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ABSTRACT 
 

A completely biological microbial fuel cell (MFC) 
has been developed.  The photosynthetic culture Chlorella 
vulgaris was employed as the electron acceptor in the 
cathodic half cell, while the yeast fermentation culture 
Saccharomyces cerevisiae was used as the electron donor in 
the anodic half cell.  A potential difference was generated 
across the two cultures, resulting in a completely microbial 
fuel cell system.  A maximum power density of 0.95 
mW/m2 was observed at 90 mV and a load of 5000 Ω.  With 
the addition of supplemental glucose to the anodic half cell, 
it was possible to achieve an open circuit potential of 315 
mV.  Enriching the feed air bubbled into the cathode half 
cell with 10% CO2 increased the voltage output by 50% 
compared to using pure air.  This new MFC is CO2 neutral, 
since the CO2 produced by the yeast fermentation at the 
anode is reduced by the algae culture at the cathode.  In 
addition to generating electricity, the MFC also produces 
ethanol in the anodic half cell chamber.   
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1 INTRODUCTION 

 
The combination of decreasing supplies and 

increasing demand for energy has led to great interest in 
alternate energy production technologies [1].  The fuel cell 
is an electrochemical energy conversion device that can be 
likened to a battery, but that does not run out of chemical 
reagents.  It bypasses some of the inefficiencies of the 
internal combustion engine by directly converting chemical 
into electrical energy via oxidizing and reducing 
compounds at electrode surfaces [2].  The microbial fuel 
cell (MFC) is a new technology that generates electrical 
current from the oxidation – reduction reactions that occur 
within living microorganisms.  A wide range of microbial 
fuel cell designs and microbial species have been studied 
with power densities ranging from 10-1 to 103 mW/m2 of 
electrode surface [3].  Existing studies have focused on the 

growth of microorganisms for production of electrons at the 
anode only, primarily by the oxidation of organic 
compounds.  Studies with pure sugars [4-9], alcohols [10], 
fatty acids [11], wastewater [12-16] and marine sediments 
[17] as the microbial food source have shown that a single 
MFC can produce voltages up to 800 mV and currents 
measured in tens of mA.  The current output pattern of the 
MFC changes significantly when the culture conditions of 
the given microorganism are altered, indicating that fuel 
cell performance can be manipulated in this manner [9].   

Figure 1 (a) demonstrates the general processes 
that occur at the anode of a typical MFC.  The majority of 
microbes grow by the uptake of organic chemicals, passing 
them through a series of metabolic pathways.  These 
pathways involve hundreds of oxidation – reduction 
reactions which release electrons.  Mediator chemicals can 
scavenge these electrons by penetrating into the microbial 
cell in their oxidized state, bonding with these metabolically 
released electrons, and exiting in their reduced state.  Once 
released into the fermentation media, the mediator chemical 
spontaneously oxidizes to its original state and releases the 
electrons at the anode, where they enter the electric circuit.  
To complete the electrical cell, most studies use an 
electrochemical reduction reaction in the cathodic half cell, 
such as ferricyanide to ferrocyanide.  The microbial anodic 
half cell coupled to an electrochemical cathodic half cell is 
what is generally meant by the term MFC in reference to 
existing technology.   

The use of bacterial microorganisms to regenerate 
ions for the electrochemical reaction in the cathodic half 
cell of MFCs [18,19,20] has been described in the literature.  
Glibin et al. [19] used microorganisms to regenerate ferric 
ions by the oxidation of ferrous ions at the cathode, with 
fuel (such as hydrogen) oxidation at the anode. 
Microorganisms did not directly serve as both the biological 
electron donor and acceptor, however.  He and Angenent 
[20] described the application of bacteria which were able 
to directly accept electrons from a cathode electrode, 
depending on the terminal electron acceptor. 
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Figure 1.  Schematic of Electron Flow in the Completely Biological MFC: (a) anodic release of electrons by consuming 

organic compounds, (b) cathodic capture of electrons by photosynthetic growth on CO2. 
 

