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Abstract 
Sediment microbial fuel cells or SMFCs, are single-chamber microbial fuel cells, which 

use organic matter from sediment as an anode. By using sediments, these microbial fuel 

cells can be deployed in nature where their most common application is remote sensing. 

Energy is often scarce in remote locations, but these fuel cells can supply electricity 

using sediments and water found in nearby rivers and lakes. Just as with any type of 

microbial fuel cell, their voltage output is limited. Hence, in this study, tests were 

performed to determine parameters and conditions that can increase voltage production 

of SMFCs. SMFCs were built inside a 1.2 L cylindrical plastic box with two distinct 

layers, the sediment at the bottom and water at the top. Electrodes, made from carbon 

brushes, were fixed to both layers and connected by an external resistor. The conditions 

studied included: the effect of temperature and aeration of the water layer. Higher room 

temperatures lead to higher voltage production. Likewise, water aeration increased 

voltage output. To optimize voltage production, it is important to study the 

environmental conditions before deployment of the fuel cells to ensure optimal 

temperature and water aeration. Additionally, electrical conductivity (EC) of the soil 

was measured at the beginning of the experiment to determine if there was a correlation 

between EC and voltage output. No correlation was observed. A different fuel cell set-

up is required to measure EC throughout the whole experiment, instead of only at the 

beginning, allowing the correlation to voltage to be studied.  
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1 Introduction 
A microbial fuel cell is a system in which microorganisms produce an electrical 

current while performing their metabolic processes. In this section, a description of 

microbial fuel cells and sediment microbial fuel cells will be discussed including the 

metabolic process at the core of these systems’ functionality, as well as the components 

needed to build these systems and how to produce electricity. Furthermore, the 

advantages, limitations and applications of these systems will be described. 

1.1 Cell metabolism and electricity 

The underlying principle of a microbial fuel cell is simple: the chemical energy 

stored in organic matter is converted to electrical energy when microorganisms 

metabolize the organic matter [1]. Hence, the microorganisms are considered to be the 

catalysts of this electricity producing system [2].  

 To catalyze the conversion of energy, microorganisms require two important 

reagents: organic matter and an electron acceptor. These reagents are used to carry out 

the process of cellular respiration. Cellular respiration is a metabolic process by which 

organic matter (such as glucose) is broken down to produce energy for the living cell. 

The energy produced is in the form of chemical energy since it is stored in chemical 

bonds. Those chemical bonds connect a molecule known as adenosine (ADP) to 

phosphate (P). When adenosine is bonded to three phosphate groups it is known as 

adenosine triphosphate (ATP). The output of cellular respiration is ATP molecules. 

When energy is needed in the living cell, ATP breaks the chemical bonds between the 

adenosine and phosphate thus releasing the stored energy. [3]  

To obtain ATP through cellular respiration, three processes must be carried out: 

glycolysis, Krebs’s cycle, and the electron transport chain. Glycolysis is the initial step 

in which glucose is broken down to smaller molecules called pyruvic acid which, after 

another modification, can participate in the Krebs’s cycle. During the Kreb’s cycle, 

these molecules are transformed by losing electrons (e-) and, consequently, losing 

protons (H+). The ions are collected by carrier molecules nicotinamide adenine 

dinucleotide (NAD+) and Flavin adenine dinucleotide (FAD) and transported into the 

electron transport chain in the cell membrane. This is the most essential cellular 

respiration process for the microbial fuel cell to be efficient. [3]  

During the electron transport chain, the carriers NADH and FADH2 donate the 

electrons collected from the previous steps to a new carrier (enzyme complex 1), which 
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in turn donates the electrons to another carrier (enzyme complex 2 and 3) by using the 

mobile transfer molecules (ubiquinone- Q and cytochrome c- cyt C) as demonstrated in 

Figure 1. This continues until the last carrier molecule, called the last electron acceptor, 

is reached as demonstrated in Figure 2. For aerobic cellular respiration, the last electron 

acceptor is oxygen (O2). The importance of the repetitive transport of electrons down a 

chain of carriers is to provide the energy needed to pump protons outside the cell 

membrane (refer to Figure 1). These protons are essential for the mechanism involved 

in producing the ATP molecules. [3, 4]  

ATP is produced from the protein ATP synthase. The protons expelled outside 

the cell membrane during the electron transport chain pass through the ATP synthase to 

return inside the cell, allowing ATPs to be produced as demonstrated in Figure 3. The 

higher the concentration of protons outside the membrane the higher the ATP yield. 

After the protons go through the ATP synthesis, these protons combine with the 

electron-rich oxygen molecules of the electron transport chain to produce water 

molecules (H2O). At the end of the cellular respiration process, approximately 38 ATP 

molecules have been produced per each glucose molecule. [3, 4]  
 

  

  

Figure 1: Electron (-) transfer between the electron carriers (NADH and enzyme complexes) in 
the electron transport chain, resulting in proton (+) pumping. *Figures obtained under a Creative 
Commons Attribution - Noncommercial - No Derivatives 4.0 International License. 



 

 3 

 

Figure 2: Final electron acceptor is oxygen (O2). *Figures obtained under a Creative Commons Attribution 
- Noncommercial - No Derivatives 4.0 International License. 

  

Figure 3: ATP synthesis from the passage of protons through ATP synthase. *Figures obtained 
under a Creative Commons Attribution - Noncommercial - No Derivatives 4.0 International License. 

 

 If oxygen or other final electron acceptors are not available, then the 

microorganisms cannot carry out cellular respiration. Although the lack of oxygen 

inhibits the Krebs’s cycle and the electron transport chain, it does not affect glycolysis. 

A net yield of 2 ATPs is obtained from glycolysis. Hence, in the absence of oxygen and 

other final electron acceptors, microorganisms can only produce 2 ATPs from a 

molecule of glucose. [3]  

This difference in energetic gain between aerobic cellular respiration and 

glycolysis is the key to generating electricity from a microbial fuel cell. The 

microorganisms inhabiting the microbial fuel cell are in an anaerobic environment, 

where only glycolysis could be performed to fulfill the cell’s energy requirements. 

These microorganisms have indirect access to an aerobic environment in the microbial 

fuel cell. A circuit between both environments allows the microorganisms to transport 

their electrons from the anaerobic to the oxygen rich environment. This movement of 

electrons creates the current used for producing electricity with the microbial fuel cells.   
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Hence, it is the energetic advantage of performing cellular respiration that drives 

the microorganisms to use the circuit installed in the microbial fuel cells to move their 

electrons, consequently producing electricity.    

1.2 Components of the microbial fuel cells 

There are four basic components, vital to electricity generation, found in 

microbial fuel cells (refer to Figure 4). These components are: an anode, a cathode, 

electrodes, and an external load. The anode is one of the two compartments that make 

up the body of the fuel cell. Here is where the organic matter is present and the 

microorganisms grow. The compartment is full of electron-rich substrates but lacks 

oxygen or other final electron acceptors such as sulfate [5]. Hence, this compartment is 

anaerobic. In contrast to the anode, the cathode compartment is rich in oxygen. This 

aerobic compartment is filled with water. Besides water, other solutions rich in 

oxidizing agents (which readily accept electrons) have been used, for example 

ferricyanide solution [2]. 

To connect both the anode and cathode compartments, electrodes and an 

external load are used. The electrode material is often carbon, which is conductive but 

also compatible with cell growth unlike materials such as copper, which are harmful to 

microorganisms and can corrode in an oxygen-rich solution [2]. Between the electrodes, 

an external load is placed which connects them. Hence, these components make up the 

electric circuit, allowing electrons to flow in the system between the anode and cathode 

compartments. This flow of electrons generates electricity, which can be harnessed 

through the external load. The external load can be a capacitor that harvests and stores 

the electricity that has been produced. Otherwise, the external load can be a resistor that 

allows output measurements (voltage output) to be performed rather than harvesting the 

electricity.   

The most common construction of a microbial fuel cell involves using a semi-

permeable membrane separating the two compartments. This membrane allows protons 

to transfer from the anode into the cathode, where they contribute in the production of 

water. Simultaneously, this membrane does not allow passage of the electron acceptors 

into the anode compartment. If this were to occur, the microorganisms would have no 

need to use the circuit to access the oxygen and complete the cellular respiration 

process. To select the membrane, a commercially available one can be utilized or a salt 

bridge can be prepared using a salt such as KNO3, water and agar. [2]  
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Figure 4: Model of a microbial fuel cell. 

 

1.3 Production of electricity 

Each component of the microbial fuel cell is important for electricity production. 

In the anode, organic matter is provided for the microorganisms to grow. Since the 

organic matter is rich in electrons but the anode is anaerobic, the microorganisms use 

the anodic electrode to transfer their electrons to the cathode electrode through an 

external resistor.  In the cathode, these electrons are donated to the abundant number of 

oxygen molecules, which is the final electron acceptor during cellular respiration. The 

flow of electrons through the circuit is what produces electricity by creating a potential 

difference between the electrodes (refer to Figure 5). [2, 6]  

The potential difference can be measured using a voltmeter, obtaining the 

voltage output of the microbial fuel cell. Voltage output is directly related to microbial 

growth rate. Microbial growth is characterized by four phases: lag phase, log phase, 

stationary phase and death phase. In Figure 6, these four phases are presented as a line 

through time. During the lag phase, the microorganisms are adapting to their 

environment, slowly growing. Once adapted, they quickly metabolize the organic matter 

present in their environment and reproduce, increasing their population logarithmically 

(log phase). Then growth slows and reaches an equilibrium with the dying cells, hence 

the microbial population remains at a constant number (stationary phase). Finally, the 

organic matter has been spent in the environment and all cells start to die, reaching the 

death phase. Since voltage output is related to microbial metabolic activity, voltage 

production follows the same pattern as with the growth rate (refer to Figure 6). Voltage 

is slowly produced at the beginning (lag phase), then increases quickly until a maximum 
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point (log phase) after which the voltage output doesn’t increase but remains constant 

(stationary phase), and finally the voltage drops as the microorganisms start to die 

(death phase). The amount of time the microbial community takes to reach each phase 

as well as the time it spends in each phase depends on various factors, such as: type of 

microorganisms, nutrients provided, temperature. Likewise, the growth rate and voltage 

obtained will vary according to these factors.  

Water is also produced due to the flow of electrons into the cathode since 

protons are being produced along with the electrons during cellular respiration. The 

protons are also transferred into the cathode, where they combine with the electron-rich 

oxygen molecules to produce water molecules (refer to Figure 5). [2]  
 

 
Figure 5: Electricity production in a microbial fuel cell. 

 
Figure 6: Microbial growth curve displays similar behavior to the expected voltage output of a 
microbial fuel cell. 



 

 7 

1.4 Advantages of the microbial fuel cells 

Microbial fuel cells utilize a renewable source of energy- microorganisms such 

as the Geobacter species- as electron donors. Since microorganisms can be found in 

almost all environments and growing under almost all conditions, these systems can be 

readily reproduced and built. Also, the systems can be replenished regularly with fresh 

cultures of bacteria, which would not be depleted as the use of this technology becomes 

more accessible. Microorganisms reproduce quickly and require simple resources to 

live. Constantly providing the microorganisms with organic matter and other resources 

extends the life span of the system making it a sustainable technology. [1]  

When oxygen is provided as the final electron acceptor to the microorganisms, 

water is produced. Since this is a by-product of the electricity production of the fuel 

cell, no harmful chemical waste is obtained. [2]  

Another useful characteristic of the microbial fuel cells is that is it versatile. 

