
  
 

 

SCHOOL OF SCIENCE AND ENGINEERING 

Capstone Design-SPRING 2019 

 

MICROBIAL FUEL CELLS FOR ELECTRICITY 

GENERATION 

 

 

Yasmine El Khaloufi 

 

 

Supervised By: 

 

Dr. Abdelghani ELASLI 

 

 

 

 

 

 

April 2019 

 



i 
 

MICROBIAL FUEL CELLS FOR ELECTRICITY GENERATION 

 

 

Capstone Report 

Student Statement        

 “I, Yasmine El khaloufi, sincerely affirm that I have applied ethics to the design 

process and in the selection of the final proposed design. And that I held the safety of the 

public to be paramount and addressed this in the presented design wherever may be 

applicable.” 

 

 

 

_____________________________________________________ 

Yasmine El khaloufi 

 

 

 

 

Approved by the Supervisor 

 

 

_____________________________________________________ 

Dr. Abdeghani Elasli 

 

 

  



ii 
 

ACKNOWLEDGMENTS 

No one can deny that any academic research or study no matter how profound it is, does require 

an immense effort. This effort is not only provided by the individual itself but also by every 

person giving advice, offering information or just smiling at your face and believing in you. I 

would like to deeply thank my supervisor Dr. Abdelghani ELALSI for his continuous support 

and guidance throughout this whole journey. I also wish to thank our chemistry lab. Assistant 

Mr. Abdellatif Ouddach, whose unconditional support during the experimentation phase and 

encouragement has been of a great help.  

I would also like to thank my parents for believing in me; my dear mother who was my 

messenger in Casablanca, taking time to look for the material I need for the project. Thank you 

father for asking me to keep my head up despite everything. I also would like to thank my dear 

brother Mohammed Amine for always checking up on me. I would also like to express my 

warmest gratitude to my sister Amina who has always been on my side no matter what.   

I also express my most sincere thanks to my AUI’s day one friend and roommate Kenza for 

making my last semester special. My dear friend Leila for pushing me to go beyond my limits. 

I also wish to thank Fatima Zahra, my supportive friend. I also thank my cousins Imane, 

Chaimaa, Houda and Nozha for always being present for me. I obviously cannot nominate 

everyone, but my gratitude expands to each person who accompanied me in this journey, this 

work is accomplished thanks to you.  

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

Table of Content 
 

Table of Figures ....................................................................................................................v 

Abstract............................................................................................................................. viii 

Abstract in French .............................................................................................................. ix 

1 INTRODUCTION .........................................................................................................1 

1.1 Context and Motivation: ...................................................................................................1 

1.2 Problematic ........................................................................................................................2 

1.3 Objectives and Methodology: ............................................................................................2 

2 STEEPLE ANALYSIS ..................................................................................................3 

2.1 Societal Implications ..........................................................................................................3 

2.2 Technological Implications ................................................................................................3 

2.3 Economic Implications ......................................................................................................3 

2.4 Environmental Implications ..............................................................................................4 

2.5 Political Implications .........................................................................................................4 

2.6 Legal Implications .............................................................................................................4 

2.7 Ethical Implications ...........................................................................................................4 

3 LITERATURE REVIEW .............................................................................................5 

3.1 History ...............................................................................................................................5 

3.2 Electrochemical Fuel Cells ................................................................................................5 

3.3 Types of Fuel Cells .............................................................................................................6 

3.3.1 Alkaline Fuel Cell.......................................................................................................6 

3.3.2 Polymer electrolyte membrane fuel cells (PEMFC) ..................................................7 

3.4 Bio Electrochemical systems .............................................................................................9 

3.5 Types of Microbial Fuel Cells.......................................................................................... 11 

3.6  Mechanisms of an MFC .................................................................................................. 12 

3.6.1 Oxidation-Reduction Reaction in Living Organisms .............................................. 12 

3.6.2         Microorganisms ...................................................................................................... 12 

3.6.3 Anodic Side Chamber .............................................................................................. 15 

3.6.4 Cathodic chamber .................................................................................................... 16 

3.6.5 Proton Exchange Membrane ................................................................................... 17 

3.6.6 Substrate .................................................................................................................. 18 

3.6.7 Air Pumping ............................................................................................................. 20 

3.7 Architecture and Design .................................................................................................. 20 



iv 
 

4 EXPERIMENTATION AND RESULTS ................................................................... 22 

4.1 Materials’ Selection ......................................................................................................... 22 

4.2  Methodology ................................................................................................................... 26 

4.3        Results and discussion .................................................................................................... 29 

4.3.1 Polarization curves................................................................................................... 30 

4.3.2 Power density curves ............................................................................................... 35 

4.3.3 Internal resistance .................................................................................................... 38 

4.3.4 Coulombic efficiency ................................................................................................ 39 

4.4  Results Summary and Scale-up ...................................................................................... 41 

5   CONCLUSION AND FUTURE WORK ...................................................................... 46 

6   REFERENCES .............................................................................................................. 47 

APPENDIX A ..................................................................................................................... 49 

APPENDIX B ..................................................................................................................... 51 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Table of Figures  

Figure 1: Basic anatomy of a Fuel Cell ........................................................................................................... 6 

Figure 2: Anatomy of an AFC ......................................................................................................................... 7 

Figure 3: Anatomy of a PEMFC ...................................................................................................................... 8 

Figure 4: A General Schematic of a Microbial Fuel Cell ............................................................................... 9 

Figure 5 : A Microbial Electrolysis Cell that uses Plant Waste Fermentation ........................................... 10 

Figure 6: A General schematic of an enzymatic fuel cell............................................................................ 11 

Figure 7: different types of microorganisms constituting a biofilm over the anode ................................ 13 

Figure 8: Types of microorganisms ............................................................................................................. 14 

Figure 9: Bacteria rapidly colonize the anode ............................................................................................ 15 

Figure 10: Anodic part of the cell ................................................................................................................ 16 

Figure 11: Cathodic Chamber in a double chamber Microbial Fuel Cell ................................................... 17 

Figure 12: Aquarium air pump ..................................................................................................................... 20 

Figure 13: Cube shaped reactor (Penn State University) ........................................................................... 21 

Figure 14: Two chambers MFC configuration ............................................................................................. 21 

Figure 15: 2L Plastic Containers................................................................................................................... 22 

Figure 16: Aluminum, zinc, brass and carbon electrodes .......................................................................... 23 

Figure 17: Nafion 117 ................................................................................................................................... 24 

Figure 18: Cotton rope ................................................................................................................................. 24 

Figure 19: Multimeter and Glue Gun .......................................................................................................... 25 

Figure 20: Sewage Sludge ............................................................................................................................ 26 

Figure 21: Soil Sludge ................................................................................................................................... 26 

Figure 22: Preparation of a salt bridge ........................................................................................................ 27 

Figure 23: Salt Bridge inserted between the chambers ............................................................................. 28 

Figure 24: Aluminum electrodes (paper clipped) ....................................................................................... 28 

Figure 25: Cathode chamber ....................................................................................................................... 28 

Figure 26: Full setup of the MFC- Initial voltage reading of 121mV .......................................................... 29 

Figure 27: Polarization Curve for MFC1 ...................................................................................................... 30 

Figure 28: Polarization Curve for MFC2 ...................................................................................................... 31 

Figure 29: Polarization Curve for MFC3 ...................................................................................................... 31 

Figure 30: Polarization Curve for MFC4 ...................................................................................................... 31 

Figure 31: Polarization Curve for system5 .................................................................................................. 32 

Figure 32: A typical MFC polarization curve showing the three different regions ................................... 34 

Figure 33: Power density curve for MFC1 ................................................................................................... 36 

Figure 34: Power density curve for MFC2 ................................................................................................... 36 

Figure 35: Power density curve for MFC3 ................................................................................................... 37 

Figure 36: Power density curve for MFC4 ................................................................................................... 37 

Figure 37: Power density curve for SYSTEM5 ............................................................................................. 37 

Figure 38: Relationship between anode surface and maximum power density ...................................... 42 

Figure 39: Power density increases with increasing cathode surface area .............................................. 43 

Figure 40: Samsung phone charged using a stack of MFCs and 3.6V voltage display .............................. 45 

Figure 41: 24 MFCs stacked in parallel and series ...................................................................................... 45 

Figure 42: Campus Sewage (GYM) .............................................................................................................. 49 

Figure 43: Initial Setup ................................................................................................................................. 49 

Figure 44: MFCs stack initial setup .............................................................................................................. 49 

Figure 45: MFC operating stack ................................................................................................................... 50 

Figure 46: Voltage increase vs Resistance for MFC1 .................................................................................. 50 

file:///C:/Users/lenovo/Desktop/capstone/Final%20Report.docx%23_Toc6769822


vi 
 

 

List of Tables 
 

Table 1: Physical and Chemical Properties of Acetic Acid .................................................... 19 

Table 2: Physical and Chemical Properties of Glucose .......................................................... 19 

Table 3: Types of MFC used in the lab ................................................................................. 29 

Table 4: Respective Coulombic Efficiencies of the tested MFCs ........................................... 40 

Table 5: Results summary ..................................................................................................... 41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