Powell et al. [21] have shown that a photosynthetic 
microbial culture can act as a biological electron acceptor at 
the cathode, enabling successful operation of a microbial 
cathodic half cell.  Figure 1 (b) shows that in this new 
configuration, electrons are transferred into the media at the 
cathode surface and reduce the mediator from its oxidized 
state to its reduced state.  The mediator then penetrates into 
the cell where it becomes oxidized and releases electrons to 
the growing microbial cells.  The growing cells use these 
electrons in their metabolic pathways with the net result of 
converting CO2 into oxygen and biomass.  The oxidized 
mediator chemicals leave the cells and enter the media 
where they are once again reduced by the uptake of 
electrons at the cathode.   

The use of the recently developed photosynthetic 
cathodic microbial half cell [21] can transform a MFC into 
an entirely microbiological system when it is coupled with 
an anodic half cell.  The cathode side of the MFC employs 
the photosynthetic microalgae species C. vulgaris with the 
S. cerevisiae yeast fermentation on the anode side.  The 
flow of electrons in such a coupled system is shown in 
Figure 1.  This study presents the testing and operation of 
the complete MFC.  This system could operate as a closed 
system, except for the addition of sugars to the anode media 
and exposure of the cathode media to light.   

 
2 EXPERIMENTAL APPARATUS 

 
The experimental MFC used in this work 

employed carbon graphite electrodes inserted into stirred 2L 
modified Kontes culture vessels.  These were joined by a 
glass bridge with a NAFION 112 membrane separating the 
two half cells and allowing proton exchange, as shown in 
Figure 2.  A 26 W helical fluorescent bulb provided light 
for the photosynthetic growth at the cathode.     

 

 
Figure 2.  Schematic of MFC Experimental Apparatus. 

 
3 RESULTS AND DISCUSSION 

 
3.1 Loading Effects 
 

Experimental data collected on the loading effects 
and power generated by the MFC is shown in Figure 3.  The 
maximum power for the complete MFC was observed at 90 
mV and a load of 5000 Ω, giving a maximum power density 
of 0.95 mW/m2.  Current flows reached up to 40 μA.  The 
peak power density observed was lower than many values 
reported in the literature [3,16,22,23] for purely anodic 
MFCs, although these vary greatly with design.  It must be 
considered that in this work entirely naturally grown 
microbial cultures are being used at both electrodes, and 
that two biological half cells are working in concert.  The C. 
vulgaris growth rate is likely the rate limiting step in this 
novel MFC, in particular when compared to the fast 
electrochemical reduction reactions generally used at the 
cathode in typical MFCs. 
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Figure 3.  Loading Effects: Power Density and Open Circuit 

Potentials for the MFC. 
 
3.2 Supplemental Glucose Addition 
 

The addition of supplemental glucose to the yeast 
at the anode of the MFC was studied.  Significant 
improvements in the electrical output of the system were 
observed.  Supplemental glucose was added to the anodic 
half cell in increasing increments, and the resulting steady 
state voltage output is shown in Figure 4.  Maximum open 
circuit potentials of up to 315 mV were observed for the 
MFC with addition of glucose to the yeast medium to a total 
of 200 g/L.  An increase in voltage with time after glucose 
addition, the yeast food source, indicates a relationship 
between voltage and cell growth.  The MFC was also 
drained using a 5000 Ω load, once the voltage reached zero 
the load was removed, and glucose was again added to the 
anodic half cell.  The voltage returned to its previous level, 
indicating that sugar addition serves as a way to renew a 
drained MFC.   
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Figure 4. Effect of Supplemental Glucose Addition on Open 

Circuit Voltage Levels for the Complete MFC. 
 