Besides the production of electricity, this technology can also be used for other range of 

purposes. The most common use of the microbial fuel cell is wastewater treatment since 

wastewater, from food processing industries and sewage, is rich in organic matter. 

Microorganisms can break down this organic matter to produce electrons allowing 

electricity to be generated. Simultaneously, the water in the fuel cell is cleaned up. [1]  

1.5 Limitations of the microbial fuel cells 

The widespread application of the microbial fuel cells has been hindered by its 

low voltage output. Several loss mechanisms affect the performance of microbial fuel 

cells. Mass transfer losses occur when there is not enough availability of organic matter 

or final electron acceptor since the fuel cell is not running at its maximum capacity. 

This can be prevented for example by replenishing the substrate media. Also, because of 

the anaerobic environment in the anode, there can be competition between cellular 

respiration and anaerobic metabolic processes, such as fermentation. Hence, electrons 

from the organic matter are lost before entering the circuit. But even if a cell is 

committed to cellular respiration and transfers its electrons to the anode electrode, 

ohmic losses can occur within the circuit. Ohmic losses are related to the internal 

resistance of the system and are observed as a decrease in the expected voltage output. 

An example comes from the distance the electron must travel. The longer the distance 

is, the higher the ohmic losses. There are other sources of loss in the fuel cell, which is 

why research is carried out to decrease these losses and improve production. [2, 7] 
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Rabay et al. [8] reported an example of the effect of the loss mechanisms on 

voltage production. The maximum voltage output achieved during their study was 0.62 

V, significantly less than the maximum theoretical voltage output of 1.1 V, resulting in 

a voltage output difference of 44% [2]. 

Besides low voltage output and the loss mechanisms previously mentioned, 

another limitation to the use of microbial fuel cells exists: no scalability. Increasing the 

surface area of the microbial fuel cell does not increase the output but it rather reduces 

the power density [9]. This limits the size of current microbial fuel cells to a small scale.  

1.6 Sediment microbial fuel cells 

 A sediment microbial fuel cell, or SMFC for short, is a simple type of microbial 

fuel cell. As the name suggests, one of the components is sediment. The sediment is rich 

with organic matter supplying the microorganisms with the substrates needed for 

cellular respiration. Hence, the sediment represents the anode of the fuel cell. This fuel 

cell works under the same principles as the microbial fuel cell: the microorganisms 

metabolizing organic matter produce electrons as demonstrated in Reaction 1, which 

travel through the electrodes towards the cathode, where they combine with oxygen to 

produce water as demonstrated in Reaction 2. The movement of electrons through the 

circuit creates an electrical current. [10]  
 

 Reaction 1.            Organic-C + H2O ! CO2 + H+ + e-   

 Reaction 2.            O2 + 4H+ + 4e- ! 2H2O    
 

 The main differences between the sediment and the standard microbial fuel cells 

are the use of sediment in the anode and the use of only one compartment to build the 

fuel cell. In the microbial fuel cell, the anode and cathode are separated in two chambers 

with the proton exchange membrane between them. Whereas the sediment microbial 

fuel cell is a single chamber construction, where the anode is submersed in the cathode 

and a membrane is not needed (refer to Figure 7). In this fuel cell, the anode electrode is 

buried inside the sediment while the cathode electrode is floating in the water. [10]  

 The advantage of this system is that it can be used in remote locations since the 

resources required to build it are sediment and water. Hence, these can be installed in 

lakes, rivers or any source of water. Since the sediment and water in these areas should 

be naturally replenished through the cycles of nature, then these fuel cells can last an 

indefinite period of time. Besides a long life span, natural replenishment and the use of 
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inert building materials (which do not interfere with life processes) also provide another 

advantage: this system requires limited maintenance [11]. But, similarly to the microbial 

fuel cell, voltage output is low with values between 300 to 600 mV [12]. Due to its 

environmental endurance and the minimal maintenance requirement, these fuel cells are 

favored when sensors must be deployed and powered in remote locations. [10]  

 
Figure 7: Model of the sediment microbial fuel cell. 

 

1.7 Applications of sediment microbial fuel cells 

The low voltage output from sediment microbial fuel cells limits its usage as a 

power source. By integrating a power management system (PMS), researchers have 

found an alternative to harvesting and using the electricity produced by sediment 

microbial fuel cells. Through the power management system, the low but continuous 

electric output from the fuel cell is stored in a capacitor. Once the capacitor is full, the 

stored energy is used to briefly power an electronic device connected to the capacitor, 

such as a sensor. [11, 12, 13]  

 Donovan et al. [12] used a two-capacitor power management system to power a 

temperature sensor and transmitter in the Palouse River, USA. The power produced by 

the sediment microbial fuel cell (3.4 mW) was continuously transferred to the first 

capacitor (350 F) until a voltage of 500 mV was reached, which took approximately 

3.54 h. Then a DC/DC converter was used to increase the voltage to about 4 V and 

charge the second capacitor (10F). Once the second capacitor was full, another DC/DC 
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converter was used to increase the potential to 5 V powering the temperature sensor and 

transmitter for 5 s. By using the power management system, the continuous 3.4 mW of 

power produced by the sediment microbial fuel cell were converted to 2.5 W of 

intermittent power (which can be used for only 5 s). [12]  

 In a similar application, Donovan et al. [11] also used the SMFC and PMS to 

power a submersible ultrasonic receiver, which is a sensor used to detect the frequency 

of ultrasonic signals. Since data is collected in real-time, the receiver’s clock must 

always be powered by the fuel cell. Hence, a different set-up was used for the power 

management system: one capacitor (350 F) powered two independent DC/DC 

converters. The first DC/DC converter continuously powered the clock with 2.85 V 

from the 3 to 10.4 mW continuous power produced by the fuel cell. Whereas the second 

DC/DC converter intermittently powered the clock and the receiver with 3.6 V for about 

20 s to allow ultrasonic signal scanning. [11]  

 A simpler power management system was used by Tender et al. [13] to power a 

meteorological buoy in the Potomac River, USA. A benthic microbial fuel cell, which is 

an SMFC with the anode electrode buried in the benthic layer of a marine environment, 

was used to power the buoy. The 24 mW power obtained from the SMFC was 

converted to 6 V by a power conditioner to be stored in a capacitor (1 F). From the 

stored power in the capacitor, various sensors in the buoy were activated consuming 5 

mW: air temperature and pressure sensors, a water temperature sensor and humidity 

sensor. A transceiver utilizing 18 mW of power was activated every 5 min to transmit 

the data collected by the sensors. [13]  

 These examples provide insight into the applications for sediment microbial fuel 

cells. Due to the fuel cells` potential as power sources in remote locations yet their low 

power production, research has been focused on improving the power management 

system and deploying the fuel cells in nature as well as optimizing the design and power 

production of the SMFC itself. 

1.8 Purpose of the thesis 

Sediment microbial fuel cells are single-chamber microbial fuel cells in which 

the anode is a layer of sediment. The microorganisms living in the sediment metabolize 

the organic matter present in the soil and donate electrons to the fuel cell circuit where 

the flow of the electrons produces electricity. As with any microbial fuel cell, the 

sediment microbial fuel cells yield low power outputs limiting their application. To 
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understand the behavior of these systems and improve their output, many studies have 

been performed on the parameters affecting production. [2, 5, 7] 

An et al. [5] studied the effect of the depth at which the anode electrode was 

inserted into the sediment layer. The different depths chosen were between 2 and 10 cm 

from the topsoil. The deeper the anode electrode was buried, the more voltage 

production was obtained, with a difference of 400% between the deepest and the 

shallowest anode electrodes. This difference is due to the underlying principle of 

microbial fuel cell functionality: the anode must be free of electron acceptors. The 

sediment has many layers in terms of its electron acceptors composition. At the top, due 

to its interaction with the cathode, the sediment is filled with oxygen. As the depth 

increases oxygen is lost, but other electron acceptors are still present (such as NO3
-, 

NO2
-, SO4

2-). The presence of these electron acceptors promotes cellular respiration 

decreasing the amount of electrons available for the electric circuit of the fuel cell. [5]  

 The distance between the electrodes also affects current production. Since the 

electrons must travel through the electrodes between the anode and cathode, the longer 

the distance the higher the loss of electrons leading to less current produced. Hong et al. 

[7] observed that ohmic losses were directly proportional to the distance between the 

electrodes. With a distance of 12 cm, the current density produced (11.5 mA/m2) was 

higher than at 20 cm distance (7.64 mA/m2) and 80 cm distance (2.51 mA/m2). Hence, 

placing the electrodes close to each other could improve the current production. [7]  

 Although the distance between the electrodes affects the current production, the 

ratio of the surface area between them does not affect current production. Hong et al. [7] 

observed that having a smaller surface area for the cathode than the anode did not affect 

current production. The ratio between the surface area anode to cathode were 1:1 with 

an average current density production of 9.9 mA/m2, 1:1/2 with an average of 9.24 

mA/m2, and 1:1/5 with an average of 9.31 mA/m2, after 40 days of run. Since sediment 

microbial fuel cells have limited organic matter concentration and high mass transfer 

losses (such as activation loss or performing other metabolic process), current 

production is limited mostly by the anode performance and not by the surface area of 

the cathode. Thus supporting these findings. [2, 5, 7] 

 Temperature also affects the anode performance and overall current production. 

Hong et al. [7] performed an experiment placing sediment microbial fuel cells at 

different room temperatures: 10, 20 and 35 °C. The highest current density was 

observed when the fuel cell was exposed to 35 °C, with a maximum of 52.6 mA/m2. 
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This value was decreased as the temperature decreased with maximum values of 35.9 

and 15.6 mA/m2 for 20 °C and 10 °C, respectively. Most of the microorganisms present 

in the sediment are mesophilic; therefore, their metabolism slows at temperatures 

between 10 and 20 °C whereas it thrives at 35 °C, which is within the optimum 

temperature range. Hence it is essential to consider the ambient temperature when 

deploying a sediment microbial fuel cell in nature. [7]  

The electrons produced in the anode travel to the cathode, thus producing 

electricity. In the cathode, these electrons combine with the final electron acceptor to 

provide the microorganisms with cellular energy, with only water as waste [3]. Hence 

the concentration of dissolved oxygen in the water could limit or enhance power 

production. He et al. [14] carried out an experiment in which a rotating cathode was 

used in the fuel cell. The rotatory motion of the cathode exposed it to oxygen in the air, 

allowing it then to increase the oxygen concentration in the water from 0.4 to 1.6 mg/L. 

Higher dissolved oxygen concentrations in the water led to higher power yields with 49 

mW/m2 of maximum power density obtained versus the 29 mW/m2 obtained from the 

control (a 69% difference in power production). [14]  

 It is important to understand the effect of these and other parameters on the 

voltage output of the sediment microbial fuel cells. Therefore, in this study, sediment 

microbial fuel cells were designed as closed systems on which the effects of various 

parameters were studied. These parameters include the height of the cathode electrode 

in the water layer, the temperature of the room, the oxygenation of the water, the 

external resistor used, and the surface area of the electrodes. Also, the effect of 

connecting the fuel cells in a series configuration and the use of different sediments 

were studied. Understanding the effect of these parameters and conditions on voltage 

output can provide a guide for deploying sediment microbial fuel cells in remote 

locations; deciding the location as well as optimizing the yield.  

