network uses three layers as shown in Fig. 3 as the input layer, hidden layer and 

an output layer.  These layers collect the complex data on microbial fuel cells and processes them in the same way as a 

human brain would do.  After this neurons links were made using feedback loops. The ultimate aim of these complex 

networks is to find the weight of the data. This ANN model provides the detailed data on the microbial fuel cells. Using 

this ANN approach all the data is collected and is subjected to interpretation in this research.  
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Fig. 3 ANN model for this research 

3. Results  

3.1 Interpretation of ANN Model  

The data obtained through the output layer of ANN was viewed as the network given in Fig. 4 by using 

VOSviewer software. The nodes of this network represent the domains explored for MFCs while their size represents 

the weight of the data, or in other words the amount of work done under these domains. The lines between the nodes 

represent the interconnectedness of these research areas. The most repetitive keywords found in the articles includes 

microbial fuel cells, electron transfer, electron acceptor, microbial community, potential, energy, MFCs systems, 

wastewater treatment, and microbial energy etc. as shown in Fig. 4. This showed the data collected for this research 

revolved on electricity production through microbial fuel cell, which is the main exploratory area of this research. 

 

Fig. 4 Most repetitive keywords used in research articles related to electricity production through 

3.2 Descriptive analysis of data obtained on Microbial Fuel Cells via machine learning 

After the collection of data through machine learning, the best possible methods for electricity production through 

microbial fuel cells were evaluated and are discussed below in detail with the future suggestions and benefits of MFCs 

3.2.1 Data derived through machine learning on identification of the Anode Respiring Bacteria and the process of 

electric current generation  
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The production of electric current depends on the ability of an anode respiring bacteria to utilize particular 

substrate [6]. According to Pierra et al, anode potential should be used as a base quantity for the selection of anode 

respiring bacteria. Anode potential of ARB is also used to determine the amount of energy required for the maintenance 

and growth of the bacteria [22].  

The best method found in the data for analysis of anode potential of anode respiring bacteria is to use biofilm 

microbial electrolysis cell that contains four graphite rods. All the four graphite rods must be at different potential. For 

this purpose the best substrate and the inoculums that should be used are acetate and waste-water sludge, respectively 

[2]. Studies by (Pierra et al., 2015;) showed that the anode at the lowest potential gave the fastest growth of biofilm than 

the higher potential[22]. 

The anode potential is also used to determine the properties of bacteria. This was explored in a study by setting up 

a reaction consisting of three reactors. Acetate was used in the reactor in which all the anodes were at their dignified 

potentials i.e. 0 (R0), -200(R200), -400 (R400). On initial stages the anode potential had no effect on the three reactors 

used. After 31 days it was observed that the potential rod 200 was exhibiting highest value as compared to other two rod. 

The biomass activity of R400 was observed to be the highest [22]. 

The production of electric current by the anode respiring bacteria is basically transfer of electrons outside the 

membrane. As the movement of electrons toward the positive electrode defined as electric current similarly when an 

anode respiring microbe generates electrons, they are transferred outside the cell using the mechanism of Extracellular 

Electron Transport (EET) [23].  

Study conducted by Yasri & Nakhla, 2016), proved that if anode respiring bacteria are raised on anodes intoxicated 

with metals CaS and FeS, it indicates that the bacterial growth and the ability of bacterium to transport electrons outside 

the membrane by EET is enhanced. It is also observed that the anode doped with CaS was more effective in increment 

of capabilities of microbes. The value of current density of CaS was calculated 22.0 Am
-2

 and the density of FeS was 

calculated to be 8.4 Am
-2

. as from the above calculations it is evident that the graphite rod doped with CaS is considered 

to be the most suitable material for the bio-electro-chemical systems BES. [24].  

According to the, (Yasri & Nakhla, 2016) the processes that must be used to indicate the electrochemical pathways 

are simple cycle voltameter and derivative cyclic voltameter [23]. The low value of electrocution activity of a microbe 

plays the main role for the mediators’ accumulation on the anode. A number of different bacterial species, found in 

literature, which can be classified as ARBs as they can effectively transfer electrons and generate electricity include the 

Geobacter, Clostridium, and Shewanella species [24].  The list of these species is constantly being updated through 

research. Thermincola, a Gram-positive bacteria which has been reported to be a thermophile is known to generate 

energy by means of following the anodic respiration pattern. Through experimentation, it was observed that the cultures 

of the specie grew well at density of 7-8 Am
-2

. Biofilm produced was also of a calculable value. If the experiments are 

carried out under proper and appropriate conditions the Thermincola can be utilized in production of high voltage of 

current densities that are an important constituent of MFC [25]. 