ABBREVIATIONS 
 

AFC Alkaline Fuel Cell 

CE Coulombique Efficiency 

COD Chemical Oxygen Demand 

MEC Microbial Electro-genesis Cell 

MFC Microbial Fuel Cells 

NADH Nicotinamide Adenine Dinucleotide 

OCV Open Circuit Voltage 

PEM Protons Exchange Membrane 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

 

Abstract 
 

In order to reduce the effect of the extensive consumption of fossil fuels energy on our planet, 

renewable energies exploitation and research need to be revived. Microbial fuel cells are indeed 

a renewable energy technology and a potential alternative that have a double function: to 

produce electricity while intensifying wastewater treatment processes by accelerating the 

degradation of organic matter. The focus, in this work, is on the electricity generation function 

of a MFC. Different MFCs were built and assessed in terms of their performance. Important 

parameters including the maximum power density, internal resistance and coulombic efficiency 

were calculated and measured in order to compare five types of MFCs where different 

electrodes and substrates are used. The results were promising, as we could obtain a significant 

potential energy of 1.2V in a configuration where two microbial fuel cells were connected in 

series implying that a large stack of serially connected MFCs can produce useful power. The 

results confirm the principle that controls electric generators, when put in series, the voltage 

adds up and the current increases. Soil and sewage wastewater were used as substrates; we 

found that the soil sample delivers higher power than sewage wastewater under the same 

conditions.   
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Abstract in French 
 

Afin de minimaliser les effets dus à la consommation extensive des fossiles combustibles, il est 

nécessaire de relancer la recherche dans le domaine des énergies renouvelables. Les piles à 

combustible microbiennes sont en effet une technologie d'énergie renouvelable et une 

alternative potentielle ayant deux fonctions principales : produire de l'électricité et traiter les 

eaux usées à travers la dégradation de la matière organique grâce aux microbes qui y résident. 

Dans ce travail, l’accent est mis sur la fonction de production d’électricité d’un « MFC ». 

Différents « MFC » ont été construits et évalués en termes de leurs performances. Des 

paramètres importants comprenant la densité de puissance maximale, la résistance interne et 

l'efficacité coulombique ont été calculés et mesurés afin de comparer cinq types de « MFC » 

utilisant des électrodes et des substrats différents. Les résultats étaient prometteurs, car nous 

pouvions obtenir une énergie potentielle significative de 1,2 V dans une configuration dans 

laquelle deux piles à combustible microbiennes étaient connectées en série, ce qui implique 

qu'un grand empilement de « MFC » connectés en série peut produire une puissance utile. Les 

résultats confirment le principe qui commande les générateurs électriques : quand ils sont mis 

en série, la tension s’additionne et le courant augmente. Le sol et les eaux usées ont été utilisés 

comme substrats ; nous avons constaté que l'échantillon de sol fournit une puissance supérieure 

à celle des eaux usées d'égout dans les mêmes conditions. 
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1 INTRODUCTION 
 

1.1 Context and Motivation: 

 

In this age of increasing need for energy accompanied with a continuous depletion of fossil 

fuels not to mention its notorious environmental effects, scientists and researchers started 

looking for ways to harvest energy from renewable natural resources. These sources are 

typically inexhaustible on a human scale, sustainable, and offer a good alternative to the use of 

fossil fuels. Covering the world’s energy needs is not the only concern nowadays; another 

problem has arisen, which is global warming. Burning fossil fuels releases greenhouse gases 

mainly carbon dioxide to the atmosphere and that increases the temperature of earth due the 

greenhouse effect. Fossil fuels contain lots of stored energy and once consumed, they take 

millions of years to be formed again. Therefore, it is crucial to find other green options before 

they completely ran out.  

Guaranteeing access to clean water for future generations is also one of today’s priorities. 

Nowadays, wastewater treatment processes and technologies began gaining a huge research 

interest. Scientists have acknowledge the importance of wastewater treatment for many reasons 

including providing a clean drinkable water, agricultural uses such as irrigation and most 

importantly assuring a safe disposal of waste water to the environment. However, these 

technologies require a huge budget for a process that requires energy as well.  

One significant and interesting solution to the mentioned environmental and global issues are 

Microbial Fuel Cells (MFCs) that represent an entirely innovative method where bacteria is 

used to oxidize organic matter and generate current, hence electricity. MFCs can be used for 

many applications and are beneficial in many ways. MFCs technology requires knowledge of 

different fields ranging from electrochemistry and microbiology to physics and environmental 

engineering. However, the principles that govern the way an MFC works can be easily 

perceived through what we refer to as the cellular respiration. We humans and all living 

creatures have been using energy extracted from organic substrates, which is quite similar to 

what bacteria is doing when decomposing an organic waste. [1] 
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1.2 Problematic 

 

During this last decade in Morocco, there has been an increasing interest towards mega-projects 

of renewable energies, mainly wind and solar energies. The country relies on imports to supply 

its energy needs due to the lack of fossil fuel reserves. By 2030, Morocco aims to increase its  

electricity generation from renewable natural sources to 52%. [2]. In terms of electricity 

production, the biggest project implemented by the country so far is the 160MW “Noor solar 

complex” close to Ouarzazate launched in 2016 that relies on the use of CSP (concentrated 

solar power) technology. On the other hand, water scarcity is also a concern in Morocco not to 

forget the disastrous disposal methods of wastewater directly into the seas, lands with no 

treatment. 800 million m³ is an average approximation of the total volume of sewage discharged 

per year and that number continues to increase at a constant rate. Moreover, the organic load in 

wastewater is approximately 135,000 tons of pollutants [3]. In agriculture, wastewater is reused 

with no or little treatment for irrigation. For all these reasons, more research needs to be done 

in the renewable energies field and wastewater treatment. Specifically, MFCs offer a potential 

solution to both issues by generating electricity while treating wastewater.  

1.3 Objectives and Methodology:  

 

While the ability of MFCs to produce electricity has been studied extensively during the last 70 

years, using them as a method to practically provide enough energy to power a device is still 

new and subject to research.  The main objective behind this research is to build a microbial 

fuel cell with the available materials in order to assess its ability to produce electricity by 

calculating the current and thus the maximum power generated by the cell using a Multimeter 

along with other useful parameters.  

The main reaction in an MFC takes place in the anodic chamber where a substrate in the form 

of sludge or wastewater is used as a source of electrons. Wastewater will be collected from an 

existing sewage in Ifrane where the waste is directly disposed to the environment. The designed 

fuel cell will be contrasted with existing ones, and areas of improvement will be discussed in 

details. Finally, this paper will touch upon the possibility of an MFC to be scaled up and thus 

commercialized. The focus will be concentrated towards the electricity generation function of 

an MFC. 

https://www.theguardian.com/environment/2016/feb/04/morocco-to-switch-on-first-phase-of-worlds-largest-solar-plant
https://www.theguardian.com/environment/2016/feb/04/morocco-to-switch-on-first-phase-of-worlds-largest-solar-plant
https://www.theguardian.com/environment/2016/feb/04/morocco-to-switch-on-first-phase-of-worlds-largest-solar-plant
https://www.theguardian.com/environment/2016/feb/04/morocco-to-switch-on-first-phase-of-worlds-largest-solar-plant
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2 STEEPLE ANALYSIS 
 

The STEEPLE analysis provides an overview of different implications of the project. It is 

important to study the project’s impact on various external field while maintaining a focused 

look on the main purpose behind implementing it. It also serves as a strategic tool used in 

businesses to assess the different parameters to be considered before launching any project. For 

an MFC implementation, the following is an adequate STEEPLE Analysis that emphasizes on 

Morocco.  

2.1 Societal Implications 

The main social impact of an MFC is the socio-environmental one. The wellbeing of human 

beings is in the wellbeing of their nature and the environment surrounding them. MFCs takes 

the wastewater thrown to the environment and uses it for many applications including electricity 

generation. In Morocco, the current vision is directed towards renewable energies and that 

concerns rural areas as well. These regions are often neglected and they suffer from disparities 

in energy distribution.  For example, the climatic condition in Ifrane is different from other 

regions in Morocco, thus the population needs more energy to be used for heating purposes. 

The peripheries of the city are mostly rural, and using electric heaters is costly despite being 

the most efficient one. Consequently, the habitants rely on burning wood for heating. Therefore, 

MFCs can solve social issues that are directly related to the insufficiency of electricity.  

2.2 Technological Implications 

MFC are a new technology that is still put under the microscope. Extensive research is still 

being conducting combining knowledge from different fields where outstanding and promising 

results have been achieved. MFCs contributes to the ongoing research in the renewable 

energies. It is also important to acknowledge that MFCs open the door for other discoveries 

inspired from nature to contribute in technological advancement, since the working principle 

of an MFC is purely natural.  

2.3 Economic Implications 

MFCs plays a very important economic role. First, water treatment plants require using energy 

through a very costly process. For example in the USA, cost for wastewater treatment is 

approximately $30 billion annually and that continues to level up [4]. MFCs can be used in 

recovering the energy needed to maintain and supply water treatment stations making the 
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station self-sufficient. The MFC then removes the environmental pollutants from the 

wastewater while producing electricity.   