 Besides understanding the parameters and conditions required for deployment of 

the fuel cells, the sediment used in the anode was also studied to provide a method to 

estimate voltage output from the chosen sediment. Since there is no guide to decide the 

location of deployment of the fuel cell, being able to estimate the voltage output from 

the prospective sediment could influence the decision. For example, if there are two 

possible locations where the fuel cell can be deployed at, then the sediment of each 

location can be studied to estimate voltage output. Whichever sediment yields higher 

estimated voltage could then be selected as the sediment used in the fuel cell, thus 
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deciding the location of deployment. To estimate the voltage output, the electrical 

conductivity (EC) of the soil was studied to see if a correlation could be found between 

the EC and voltage (refer to Sections 2.4 and 3.8).  
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2 Methodology 
 This section includes detailed descriptions for preparing the electrodes and 

setting up the microbial fuel cells as well as the different measurements and tests carried 

out on the fuel cells. These set-ups and tests are the base for each individual experiment 

carried out throughout this project. The specific configurations for each experiment are 

discussed in Section 3.   

2.1 Electrode preparation 

 The electrodes are essential for completing the electrical circuit in the fuel cell. 

These allow the transfer of electrons from the microorganisms in the anode to the 

electron acceptors in the cathode. 

 The electrodes used in this study were made of carbon brushes and insulated 

copper wires for electrical conduction (refer to Figure 8). Since the electrodes are placed 

inside the fuel cell, they are submerged throughout the experiments, which can lead to 

corrosion of the copper wires. Hence, the electrodes were waterproofed using crimp 

wire connectors, heat shrink tubing, and waterproof silicone sealant. Since the carbon 

brush already has a short copper wire attached, the first waterproofing step was to seal 

the wire with black heat shrink tubing. Then, a crimp wire connector was used to 

connect the carbon brush with additional insulated copper wire, elongating the electrode 

(refer to Figure 9). After the connection was secured by pressing the crimp connectors, 

black heat shrink tubing of various sizes was used to cover the copper wire connections 

(refer to Figure 9). To add extra waterproofing quality, all connections were sealed with 

silicon (refer to Figure 9): silicon was placed at both ends of the black tubing used for 

the carbon brush, as well as both ends of the crimp connector. 

 The other end of the electrode is used to connect the external load or resistor to 

the circuit. Hence, an alligator clip was attached to the copper wire to hold the resistor 

in place (refer to Figure 10). Also, these clips can be used when measuring the voltage 

of the fuel cell.  

All of the eight electrodes used in this project were prepared in the same manner 

and with the same materials (refer to Figure 10 for a completed look of the electrode). 

Yet the electrodes used for the anode and cathode were different. Firstly, the anode 

electrode had a larger surface area than the cathode electrode due to the size of the 

carbon brush (refer to table 1 in Section 2.8). Also, since the anode electrode is buried 

on the soil layer, which is at the bottom of the fuel cell, it must be longer than the 

cathode electrode (refer to table 1 in Section 2.8).  
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Figure 8: The electrode base used was a carbon brush. 
 

   
Figure 9: Waterproofing the electrodes. 
 

  
Figure 10: Completed electrode with the carbon brush at one end and the alligator clip at the 
other end. 

 

2.2 Sediment microbial fuel cell set-up 

 The sediment microbial fuel cell was constructed from its 4 basic components: 

body, electrodes, water (cathode) and sediment (anode). The body is a white plastic 

bucket of 13.1 cm height. Inside the bucket, the electrodes were fixed into place using 

thin, metallic gardening wire (refer to Figure 11). The anode electrode is buried close to 

the bottom of the fuel cell without touching the bottom wall. This allows the electrode 

to be completely surrounded by the sediment. In contrast, the cathode electrode is 
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placed halfway into the water layer. Unless the experimental set-up requires a different 

configuration, all the anode and cathode electrodes have been fitted to similar heights in 

each bucket: about 12 cm for the anode and about 6 cm for the cathode electrode, 

measuring from the top of the fuel cell. 

 The anodic portion of the fuel cell requires sediment material. For this project 

the chosen sediment was Icelandic garden soil from Hreppagróðurmold Flúðum. It is a 

blend of pumice and lime with a pH of 5.5-6.5. The soil layer was determined by height, 

how much distance was between the topsoil and the surface of the fuel cell bucket. 

Hence creating a uniform soil layer throughout all of the fuel cells prepared. The soil 

was also weighted using a calibrated kitchen balance (refer to Figure 12). Once the soil 

was poured into the bucket, the electrical conductivity and temperature of the soil were 

measured using the electrical conductivity meter (refer to Section 2.4). Then circular 

polystyrene foam cutouts were used to compact the soil layer (use depends on 

experimental configuration), as shown in Figure 11.  

 Tap water was used to create the cathode layer of the fuel cell. As with the 

anode, the water layer was determined by height, measuring from the top of the fuel 

cell. Also, the volume of the water was measured. As soon as the water is poured into 

the fuel cell, and before connecting the external load to the circuit, a measurement of 

resistance is taken. Since there should not be a current produced yet, this measurement 

could represent the internal resistance of the fuel cell and can be used as a guide to 

choose the external load. 

 Finally, an external resistor is connected to the electrodes to close the circuit 

(refer to Figure 13). Resistor values were chosen at 2.2 kΩ for most of the experimental 

configurations, exceptions will be stated in the experiment design section. Once the fuel 

cell is running, the room temperature is measured using the temperature probe of the 

electrical conductivity meter; and, the heater and air pump are connected allowing better 

temperature control and aeration of the water layer (refer to Figure 14).  
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Figure 11: Fixing electrodes to the fuel cell body (bucket) using wire. 

 

  
Figure 12: Soil was weighted with a kitchen balance and compacted with a piece of polystyrene. 

 

  
Figure 13: External resistor connected to the electrodes. 
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Figure 14: Completed experimental set-up. 
 

2.3 Air pump set-up 

 To aerate the water and increase oxygen availability in the cathode, the Elite 800 

air pump was used with a capacity of 1500 cc/min (1500 mL/min). A flexible silicone 

pipe and air valves system was used to allow the airflow to reach all fuel cells in the 

experiment (reaching a maximum of 4 fuel cells), refer to Figure 15. Firstly, 8.5 cm of 

silicone pipe were connected to the pump outlet on one end and to an air valve at the 

other end (refer to Figure 16). This air valve controlled the airflow into the whole piping 

system. Then 37 cm of silicone pipe were connected to the initial air valve to provide a 

path for the air to flow out of the pump. This path led to an intersection with a T-piece, 

splitting the flow into two parts (refer to Figure 16). Each of these 2 new paths was 8.5 

cm long (length of the silicone pipe) and had a T-piece connected at the end, splitting 

the flow once again into two parts (refer to Figure 16). Now four new paths were 

formed, 4 cm long. An air valve was connected to each path to regulate the flow of air 

into each individual fuel cell. At the other end of the air valve, 37 cm of silicone pipe 

was connected to be able to reach the fuel cell. At the end of the pipe an air stone was 

connected, which produces air bubbles (refer to Figures 16-17). The air stone is fixed to 

the fuel cell and submerged in the cathode; and it is essential since it helps circulate the 

otherwise still water in the cathode, increasing the oxygenation of the water [3]. 

Likewise, the air valves and T-pieces used throughout the set-up allow control of the 

airflow and prevent water from entering the pump. A completed look of the air pump 

set-up with the fuel cells can be observed in Figure 18. When the air pump was used, it 

was connected daily for a 12-hour period (from 9:00 to 21:00). 
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Figure 15: Components used for the air pump set-up. 

 

 

Figure 16: Schematic of air pump set-up. 

 

  
Figure 17: Air stones producing air bubbles. 
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Figure 18: Complete set-up for the air pump system and fuel cells. 

 

2.4 Electrical conductivity measurement 

 To measure the electrical conductivity of the soil the Hanna Instruments direct 

soil conductivity and temperature meter, model HI 98331 [15], was used. The 

instrument is composed of two parts, the display and the probe. On the tip of the probe 

there is a temperature sensor that allows the device to measure the soil temperature and 

correct the conductivity measure to this particular temperature. The electrical 

conductivity is given in deciSiemens per meter (dS/m), which is an unit that relates 

mass, time, length and electric current, with an accuracy of ±0.05 dS/m. The meter was 

also used to measure the room temperature with an accuracy of ±1 °C. 

 To measure the electrical conductivity of the soil, the probe was inserted into the 

center of the soil layer (refer to Figure 19). To obtain the soil temperature, while the 

probe is inside the soil layer, the temperature button is pushed and the display changes 

from the conductivity to the temperature reading. After each reading is completed and 

the data is collected, the probe is cleaned with tap water (instead of using the cleaning 

solution).  
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Figure 19: The electrical conductivity meter is shown inserted into the soil. On the left, the 
probe can be better observed. The temperature sensor is at the end of the probe. 

 

2.5 Voltage measurement 

 The voltage production of the fuel cells was directly obtained by using the 

Craftsman digital multimeter, model 82140 [16], to measure the voltage potential in the 

circuit with an accuracy of ±0.5% reading + 2 digits. The multimeter’s test probes were 

inserted into the alligator clips holding the external resistor to obtain the closed circuit 

voltage (refer to Figure 20). This device was also used to measure the internal resistance 

of the fuel cells as well as to confirm the external resistors’ theoretical value. 

Voltage output was measured on an hourly rate for the duration of the run. 

Along with each voltage reading, a room temperature measurement was performed with 

the electrical conductivity meter.  
 

   
Figure 20: Closed circuit voltage measurement [17]. 
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2.6 Polarization curve test 

 The polarization curve test is an important test for characterizing fuel cells since 

it provides the internal resistance of the fuel cell. By knowing the internal resistance, the 

external resistor can be chosen since matching both resistance values helps to reduce 

ohmic losses thus increasing the output. [2]  

 To perform the polarization test, a set of different value resistors was chosen, for 

example from 4.7 to 22 kΩ. Each resistor was connected on the fuel cell, first in 

ascending and then in descending order, to obtain different voltage measurements (refer 

to Figure 21). From each voltage and resistance pair, a value for current was calculated 

using Ohm’s Law. Then the voltage and its corresponding current value were used to 

create the polarization curve, a plot of the voltage as a function of the current values [2]. 

The linear equation of the plot was then obtained since the value of the slope is equal to 

the internal resistance [2]. 

 From the polarization curves data, power data can be calculated and the power 

curves can be plotted (power as a function of current). Also, the maximum power point 

can be determined. The maximum power point is the value of the maximum power that 

can be obtained from the fuel cell set-up without the ohmic losses overcoming 

production. Beyond the maximum power point, the ohmic losses start to dominate 

limiting production. [2]  

 
Figure 21: To perform the polarization test, external resistors are connected in ascending order, 
immediately followed by connecting them in descending order and measuring the voltage for 
each resistor. 

2.7 Open circuit voltage test 

 Along with the polarization curve test, the open circuit voltage test is important 

for characterizing the fuel cell since it provides the voltage production capacity of the 

fuel cell [2]. Due to all the losses affecting the system (mass transfer, activation and 

ohmic losses), the experimental maximum voltage output possible is lower than the 

theoretical expected maximum output [2]. 
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 The test was performed by removing the external resistor of the fuel cell to open 

the circuit. Then the voltage was measured with the multimeter as a function of time 

(refer to Figure 22). 
 

  
Figure 22: The cell voltage is measured without an external resistor [17]. 
 

2.8 Calculations 

During each fuel cell run, the voltage was measured once an hour using the 

multimeter. From these recorded data points, the current and power output of the fuel 

cell were calculated. All three variables were plotted against time of run. For the 

analysis of data, only the voltage was presented and evaluated.  