3.3 Carbon Dioxide Enrichment of Cathode 

Feed Air 
 

Enriching the feed air provided to the microalgae 

culture in the cathodic half cell with 10% CO2 significantly 
increased the voltage.  A 50% increase in the open circuit 
potential was observed in comparison with using pure air as 
the source of CO2.  Enrichment of the cathode feed air with 
10% (vol) CO2 corresponds to the optimum CO2 level for 
maximum C. vulgaris growth observed in previous work 
[21].  The effect of bubbling the feed air into the cathode 
rather than simply blowing it over the top of the media was 
also studied.  The use of a bubbler increased the voltage 
output by 70% due to increased mass transfer of the CO2 
into the media for use by the microbial cells.  The observed 
voltages for both cases, after 50 h (once the outputs 
approach steady state), are given in Figure 5. The ability of 
the photosynthetic cathode side of this new complete MFC 
to consume CO2 provides for the possibility of additional 
environmental benefits, in addition to producing power.  
CO2 is the primary greenhouse gas, and with 1600 million 
metric tons being emitted into the atmosphere annually in 
North America [24], it is a major environmental concern.  
Excess atmospheric greenhouse gases are believed to be the 
cause of climate change.  The complete MFC could be used 
as a bioremediation technology, by converting CO2 back 
into oxygen as part of its operation.  The photosynthetic 
algae on the cathode side of the MFC will also be able to 
consume the CO2 produced by the yeast on the anode side, 
making this a unique CO2 neutral “green” technology. 
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Figure 5. Effect of CO2 Addition on the Microalgae 

Cathodic Half Cell. 
 
3.4 Production of Biomass and Ethanol 
 

This entirely biological fuel cell system produces 
biomass at both electrodes.  The average cell culture 
concentrations of algae and yeast were 2000 mg/L and 
11000 mg/L, respectively.  Significantly more yeast cells 
are being produced, due to the slower growth rate of 
microalgae.  Microbial biomass is known to produce a 
variety of fuels [3].  In the case of C. vulgaris, there is a 
market for both the biomass itself and the chlorophyll it 
produces [25].  By operating continuous flow bioreactors, it 
would be possible to have the fuel cell continuously 
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producing biomass by filtering biomass as it exits the 
bioreactor, while simultaneously generating electricity.  
This will also allow the fuel cell to produce higher voltages 
by keeping the biomass at a high concentration and in a 
continuously growing state.  Growing microbial cells 
produce significantly higher voltages than resting cells.   In 
addition to the biomass produced by the fuel cell system, 
the yeast on the anode side of the MFC also produce a 
significant amount of ethanol, another fuel source.  Ethanol 
concentrations of up to 5 % (vol) were measured in this 
study.   
 

4 CONCLUSIONS 
 

A novel microbial fuel cell, with both cathode and 
anode half cells driven by microbial growth has been shown 
to operate successfully.  The cathode half cell employs the 
photosynthetic microalgae C. vulgaris coupled to a S. 
cerevisiae anode half cell.  The maximum power density of 
the coupled MFC was 0.95 mW/m2, at an open circuit 
potential of 90 mV and a load of 5000 Ω. The addition of 
180 g/L of supplemental glucose to the MFC significantly 
improved the electrical output of the system by 315%, and 
sugar addition serves as a way to renew a drained MFC.  
Enriching the feed air bubbled into the cathode cell with 
10% CO2 significantly increased the biomass growth of the 
algae, and as a result the voltage by 50%, compared to 
using pure air as the source of CO2.  This is a completely 
biological fuel cell system, with potential importance in the 
“clean” technology field.  Photosynthetic microalgae 
growth at the cathode of the MFC consumes significant 
CO2, the primary greenhouse gas, converting it to biomass 
and O2.   This could include the CO2 produced by the yeast 
at the anode during operation, making the complete 
microbial fuel cell a CO2 neutral power generation 
technology.  Although the present bench-top scale MFC 
experiment used artificial light, future MFC designs will 
use sunlight for photosynthetic growth at the cathode.  
Furthermore, the S. cerevisiae cells at the anode produce 
significant amounts of ethanol during growth that can be 
used as a fuel in addition to the generated electricity.   
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