2.4 Environmental Implications 

MFCs have a direct positive impact on the environment. They provide an alternative solution 

to the use of fossil fuels as a source of energy and reduce the carbon dioxide emissions and 

greenhouse gases while at the same time produces electricity. MFCs play another important 

role in the water-treatment sector, solving the problem of sanitation and water scarcity.  

2.5 Political Implications  

Sustainability is a factor that is discussed more and more these nowadays not only in Morocco, 

but the world as a whole. It is also part of major political decisions because it concerns the 

future of the coming generations. Morocco specifically relies on imports to supply its energy 

needs, and with the noted decrease in the global fossil fuels reserves, the country is politically 

directed towards allocating huge budgets in the renewable energies field. MFCs are still a new 

technology; however, it goes hand in hand with the country’s green vision.  

2.6 Legal Implications 

Legally, MFCs are expected to be embraced by the Moroccan government and the world 

generally. The ministry of energy and environment encourages research in various renewable 

energies fields as well.  

2.7 Ethical Implications 

It is our responsibility to adopt a green behavior. Small actions similar to big ones should be 

acknowledged and embraced. The main motivation behind this research is the continuous 

upraising environmental issues because of the industrialization and technological advancement 

being a double edge sword. While human activities are crucial in maintaining our survival, it is 

important to stay aware of the impact we are having on the environment. MFCs are ethically 

compliant and justified. They also represent the future of sustainability and the fight against 

climate change.  
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3 LITERATURE REVIEW  
 

3.1 History 

 

Though the ongoing research that concern MFCs was condensed throughout the last decade, in 

1911, Dr. M. C. Potter -a professor at the University of Durham in the UK- observed in his 

series of experiments that the bacteria E.coli can produce electricity if put in an organic 

environment using platinum electrodes. His experiments led to the implementation of a primary 

microbial fuel cell. Dr. M. C. Potter could also prove that parameters such as temperature, 

concentration, nutrient medium can influence the amount of “electricity generated” [5]. A 

maximum voltage of 0.5V was recorded as a result of his exhaustive experiments that has never 

been achieved before, making him the first scientist to concretely prove that actual bacteria can 

result in a current [5].  Two decades later, and exactly in 1931, Professor Barnet Cohen was 

able to produce approximately 35V, and two milliamps of current. Mr. Cohen aligned and 

connected a number of microbial fuel cells in series to be able to create such a high potential 

and relatively good current [6]. Later on and in 1962, an MFC was designed by Rohrback et al. 

that generates glucose. Since then, research efforts were put in studying the ability of bacteria 

to generate an electric current while implementing and testing different designs that at the end 

took the shape of what we call now a microbial fuel cell in the 1970’s. In 1993, a group of 

professor from King’s College in London succeeded in developing microbial fuel cells using 

different bacteria and microorganisms present in organic waste. They also used mediator 

systems to improve the efficiency of the cell and its reaction rate [6]. In 2006 and at the Korean 

Institute of Science and Technology in South Korea, another group of professors joined their 

efforts together while working on microbial fuel cells. They discovered that some 

microorganisms have the ability to transport electrons to the anode without referring to any 

mediator, making the rise of a new type of cells called “mediator-less microbial fuel cells”.  

3.2 Electrochemical Fuel Cells 

 

A fuel cell is an electrochemical device that uses a hydrogen rich fuel and oxygen to create 

electricity by an electrochemical process. It consists of two electrodes and an electrolyte to 

allow the passage of H+. A fuel cell works as follow:   
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 A fuel rich of hydrogen or pure hydrogen enters the anodic site where a catalyst is 

present to separate the hydrogen’s electrons from its protons. 

 Simultaneously, oxygen is fed at the cathodic side where ½ O2 molecules combine with 

the electrons and protons to produce water.  

 At the anode side, electrons travel via a conducting medium or circuit to reach the 

positively charged cathode. That flow of electrons is what generates an electrical 

current.   

 The movement of protons from the anode side is facilitated through an electrolyte or a 

proton exchange membrane in some specific types of fuel cells.  

 The fuel cell continues to generate a current as long as the fuel is supplied.  

 

Figure 1: Basic anatomy of a Fuel Cell 

The type of electrolyte used in a fuel cell plays a big role in determining the kind of chemical 

reaction happening inside the cell, the catalysts required and many other factors such as 

temperature. [7]  

3.3 Types of Fuel Cells 

Before discussing the microbial fuel cell, and for a better understanding of its mechanism it is 

important to discuss other types of fuel cells that preceded MFC’s invention.  One way to 

classify fuel cells is according to the electrolyte type. Two main types that marked the history 

of fuel cells are to be discussed.  

 3.3.1 Alkaline Fuel Cell 
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This type of fuel cells derives its name from the type of the electrolyte it uses that is Alkaline. 

In these type of cells, alkaline electrolyte allows the passage of negative ions to the anode where 

they produce water when combined with hydrogen and oxygen. AFC’s were typically used in 

some NASA space missions since the 1960’s with the purpose of producing electricity and 

water throughout the mission [7].  

An AFC contains a solution of potassium hydroxide “KOH’ in water which represents the 

alkaline solution or electrolyte. As for the electrodes, a wide range of precious metals can be 

used to make the catalyst at the anode and cathode. An AFC is generally highly performant as 

an average of 65% of efficiency can be achieved in space missions. However, an alkaline fuel 

cell can be poisoned if CO2 makes its way inside the cell by combining with KOH. Though it 

is expensive, pure oxygen and hydrogen ought to be used to avoid such a problem.  [7] 

 

Figure 2: Anatomy of an AFC 

The following are the reactions taking place at the anode and cathode respectively:  

2H2 + 4OH-  4 H2O + 4e- 

O2+2H2O + 4e- 
 4OH- 

3.3.2 Polymer electrolyte membrane fuel cells (PEMFC) 

 

Similar to the alkaline fuel cell, “polymer electrolyte membrane fuel cell” derives its name from 

the type of electrolyte used in it. In a PEMFC, hydrogen ions travel from the anode to the 

cathode where it combines with O2 and electrons generating heat and H2O. [8] 
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As for the electrolyte, a polymeric membrane is used to allow an easy passage of protons. 

Platinum is used as a material to construct the electrodes. PEMFCs offer many advantages 

mainly:  

- Operating a low temperature ( starts working quickly) 

- Light-weight ( for transport applications)  

However, PEMFCs are relatively costly because they require platinum for their electrodes in 

addition to its weak resistance to CO.  

The reactions that govern a PEMFC are:  

Anode: H2  2H+ + 2e-  

Cathode: 1/2O2 + 2H+ + 2e-  H2O 

We will later see how a Microbial fuel cell is similar to a PEMFC.   

 

Figure 3: Anatomy of a PEMFC 

The following is a table summarizing different types of fuel cells along with their electrolytes 

and operating temperature and electrode reactions.   
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3.4 Bio Electrochemical systems 

The difference between typical electrochemical systems and bio-electrochemical ones is that 

the latter use microbes as catalysts in addition to the use of organic matter or wastewater 

specifically as a source of fuel and energy. These systems can be classified into three main 

categories: Electro genesis systems, Electrolysis Cells and Enzymatic Fuel Cells [6]. 

 Electro genesis systems ( Microbial Fuel Cells) 

This type is the focus in this work. Electro genesis systems are often referred to as 

microbial fuel cells. They harness energy from sludge or wastewater using two 

electrodes, the cathode and the anode. The latter acts as an electron acceptor before 

transferring the electrons to the cathode; that flow of electrons produces a current  

(Fig 4) The mechanism of an MFC will be discussed in details in the following sections.   

 

Figure 4: A General Schematic of a Microbial Fuel Cell 
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 Electrolysis Cells ( Microbial Electrolysis Cells ): 

Similar to the microbial fuel cells, microbial electrolysis cells harness the energy existing in the 

organic matter. However, MECs perform the electrolysis of water and therefore needs an 

external power source to be able to generate hydrogen. Unlike MFCs, MECs require anaerobic 

conditions at the cathode to prevent oxygen from interrupting the electrolysis [9]. The external 

power source can be provided by an MFC to reach the required potential that is usually 1.23V 

[9]. 

 

Figure 5 : A Microbial Electrolysis Cell that uses Plant Waste Fermentation 

 Enzymatic Fuel Cells:  

EFCs use a specific enzyme to catalyze the oxidation reaction happening at the anodic chamber. 

Enzymatic fuel cells were created to substitute the use of precious metals that end up oxidizing 

in a typical fuel cell [10]. Enzymes are used both at the anodic and cathodic chambers (fig 6) 

[11]. The main application of these cells is biosensors which still under research.  
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Figure 6: A General schematic of an enzymatic fuel cell 

3.5 Types of Microbial Fuel Cells 

 

MFcs can be classified according to many parameters such as the design, architecture, etc... In 

this section, microbial fuel cells will be classified into two main categories in terms of how they 

transport electrons to the electrode; mediator MFCs, and mediator less MFCs.  