 Ohm’s Law was used to calculate the current (I) from the measured voltage (V) 

and known external resistance (R), refer to Equation 1. Since the current was not 

measured directly, the power (P) equation was modified by Ohm’s Law to include 

actively measurable variables (refer to Equation 2). From the power calculation and 

surface area (SA) of the electrodes, it is possible to obtain the power density (PD), refer 

to Equation 3. The carbon brushes used for the electrodes have an irregular rectangular 

shape, as can be observed in Figure 23, with curved edges as well as a gap in the 

cathode electrode. However, it was assumed that the carbon brushes were rectangular 

and the surface area equation used corresponds to that of a rectangle (refer to Equation 4 

and Table 1). Due to the different size of the anode and cathode electrodes, two results 

were obtained: the anode surface area was 14.56 cm2 whereas the cathode’s surface area 

was 10.62 cm2 (refer to Table 1).  

Even though the current, power, and power density were calculated and plotted 

for each experiment, only the voltage data is presented and analyzed in this study. Since 

the voltage was needed to determine a correlation between electrical conductivity of the 

sediment and voltage output, voltage analysis was consistently used throughout all 

experiments to present the results.  
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I = V/R   (1) 

P = I*V = V2/R  (2) 

PD = P/SA   (3) 

SA = 2ab + 2ac + 2 bc (4)  
 

Table 1: Dimensions of the electrodes' carbon brushes. 

Side Anode Cathode Units 
a 1.6 1.5 cm 
b 0.8 0.6 cm 
c 2.5 2.1 cm 

Surface Area 14.56 10.62 cm2 
 

 

Figure 23: Electrodes have a rectangular shape. 

 

2.9 Fuel cell clean up 

After each experiment was complete, the fuel cells were cleaned up and disinfected 

to prevent contamination of microorganisms between experiments. First, the external 

resistor was removed. Then the water and soil were discarded and the fuel cells were 

flushed with tap water. A solution of 2% bleach was used to disinfect the fuel cell. This 

solution was poured into the fuel cell until it covered the bottom wall and mixed with 

tap water filled up to the top. After at least 15 minutes standing with the solution, the 

bleach was discarded and the fuel cells were rinsed with tap water. 
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3 Design and results 
 In this section a description of each experiment can be found including its 

purpose and set-up. Each experiment was performed from clean fuel cells and new 

sediment and water resources. There were four fuel cells (four cylindrical plastic boxes, 

each with its own set of electrodes and air stone) available to use, labeled SMFC 1 up to 

SMFC 4. Thus, all experiments shared the same parameters found in Table 2, which are 

constant or universal parameters such as volume of the box and length of the electrodes. 

For each individual experiment, a general table of parameters was used. These 

parameters were measured at the beginning of the construction process and include 

factors such as height of the soil layer and water layer and electrode positioning (refer to 

Table 3). These general values were kept as constant as possible amongst all 

experiment, unless the experiment explicitly required a different configuration, and only 

the relevant ones have been provided here. An overview of all experiments is provided 

in Table 4. 

 

Table 2: Universal parameters for all fuel cell set-ups. 

Parameter 
SMFC 

1 
SMFC 

2 
SMFC 

3 
SMFC 

4 Units 
Height of SMFC 13.1 13.1 13.1 13.1 cm 

Volume of SMFC 1.2 1.2 1.2 1.2 L 
Length of Anode 

     Total 32 32.7 32.1 32.2 cm 
Length Copper Wire 31.2 31.9 31.3 31.4 cm 
Length Carbon Brush 0.8 0.8 0.8 0.8 cm 
Surface Area Anode 14.56 14.56 14.56 14.56 cm2 

Color of Anode Blue Purple Black Black 
 Resistance Anode 0.3 0.3 0.3 0.3 Ω 

Length of Cathode 
     Total 26.2 26.6 25.8 26.1 cm 

Length Copper Wire 25.6 26 25.2 25.5 cm 
Length Carbon Brush 0.6 0.6 0.6 0.6 cm 
Surface Area Cathode 10.62 10.62 10.62 10.62 cm2 

Color of Cathode Red Red Purple Purple 
 Resistance Cathode 0.3 0.5 0.2 0.3 Ω 
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Table 3: General table used for recording the specific parameters of each set-up. 

Parameters SMFC Units 
Distance Anode to Top  cm 

Distance Cathode to Top  cm 
Distance between Electrodes  cm 
External Resistance Length  cm 

Electron Travel Path  cm 
Weight Soil  g 

Distance Soil to Top  cm 
EC Soil  dS/m 
T Soil  °C 

Volume Water  mL 
Distance Water to Top  cm 

T Room  °C 
Measured Internal Resistance  kΩ 

Theoretical External Resistance  kΩ 
Actual External Resistance  kΩ 

 

Table 4: Summary of experiments. 

Section Experiment Purpose Experimental Groups 
3.1 Basic Experiment 1 Observe behavior of SMFC. 1 SMFC with general set-up. 
3.2 Cathode Height Determine position of cathode 

electrode in the water layer. 
Electrode at top position. 

Electrode at middle position. 
Electrode at bottom position. 

3.3 Soil Arrangement Determine effect of compacting 
the soil. 

Untouched soil. 
Compacted soil. 

SMFC with a barrier. 
3.4 Basic Experiment 2 Test the modified set-up. 1 SMFC with modified set-

up. 
3.5 Temperature Control Determine effect of 

temperature. 
Room temperature SMFC. 

Heated SMFC. 
3.6 Oxygenation Determine effect of water 

aeration. 
Unaerated SMFC. 
Aerated SMFC. 

3.7 Basic Experiment 3 Determine effect of similar 
internal and external resistance. 

4 SMFCs with different 
external resistors. 

3.7 Basic Experiment 4 Test the set-up. 3 SMFCs with general set-up. 
3.8 Different Sediments Correlate EC of soil to voltage 

output. 
2 SMFCs with garden soil. 

2 SMFCs with sand. 
3.9 Series Configuration Test a system of fuel cells 

connected in series. 
Control SMFC. 

3 SMFCs connected in series. 
3.10 Electrode Surface 

Area 
Effect of increased electrode 

surface area. 
Control SMFC. 

2 anode electrodes. 
2 cathode electrodes. 
2 anode / 2 cathode 

electrodes. 
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3.1 Basic experiment 1 

3.1.1 Purpose  

The focus of Basic Experiment 1 is to build a sediment microbial fuel cell using 

the general set-up described in the Methodology section, with the purpose of 

understanding the behavior of the fuel cell and the chosen experimental set-up.  

3.1.2 Set-up 

In the set-up for this first experiment, the cathode was placed 10cm from the top 

of the fuel cell, very close to the soil layer. The water was filled completely to the top of 

the fuel cell. The external resistance value was chosen at 1 kΩ. The soil was compacted 

using the polystyrene foam. No heater and air pump were used, hence the experiment 

was done at room temperature. 

3.1.3 Results and analysis 

This was the first experiment performed. After 144 hours of run, the maximum 

voltage achieved was 8.2 mV, whereas the average voltage production was 4.85 mV 

(refer to Figure 24). It was observed from the set-up that the cathode electrode was 

positioned too close to the soil layer. Since oxygen levels decrease with depth [5], 

placing the cathode electrode at the bottom of the water layer could have prevented 

maximum output. Hence, the cathode electrode height within the fuel cell was changed 

for the following experiments.  

 
Figure 24: Voltage as a function of time. 
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3.2 Cathode height experiment 

3.2.1 Purpose  

It was observed from Basic Experiment 1 that the cathode was placed too close 

to the soil layer. The cathode electrode utilizes the dissolved oxygen from the water 

layer as the final electron acceptor in the cellular respiration process. Since the oxygen 

concentration in the water layer decreases with depth [5], placing the cathode electrode 

close to the soil could lead to a decrease in oxygen availability thus limiting the voltage 

output. In this experiment, the effect of the height of the cathode electrode was 

determined. It is expected that the higher the cathode electrode is placed in the water 

layer, then the higher the voltage output should be since there should be higher oxygen 

concentration. 

3.2.2 Set-up 

 For this experiment, 3 SMFCs were built and the cathode electrode was placed 

at 3 different heights: at the top, middle (the control fuel cell) or bottom of the water 

later (refer to Figure 25). In Table 5, the distance between the cathode electrode and the 

top of the fuel cell was recorded for each fuel cell. The shaded area corresponds to this 

distance and it can be compared between the fuel cells to determine the top, middle and 

bottom arrangements. The soil was compacted using polystyrene foam. No heater and 

air pump were used, hence the experiment was done at room temperature.  
 

Table 5: Set-up parameters for the cathode height experiment. 

Parameters Bottom Top Middle Units 
Distance of Anode to 

the top of SMFC 12.5 12 12 cm 

Distance of Cathode 
to the top of SMFC 8.5 3.5 6 cm 
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Figure 25: Cathode electrode height starting with the topmost at 3.5 cm, then 6cm and 8.5 cm 
for the deepest one. 

 

3.2.3 Results and analysis 

In this experiment, the height of the cathode electrode was studied to decide the 

best position within the water layer. The positions were measured as the distance to the 

top of the fuel cell, therefore a smaller number equals a higher electrode placement in 

the fuel cell. Three positions were selected, at 8.5 cm for the bottom electrode, 6 cm for 

the middle electrode, and 3.5 cm for the top electrode (refer to Figure 26). The bottom 

electrode produced the lowest voltage with an average of 11.35 mV, and a maximum of 

15.5 mV after 43 hours of run. The middle electrode produced an average of 21.39 mV 

whereas its maximum output was 25.7 mV at 43 hours. The top electrode had an 

average output of 14.71 mV and maximum voltage production at 43 hours with a 

reading of 21.4 mV.  

Positioning the electrode in the middle of the water layer, at approximately 6 cm 

from the top of the fuel cell, provided the highest voltage output when compared to the 

other two electrode positions. This conclusion differs from the hypothesis in which the 

top electrode (3.5 cm height) would produce more voltage since it was positioned in the 

area where there should be more oxygen available. In contrast, the other electrodes were 

placed in areas in which the oxygen levels should decrease because of depth [5]. Since 

the oxygen concentration was not measured, it is unknown whether there was a higher 

concentration of oxygen available at the top (3.5 cm) versus the middle area (6 cm). 

Thus, oxygen concentration does not support the results. But there might be a difference 

between placing the electrode at 3.5 cm vs 6 cm: evaporation. Since sediment microbial 

fuel cells utilize dissolved oxygen in the water rather than atmospheric oxygen, then 

evaporation of the water could negatively affect oxygen availability for the top cathode 

electrode [14]. Positioning the electrode at the middle of the water layer, about 6 cm 
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from the top of the fuel cell, could have the right balance between water evaporation 

and depth to have a constant concentration of oxygen throughout the experiment; 

whereas, the top electrode and the bottom placed electrode struggle with evaporation 

and depth, respectively. Tests for dissolved oxygen concentration are required, 

particularly related to evaporation, to understand why the middle placed electrode 

provided higher output.  

 
Figure 26: Voltage as a function of time for the fuel cells with different cathode height. Placing 
the cathode in the middle position (6 cm) led to higher output. 

 

3.3 Soil arrangement experiment 

3.3.1 Purpose 

The principle for fuel cell functionality is the oxygen availability in the anode 

and cathode compartments. The anode is anaerobic, hence the microorganisms growing 

there do not have the final electron acceptor to carry out cellular respiration (oxygen). In 

contrast, the cathode is aerobic or full of oxygen, allowing the microorganisms to 

complete the cellular respiration process if they transfer their electrons through the 

electric circuit to the cathode. Maintaining an anaerobic anode should increase voltage 

production by limiting the metabolic competition losses. Metabolic competition occurs 

when microorganisms have access to oxygen in the anode, thereby carrying out cellular 

respiration activities in the anode without the need to transfer the electrons to the 

cathode.  

