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Bio-Electrochemical systems: 
MFC (Microbial Fuel Cell) & MEC (Microbial Electrolysis Cell)
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Overview
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2. Limitations

3. Roads to explore

4. Conclusions



POTENTIALS

Established applications
Achievable concepts
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Microbial actions in BESs: the anode
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Microbial oxidations

The micro-organisms at the anode oxidize 
substrates and transfer the electrons to the 
electrode.

Substrates: reduced organics and inorganics
(carbohydrates, sulfides,…)
Electron transfer:

Direct: nano-wires and direct/cell to cell contact
Mediators: endogenous mediators serve both Gram-
positive and Gram-negative species

Rabaey, K. et al. (2005a) Microbial phenazine production enhances 
electron transfer in biofuel cells. Environ. Sci. Technol. 39: 3401-34086

Take Home: Exogenous mediators are NOT considered to be 
necessary



The biocatalyst: facts and figures

Sensu stricto, not a real 
catalyst
Biomass concentration: 

0.5 kg VSS/m³ TAC

Biomass yield: 
0.02 – 0.54 kg biomass-C/kg 
substrate-C 

Specific activity: 
3.4 kg COD/kg VSS.d

Unknown
Planctomycetia

Chlorobia

Actinobacteria

Sphingobacteria

Flavobacteria

Bacteriodetes

Acidobacteria

Alpha-
proteobacteria

Epsilon-
proteobacteria

Delta-
proteobacteria

Gamma-
proteobacteria

Beta-
proteobacteria

Clostridia

Bacilli
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Aelterman, P. et al. 2008. Microbial Fuel Cells As An Engineered Ecosystem. in: J.D. 
Wall, C.S. Harwood, A.L. Demain (Eds.), Bioenergy. ASM.

Overview of the different taxonomic classes 
in MFCs, examined by clone libraries and 
sequencing in eight different setups 

Take home: Axenic cultures & mixed cultures: no typical 
consortium or mono-culture found yet



Established anode applications
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Take home: Various organic substrates can be converted to electricity 
Biodegradability determines the maximum power output 
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Established anode applications

Major outputs: 
Electricity generation:

Waste water treatment technology:

TARGET: 1 kW/m³ BES

TARGET: 1-10 kg COD/m³.day
≈

140 – 1400 A/m³
9



Conceptually achievable anode 
reactions (1/3)

The ∆G for anodic ammonium oxidation is 
thermodynamically feasible : -79 kJ/mol NH4

+

2 NH4
+ (aq) → N2 (g) + 8 H+ (aq) + 6 e-

The removal of ammonium to N2

Generation of energy
This process has been investigated, but until now, 
only limited NH4

+ into N2 conversion has been 
found.
What is the missing link?

De Schamphelaire, L. 2006. Removal of ammonia-nitrogen in microbial
fuel cells. Master Thesis10
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Conceptually achievable anode 
reactions (2/3)

Use of special bacterial strains:
Bradyrhizobium: for the production of H2 and the 
generation of energy out of it

Feijtel, T. et al. 1985. Hydrogen accumulation by H2-uptake negative strains of 
Rhizobium. Plant & Soil 85, 77- 84.11
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Conceptually achievable anode 
reactions (3/3)

12
Pham, T.H. et al. 2008. High shear enrichment improves the performance of the anodophillic
microbial consortium in a microbial fuel cell. Accepted in Microbial Biotechnology. 

MFCs with a high shear
enriched anodic microbial
consortium

Novel features:
Thicker and denser biofilm
Higher electricity generation
(with a factor 3) 
Enrichment of nano-wires
(probably)
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Conceptually achievable anode 
reactions (3/3)

Harvesting nano-wires
These nano-wires extracts might be of special interest 
for: 

Biofilm control: disturbance of cell-to-cell signaling
Materials: altering surface properties

13



Microbial actions in BESs: cathode
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Microbial reductions

Microorganisms in the cathode reduce a 
substrate and receive electrons from the 
anode