 Mediator MFCs 

Since the invention of microbial fuel cells, scientists have been using chemical mediators to 

enhance the electron transfer process. In mediator MFCs, microbes are not responsible of 

transporting electrons to the anodic surface because they do not synthesis a protein with active 

sites to help them do that. Instead, they use chemical mediators or agents that are also called 

“electroactive metabolites” [6]. The most used mediators are neutral red, potassium ferricyanide 

and methyl viologen under anaerobic conditions [1]. Anaerobic conditions are important 

because if oxygen is present, it will take the electrons and thus interrupting the mediator’s work, 

which is less electronegative than oxygen. During the process of electron transfer, the mediators 

inter the cell and accept the electrons before liberating them and donating them to the anode as 

the final electron acceptor. At this point, the mediator is oxidized back to its initial state after 

depositing its electrons. [6]. Years after the invention of mediator MFCs, scientists started 

looking for alternatives to enhance the electron transfer process and that is due to the fact that 

most of the efficient mediators are toxic for the microorganisms and the environment and 

expensive especially if the MFC is meant to treat wastewater [6].  
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 Mediator-less MFCs 

As mentioned in the history section of the paper, a group of professors from South Korea 

showed that MFCs don’t need mediators because most of the bacteria present in the wastewater 

have the tendency to transport electrons to the electrodes and produce electricity using long 

appendages called nanowires [1]. That makes the MFC non-toxic and less expensive. However, 

other parameters have to be taken into consideration mainly:  

 The external resistance of the circuit [6]  

 The proton transfer to the cathode through a membrane, a week conductivity of protons 

results a variation in pH and hinders the microbial activity [6] 

 Oxygen reduction at the cathode [6]. 

3.6  Mechanisms of an MFC 

3.6.1 Oxidation-Reduction Reaction in Living Organisms 

 

Oxidation-reduction reaction is a type of chemical reactions where electrons are being 

transferred between two organisms or compounds. Redox reactions govern cellular respiration 

of all living creatures and contribute to the energy production. Bacteria as well as any living 

organism use nutrients to generate adenosine triphosphate (ATP) after a series of metabolic 

reactions, which drives cellular activities. In a cell, and more specifically in a mitochondrion, 

there exists an “electron transport chain” that accommodates a series of redox reactions where 

electrons are transferred from electron donors to acceptors making ATP that stores energy at 

the end of the chain. Electron transport chain exist in plants as well. This analogy made 

scientists aware of the possibility of harnessing energy from microbes that degrade organic 

matter via redox reactions. 

3.6.2    Microorganisms  

 

The uniqueness of microbial fuel cell comes in the way electrons are generated. A metal catalyst 

is not needed at the anodic chamber where microbes biologically transfer electrons to the anode.   

Microbial fuel cells accept a wide range of microorganisms capable of biodegrading organic 

matter being wastewater from food processing or biomass in general. Many experiments were 

carried with the objective of determining which bacteria best generate power where pure culture 
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as well as mixed ones gave different results. It is shown that mixed cultures have a greater 

contribution to power generation than pure cultures. For example a well “mixed culture can 

produce have 22% than a pure culture of Geobacter Sulfurreducens.” [12]  

When microbial fuel cells were first invented, the choice of the microorganism’s type was 

limited and it required the use of mediators capable of carrying electrons and transferring them 

to the anode. However, many experiments were carried with the objectif of determining which 

bacteria best generate power where pure culture as well as mixed ones with no necessary 

mediator gave different and satisfying results. This type of MFCs is called mediator-less 

microbial fuel cells where electrons are directly transferred to the electrode that plays the role 

of an electron acceptor. Bacteria with this specific ability are called “exoelectrogens” or 

“electrochemically active bacteria” [12] 

Exoelectrogens 

Initially, for scientists, electron transfer was restricted to two mechanisms only. The first one is 

a direct contact with the electrode and the second one is the use of mediators. Extensive research 

later showed that microorganisms use an internal mechanism where bacteria synthesizes long 

appendages called nanowires that make the transfer of electrons to the anode possible without 

any contact with its surface.  [12] 

 

Figure 7: different types of microorganisms constituting a biofilm over the anode 
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The first bacterium discovered to generate power without the need of a mediator is Shewanella 

putrefaciens and it can be extracted from any earth soil. Geobacter were later shown to have 

the same exoelectrogenic activity and they can be found deep under earth soil or ocean 

sediments. Different species were discovered afterwards and summarized in the table below 

[12]. 

 

Figure 8: Types of microorganisms 

In an MFC, bacteria cover the anode forming a biofilm all around it where they eventually 

supply it with electrons resulting from the oxidation reaction of biodegradation in an 

anaerobic process.  
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Figure 9: Bacteria rapidly colonize the anode 

3.6.3 Anodic Side Chamber 

 

Inside the MFC and specifically at the anodic chamber, the most significant reaction takes place. 

The sludge that contains organic matter is subject to biological degradation carried out by 

microorganisms (metabolic activity) in a reaction is called redox (oxidation-reduction) where a 

transfer of electrons between two species takes place. The reaction involves microorganisms 

that oxidize the substrate and thus produces electrons, protons (H+) and carbon dioxide as a by-

product. The energetics involved in the process are as follow:  

 The normal respiratory bacteria oxidizes the sludge.  

 Electrons are moved as part of hydrogen atoms through “Nicotinamide Adenine 

Dinucleotide (NADH)” to the electron transport chain. [13] 

 Similar to the respiratory system in human beings cells, a proton gradient is generated 

through the process. Extra protons move outside the membrane. [13] 

 The final step involves the creation of Adenosine Triphosphate (ATP) that holds energy. 

[13] 

 The absence of Oxygen is crucial along with any other electron acceptors so that the 

only electron acceptor left is the solid material used as the anode.  

 In the case of mediators MFC’s, microorganisms establish the contact with the solid 

anode as the electron acceptor through long nanowires that they synthesis as proteins. 

Their structure differs from a microorganism to another. [12] 

Considering Acetate representing the electron donor, the overall oxidation reaction at the anode 

is given by the following reaction [13] 

 CH3COO- + 3 H2O  CO2 + HCO3
- + 8e- + 8H+  
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The following general equation does not specify the type of the fuel or organic matter:  

Organic matter  H+ + e- + CO2   

 

Figure 10: Anodic part of the cell 

 

3.6.4 Cathodic chamber 

The electrons being the useful product from the oxidation reaction at the anode chamber travel 

through a conducting wire (external circuit) to the cathodic chamber that contains water all the 

way to the cathode electrode. Once at the cathode side of the cell, electrons react with protons 

and oxygen to form water molecules (reduction). The protons make their way internally to the 

cathodic side through a membrane that links both sides of the cell. The membrane is permeable 

to the protons ( H+) but it doesn’t allow electrons to pass through it. The presence of oxygen is 

mandatory at the cathodic side of the cell in order for the reaction to be complete.  

The general reaction happening at the cathodic chamber of a microbial fuel cell is the following:  

4 H++ 4e- + O2  2 H20  

It is worth mentioning that the flow of electrons from the anode to the cathode through the 

external circuit is what generates a current thus power. In addition, the final electron acceptor 

is oxygen that is important for the reaction to take place where it is reduced to water (aerobic 

conditions). Usually, certain metals such as platinum or palladium are used in order to catalyze 

the reduction reaction at the cathode [6]. However, microorganisms are themselves catalysts so 
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the need for a metal catalyst at the cathode is most of the time omitted. As long as we have 

electrons flowing in the external circuit (with a specific load generally a resistor) with a 

noticeable potential difference, we will be able to produce power thanks to the metabolic 

activity of microbes. The difference in the solutions concentrations at the anode and cathode 

produces a potential difference noted as the voltage. [6] 

 

Figure 11: Cathodic Chamber in a double chamber Microbial Fuel Cell 

3.6.5 Proton Exchange Membrane 

 

To be functional, microbial fuel cell require the use of a proton exchange membrane also 

referred to as the ion-selective membrane. It separates the cathode from the anode but allows 

the passage of protons from the anode to the cathode to maintain the current flow. The choice 

of the membrane is very important, as it should allow the passage of protons while ensuring 

that the substrate, oxygen from the cathodic chamber and electrons do not cross over. If that 

happens, the performance of the MFC will be directly affected. The material that the proton 

exchange membrane consist of needs to accelerate the passage of cations while maintaining the 

electro-neutrality [14] . The transportation process happens naturally due to the protons 

concentration gradient, the membrane only acts like an accelerator. The anode side is generally 

more acidic than the cathodic chamber thus having a lower Ph. [14]. The equilibrium is reached 

thanks to the migration of the protons [14]. The less the material used as the membrane is 

permeable to oxygen the more efficient. We do not want oxygen to leak to the anodic chamber 

that has anaerobic conditions. In order to test the impermeability of oxygen through the 
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membrane, the oxygen mass transfer coefficient K0 and the oxygen diffusion coefficient need 

to be calculated [14]. The following equation describes the mass transfer coefficient of oxygen:  

Ko = 
−𝑉

𝐴 ∗ 𝑡∗ ln  ((𝐶0−𝐶)/ 𝐶𝑜)
 

Where:  

- V represent the substrate volume at the anodic chamber [14].  

- A is the proton exchange membrane cross sectional area [14].  

- C0 represents the oxygen or DO concentration in the cathodic side of the cell [14].  

- C is the oxygen concentration at the anodic chamber [14].  