Since the anode is buried under the cathode, the sediment can be easily 

contaminated with oxygen from the water layer. Thus, in this experiment, the effect of 

different soil arrangements was determined: untouched soil, compacted soil using 
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polystyrene foam, and a compacted soil with a barrier. Compacting the soil would have 

less available paths for water to saturate the sediment layer. Although there will be high 

oxygen levels where the soil and water interact, the deeper areas of the soil should 

decrease in oxygen concentration [5]. This oxygen gradient in the soil is key to 

promoting an anaerobic environment in the anode. Also, by placing a barrier between 

the water and soil layers, the diffusion of water into the soil layer could be limited 

further than by simply compacting the soil. 

3.3.2 Set-up 

 For this experiment, 3 SMFCs were built with the soil arranged differently: 

untouched soil (the control fuel cell), compacted soil, and compacted soil with a barrier. 

For the two compacted soil fuel cells, the soil was compacted using a polystyrene foam 

cutout (refer to Figure 27). For the compacted soil fuel cell this cutout was removed at 

the beginning of the run. Whereas for the compacted fuel cell with a barrier, the foam 

cutout was left in place by using a stone, thereby creating a barrier between the water 

and sediment layers. The soil arrangements were tested solely on their effect on voltage 

output. No further testing, such as oxygen concentration in the soil, was performed. No 

heater and air pump were used, hence the experiment was done at room temperature.  
 

 
Figure 27: Soil arrangement experimental set-up. 

 

3.3.3 Results and analysis 

A principle of the microbial fuel cells is that the anode is anaerobic and the 

cathode aerobic, allowing for the electron transfer from the microorganism into the 

circuit. Hence, the barrier fuel cell had a polystyrene foam cutout placed between the 

anode and cathode to slow the oxygen-rich water diffusing into the sediment layer. This 
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fuel cell produced a maximum of 19.3 mV and an average of 14.75 mV for the 48 hour 

run. The compacted sediment fuel cell produced a maximum voltage of 24.6 mV, with 

an average of 20.93 mV. The control for this experiment was the untouched fuel cell, 

meaning the soil was not compacted and it did not have a barrier. For this set-up, the 

maximum voltage was 25 mV with an average of 19.75 mV.  

From the collected data (refer to Figure 28), it can be observed that the barrier 

set-up produced the least voltage from the three fuel cells. Although for this experiment 

the oxygen levels were not measured, a limitation was present when placing the barrier. 

Since the barrier is a foam cutout, a stone had to be used as a weight to prevent the foam 

from floating (refer to Figure 27). This decreased the volume available for the water; 

hence, this fuel cell ran with only 600 mL of water instead of 850 mL as the other fuel 

cells. Less water provides less oxygen acceptor molecules. This could have prevented 

maximum output to be reached. Zhang et al. [18] had a similar set-up, using a plastic 

board as barrier between the anode and cathode compartments. They observed that the 

dissolved oxygen concentration was lower at the anode but also that electricity 

generation was reduced likely due to the now limited transfer of protons between the 

compartments [18]. Forming a proton gradient in the cathode is the most important 

aspect of cellular respiration in terms of ATP production. Lowering the transfer of 

protons to the cathode could lead to reduced ATP production in the microorganisms, 

leading to a reduction of fuel cell assisted cellular respiration and increasing the 

metabolic competition losses. Besides testing the dissolved oxygen concentrations, ion 

concentrations in both layers should be studied to determine the effect of using a barrier 

between the compartments. 

Between the untouched and the compacted set-ups no clear difference is 

observed in regards to voltage production. Water diffusion is not stopped or slowed 

when the soil is compacted, hence oxygen permeates both systems without clear voltage 

output disparity. By looking at the voltage curves in Figure 28, it can be observed that 

the compacted set-up provided a more stable voltage production but similar output as 

the untouched set-up. Since no measurements for oxygen concentration or humidity of 

the soil were performed, then no differences between the actual sediments’ saturation 

can be determined. The only advantage observed with having the soil compacted was 

aesthetic. Since the soil is compacted before the water layer forms inside the fuel cell, 

there is less soil transferred into the cathode once the water is poured. This provides a 

clear instead of an opaque and murky view into the fuel cell components.  
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Figure 28: Voltage as a function of time of the three fuel cells with different soil arrangement. 
No difference was observed between compacting the soil or not. 

 

3.4 Basic experiment 2 

3.4.1 Purpose 

Basic Experiment 2, similarly to Basic Experiment 1, is focused on testing the 

standard set-up of the fuel cell. Due to the results of the previous experiments, the set-

up has been slightly modified to include placing the cathode in the middle position 

(approximately 6 cm from the top of the fuel cell). Therefore, the purpose of this 

experiment is to observe the behavior of the modified fuel cell and determine if any 

other parameters or conditions should be changed to optimize voltage production.  

3.4.2 Set-up 

 For this experiment, the cathode height was changed to a middle position in the 

water layer (5 cm from the top) rather than the initial bottom position from the first 

experiment (10 cm from the top). The external resistor remained the same, at 1 kΩ. The 

soil was not compacted. No heater and air pump were used, hence the experiment was 

done at room temperature. 

3.4.3 Results and analysis 

A second basic experiment was performed, improved by the observations from 

the first basic experiment. The main objective was to place the cathode electrode higher 

on the water layer. The maximum output achieved was 10.8 mV at 146 hours, about 

halfway through the complete run time; with an average of 8.08 mV throughout the 

whole 291 hour run (refer to Figure 29). This is an increase in the average voltage 
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production when compared to the 4.85 mV averaged production obtained from basic 

experiment 1 which had the electrode positioned at 10 cm from the top instead of the 5 

cm in this set-up.  

During this second basic experiment, temperature readings were taken along 

with the voltage measurements. It was observed that when the temperature dropped, the 

voltage also dropped. Hence, there could be a correlation between voltage output and 

temperature: higher temperature was accompanied by higher voltage output whereas the 

production decreased as temperature decreased. 

 
Figure 29: Voltage production as a function of time. 

 

3.5 Temperature control experiment 

3.5.1 Purpose 

Temperature affects metabolic processes. The microorganisms often found in 

fuel cells are mesophilic, whose optimal growing temperature is between 30 and 37 °C 

[7]. At temperatures between 20 and 25 °C, these mesophilic bacteria slow their 

metabolic activity since these temperature values are at their lower resistance [7]. Below 

20 °C, the effect of the temperature is great [7]. Since voltage production depends on 

the metabolic activity of the microorganisms, it is likely that temperature affects voltage 

production. In this experiment, the effect of the temperature on voltage output is 

studied. It is expected that higher room temperatures lead to higher voltage output by 

increasing the metabolic activity of the microorganisms. 
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3.5.2 Set-up 

 For this experiment 2 SMFCs were built and placed in different environments: 

one was left at room temperature (the control fuel cell) whereas the other one was 

heated using a Fan Heaters external heater, model FH-202. The soil was compacted 

using the polystyrene foam and the air pump was not used.  

3.5.3 Results and analysis 

In this experiment, the effect of temperature on the production of voltage in the 

fuel cell was investigated. One fuel cell was left at room temperature (at 22.8 °C on 

average) whereas another one was placed in a heated environment (at 29.8 °C on 

average). The maximum output for the room temperature fuel cell was 25.7 mV at 43 

hours while the maximum for the heated SMFC was 53.8 mV at 26 hours. On average, 

the room temperature fuel cell produced 21.39 mV whereas the heated fuel cell doubled 

the voltage output, with an average of 44.31 mV.  

On Figure 30, the difference between the heated SMFC and the room 

temperature SMFC is clearly depicted. The heated fuel cell produced higher voltage 

values than the room temperature one throughout the whole run. Hong et al. [7] also 

observed the effect of the room temperature on the production of current density: 15.6 

mA/m2 for 10 °C, 35.9 mA/m2 for 20 °C, and 52.6 mA/m2 for 35 °C. Higher 

temperature led to higher current densities. 

This effect of the temperature on voltage production can be due to lower 

activation losses. Activation losses refer to the energy that must be lost in order to move 

the electron from the microorganism to the electrode and final acceptor [5]. Higher 

temperatures help decrease activation losses [2]. Also, microorganisms are temperature 

dependent. There is an optimum temperature range for them to live in. The closer the 

system approaches the optimum living temperature then the more metabolically active 

the microorganism will be, thus increasing voltage production. Since the heated fuel cell 

produced more than the one at room temperature, then the microorganisms in the fuel 

cell are probably mesophilic, which prefer to live in temperatures around 30 °C [7]. 

When selecting a location to deploy the fuel cell it would be valuable to know the 

ambient temperature variation, ensuring optimum temperature ranges for maximum 

voltage production.  

Besides higher voltage output, there is another difference between the heated 

SMFC and the SMFC at room temperature. The voltage output of the heated SMFC is 

not as constant as for the room temperature one. Since the heater used to heat the 
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surrounding area of the heated SMFC was a household product (not specifically made 

for research), it did not allow for temperature to be set at a predefined value nor 

controlled. Hence, the temperature varied constantly, and consequently so did the 

voltage produced. In contrast, the room temperature fuel cell had a constant voltage 

production due to the lack of temperature fluctuations.  

 
Figure 30: Voltage as a function of time for the heated and the room temperature SMFC. The 
heated fuel cell had higher yield. 

 

3.6 Oxygenation experiment 

3.6.1 Purpose  

Microorganisms use the dissolved oxygen from the water available in the 

cathode as the final electron acceptor in the cellular respiration metabolic process. 

Higher oxygen concentration can lead to higher metabolic activity, which in turn 

increases voltage output. Using an air pump to aerate the water increases circulation 

and, consequently, increases dissolved oxygen levels [14]. Therefore in this experiment 

the effect of aeration of the water was determined. It is expected that aeration increase 

voltage production by increasing the concentration of the electron acceptor. 

3.6.2 Set-up 

 For this experiment 2 SMFCs were built: one fuel cell was connected to the air 

pump whereas the other fuel cell was not aerated (the control fuel cell). The effect of 

aeration was determined solely on voltage production output. No further testing, such as 

dissolved oxygen concentration in the water, was performed. The soil was compacted 
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using the polystyrene foam. The heater was not used, hence the experiment was done at 

room temperature.  

3.6.3 Results and analysis 

The use of an air pump could increase voltage output by improving water 

circulation and oxygenation. From Figure 31, it can be observed that the use of the 

pump indeed led to higher voltage production, with a maximum of 34.5 mV and an 

average of 28.67 mV. While the control fuel cell, which did not have the air pump 

connected, produced a maximum of 24.6 mV and an average of 20.93 mV. He et al. 

[14] used a rotating cathode to simulate the water current observed in natural bodies of 

water. Rotation in the cathode aerates the water and increases oxygenation. They 

observed that power production increased while using the rotating cathodes versus the 

control by 69 % [14].  

Dissolved oxygen concentrations should be monitored to confirm the increase 

oxygenation provided by using an air pump. An increase in oxygen concentration leads 

to an increase in electron acceptor availability, hence promoting cellular respiration and 

electricity production through the fuel cell. When deploying SMFCs, the water current 

should promote oxygenation and optimize voltage output.   
 