Reduction processes:
Denitrification, oxygen reduction to H2O or to H2O2, 
dehalogenation, metal reduction, hydrogen production, 
methane production, perchlorate reduction…

The mode of electron uptake is not unraveled 
yet

15



The biocatalysts

The biocatalyst is autotrophic and consumes 
part of the voltage for growth and cell 
maintenance. 
No electrons are lost, but the reduction 
efficiency can be less than 100%.
Axenic & mixed cultures

Axenic cultures: Leptothrix discophora, Geobacter
sp., Acidithiobacillus ferrooxidans
Orders found in mixed cultures: α-Proteobacteria, 
γ-Proteobacteria, Actinobacteria, Firmicutes

16



Established cathode applications (MFC): 
Oxygen reduction

17

Take home: MFCs with a microbial catalyzed open air 
cathode are a strong competitor for chemical 
(catalyzed) cathode systems 

Clauwaert, P. et al. 2007. Open air biocathode enables effective electricity 
generation with microbial fuel cells. Environ. Sci. Technol., 41, 7564-7569.



Established cathode applications (MFC):
Cathodic nitrate reduction

Water technology:
Denitrification rate: up to 0.080 kg NO3

--N/m³ TCC.d at 32 A/m³ TCC 
and 75 mV
Power generation: up to 4 W/m³ TCC

18
Clauwaert, P. et al. 2007. Biological denitrification in microbial fuel cells. 
Environ. Sci. Technol., 41, 3354-3360.

Take home: 
Decreasing the 
cell voltage allows 
a higher cathodic
dentrification rate, 
but a lower energy 
recovery.



Established cathode applications (MEC):
Methanogenisis

Methane generation at room temperature
Hydrogen production is the rate limiting step for 
hydrogenotrophic methanogenesis
Hydrogen can be produced at room temperature in 
the cathode of a MEC

Recovery of 0.41 mole CH4 /mole acetate at a 
current density of 6.0 A/m2 Cath. Proj. Surface. 
The biogas consisted of 57 % CH4 and 1 % CO2, 
the remainder was likely hydrogen gas. 
The conversion of acetate to electricity (CE) was 
typically between 75 and 85 %. 

Clauwaert, P. et al. (2008) Combining biocatalyzed electrolysis with anaerobic 
digestion. Wat. Sci. & Tech. 57:575–57919



Conceptually achievable cathode 
reactions (1/2)

Peroxide production at the cathode
Disinfection agent
Chemical oxidation of toxic/resistant components

Production of various reduced organics at the 
cathode (glycogen, …)
Pre-emptive colonisation with autotrophic and 
probiotic bacteria

Controlled release of a probiotic bacterium in 
sterile drinking waters e.g. after reversed osmose

20



Conceptually achievable cathode 
reactions (2/2)

Micro-organisms can catalyse the 
submicron deposition of noble metals 
(Ag, Pd, Au) with a high catalytic activity 

These noble metals could be used for the 
enhanced oxygen reduction in the 
cathode
Bi-metal combinations could enable the 
electrochemical reduction of nitrate

De Windt, W. et al. 2005. Bioreductive deposition of palladium (0) nanoparticles on
Shewanella oneidensis with catalytic activity towards reductive dechlorination of 
polychlorinated biphenyls. Environmental Microbiology (2005) 7(3), 314–32521



Process based
Technology based

Limitations of MFCs
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Established limitations: process based

1. Accessibility: 
� Overpotentials at the anode and the cathode

2. Transfer: 
� Ohmic losses of the electrodes 

(electrons)
� Mass transfer limitations/kinetic limitations at high currents 

(molecules)
� The proton flux to and through the membrane

(protons)
3. Metabolism: 

� Coulombic losses
(metabolites)

23
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1a. Overpotentials: 
Bacteria are helpful

Take Home: Bacteria are able to lower the 
overpotentials at both the anode and the cathode.
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1b. Overpotentials:
Increasing the microbial interaction

25

Take home: Test-tube MFC design to culture 
species and investigate microbial interactions

Pham, T.H. et al. 2008. Metabolites produced by Pseudomonas sp enable a Gram-positive bacterium 
to achieve extracellular electron transfer. Appl. Microbiol. Biotechnol., 77, 1119-1129.