This relation permits us to compute the diffusion coefficient for the membrane using the 

following equation: 𝐷0 = 𝐾0 ∗ 𝐿𝑡 

- Lt: The material’s thickness found among the characteristics of the membrane [14].  

3.6.6 Substrate 

 

The substrate is one of the most important parts of a microbial cell. It is the nutrients source for 

the microorganisms and thus energy to conduct their metabolic respiratory activity [15]. The 

efficiency and performance of the cell depends on the type of the substrate chosen mainly its 

current and power densities and Faraday’s efficiency (Coulombic Efficiency) [15]. Usually, for 

experimental purposes, organic substrate can be used as pure compounds to assess the 

efficiency of every organic matter closely [15]. However, complex organic compounds found 

in wastewater are practically because they provide an overview about the applications of the 

MFC mainly electricity generation and wastewater treatment. The most commonly used 

substrates are glucose and acetate.  

- Acetate: This compound is rich of carbon and it can prompt electroactive microbes. 

It is used not only in MFCs but also in the modified versions of it like MECs 

(Microbial electro genesis cells) at room temperature [15]. Acetate is ion contained 

in acetic acid. Acetic acid has the following properties:  
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Table 1: Physical and Chemical Properties of Acetic Acid 

Formula Molecule  C2H4O2 

Molecular weight  60,05 g/mol 

Appearance Colorless liquid or crystals  

Boiling Point 118.1 °C 

Solubility in Water  Fully Miscible  

Density  1.049 g/cm3 

Acidity pKa 4.76 

 

From literature, it was shown that in a single-chambered MFC, acetate present in the 

substrate displayed the highest coulombic efficiency (72.3%) compared to other organic 

compounds [15]. 

- Glucose: Adding glucose to wastewater sludge enhances the conductivity property 

of the cell. However, as far as the coulombic efficiency is concerned, glucose have 

a lower yield than that of Acetate. In a double chamber MFC, the energy coulombic 

efficiency was 42% for acetate and 3% for Glucose [15]. The difference of the yield 

is due to fermentation that glucose is subject to in the presence of various 

microorganisms and this cause a loss of electron [15]. Alternative solutions were 

proposed to overcome this problem, for example adding more exoelectrogens that 

are able to oxidize the organic matter extract electrons from and provide it to the 

anode. Glucose has the following properties.   

Table 2: Physical and Chemical Properties of Glucose 

Molecule Formula  C6H12O6 

Molecular Weight 180.156 g/mol 

Appearance Colorless solution  

Melting point 146 °C Varies depending on the structure 

Solubility in Water High solubility in water ( 91g/100mL) 
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Density 1.54 g/cm3 

 

3.6.7 Air Pumping 

In constructing a microbial fuel cell for experimental purposes, one might want to use an air 

pump to pump oxygen to the cathodic chamber yielding to more water an increasing the 

efficiency of the fuel cell. An air pump works like a compressor; it turns electric power into 

potential energy. However, air pumps have an unwanted drawback; it uses more power than 

that generated by the microbial fuel cell. Therefore, the cathodic chamber needs to be well 

aerated before running experiments.  

 

Figure 12: Aquarium air pump 

3.7 Architecture and Design 

 

MFCs can take many shapes and designs. The latter is very important because it can directly 

affect power generation and the internal resistance of the fuel cell. In this section, we list two 

common design and their respective performances. 

 Cubic MFC 

It is usually a single-chamber MFC with a small volume and can only hold few milliliters, more 

often up to 30mL. When it comes to the scale-up, it has been shown that small MFCs are more 

power efficient than large ones. Therefore, it is suggested that it is more convenient to design 

tiny MFCs that can be stacked together for electricity generation. In this specific design, the 

anode is put on one end whereas the cathode is placed on the opposite end where a hole is 

drilled to allow the passage of oxygen.  There are two opening at the top to allow for the filling 

and draining of the substrate, they have also tight stoppers. It is important to mention that single 

chamber fuel cells do not need a PEM in general [4].  
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Figure 13: Cube shaped reactor (Penn State University) 

Figure 13 shows a Lexan cube reactor constructed at Penn State University, it holds 28mL of 

substrate and generates up to 1210 Mw/m² with a spacing of 2cm between the anode and 

cathode.  

 Double-chamber MFC 

The most used MFC in basic experiments is the one with two chambers, resembling a galvanic 

cell. It contains two compartments; one is for the anode and the other one for the cathode with 

a salt bridge or a PEM in between the chambers. The electrodes are connected to external wires 

to complete the circuit. The following chapters depict the way a typical two chamber MFC 

works.  

 

Figure 14: Two chambers MFC configuration 
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4 EXPERIMENTATION AND RESULTS 
 

4.1 Materials’ Selection 

 

 Anode and Cathode Chambers 

First, we chose a two-chamber MFC because it can be easily manipulated and more flexible 

than the single chamber one. We want to change and try different electrodes and for that reason, 

it is more convenient to do so in a double chamber MFC.  For both the anode and cathode 

chambers, we used kitchen food containers made of plastic with a volume of 2L each (fig 13).  

Plastic is cheaper than most ceramics including glass that can be subjected to cracks and 

therefore leakages.  

 

Figure 15: 2L Plastic Containers 

 Anode Electrode 

In selecting the appropriate anode material, some important factors need to be considered, the 

material should then be:   

- Inexpensive for large-scale applications. 

- High conductivity. 

- High porosity. 

- Non-corrosive. 

- Well suited for bacterial growth. 

Different materials can meet this criteria, we were able to test four of them that we available 

for us. Usually, in most experiments, carbon paper or cloth is used at the anode, it is highly 
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conductive, non-corrosive and porous, yet it is characterized by its brittleness and that is its 

main disadvantage [4]. Another material that was used in several studies is Graphite plates or 

rods thanks to their high conductivity. Their main disadvantage is their low porosity.  

As for our MFCs, we used and tested aluminum, zinc, brass and carbon with respective surface 

areas of 64cm², 22.5 cm²,22.5cm², and 22.5cm². The last three materials were available in the 

chemistry lab; as for aluminum, we bought a large aluminum mesh from hardware store in 

Casablanca and used it to make the electrodes (fig 14). 

                            

Figure 16: Aluminum, zinc, brass and carbon electrodes 

Later on, we have omitted the use of zinc and brass electrodes because they were not as efficient 

as aluminum and carbon ones.  

 Cathode Electrode 

Similar to the anode, the cathode needs to be conductive and non-corrosive as two main 

properties. We can therefore use the same materials as the anode including carbon sheets, 

graphite and aluminum. The only difference is the frequent usage of a catalyst usually Platinum 

that enhance the reduction reaction happening at the cathode. More often, scientists use a 

normal carbon cathode that they load with platinum on one side that is in contact with water 

and the other side in contact with air [4]. In our case, we did not use any catalysts since it is not 

easily found in the market and it requires certain skills in materials coating to make it in the lab. 

Therefore, the materials tested as cathode in our series experiments are aluminum and carbon 

shown in figure 14.  
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 Salt Bridge 

A salt bridge is a crucial component in a MFC, it should keep the anode and cathode separate 

as water in the cathode should not cross over to the anode because it contains dissolved oxygen 

and we want to make sure that we have anaerobic conditions at the anode. Moreover, it needs 

to allow the natural movement of protons from the anode to the cathode [4]. Therefore, the 

choice of the membrane is not as easy as it seems. If we use a solid, the cathode and anode are 

efficiently distinct but the protons cannot migrate. Another challenge for the membrane is not 

allowing other substances to cross over such electrons or the substrate. 

The most used material is Nafion 117 thanks to its high proton conductivity. The main 

disadvantage is its high price, which is approximately $1400/m² [4]. Therefore, we used a cotton 

rope ( 1m long)  bought from curtains shop in Casablanca and twisted several times as the 

permeable membrane ( final length of 25cm).  

 

Figure 17: Nafion 117 

 

Figure 18: Cotton rope 

 Copper Wires 

As most experiments, copper is used as a material for the external circuit that connects the 

cathode and anode.  

 Extra Material 
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Finally, a glue gun is necessary to attach the different components of the MFC. In addition, 

‘Parafilm’ was used to minimize the leakages in the salt bridge. Moreover, different tapes 

mainly electric tape were used to cover the salt bridge. Finally, we used the digital Multimeter 

MS8200G for data acquisition.  

 

Figure 19: Multimeter and Glue Gun        

                   

 Substrate 

As our source of microorganisms, we assessed two different substrates: Sewage Sludge and 

garden soil. At first, we extracted sludge from a profound sewage on Campus but that sludge 

turned out to have more water than the actual substrate. Therefore, the sludge used in our 

experiments was collected from another natural sewage in Ifrane. As for the soil sludge, it was 

collected from the campus area behind the chemistry lab. For both substrates, we measured and 

used 1L.  
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Figure 20: Sewage Sludge 

 

Figure 21: Soil Sludge 

4.2  Methodology 

 

The following are the steps used to construct the double-chamber MFCs: 

Step 1: We first prepared a salt bridge by letting a 1m cotton rope soaked in a very saturated 

salt solution for 2hours with a temperature of 95 °C, and then we let it absorb the solution 

overnight (24 hours). The rope was twisted several times and then covered by two different of 

tapes types of tape. Both ends of the salt bridge were left uncovered.  
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Step 2: We created two holes using fire in both plastic containers to insert the salt bridge. We 

made sure that no tiny holes are surrounding the salt bridge by applying hot glue using the glue 

gun.   