 
Figure 31: Voltage as a function of time for the aerated and non-aerated fuel cells. Aeration 
yielded slightly higher voltage production. 
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3.7 Basic experiments 3 and 4 

3.7.1 Purpose  

Basic Experiments 3 and 4 were carried out to study the behavior of the standard 

set-up described in the Methodology section, including the best parameters obtained 

from the previous experiments. In Basic Experiment 3, the external resistance was 

chosen to match the measured internal resistance of each fuel cell. For Basic 

Experiment 4, the SMFCs were placed under similar environmental conditions as well 

as same external resistance in order to compare the behavior of the systems.  

3.7.2 Set-up 

 The basic set-up was used to build all the fuel cells. The cathode was placed at 

the middle position in the water layer. The soil was compacted using the polystyrene 

foam. The heater and air pump were used. The electrical conductivity was measured for 

each fuel cell at the beginning of each experiment (refer to Tables 6-7). The external 

resistance value was chosen as 2.2 kΩ. Although in the basic experiment 3 the external 

resistor was changed to a value similar to the measured internal resistance (refer to 

Table 6).  
Table 6: Set-up parameters for the basic experiment 3. 

Parameters SMFC 1 SMFC 2 SMFC 3 SMFC 4 Units 
Electrical Conductivity 

of Soil 0.14 0.15 0.12 0.14 dS/m 

Temperature of Soil 19.1 18.9 21.5 21.4 C 
Internal Resistance 3.93 4.85 2.74 2.44 kΩ 

Theoretical External 
Resistance 2.2/3.2 2.2/4.7 2.2 2.2 kΩ 

Actual External 
Resistance 2.11/3.12 2.11/4.65 2.11 2.13 kΩ 

Electron Travel Path 65.2 60.5 59.4 60.3 cm 
 
Table 7: Set-up parameters for the basic experiment 4.  

Parameters SMFC 1 SMFC 2 SMFC 3 Units 
Electrical Conductivity 

of Soil 0.08 0.04 0.07 dS/m 

Temperature of Soil 21.8 20.9 21.3 C 
Internal Resistance 2.27 4.24 1.54 kΩ 

Theoretical External 
Resistance 2.2 2.2 2.2/1 kΩ 

Actual External 
Resistance 2.14 2.10 0.97 kΩ 
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3.7.3 Results and analysis: Basic experiment 3 

For this basic experiment, the air pump and heater were used to improve the 

environmental conditions during the run. Also, the external resistor was selected based 

on the internal resistance measured at the beginning of the experiment (refer to Table 6). 

Sediment microbial fuel cells numbers 2 and 4 had the closest external resistance value 

to internal resistance at 4.65:4.85 kΩ and 2.13:2.44 kΩ, respectively. These two fuel 

cells yielded the highest voltage production averages with 43.68 mV for SMFC 2 and 

44.14 mV for SMFC 4 during the 427-hour run. SMFC 2 achieved the overall 

maximum output with 63.6 mV. SMFC 3 also had similar values to SMFC 2 and 4, with 

an average of 42.99 mV and a maximum of 55.5 mV. The lowest producing fuel cell 

was SMFC 1, which yielded on average 29.51 mV with a maximum of 46.4 mV.  

These results, represented in Figure 32, suggest the importance of knowing the 

internal resistance of the fuel cell in order to select an appropriate external resistor. 

Since the internal resistance is high for sediment microbial fuel cells, the internal 

resistance limits the voltage output [7, 14]. To decrease the effect of the internal 

resistance on voltage production, high external resistor values can be used which are 

similar to the internal resistance [7]. Hence, it is important to perform the polarization 

curves test to determine the internal resistance of the fuel cells and to select the 

appropriate external resistor. 

The lower yield observed on SMFC 1 could be attributed to the length of the 

electron travel path since this fuel cell had a longer electron travel path than the other 

three (refer to Table 6). The electron travel path refers to the sum of the length of the 

electrodes plus the length of the external resistor placed between them (distance 

between the alligator clip of one electrode to the alligator clip of the second electrode). 

Longer paths lead to mass transfer losses of the electrons in the circuit [7]. Since all 

electrodes were prepared with similar lengths, the external resistor is the variable 

affecting this particular set-up. For SMFC 1, the external resistor length was 7 cm while 

for the other fuel cells it was between 1 and 2 cm. Therefore, to improve voltage 

production, the electron travel path should be considered when designing the fuel cell to 

be as short as possible [7].  

The open circuit voltage test was performed during the run of these fuel cells to 

determine the capacity of these fuel cells (refer to Figure 33). The average open circuit 

voltage for each fuel cell was 283.25 mV for SMFC 1, 291 mV for SMFC 2, 246.5 mV 

for SMFC 3, and 244 mV for SMFC 4.  
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Figure 32: Voltage production as a function of time. SMFC 1 had lowest voltage output due to 
longest electron travel path.  

 

Figure 33: Open circuit voltage as a function of time. 

 

3.7.4 Results and analysis: Basic experiment 4 

For this basic experiment, the behavior of three fuel cells was studied under the 

same environmental conditions and the same external resistance value (2.2 kΩ). 

Although it would be expected that these systems behave in a similar manner, they are 

isolated systems; therefore, one system produced higher voltage: SMFC 3 produced on 

average 39.79 mV during the 80 hour run, with its peak at 47.7 mV, whereas SMFC 1 

and 2 produced averages of 32.62 and 33.24 mV and peaked at 40.2 and 40.6 mV, 

respectively. Overall though, their behavior was similar as can be observed from the 
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plots in Figure 34 (the run was 122 hours long, yet only on the last 80 hours did the 

SMFCs had the same external resistor, hence the data is shown only for those 80 hours). 

The open circuit voltage and polarization tests were performed for this 

experiment. The average open circuit voltage was: 171.33 mV for SMFC 1, 114.83 mV 

for SMFC 2, and 120.5 mV for SMFC 3 (refer to Figure 35). The polarization curve test 

was carried out in two steps, first with the ascending value external resistors and then 

the descending values (refer to Figures 36-37). From the polarization curves, a linear 

regression can be traced to determine the internal resistance of the fuel cells, which is 

the slope of the line. The equations of the line with the slope were included in each 

figure. The average internal resistances were: 7.8 kΩ for SMFC 1, 5.0 kΩ for SMFC 2, 

and 4.8 kΩ for SMFC 3. Theoretically, having used these resistance values for the 

external resistor should have provided the maximum outputs from each fuel cell [2, 14]. 

This was not confirmed since the polarization tests was carried out only to characterize 

the fuel cell and the external resistor value was chosen equal for the three fuel cells. But 

it can be concluded that the lower internal resistance of SMFC 3 led to a higher output 

when compared to the other two fuel cells. Also, the lower internal resistance of SMFC 

3 matched better with the chosen external resistor, 4.7: 2.2 kΩ, when compared to the 

other two fuel cells. 

From the polarization curves, the power curves were obtained (refer to Figures 

38-39). The power curves reveal the maximum power points achieved during the 

polarization tests. These points provide the maximum power that can be achieved by the 

fuel cell before ohmic losses increase and interfere with power production [2]. The 

average maximum power points obtained from the two steps of polarization were: 1.36 

mW for SMFC 1, and 1.19 mW for SMFC 2 and SMFC 3.  

 Finally, the electrical conductivity of the soil was measured at the beginning of 

the experiment. SMFC 3, which had an electrical conductivity value of 0.07 dS/m, 

produced the highest average voltage value (39.79 mV) although it did not have the 

highest conductivity reading. SMFC 1 had a conductivity of 0.08 dS/m (higher than 

SMFC 3) and SMFC 2 had a conductivity of 0.04 dS/m (lower than SMFC 3), yet both 

fuel cells had similar average voltage production at 32.62 and 33.24 mV, respectively. 

Hence, for the same sediment, conductivity seems not to determine the voltage outcome 

but it does seem affected by the internal resistance of each fuel cell.  
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Figure 34: Voltage production as a function of time. The three fuel cells have a similar behavior 
with similar output. 

 

Figure 35: Open circuit voltage as a function of time. SMFC 1 had the highest voltage 
producing capacity. 

 

Figure 36: Polarization curve for the ascending order of external resistance value. 
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Figure 37: Polarization curve for the descending order of external resistance value. 

 

Figure 38: Power curves for ascending order of external resistance value with the highest power 
point marked for each fuel cell. 
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Figure 39: Power curve for descending order of external resistance value with the highest power 
point marked for each fuel cell. 

 

3.8 Different sediments experiment 

3.8.1 Purpose  

During this experiment, 2 different types of sediment were used to observe 

differences in voltage output. The electrical conductivity measurement for each soil was 

taken as a property that could correlate to voltage output and help determine the best 

sediment for increased production. Electrical conductivity of the soil indirectly 

measures the concentration of organic matter in the soil. Since the microorganisms use 

organic matter from the soil to generate the electrons transferred in the electric circuit, 

higher concentrations of organic matter lead to higher electron transfer and voltage 

output. Thus it is expected that the sediment with higher electrical conductivity should 

produce the higher voltage values.  

3.8.2 Set-up 

 The basic set-up was used to build 4 SMFCs: 2 with garden soil (the standard 

soil used throughout all experiments) and 2 with sand (refer to Figure 40). The sand was 

collected from the shoreline at latitude 64°7'2.02"N and longitude 21°54'10.33"W in 

Kópavogur, Iceland. This sediment is a mixture of small rocks and sand, hence its 

weight was higher than that of garden soil at the same height inside the fuel cell (refer to 

Table 8). Also, the electrical conductivity of the sand was lower than that of the garden 

soil (refer to Table 8). The soil was compacted for all fuel cells using the polystyrene 

foam. The heater and air pump were used.  
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Table 8: Set-up parameters for the different sediment experiments. 

Parameters SMFC 
1  

SMFC 
2 

SMFC 
3 

SMFC 
4 Units 

Sediment type Garden 
Soil 

Garden 
Soil Sand Sand  

Electrical 
Conductivity of Soil 0.07 0.06 0.02 0.01 dS/m 

Temperature of Soil 21.2 21.7 21.8 21.2 C 
Weight Soil 220 220 600 620 g 

Distance of Soil to 
the top of SMFC 9 9 9 9 cm 

 

 

 

 

 

Figure 40: Sand was collected and used to observe the behavior of the fuel cell (SMFC with 
clear water) with different sediment than the standard garden soil (SMFC with muddy water).  

 

3.8.3 Results and analysis 

Two different sediments were used during this experiment, garden soil and sand. 

The garden soil fuel cells produced on average 22.49 and 24.49 mV each after 94 hours 

of run, with peak values of 30.5 and 34 mV, respectively. In contrast, the sand fuel cells 

produced on average 44.19 and 45.15 mV, with peaks at 48.7 and 50.1 mV. Hence, 

using the sand as sediment produced higher voltage outputs than the garden soil fuel 

cells (refer to Figure 41). Since these are two different sediments with different 

ecosystems and organic matter, a difference was expected. It was particularly expected 

that the sediment with higher electrical conductivity would produce more voltage since 

the electrical conductivity is a measure of various soil properties including organic 

matter [19]. Higher values of conductivity could then be correlated to higher organic 

matter concentration in the soil, allowing more cellular respiration processes to occur. 

This was not observed during this experiment. The sand fuel cells had conductivities of 

0.02 and 0.01 dS/m with an average voltage production of 44.19 and 45.15 mV, 
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whereas the garden soil fuel cells had higher conductivities of 0.07 and 0.06 dS/m with 

lower voltage averages of 22.49 and 24.49 mV. The difference between the 

characteristics of both sediments would have to be studied to understand the difference 

in voltage production. Studying the type and concentration of the organic matter in the 

sediment, its micro flora, and its capacity while saturated with water, including 

humidity, could provide insight into how the sediment itself affects voltage output. Due 

to limitations with the EC meter, during this experiment the electrical conductivity of 

soil was only measured at the beginning of the experiment when the sediment was dry. 