1b. Overpotentials:
Increasing the microbial interaction

26

Take home: Microbial mediator production 
is species dependent

Pham, T.H. et al. 2008. Metabolites produced by Pseudomonas sp enable a Gram-positive bacterium 
to achieve extracellular electron transfer. Appl. Microbiol. Biotechnol., 77, 1119-1129.

Pseudomonas sp. 
CMR12a



1b. Overpotentials:
Increasing the microbial interaction

Take home: Gram-positive and Gram-negative bacteria 
cooperation during the electron transfer

27

A: Brevibacillus sp. PTH1

B: Brevibacillus sp. PTH1 and 
the cell-free anodic 
supernatants of Pseudomonas 
sp. CMR12a 

C: Cell free anodic 
supernatants of the TTMFCs in 
case B

D: Brevibacillus sp. PTH1 and 
the cell-free anodic 
supernatants of Pseudomonas 
sp. CMR12a_Reg = mutant

Pham, T.H. et al. 2008. Metabolites produced by Pseudomonas sp enable a Gram-positive bacterium 
to achieve extracellular electron transfer. Appl. Microbiol. Biotechnol., 77, 1119-1129.



2. Ohmic losses

28 Clauwaert, P. et al. (2008). Minimizing losses in bio-electrochemical systems: The road to
applications. Appl. Microbiol. Biotechnol. 79, 901–913.

Take home: The ohmic losses increase at increased reactor 
volumes; at present loading rates above 1g COD/L.d are 
limited to V< 3.5L



Established limitations: technology based

High capex costs per MFC unit compared to 
methane digestion: factor 10 higher due to 
reactor utensils

Low added value of the recovery products: 
0.5V electricity
Purity of hydrogen-gas?

Low added value of the environmental 
applications

29



Strategic R&D
Industrial R&D

Roads to explore

30
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Strategic R&D (1/2)

How to characterize the biocatalysts MRM?
Range weighted richness (Rr)
Rate of change (Dy): low < 5 < medium  < 15 < high
Pareto-Lorenz curve (Fo)

31

Molecular 
toolbox

Low
Rr<10

Medium
10<Rr<30

High
Rr>30

Marzorati, M.. et al. (2008). How to get more out of molecular fingerprints: practical tools for 
microbial ecology. Environ Microbiol. 10, 1571-81 



Strategic R&D (2/2)

32

Do bacteria morphologically differ in MFCs? 
Are the bacteria more filamentous?
Bacteria with high surface to volume ratio’s?
Does the DLVO model applies?

What is the ratio of biofilm versus planktonic grown 
cells?
How does the potential of the electrodes affects the 
attachment of bacteria?
Does the electrode surface allows to reach a lower 
residual level of substrate?
Can recalcitrant compounds be removed better at an 
electrode surface?



Industrial R&D:
1. – 3. Enhanced removal
1. Specific treatment of reverse 

osmosis streams
2. Advanced removal of low level 

pollutants from process and 
drinking water (below 1ug/L is 
the target; work with 14C)

Polar compounds which are not 
sorbed by activated carbon filters 
and also escape nanofiltration
(low MW) 

3. Enhanced removal of propionic
acid in AD

33
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4. – 5 . Special biomass

4. Special bio-inspired materials from 
electrode grown cells

5. Production of special microbial 
biomass

Seeding resting cells with a maintenance 
metabolism which is beneficial for the 
quality of the treated water (competitive 
exclusion concept)
Inoculate microbial action in matrix 
(bioaugmentation concept)

34



6. Sediment microbial fuel cells (1)

Tender, L.M. et al. 2002. Harnessing microbially generated power on the 
seafloor. Nature Biotechnol. 20, 821-825. 

Reimers, C.E. et al. 2006. Microbial fuel cell energy from an ocean cold seep. 
Geobiology 4, 123-136.