Step 3: Two other holes were indented at the top of the cathode container, one is for the 

conducting wire and the other one is for the aquarium air pump pipe. The air pump was used at 

the beginning but then all the results were obtained without using it. 

Step 4: After setting our compartments, we constructed aluminum electrodes by folding the 

mesh several time to obtain a surface area of 64 cm² (8*8), then we used paper clips to hold the 

folds together. The other carbon electrode was already made)  

Step 5: For both electrodes, we connected the copper wires to the electrodes using the glue gun 

and the electric tape.  

Step 6: We put the electrodes in their respective compartments while making sure that the 

anode chamber is very well closed and sealed while the cathode was left aerated. The digital 

Multimeter was then connected with both wires to assess the electric potential first and other 

parameters.  

Step 7: We put the sludge at the anode chamber before closing it and water at the cathode both 

water and sludge should cover the salt bridge and the electrodes.  

 

Figure 22: Preparation of a salt bridge 
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Figure 23: Salt Bridge inserted between the chambers 

 

Figure 24: Aluminum electrodes (paper clipped) 

 

 

Figure 25: Cathode chamber 
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Figure 26: Full setup of the MFC- Initial voltage reading of 121mV 

4.3        Results and discussion 

The purpose of this section is to assess the performance of a number of microbial fuel cells built 

in the chemistry lab. 

Four important parameters are assessed in this section: polarization curves, power density 

curves, the internal resistance of the fuel cells, and the coulombic efficiency of each MFC.  

It is worth mentioning that all the MFCs are assessed under the same external conditions (room 

temperature and pressure). The fuels cells were also evaluated along the same time range as we 

left them for 24 hours with no external resistance.   

The following table shows five microbial fuel cells that we have used to evaluate the amount 

of “electricity” generated.  

Table 3: types of MFC used in the lab 

 MFC1 MFC2 MFC3 MFC4 System5 

(MFC3+MFC4) 

Substrate  Sewage 

sludge 

Sewage 

sludge 

Sewage 

sludge 

Soil sludge Soil, Sewage 

sludge 

Anode  Aluminum Aluminum Carbon Carbon Carbon  

Cathode Aluminum Carbon Aluminum Aluminum Aluminum 

 

The MFCs shown above were built following a chronological order. We have first assessed a 

MFC with similar electrodes in both chambers. Afterwards, we have used two different 
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materials (carbon and aluminum), and then based on the performance of the fuel cell we have 

chosen the best combination of materials to use in a different substrate in our case soil.  

Four important parameters are assessed in this section: polarization curves, power density 

curves, the internal resistance of the fuel cells, and the coulombic efficiency of each MFC.  

4.3.1 Polarization curves 

In electrochemistry, we use a polarization curve to illustrate the current density as a 

function of voltage (the electric potential of the electrodes). In order to generate a polarization 

curve, a wide range of external resistances is connected to the external circuit. Accordingly, the 

voltage of the fuel cell keeps changing as we change the load, implying that the current changes 

as well.  

For all MFCs, we used the same set of resistances recording the values of the voltage at 

each one. A Multimeter was used for this purpose. Ohm’s law was used to calculate the 

corresponding current. We then normalize this current by the electrode surface (the anodic 

surface) maintaining the unit of (µA/cm²). We then used excel graphing tool to generate the 

curve with the appropriate linear fit that we will depict its purpose later.  

Ohm’s Law:   𝑉 = 𝐼 × 𝑅      Where:      I is the current  

             R is the external resistance  

Using excel graphing tools we have generated polarization curves for all the microbial fuel cells:  

 

Figure 27: Polarization Curve for MFC1 
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Figure 28: Polarization Curve for MFC2 

 

Figure 29: Polarization Curve for MFC3 

 

Figure 30: Polarization Curve for MFC4 
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Figure 31: Polarization Curve for system5 

These plots demonstrate how well microbial fuel cells uphold the electric potential as a function 

of the current density. We can see from the five polarization curves that we have three distinct 

regions. For all MFCs, each plot illustrates a linear region (region 2) with a constant voltage 

drop. Voltage values of 198.15 mV, 615 mV, 694mV, 615 mV and 1,240 mV represent the 

maximum voltage or OCV (open circuit voltage) for MFC1, MFC2, MFC3, MFC4, and 

SYSTEM5 respectively and are achieved when the resistance is infinite.  

For MFC1, we can notice that the voltage falls drastically to 114.6 mV corresponding to a 

current density of 0.041 µA/cm². Past this point, we can see a linear path representing the second 

region that follows the quick voltage drop. Similarly, for MFC2, MFC3, MFC4 and SYSTEM5, 

we notice a sudden voltage drop to 470 mV, 482 mV, 436 mV and 883 mV corresponding to 

a current density of 0.69 µA/cm², 0.714 µA/cm², 0.64 µA/cm² and 1.3 µA/cm² respectively. 

To better understand the abnormalities in the polarization curve, it is important to understand 

the factors that affect the cell voltage. First, the recorded OCV at infinite resistance does not 

represent the maximum theoretical electric potential, which is because the fuel cell itself had 

an internal resistance that affects the electricity generation process. By comparing our 

polarization curve for MFC1 with the found in the literature, we can as well identify three 

regions:  

1) At high resistances, a drastic potential drop.  
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2) An approximate linear path characterizing a decrease in the electric potential past 

the rapid drop.  

3) Another drastic and rapid potential drop at low value resistances past the linear 

decrease.  

Therefore, a more accurate equation describing the fuel cell voltage at any resistance and 

current should be taken into consideration:  

𝐸 = 𝐸0 − (∑𝑂𝑃𝑎𝑛 + ∑𝑂𝑃𝑐𝑎𝑡 + 𝐼 × 𝑅Ω) 

Where:  

 ∑𝑂𝑃𝑎𝑛: is the anode over potential 

 ∑𝑂𝑃𝑐𝑎𝑡: is the cathode over potential 

 𝐼: The current generated by the cell 

 𝑅Ω: The internal resistance of the fuel cell 

Some of the voltage losses are due to the electrodes over potentials and they change as the 

current changes. There are three types of voltage losses that might cause the electrodes over-

potentials; activation losses, bacterial metabolism and mass transport [4].  

1- Activation losses: In order to proceed with the oxidation-reduction reactions, an 

energy barrier should be exceeded and for this purpose, energy in the form of heat 

is lost. In addition, we note another energy loss due to the migration of electrons 

from the bacteria to the anode surface directly or indirectly [4].  

2- Bacterial Metabolism: Represent energy losses due to the bacteria’s need for 

energy to proceed with its metabolic activity, mainly the creation of the proton 

gradient in its electron transfer chain [4]. 

3- Mass transfer losses:  Two sub-issues can cause energy losses. First, the mass 

transfer (what we call also flux) of the substrate representing the reactants to the 

anode is most of the time insufficient. Second, protons migration from the anodic 

chamber to the cathodic one is sometimes limited which might cause an 

accumulation of H+ and thus decreasing the pH at the anode and increasing it at the 

cathode [4].  
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Figure 32: A typical MFC polarization curve showing the three different regions 

We can limit the energy losses due electrodes over potentials by first using diverse bacteria at 

the anode and that will reduce the activation losses. For voltage losses, new engineering bacteria 

can be supplied to the substrate; these bacteria might have a better metabolism. Finally, or mass 

transfer losses, we can use efficient proton exchange membranes that facilitate the migration of 

protons to the cathode while maintaining a relatively enough buffer capacity (resistance to pH 

change) [4].  

Besides electrodes over-potential losses, we can identify another type of energy loss called 

Ohmic Losses. The transfer of electrons from the electrode through wires and the point of 

contact of the electrodes and the conducting wire causes energy loss due to the internal 

resistance of the electrode material and the wire. The potential loss due to Ohmic losses can be 

determined using the following equation that has been calculated by Heijne et al. (2006):  

∆𝑉 =
𝛿𝑤 × 𝐼

𝜎
 

 𝜹𝒘 is the distance between the anode and cathode (cm) 

 𝑰 is the current normalized to the anodic surface area ( A/cm² ) 

 𝝈 represents the solution conductivity (S/cm) 

Therefore, if we can increase the solution conductivity we might as well reduce the Ohmic 

losses. In addition, the smaller the distance between the electrodes the lower Ohmic losses we 

have. However, Ohmic losses are sometimes inevitable; for example, we cannot randomly 

increase the solution conductivity since the bacteria can only operate within certain limits and 
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conductivity ranges. In addition, electrode materials with low internal resistance can be 

expensive.  

4.3.2 Power density curves 

MFCs work exactly like normal electricity generators; it generates a current along with a certain 

cell potential. The purpose of generators is to generate useful power; therefore, it is normal to 

try to optimize the fuel cell for power production. For that purpose, we have used various 

external resistors with different values to find the optimum current and potential that maximizes 

our system’s power.  