Thus determining how the conductivity evolves throughout the run is essential to 

observing a correlation between electrical conductivity and voltage output. 

The open circuit voltage and polarization curve tests were performed to 

characterize the fuel cells. The average open circuit voltages were: 169 and 153.2 mV 

for the garden soil and, 136.2 and 140.6 mV for the sand (refer to Figure 42). The 

polarization curves for both sediments were performed at three different time points. 

From these curves, the average internal resistances were obtained (summarized on 

Table 9): 4.5 and 3.8 kΩ for the garden soil and, 1.9 kΩ for both sand SMFCs. The sand 

fuel cells had a lower internal resistance leading to lower ohmic losses and improving 

output. Considering also that the external resistance used throughout the experiment 

was 2.2 kΩ, the sand fuel cells had the advantage of having their internal and external 

resistance more closely related than the garden soil fuel cells. Hence, in addition to the 

sediment’s characteristics, this could have also contributed to the sand fuel cells higher 

yield.  

From the polarization curves, the power curves were obtained. The power curves 

provide the average maximum power points (summarized on Table 10): 0.41 and 0.40 

mW for the garden soil fuel cells and, 1.07 and 1.06 mW for the sand fuel cells. The 

higher observed maximum power points were for the sand fuel cells due to the lower 

internal resistance, which decrease ohmic losses [2]. Hence, 2.5 times more power can 

be produced from the sand fuel cells before the ohmic losses interfere in contrast to the 

garden soil fuel cells.  
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Figure 41: Voltage as a function of time. It can be observed from this graph that the sand fuel 
cells had higher voltage outputs than the garden soil fuel cells. 

 
Figure 42: Open circuit voltage as a function of time. 
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Table 9: Internal resistance obtained from the polarization curves. 

 Internal Resistance [kΩ] 
t [h] Garden Soil 1 Garden Soil 2 Sand 1 Sand 2 

1 4.1 3.9 19 1.8 
2 4.9 4.1 19 2.0 
3 4.4 3.3 19 1.8 

Average 4.5 3.8 1.9 1.9 
 
 

Table 10: Maximum power points obtained from the power curves. 

 Maximum Power Point [mW] 
t [h] Garden Soil 1 Garden Soil 2 Sand 1 Sand 2 

1 0.40 0.38 1.07 0.90 
2 0.43 0.38 1.09 1.22 
3 0.40 0.44 1.05 1.06 

Overall 
Maximum 0.43 0.44 1.09 1.22 

Average 0.41 0.40 1.07 1.06 
 

 

3.9 Series configuration experiment 

3.9.1 Purpose  

The standard set-up for the fuel cells is an isolated system resembling a battery. 

Connecting batteries in a series configuration allows the individual voltage outputs of 

each battery to be added providing a higher total voltage output [9]. In this experiment, 

3 SMFCs were connected in series and its voltage output was compared to that of a 

single fuel cell. It is expected that the system connected in series would yield higher 

voltage values than the single fuel cell.  

3.9.2 Set-up 

 For this experiment the basic set-up was used to build 4 fuel cells. Then 3 of 

these fuel cells were connected in a series configuration (refer to Figure 43). The anode 

of the first fuel cell was connected to the cathode of the second one. Then the anode of 

the second fuel cell was connected to the cathode of the third one. To close the circuit, 

the cathode of the first fuel cell was connected through a resistor to the anode of the 

third fuel cell.  

 The external resistance value for the experiment was chosen at 10 kΩ since the 

measured internal resistance of the fuel cells connected in series was 8.6 kΩ. The soil 

was compacted using the polystyrene foam. No heater and air pump were used, hence 

the experiment was done at room temperature. 
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Figure 43: Fuel cells were connected in a series configuration [17]. 

 

3.9.3 Results and analysis 

During this experiment, three fuel cells were connected in series to increase the 

voltage output from just a single fuel cell. The average voltage production in 66 hours 

of run was 98.36 mV with a maximum value of 120.1 mV. The control was a single fuel 

cell, which produced on average 59.95 mV with the peak at 77 mV. These values are 

higher than other of the control fuel cells used for the other experiments and it could be 

due to the external resistance value. Since the series connected fuel cells had a high 

internal resistance reading at the beginning of the experiment, the external resistor was 

chosen as 10 kΩ, to match this value. 

Since the three fuel cells are isolated systems, the series connection does lead to 

a higher voltage output when compared to a single fuel cell system (refer to Figure 44). 

The series configuration in battery systems is used to increase the voltage by summing 

the individual batteries’ voltages [13]. Since these fuel cells are a closed system they 

resemble a battery, hence this principle can be extrapolated. In case of a remote 

deployment, the fuel cells would not be isolated systems because the electrodes would 

all be in the same media, sharing the same ions; hence, the series connection would not 

work to increase voltage output [9]. Also, due to the scalability limitation of microbial 

fuel cells, deploying a large SMFC would not provide higher output. Ewing et al. [9] 

performed an experiment to provide a solution to these limitations: independently 

connect electrodes to a power management system. They deployed an SMFC in a river 

with four electrode pairs (one anode and one cathode electrode in the pair). These 

electrode pairs were independently connected to the same power management system. 

When compared to an SMFC of equal surface area but with a single pair of electrodes, 

the independently connected SMFC produced four times the power: 2.33 to 0.64 mW. 

Although the four pairs of electrodes were all in the same media, the independent 



 

 50 

connection to the power management system resulted in a similar effect than connecting 

the isolated SMFCs in a series configuration. [9] 

As with the previous experiments, the open circuit voltage and polarization tests 

were performed to characterize the fuel cells. The average open circuit voltages were: 

157.08 mV for the control and 424.17 mV for the series connected fuel cells. The series 

connection increases the maximum voltage output capacity almost three times than the 

single fuel cell by summing the capacity of its three fuel cells (refer to Figure 45).  

From the polarization curves, the internal resistance values were obtained. Since 

three polarization curves were obtained for each fuel cell (refer to Table 11), the 

average value of the internal resistance was taken: 4.4 kΩ for the control and 12.2 kΩ 

for the series connected fuel cells. The internal resistance value for the series connection 

was similar to the actual external resistor (10kΩ) improving the output. The power 

curves were also obtained from the polarization curves yielding average maximum 

power point values of 0.60 and 1.36 mW for the control and series fuel cells, 

respectively (refer to Table 12).  

 
Figure 44: Voltage production as a function of time. Voltage output was higher for the fuel cells 
connected in a series configuration. 
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Figure 45: The open circuit voltage for the series connected fuel cells was higher than for the 
single fuel cell, leading to a higher voltage production capacity. 

 

Table 11: Internal resistance data taken from the polarization curves.  

 Internal Resistance [kΩ] 
t [h] Control Series 

1 5.6 12.2 
5 4.8 12.3 

13 2.7 12.2 
Average 4.4 12.2 

 

Table 12: Maximum power point data taken from the power curves.  

 Maximum power point [mW] 
t [h] Control Series 

1 0.48 1.18 
5 0.61 1.28 

13 0.72 1.62 
Overall Maximum 0.72 1.62 

Average 0.60 1.36 
 

3.10 Electrode surface area experiment 

3.10.1 Purpose 

The surface area of the electrodes is a limiting factor in the production of 

voltage. If the microorganisms have access to high concentrations of organic matter and 

are actively producing electrons, then it is important that there is enough surface area in 

the anode electrode for the microorganism to transfer their electrons. Else, the 

microorganisms will choose other metabolic processes leading to mass transfer losses 

and metabolic competition. Likewise, high concentrations of oxygen in the cathode 
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paired with high electron transfer require a large surface area in the cathode. A limit in 

the surface area of the cathode electrode would also lead to mass transfer losses. In this 

experiment, additional anode and/or cathode electrodes were connected in the SMFCs 

to increase the surface area at the anode and/or cathode and thus determine the effect on 

the voltage output.  It is expected that additional electrodes would increase the surface 

area available for mass transfer thus increasing the voltage output. 

3.10.2 Set-up 

 For this experiment the basic set-up was used to build four fuel cells. The first 

fuel cell had an additional anode electrode connected to increase the surface area at the 

anode (refer to Figure 46). The second fuel cell had an additional cathode electrode 

connected to the circuit (refer to Figure 46). And the third fuel cell was built with two 

pairs of electrodes (2 anode and 2 cathode electrodes) connected (refer to last picture in 

Figure 46). The control fuel cell corresponds to the standard set-up with only one anode 

and one cathode electrode. The soil was compacted using the polystyrene foam. No 

heater and air pump were used, hence the experiment was done at room temperature. 
 

   
Figure 46: Configuration for the fuel cells with additional electrodes connected for 
increased electrode surface area. 
 

3.10.3 Results and analysis 

For this experiment, four fuel cells were built: the control, one with an additional 

anode electrode, one with an additional cathode electrode, and one with both an 

additional anode and cathode electrodes. From figure 47, it can be observed that the 

additional electrodes increased the voltage output, particularly for the fuel cell with two 

pairs of electrodes, which had the highest voltage output, with an average of 47.92 mV 

and a maximum value of 49.9 mV. The extra cathode and anode electrode fuel cells 
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produced on average 35.23 and 32.01 mV respectively, with maximums of 38.7 and 

40.6 mV each. The control produced the least, with an average of 27.11 mV and 

peaking at 31.9 mV. 

Having an additional electrode increased the surface area available in the 

cathode and/or anode leading to an increase in voltage output versus the control. More 

surface area for the anode could mean more surface area for microorganisms to grow 

and to exchange their electrons. Likewise, more surface area at the cathode could mean 

that there is more surface area for the electrons to react with the electron acceptor 

(oxygen). Having both at the same time, would just amplify these effects, which is 

consistent with what was observed. Further studies, such as organic matter composition 

and oxygen concentration, would have to be performed to confirm these observations.  

Although these differences are not large, they were not all expected. Usually the 

anode is the limiting compartment for the reactions in the fuel cell [5, 7]. Thus, 

additional anodic electrodes were expected to increase voltage production. In contrast, 

additional cathode electrodes were not expected to affect the output since the cathode is 

not the limiting compartment [7]. Hence, this fuel cell set-up must be studied to 

determine which electrode is the limiting one. Nonetheless, additional electrodes for the 

anode and cathode could increase voltage output by providing additional surface area, 

independent of which compartment is the limiting one.  

The open circuit voltage and polarization tests were performed to characterize 

the fuel cells. The average open circuit voltages obtained for the fuel cells with one 

additional electrode were (refer to Figure 48): 149.17 mV for the control, 134.33 mV 

for the extra anode, and 118.2 mV for the extra cathode electrode. The test was repeated 

for the control and the fuel cell with an additional set of electrodes (both an extra anode 

and extra cathode electrode), the results were (refer to Figure 49): 170.5 mV for the 

control and 138.1 mV for the fuel cell with 2 sets of electrodes.  