3.2.2 Microbial Fuel cells- Their role in production of current 

Activity of microbes is limited by the redox potential of anodes. The mediator, microorganisms, and a solution 

filled with substrate are placed in a sealed chamber to prevent oxygen entry. An electrode is placed in this chamber to 

act as the anode [26]. In a second chamber, another solution with an oxidizing agent and the positively charged cathode 

are placed. This solution is what picks up electrons at the cathode. A wire links the two electrodes and the circuit is 

completed by a salt bridge or proton exchange membrane. Electrons from the cell to the electrode are transported by the 

reduced mediator. The mediator then deposits the electrons and is oxidized [26]. From here they cross the wire to the 

second electrode and are taken up by the oxidizing material. This forms current and is what can be harnessed for the 

generation of electricity [6]. 

The substrate is the most crucial component of this system as it is the first thing used in the process. The best 

substrate found in the previous studies is glucose [27]. However, many other organic or inorganic substrates including 

waste water, either synthetic or non-synthetic can be used. This creates the possibility of energy production while 

eliminating wastewater [27]. Micro-sized MFCs can be used to convert waste into energy as well as power on-chip 

electronics or sensors [27]. Therefore, the potential applications of MFCs are very diverse. 

3.2.3 Microbial Fuel Cells functioning  

A bio-electrochemical device that generates electric current by using bacteria is known as Microbial Fuel Cell 

(MFC). MFCs are a currently a topic of intense research and interest due to their ability to produce renewable energy 

along with added benefits such as wastewater treatment [8]. In order to produce electric current, MFCs use bacteria as a 

catalyst to oxidise organic or inorganic matter [27]. In MFC electrons produced by bacteria pass through an exocellular 

pathway to an electrode of negative potential and flow towards an electrode of positive potential, both of these 

electrodes are linked through a conductive material or a resistor, as shown in Fig. 5 [28]. 
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Fig. 5 An overview of a fuel cell based on the ARB (Rahimnejad et al., 2015) 

3.2.4 Extracellular transport of electrons-vital for conduction of electric current 

The anode respiring bacteria in microbial fuel cells oxidizes the substrate to produce electric current. The transfer 

of electrons is necessary to generate the current. The transfer of electrons is done by the anode respiring bacteria. For 

the purpose of transfer of electrons ARB adopts different processes. These processes includes the direct contact with the 

substrate via outer- membrane proteins or through diffusion or electron transport through solids by formation of bio 

films [29]. 

High current densities cannot be obtained by the mechanism of direct contact. Hurdle faced during the diffusion 

mechanism was that it resulted in the huge potential loss, concentration limits and moderate voltage of current was 

generated [30]. The only effective method for the transfer of electrons was observed to be the process of transfer of 

electrons from the solid surface by the formation of bio film. The results obtained showed the maximum generation of 

electric current and minimum loss of anode potential. 

3.2.5 Generation of electric current by Anode Respiring Bacteria 

The best method found in studies to generate electric current by ARB is mediated through the ARBs ability to 

transfer electrons extracellular to an anode. There are two main types of MFCs that are researched in this study. These 

are the mediated and mediator-free types of MFCS. It is found in studies that most microbial cells are electrochemically 

inactive and require a mediator such as methylene blue or humeric acid to carry and transfer the electrons generated by 

the bacteria. However, some micro bacteria are electrochemically active and has the ability to transfer electrons directly 

to the electrode without any mediator. Although, studies show the use of mediators with different combinations of 

micro bacterium and mixed biofilm create the potential for higher power generation and a more stable current [6]. This 

is because power generation is high with low loss of potential in the anode. The AFBs job is basically through the use of 

a substrate (ex. Glucose, waste, activated sludge) to cause the release of electrons which can be based to an anode and 

create and electrical current which can be utilized for energy production on a small scale [31]. This, with improved 

efficiency, can eventually be used on a more economical scale. In other researches, many methods of electron transfer 

are found that an AFB can use [32]. These include: direct contact from diffusion of soluble shuttles of electron, proteins 

of outer-membrane, and through extra cellular matrix of biofilm made of solid components [9]. According to (Torres et 

al., 2009),  to achieve high current densities,  having a solid conducting matrix is most effective then low anode 

potentials [33]. 

3.2.6 Development of microbial electrolysis cell from a microbial fuel cells  

The microbial fuel cells considered as a main component of the bioelectric chemical series. Microbial fuel cells are 

rising due to the discovery of anode respiring bacrteria. Microbial fuel cells are responsible for the conduction of 

electrons [27]. The electrons are transported to the extracellular communities via different mechanisms. The transfer of 

electron is done by controlling the anode potential in the cell [9]. 