Power is expressed as: 𝑃 = 𝐼 × 𝐸, where I the current and E the measured voltage. For 

laboratory experiments, the power is expressed by the following alternative equation                   

 𝑃 =
𝐸²

𝑅𝑒𝑥𝑡
, where E is the cell potential and R the applied external resistance. Alternatively 

we can express power by: 𝑃 = 𝐼² × 𝑅𝑒𝑥𝑡.  

However, as we have mentioned earlier, the electrodes used do not have the same surface area. 

For aluminum electrodes, we constructed an 8cm/8cm for both the cathode and the anode and 

thus a surface area of 64 cm². We can also consider both sides of the electrodes as to their 

surface area, but for calculations purposes, it is enough to consider one side only. Carbon 

electrodes have 12,5cm of length and 1.8cm of width hence a surface area of 22.8cm². We 

usually normalize the unit of power by the anodic surface area [4]. Therefore, the power is 

expressed by:  

𝑃𝑎𝑛 =
𝐸²

𝐴(𝑎𝑛) × 𝑅(𝑒𝑥𝑡)
 

Where Aan is the anode’s surface area.  

It is also relevant to normalize power to the cathode surface area if the latter is the larger than 

the anode. Power can also be normalized based on the fuel cell volume including the cathodic 

chamber volume.  That allows for a more accurate analysis of the power delivered by the fuel 

cell. However, in our case, we maintained the same volume of the reactor and the same amount 

of substrate (sludge) to obtain accurate results.  

The purpose of this section is to determine the maximum power for all the MFCs thus, we have 

created “power density as a function of the current density” plots for each fuel cell.  
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Figure 33: Power density curve for MFC1 

 

 

Figure 34: Power density curve for MFC2 
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Figure 35: Power density curve for MFC3 

 

Figure 36: Power density curve for MFC4 

 

Figure 37: Power density curve for SYSTEM5 
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Generally, power curves as function of the current adopt a bell shaped shape, allowing us to 

determine the maximum power density as the peak value in the plot. Due to the small values of 

power after normalizing them to the anodic surface area, we could obtain a similar but not an 

exactly bell shaped curve.  

The highest maximum power was noted for SYSTEM5 with a value of 1.35 µW/cm² 

corresponding to 2.45 µA/cm² of current. As for the other fuel cells, we noted the following 

values respectively, 0.066 µW/cm², 0.122 µW/cm², 0.361 µW/cm² and 0.78 µW/cm² 

corresponding to current values of 0.09 µA/cm², 1.24 µA/cm², 1.27 µA/cm² and 3.40 µA/cm².  

Therefore, we conclude that the best evaluated system in terms of maximum power generation 

is the one that stacks two MFCs in series( SYSTEM5) , followed by the MFC4 where we used 

carbon electrode at the anode and aluminum at the cathode with soil substrate mixed with water. 

Then, MFC3 where we have carbon at the anode and aluminum at the cathode with sewage 

substrate. Since both MFCs 1 and 2 were operating under the same conditions with the only 

difference being the source of substrate, we can deduce that soil in our experiments is better 

than sewage in terms of the cell’s performance. Finally, the lowest maximum power density 

value was recorded for MFC 1 since it uses the same for the electrodes in sewage substrate.  

4.3.3 Internal resistance  

 

The internal resistance is a major factor that can affect the MFC’s performance. In other words, 

some MFCs can have the same reactor volume therefore the same amount of substrate but they 

produce different currents. Theoretically, the total maximum power is expressed as =

𝑂𝐶𝑉²

𝑅(𝑖𝑛𝑡)+𝑅(𝑒𝑥𝑡)
 . Alternatively, the maximum power is also expressed as 𝑃 =

𝑂𝐶𝑉2×𝑅𝑒𝑥𝑡

(𝑅(𝑖𝑛𝑡)+𝑅(𝑒𝑥𝑡))²
. 

Electric circuits’ principles show that we can record a maximum power when Rint = Rext; 

therefore: 

𝑃𝑚𝑎𝑥 =
𝑂𝐶𝑉²

4 × 𝑅(𝑖𝑛𝑡)
 

This equation is useful in determining the internal resistance of the MFC. Previously, in our 

experiments, we have applied a wide range of external resistances to generate the polarization 

and power density curves. The internal resistance of each MFC is found by recording the 

maximum power reached and matching to the applied external resistance. That resistance is our 
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internal resistance. According to figures (20-21-22-23-24), the respective internal resistances 

of our MFCs (1-2-3-4-5) are 10kΩ, 10kΩ, 10kΩ, 3kΩ and 10k. Since our objective is to 

minimize the internal resistance in the fuel cell, the MFC4 is the best amongst the other single 

MFCs. This result goes along with the maximum power achieved for MFC4 that is also the 

highest amongst single MFCs. In addition, we can justify the high internal resistance for 

SYSTEM5 by the high internal resistance of MFC4 that is put in series with MFC3.  

Internal Resistance using polarization curves 

We can make use of our polarization curves to find the internal resistance graphically. 

Previously we defined region 2 as the region showing a linear relationship between the potential 

of the fuel cell and the current density. The following is the equation of the line:                    

E=OCV* – I*Rint. E is the maximum potential that the fuel cell can reach and OCV* is the y-

intercept. Therefore, we can determine the internal resistance by extracting the slope of the line.  

Internal Resistance using impedance spectroscopy 

The best method to determine the internal resistance is the impedance spectroscopy. 

It uses a Potentiostat connected to a software that is used to collect and save exact and more 

accurate data.  

4.3.4 Coulombic efficiency 

The coulombic efficiency is a crucial parameter in assessing the performance of the MFC. Our 

objective is to extract the maximum electrons from the biodegradation of organic matter taking 

place at the anode. The higher the coulombic efficiency, the more efficient are the bacteria and 

the system as a whole. This parameter is expressed as:  

𝐶𝑒 =
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑡𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑖𝑛 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
 

By electrons, we mean their charge in coulombs.  

For MFCs, the coulombic efficiency is defined as:  

𝐶𝑒 =
8 × ∫ 𝐼 ×  𝑑𝑡

𝐹 × 𝑉𝑎𝑛 × ∆𝐶𝑂𝐷
 

Where:  

 F: Faraday’s constant. 
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 V (an): substrate’s volume at the anode. 

 COD: is the chemical oxygen demand, proportional to the substrate concentration. 8 is 

the COD constant.  

Prior to calculating the coulombic efficiency of the fuel cells, it is imperative that we first 

determine the COD. Our fuel cells were kept operating under 24 hours, and then we recorded 

the current, voltage etc.… For that reason, the COD change needs to be noted after 24 hours as 

well. However, since the operating time is not long enough to record a significant value, we 

searched for the average COD in a domestic sewage and a garden soil.  

 For a domestic sewage: 525 mg/L 

 For garden soil: 480 mg/L 

The above values were extracted from two sources:  

1. BMS Company for wastewater treatment database [16].  

2. Technical Information Series, Booklet No. 9 for chemical oxygen demand [17]. 

Table 4: respective Coulombic Efficiencies of the tested MFCs 

 MFC1 MFC2 MFC3 MFC4 SYSTEM5 

Ce 12.28% 40.9% 40.9% 68.65% 54.12% 

 

In calculating the coulombic efficiencies of the tested MFCs, we considered the instantaneous 

current value after an operating time of 24 hours. We did not use any external resistance because 

we do not want to limit the flow of electrons.  

We can see that the highest coulombic efficiency pertain to MFC4 where soil is the primary 

substrate with carbon anode and aluminum cathode.  
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4.4  Results Summary and Scale-up 

Table 5: Results summary 

 MFC1 MFC2 MFC3 MFC4 SYSTEM5 

Substrate        Sewage Sewage Sewage Soil Sewage + Soil 

Anode 

Material 

Aluminum Aluminum Carbon Carbon Carbon 

Cathode 

Material  

Aluminum Carbon Aluminum Aluminum Aluminum 

Anode Surface 

Area (cm²) 

64 64 22.5 22.5 22.5 

Cathode 

Surface Area 

(cm²) 

64 22.5 64 64 64 

OCV (mV) 198.2 615 694 615 1240 

Max. Power 

Density             ( 

µW/cm²) 

0.066 0.122 0.361 0.78 1.35 

Internal 

Resistance 

(Ohms) 

10k 10k 10k 3k 10k 

Coulombic 

Efficiency 

12.28% 40.9% 40.9% 68.65% 54.12% 

 

The primary objective of this work is to generate electricity and useful power. From testing 

different types of electrodes to stacking two individual MFCs together in series, we were able 

to show that the ultimate way to produce a minimum useful power is to stack a certain number 

of fuel cells in series using different electrodes in the two compartments of the fuel cell. This 

result is promising for a real life implementation of MFCs as generators. However, can we 

directly project laboratory results on the real life implementation? Does increasing the amount 

of sludge and the size of electrodes increase the power production as well?  

In this section, we will discuss the possibility of scaling up microbial fuel cells based on 

previously proven results and our findings.  
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It has been proven in numerous MFC publications that the biggest challenge in commercializing 

MFCs is their scale-up. MFCs evaluated in the lab have proven to be more efficient than large 

ones. The larger the MFC gets the less power yield we have. Therefore, we need to take into 

consideration certain factors in designing a large scale MFC.  