From the polarization curves, the internal resistance was obtained. The average 

internal resistance values for the set-up with one additional electrode were (refer to 

Table 13): 3.4 kΩ for the control, 2.2 kΩ for the extra anode, and 2.1 kΩ for the extra 

cathode electrode. The internal resistance values obtained for the additional electrode 

fuel cells is close to the actual external resistance value used during the experiment, 2.2 

kΩ. Hence, this might have improved their yield when compared to the control besides 

the higher surface area in the cathode or anode. For the experiment with the additional 

set of electrodes (both), the internal resistance values were (refer to Table 14): 4.0 kΩ 
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for the control and 1.9 kΩ for the fuel cell with both additional electrodes. Again, the 

internal resistance of the fuel cell with both sets of electrodes was close to the external 

resistance value used for the circuit, providing another advantage to the voltage output.  

The power curves were obtained from the polarization curves. These provide the 

maximum power point of the fuel cell. For the set-up with only one additional electrode, 

the average maximum power points were (refer to Table 15): 0.35 mW for the control, 

0.7 mW for the extra anode, and 0.63 mW for the extra cathode electrode. The 

additional electrode provided twice the power capacity, meaning the design had less 

ohmic losses than when the control set-up was used. For the fuel cell with two sets of 

electrodes, the maximum power point average was 1.17 mW compared to 0.41 mW 

from the control (refer to Table 16). This is almost three times higher than the control 

power maximum; hence, this fuel cell decreased the ohmic losses even further by 

having two sets of electrodes. 

 
Figure 47: Voltage production as a function of time for the fuel cells with different electrode 
surface area. 
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Figure 48: Open circuit voltage as a function of time for the fuel cells with an additional 
electrode, either at the cathode or at the anode. 

 
Table 13: Internal resistance obtained from the polarization curves for the fuel cells with one 
additional electrode. 

 Internal Resistance [kΩ] 
t [h] Control Anode Cathode 

1 3.0 2.2 2.1 
2 3.2 1.8 2.1 
3 4.0 2.7 2.0 

Average 3.4 2.2 2.1 
 

 

Figure 49: Open circuit voltage as a function of time for the fuel cell with an additional set of 
electrodes, both at the anode and cathode. 
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Table 14: Internal resistance obtained from the polarization curves of the fuel cell with an 
additional pair of electrodes. 

 Internal Resistance [kΩ] 
t [h] Control Both 

1 3.9 2.0 
1.5 4.5 1.8 
2 3.6 1.8 

Average 4.0 1.9 
 

Table 15: Maximum power points obtained from the power curves of the fuel cells with an 
additional electrode. 

 Maximum Power Point [mW] 
t [h] Control Anode Cathode 

1 0.33 0.69 0.63 
2 0.34 0.68 0.64 
3 0.39 0.73 0.63 

Overall 
Maximum 

0.39 0.73 0.64 

Average 0.35 0.70 0.63 
 

Table 16: Maximum power points obtained from the power curves of the fuel cell with an 
additional pair of electrodes. 

 Maximum power point [mW] 
t [h] Control Both 

1 0.42 1.17 
1.5 0.41 1.22 
2 0.40 1.13 

Overall Maximum 0.42 1.22 
Average 0.41 1.17 
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4 Discussion 
 The experiments presented and evaluated in this project have provided insight 

into the design and voltage production of sediment microbial fuel cells. Table 17 

provides a summary of results for all experiments. 
 

Table 17: Summary of results. 

Section Experiment Average Voltage Output [mV] Analysis 
3.1 Basic Experiment 1 4.85 mV Cathode electrode should be 

placed higher in the water 
layer. 

3.2 Cathode Height Top: 14.71 mV 
Middle: 21.39 mV 
Bottom: 11.35 mV 

Placing the cathode electrode 
6 cm from the top of the fuel 
cell yielded higher voltage. 

3.3 Soil Arrangement Untouched: 19.75 mV 
Compacted: 20.93 mV 

Barrier: 14.75 mV 

No difference between 
compacting the soil or not. 

Barrier yields lower voltage. 
3.4 Basic Experiment 2 8.08 mV Low room temperatures seem 

to decrease voltage output. 
3.5 Temperature Control Room temperature: 21.39 mV 

Heated: 44.31 mV 
Higher room temperature 

yields higher voltage output. 
3.6 Oxygenation Unaerated: 20.93 mV 

Aerated: 28.67 mV 
Aeration increases voltage 

output. 
3.7 Basic Experiment 3 SMFC 1: 29.51 mV 

SMFC 2: 43.68 mV 
SMFC 3: 42.99 mV 
SMFC 4: 44.14 mV 

Matching external and 
internal resistance increases 

voltage output. Long electron 
travel path reduces voltage. 

3.7 Basic Experiment 4 SMFC 1: 32.62 mV 
SMFC 2: 33.24 mV 
SMFC 3: 39.79 mV 

Similar behavior observed 
between all fuel cells under 

the same conditions. 
3.8 Different Sediments Garden soil 1: 22.49 mV 

Garden soil 2: 24.49 mV 
Sand 1: 44.19 mV 
Sand 2: 45.15 mV 

Electrical conductivity must 
be measured throughout the 

entire experiment. 

3.9 Series Configuration Control: 59.95 mV 
Series: 98.36 mV 

Series configuration increases 
voltage for isolated SMFCs. 

3.10 Electrode Surface 
Area 

Control: 27.11 mV 
2 Anode: 32.01 mV 

2 Cathode: 35.23 mV 
2 Both electrodes: 47.92 mV 

Additional electrodes increase 
voltage output. 

 

The first experiment carried out was the basic experiment 1 for which the basic 

set-up of the fuel cell was determined. It was observed that the cathode electrode was 

positioned at the bottom of the water layer, too close to the soil layer of the fuel cell. 

This prevented maximum voltage production. From the cathode height experiment, it 

was confirmed that placing the cathode electrode high or low in the water layer did not 

provide maximum voltage output. The best position for the cathode electrode was at the 

middle of the water layer, at about 6 cm from the top of the fuel cell. This is probably 
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due to the fact that in the middle position the electrode is not affected by evaporation, as 

is with the electrode placed at the top position. Also, the electrode is not affected by the 

decrease of oxygen concentration, as is with the electrode in the bottom position. 

Dissolved oxygen concentration measurements should be taken to confirm these results.  

 The arrangement of the soil in the fuel cell did not affect voltage production. 

Compacting the soil does not affect voltage production since the soil is completely 

immersed and saturated by water, just like the untouched soil. But compacting the soil 

aids in maintaining the water layer clean from soil, allowing full view of the fuel cell. 

Placing a barrier between the water and soil layers also does not improve output 

probably since the barrier limits the transfer of protons into the cathode.  

 Basic experiment 2 was carried out with the cathode at the middle position and 

the average voltage was observed to have doubled from the previous basic experiment. 

Also, it was observed from this experiment that temperature had an effect on the voltage 

output because when the room temperature decreased so did the production. A 

temperature effect experiment was carried out using a household heater on one fuel cell. 

The heated fuel cell produced twice the average voltage value of the control. This 

difference is due to both a decrease in activation losses and probably an increase in 

metabolic functions in the microorganisms, which are both temperature sensitive.  

 Since voltage production not only depends on microbial electron transfer but 

also on the availability of the electron acceptor, an air pump was used to increase 

oxygenation of the water. The fuel cell connected to the air pump had a slightly higher 

voltage output than the control, likely due to the circulation of water, which increases 

oxygenation. Further tests on the concentration of oxygen in the water layer should be 

performed to confirm these results. 

 During the third basic experiment, the measured internal resistance was used to 

select the external resistance value. It was observed that having a match between the 

internal and the external resistances yielded higher voltage values when compared to the 

previous basic experiments carried out with an external resistance of 1 kΩ. But also, it 

was observed that a longer electron travel path leads to lower voltage outputs when 

compared to the fuel cells with shorter paths. This difference can be due to mass 

transfer, activation, and ohmic losses, which all increase with an increase in electron 

travel path [2, 7]. Hence, it is important that the electron travel path is kept short and 

that the external resistance should match the internal resistance of the fuel cell. From 

basic experiment 4 this was confirmed. It was observed that the fuel cell with an 
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internal resistance similar to the standard external resistance used, had a higher 

production. Also, it was observed that although their electrical conductivity readings 

varied, voltage production was not affected by the conductivity of the soil. But for the 

different sediments experiment, this was not the case. The electrical conductivity 

differed between the two sediments, as did the voltage output. The sand, which had the 

lower conductivity reading, produced higher voltages than the garden soil, with higher 

electrical conductivity. A study of the conductivity through time of run would help 

determine the correlation between conductivity and voltage output since the 

conductivity changes as the soil gets saturated with water. A different set-up than the 

one used for these experiments would be required since the EC meter cannot be 

submerged in water to make these measurements. Since the set-up used during this 

project resembles the structure of fuel cells deployed in remote locations (river at the 

top and river bank or sediment at the bottom), then other devices should be tested that 

could be submerged to measure the EC of the soil. 

 During the electrode surface area experiment, additional electrodes were 

included in the fuel cell set-up. The highest voltage output was observed from the fuel 

cell having two anode and two cathode electrodes, followed by the fuel cells having one 

additional anode or cathode electrode. An increase in the surface area in the anode could 

allow more electrons to be transferred from the bacteria into the circuit whereas an 

increase in the cathode surface area could allow more electron-oxygen interactions to 

occur. Hence, increasing the electrode surface area increases the voltage production. 

Tests related to organic matter and oxygen concentration could better confirm these 

results as well as determining the limiting electrode.  

 Since the fuel cell set-up on this project is a closed system, it resembles a 

battery. Hence, three fuel cells were connected in a series configuration. This was the 

highest voltage producer with an average of 98.36 mV when compared to the control 

and to the other experimental set-ups. Although voltage production was high, it should 

be noted that if the fuel cell system were deployed in nature for remote energy 

production, which is the most common application of SMFCs, then the series 

configuration would not be possible. This is due to the electrodes being connected to the 

same media. Ewing et al. [9] did manage to obtain the same effect of a series 

configuration by connecting the electrodes independently to a power management 

system. Hence, in order to extrapolate these results with the series configuration 
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experiment to remotely deployed fuel cells, an independent connection should be 

considered.  

Further studies should be performed to confirm the results obtained from all of 

these experiments. For example, it is relevant to study the oxygen concentrations in the 

cathode for the oxygenation and electrode surface area experiments. To find a 

correlation between the type of soil and voltage output, it would be important to study 

the humidity and electrical conductivity of the soil throughout the entire time of the run. 

Characterizing the organic matter composition of the soil in the fuel cell could also 

provide insight into the effect of the type of soil on voltage generation.    
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5 Conclusion 
 Based on the collected data and observations, the parameters and conditions 

required to optimize voltage output from sediment microbial fuel cells are:  

" Placing the cathode electrode in a middle position. 
" Deploying the fuel cell at locations with temperatures between 30-35 °C. 
" Deploying the fuel cell at locations where water current promotes oxygenation.  
" Matching the external resistance of the fuel cell to its internal resistance. 
" Designing the fuel cell with a short electron travel path. 
" Connecting multiple electrodes in the anode and cathode. 
" Connecting various fuel cell systems in a series configuration.  

 
Additional tests should be performed to characterize the fuel cell’s functionality 

and production patterns including soil humidity and concentration of dissolved oxygen. 

Also, taking advantage of Iceland’s geothermal activity, it would be interesting to 

deploy this system in a hot spring and compare the effect of the temperature with a 

system located in a body of water at ambient temperature.  

A new study should be carried out in order to determine a correlation between 

soil type and voltage output. Since it is essential to measure the electrical conductivity 

of the soil throughout the duration of the experiment, the set-up must be modified to 

allow the EC meter to be continually used without it getting damaged by the water 

layer. Observing how soil conductivity affects voltage output could provide a method 

for estimating the expected voltage in a remote location.  
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