Energy outputs
Average sustainable output for marine systems: 
28 mW/m² EFA, 9 mW/m² ES
Max sustainable during 24h (vertical anode, ocean 
seep): 1100 mW/m² EFA, 34 mW/m² ES
Lower output in freshwater systems 

(EFA: electrode footprint area; ES: electrode surface)

Increase through advection, catalysts, substrate 
amendment, anode design and plants

35



Up to 0.33 kW ha-1 could be 
continuously derived from rice plants
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6. The sediment MFC with plants (2)
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De Schamphelaire, L. et al. (2008) Microbial fuel cells generating electricity from 
rhizodeposits of rice plants. Env. Sci. Technol. 42: 3053-3058.



6. The sediment MFC with plants (3)

Sediment MFC 
without plants

Sediment MFC 
with plants

In soil Current (mA m-2 PGA) 35 ± 6 95 ± 15

Power (mW m-2 PGA) 2.9 ± 1.4 21 ± 6

In vermiculite Current (mA m-2 PGA) -0.44 ± 0.55 35 ± 7

Power (mW m-2 PGA) -0.006 ± 0.01 17 ± 6
*PGA = plant growth area

• A max sustainable output of 33 mW m-2 could be sustainably derived from rice
plants, in a freshwater system

• Coulombic efficiency 31%, Energetic efficiency 9%

• Prospect to diminish methane emission

X 2.7

X 7

De Schamphelaire, L. et al. (2008) Microbial fuel cells generating electricity from 
rhizodeposits of rice plants. Env. Sci. Technol. 42: 3053-3058.37



6. Sediment microbial fuel cells (4)

Sediment microbial fuel cells could be applied for 
other objectives

Enhancing carbon oxidation rates of deposits
Enhancing oxidation of contaminants
Improving overall water and sediment quality
Preventing methane formation by shifting from anaerobic 
oxidation processes to a respiration at the anode
Preventing H2S formation: odour control
Prevention of methylmercury formation by redoxbalancing
in aqua culture
Powering sensors

38



7. Solar algal panel – AD – MFC 
concept (1)

AnodeCathode

Algal
growth AD

ELECTRICITY

ELECTRICITY

3500 Wh m-2 d-1

50 ton DM ha-1 yr-1

Thus:

Solar algal panel 
of 1ha 

⇒ 6 kW/ha

MFC

BIOGAS

footprint
Per m2

14 g DM m-2 d-1
=

14 Wh m-2 d-1



7. Solar algal panel – AD – MFC 
concept (2)

Efficiency of renewable energy captation

Wind energy – Wind turbines 50 %

Solar energy – Photovoltaic cells 12 – 18 %

Solar energy – AD & MFC 0.4 %



8. Decentralized sewage treatment

41

UASB-ST
20°C

700 L 
biogas/d

MFC
Black water
5 L/I.E. d

17 g COD/L
=

4.25 kg 
COD/d

Small village 
not connected 

to grid (50 I.E.)

Effluent
1.3 - 1.7 
g COD/L

≈
0.40 kg COD/d

0.4 
kWh/d
= 17 W

25% energetic 
efficiency

Solids to be 
removed 
ounce a 

year

1.4 
kWh/d
= 58 W



9. Gastro-intestinal BES
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Conclusions
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Conclusions (1)
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Ohmic losses need to be lowered
Use of multiple small units
Work with conductive materials and fluids (brines)

Bacteria are able to lower the losses, how can we 
engineer them to improve?

Further selection
Pre-assemblage of capable bacteria on electrodes

We must be able to make the microbial catalyst 
more reliable and better characterized as a team.

Implement DGGE-based MRM with default values



Conclusions (2)

45

Targets have to be set and met:
Energy production: 1 kW/m³
Water treatment technology: 1-10 kg COD/m³.d
Specific pollution control:

Special compounds removed resp. produced
Special processes achieved

We must keep our eyes open for serendipities. 
The best BES related added value products 
are still to be discovered.



http://labmet.ugent.be
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