Microbial fuel cells do not require any aid or helper anode. By performing different experiments it is evident that 

the MFC produced by Anode Respiring Bacteria are converted to microbial electrolysis cell because of the oxygen 

interference from cathode. Bacterial communities of anode consists of 16s rRNA. Many cloned libraries of anode 

respiring bacteria dine the acetic acid decreased species to microbial electrolysis cell from the microbial fuel cells [34]. 
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For this purpose the bacterial specie Geobacter sulfurreducens was used. The decrease in the number of colonies 

of G.sulffereducens indicated the conversion of MFC to MEC. In general terms it can be said that throughout the 

reaction the character of Geobacteriacae remained constant. During the experiments by Kiely et al., (2011), it was 

found that the overall static of G.sulffereducen reduced but there was rise in the number of G.metallireducen [35]. 

4. Discussion 

There are many possible applications of MFC systems and the ARBs used in them. These include power 

generation, education, biosensors, bio recovery, and wastewater management; we have talked about the capabilities of 

MFC systems to produce energy. The method is to use chemical energy to fuel the generation of electrical energy 

through the utilization of anode respiring bacteria [35]. Simple MFCs are rather inexpensive, although inefficient, and 

make for good tools of education. They can be used to the disciplines of microbiology, geochemistry, and electrical 

engineering. They are able to be formed from common materials and would make for an exceptional tool for the further 

development of more advanced MFC systems as well as for other forms of advancement in the related fields. MFC and 

ARBs can also be used for biorecovery by producing energy as well as regenerating metals to reduced forms [37].  

Waste water treatment is also another aspect of MFC which we have talked about throughout this literature review. 

Wastewater can be used as substrate to power MFC systems to not only form a stable current for the generation of 

electricity, but also, at the same time, to clean wastewater to make it able to be used again without the additional 

requirements of electricity [38].Therefore, it is obvious that the potential of MFC and ARBs is very high and their 

application in multiple disciplines is a very realistic approach towards advancement and education. 

The biodegradable compounds can be directly converted into electricity by action of MFC. The current produced 

by microbes is not of a high voltage that can be used to run high projects; despite of this fact MFC still has many useful 

advantages. Among the advantages of MFC, some well known are, wastewater treatment, bioremediation, biofuel 

biosensors and other aspects. Biological oxygen demand can be calculated by calculating linear relationship between 

MFC and BOD [39]. The current produced via MFC is still not enough to run high power projects. Fig. 6, below 

describes benefits of MFCs [40]. 

 

 

Fig. 6 Benefits of electricity production through microbial fuel cell (Source: Cameron, Kimberlynn Dawn) 

Scientists are working hard in order to apply the science of microfuels and electricity produced by them in order to 

reduce the utilization of all the synthetic compounds that can harm the normal being. As for now the microfuels are 

quite expensive that is the main reason behind their unavailability. Microbiologist and other scientists are working to 

reduce their cost and enhance the production of biofuels using the approach of machine learning [41-45]. The enhanced 

production of biofuels will result in greater production of electricity. It will also help in treatment of wastewater which 

will eventually help in meeting the needs of water scarce regions [46]. In future, scientists aim to set low cost high 

production reactors that will yield in high output of current. The use of innovative technology such as machine learning 

will help apply these applications efficiently [47-52]. 
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Table 1 Data derived through machine learning on identification of the Anode Respiring Bacteria 

5. Conclusion 

This article utilizes the effectiveness of AI to evaluate the role of Anode Respiring Bacteria in current generation 

via MFCs. Data was collected by using artificial intelligence techniques and ANN modeling was performed because of 

its capability to process huge volumes of data [53-54]. It gave a detailed description of best possible methods for the 

generation of electricity through microbial fuel cells. Moreover, it also described the optimum conditions for Anode 

Respiring Bacteria and their role in formation of MFCs and evaluated their capability for electric current production. 

Different factors determining the efficiency of MFCs were also discussed under data analysis section. This article has 

addressed the recent advancements made in this area regarding the production of low cost microbes, their availability 

and utilization of current produced by them. Research is being conducted on these fuel cells having the potential of 

renewable energy. These MFCs have been used in a number of sectors including energy sector, for wastewater 

treatment, as biosensors and as a source of biohydrogen. In order to decrease the market cost of biofuels, low cost 

reactors are set to meet the demand. Moreover, the application of MFCs as a biosensor also needs attention as this is the 

least explored domain of MFCs utility. Despite of more than a decade of research on MFCs, they still lag behind in 

terms of power generation and are unable to be used and installed at commercial levels. This shows the significance of 

improvement of current technologies in order to establish an efficient set up of MFCs. Our study has provided a 

comprehensive overview of current advancements and this will serve as a basis to further design novel research projects 

for manipulating microbes to get a better experimental yield of MFCs. 
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