Surface Area of the anode 

When attempting to increase the size of the anode surface area researchers noticed a non-linear 

decrease in the power density [18]. Since large MFCs need indeed large electrodes, increasing 

the surface area of the anode will result in a low efficiency and thus a higher internal resistance 

of the cell (fig 24).  

 

Figure 38: Relationship between anode surface and maximum power density 

Anode Ohmic Resistance 

Anode Ohmic Resistance is another factor behind the sudden decrease of power density in the 

large microbial fuel cell. As discussed in the polarization Ohmic losses, the flux of reactants 

and electrons transport are the main reasons behind these losses. In order to avoid or at least 

minimize the losses, work should be focused on the material used as the node or the connection 

point between the electrode and the wires.  

Cathode surface area 

We know now that increasing the surface area of the anode is a problem when it comes to 

scaling up. However, the cathode surface area is of a less problem in large scale MFCs. 

According to a research conducted by Bruce Logan and his team, they have doubled the cathode 

size and noticed that the power has increased by 62%. In their experiment, they used a single 
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chamber MFC with a total volume of 250mL, and continued increasing the surface area of the 

cathode while recording the respective power densities [19].  

 

Figure 39: Power density increases with increasing cathode surface area 

Bio-cathodes 

However, when considering scaling up a MFC we should take into consideration the cost of the 

materials used in it. The most common metal used as the cathode is Platinum, which is relatively 

expensive. Due to its high price, scientists have suggested an alternative solution where a usual 

metal cathode is used with specific microorganisms that work like biocatalysts. However, an 

efficient aeration will be required at the cathodic chamber, and that of course will need extra 

energy to pump air inside the compartment.  

Substrate Concentration 

In a research published by Bruce E. Logan and his team, it has been shown that as the substrate 

concentration increases, the power density increases accordingly. In their experiment, 

researchers used a 28mL single chamber fuel cell with substrate concentrations of 0.15 g/L and 

then 0.5 g/L (where acetate is the substrate). They noticed an increase in power density from 

27 W/m3 to 36 W/m3- 33% increase. However, there is a limit to the maximum concentration 

of Acetate that they could add which is approximately 2g/L in their reactor. An important 

conclusion was drawn at the end; the substrate concentration directly affects the anode as it was 

observed that the negative potential of the anode decreased which has eventually increased the 

power [19].  
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Small-scale stacked MFCs examples of large scale MFCs from literature 

 

We have seen that using one large scale MFC is problematic, the more you enlarge the fuel cell, 

the more expensive it gets and the higher its internal resistance. Therefore, one suggested 

solution that has also been tested in out lab is stacking small MFCs in series that is also referred 

to as “miniaturization of Microbial fuel cells in a stack”. It is worth mentioning that using 

several MFCs in one anolyte where anodes share the same substrate has been shown to lower 

the power density drastically [20]. Each MFC needs to be separate from the other MFCs but 

connected in their external circuits. 

Several scientists have attempted to implement large pilots consisting of tiny MFCs in stacks. 

The most prominent application of large scale MFCs is in the wastewater treatment stations 

where lots of energy is used in the process. The idea is to use a vessel with small MFCs stacked 

together allowing the continuous flow of wastewater that provides electricity inside the vessel 

in its way. That energy in the form of electricity can be used to power the wastewater treatment 

process and make it self-sufficient. The following are examples of stackable MFCs found in 

literature.  

 In a study, a team of scientists has constructed a large vessel containing five independent 

modules and each module comprises two MFCs. The total volume of the vessel is 90L. 

An inlet and outlet for the wastewater were inserted in the reactor. Five capacitors were 

used in the external circuit to store the electrical energy harvested from the vessel. The 

mean maximum power density recorded during three operational months was 

159mW/m². That proves that if different vessel containing several modules are used a 

wastewater treatment plant can reach energy self-sufficiency [21].  

 

 In another study, a stackable MFC was constructed with the purpose of wastewater 

treatment and electricity generation. The constructed MFC used MnO2 instead of the 

expensive Platinum as the cathode. The setup consists of five individual fuel cells put 

in parallel. In addition, the architecture of the stack is characterized by a special tubular 

shaped design. The volume of each MFC was 295mL and when the five cell were put 

in parallel, they could produce a maximum power density of 175.7W/m². The parallel 

combination was compared with the series one and found to be more efficient as it 
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minimizes energy losses and prevents the voltage reversal (the change in the cell’s 

polarity) [22]. 

 

 Urine is another organic compound that was used in many studies as the inoculum. In 

one specific study, a group of researchers and professors from the UK and USA joined 

their effort and worked on building an efficient MFC using urine to charge a phone. 

They have first collected normal healthy urine from several individuals to use as 

inoculum. Next, they constructed a system called “EcoBot” where they stacked 24 

MFCs (6.25mL) in both series and parallel to prevent voltage reversal (fig. 26). The 

main substrate was collected from natural sludge. Finally, they started obtaining the 

intended results after one operating week. Although they have obtained a low power 

density, the recorded voltage reached 3.7 V (fig 27) and was able to charge the phone 

fully after 24 hours where calls and messages were received [23].  

 

 

 

Figure 41: 24 MFCs stacked in parallel and series 

 

 

 

 

 

 

Figure 40: Samsung phone charged using a stack 
of MFCs and 3.6V voltage display 
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5   CONCLUSION AND FUTURE WORK  
 

Microbial fuel cells represent a new promising technology that gives hope to the future 

generations. We were able to build and assess the performance of different MFCs by 

maintaining their double chamber shape and alternating the electrodes materials while trying 

different substrates. We showed that the usage of different types of electrodes is more efficient 

than using the same material. Carbon can be used at the anode while aluminum with a higher 

surface area than the anode is to be used at the cathode. We did also observe that natural garden 

soil could be used instead of the sewage wastewater; it delivered both higher power and electric 

potential. In terms of scale-up, we tried the series combination of two MFCs to amplify the 

power and the electricity generated. Similar to electric generators, the potential of both MFCs 

adds up and the current increases significantly. It has been previously proven that small-scale 

MFCs are more efficient than large ones. Therefore, we need to build miniaturized MFCs and 

construct a stack that is able to generate useful power.  

The new MFC technology is still undergoing extensive research touching upon many aspects 

including its design, power optimization, reduction of internal resistance and potential scale-

up. It is important to consider reducing the cost of the electrodes by avoiding precious metals 

at the cathode. In addition, it is essential to try different types of proton exchange membranes 

that is both cheap and efficient in terms of separating the chambers and allowing the passage of 

protons while hindering the migration of other substrates. Additional work can be focused on 

trying different temperature and pressure conditions to assess their effects on power density. 

Throughout this work, we used double-chamber MFCs; we might as well in the future try 

different designs and architectures of fuel cells. Finally, more effort should be focused on 

evaluating the microorganisms present in different substrate by growing cultures of microbes 

in various environments. Pure and mixed cultures can be used in this context.  
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APPENDIX A 
 

 

Figure 42: Campus Sewage (GYM) 

 

Figure 43: Initial Setup 

 

Figure 44: MFCs stack initial setup 
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Figure 45: MFC operating stack 

 

 

 

 

Figure 46: Voltage increase vs Resistance for MFC1 
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APPENDIX B 
 

Initial Specifications 

Yasmine El Khaloufi 

EMS 

MICROBIAL FUEL CELLS FOR ELECTRICITY GENERATION 

EL ASLI A 

Spring 2019 

 

The objective of this capstone is to set a microbial fuel cell with the purpose of contributing to 

electricity generation of a standard rural house in the region of Ifrane. A  microbial  fuel  cell  is  a  

renewable  technology  that  makes  use  of  the organic wastewater and convert it into electricity 

or simply water treatment. The goal of this project is to assess the possibility of implementing a 

MFC in a standard rural house that would eventually contribute in providing electricity to the 

heaters installed in the house. Therefore, the project will be divided into three mainstages. The first 

one is the feasibility assessment along with a proper STEEPLE Analysis with an emphasis on the 

social and environmental impact. This part would approximately take one to two weeks. Second,  a  

lab  scaled  setup  of  a  MFC  is  to  be  constructed  manually  using different  components; series  

of  experiments need  to be  performed in  order  to record  the  required parameters  and  results.  

An optimization of the process needs to be executed through the implementation of different set of 

components and the collection of multiple sludge samples. This stage is the most important and 

would supposedly take approximately 45 days. The  third  phase  consists  of evaluating  the  

electrical  properties  of  a  standard rural house in the region of Ifrane with the aim of assessing the 

electricity needs of the house. Using the experimental results got in the lab, the amount of power 

generated  thanks  to  the  MFC  is  to  be  determined  and  projected  on  a  house scale in  order  

to  determine  the  percentage  of electrical  power  an  MFC  can contribute to the general power 

used in the house. This is the final phase and it would approximately take 25 days in order to perform 

a proper assessment. The socio-environmental effect is the major purpose behind working on this 

project. The demand for energy in the world is increasing and itis important to continuously look 

for alternatives to replace the use of fossil fuels. MFC provide a potential solution that can 

contribute to a certain extent to the generation of electricity  that  would  ultimately  help  solve  

environmental  issues  such  as  the treatment   of   industrial   and   agricultural   wastewater and   

decreasing   the dependency on natural resources.  


