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Summary

Bioelectrochemical systems (BES) have been
explored according to three main concepts: to
produce energy from organic substrates, to generate
products and to provide specific environmental ser-
vices. In this work, by using an engineering approach,
biological conversion rates are calculated for BES
resp. anaerobic digestion. These rates are compared
with currents produced by chemical batteries and
chemical fuel cells in order to position BES in the
‘energy’-market. To evaluate the potential of generat-
ing various products, the biochemistry behind the
biological conversion rates is examined in relation to
terminal electron transfer molecules. By comparing
kinetics rather than thermodynamics, more insight is
gained in the biological bottlenecks that hamper a
BES. The short-term future for BES research and its
possible application is situated in smart niches in
sustainable environmental development, i.e. in pro-
cesses where no large currents or investment cost
intensive reactors are needed to obtain the desired
results. Some specific examples are identified.

The BES concepts

Microbes are able to anaerobically produce an electrical
current in the anode of bioelectrochemical systems
(BES). When the current is harvested and used, the
system is also called a microbial fuel cell (MFC) (Logan
et al., 2006). When the biologically produced current is
used to drive a reaction in the cathode and some extra
energy is supplied by means of a power source to
enhance this reaction, the system is referred to as a
microbial electrolysis cell (MEC) (Logan et al., 2006). This

concept has also been labelled BEAMR (bioelectrochemi-
cally assisted microbiological reactor) (Ditzig et al., 2007).
Recently, the term MXC was coined meaning that the
research focussed on a topic that can be of interest to
either a MFC or a MEC (Parameswaran et al., 2011). In
this work the term BES will be used but the focus will be
on microbial processes on the anode. Processes in enzy-
matic fuel cells are not addressed here. Microbes living in
the anode compartment can generate a current by means
of anaerobic respiration with a solid material, the elec-
trode in the anode. The electrons are transferred through
an external circuit to the cathode, where the reduction of
a final electron acceptor takes place. The reduction of the
final electron acceptor can either be a biologically or a
chemically catalysed reaction. In the 1910s, this phenom-
enon of microbial induced electrode reduction was discov-
ered by Potter with his research on Escherichia coli
cultures (Potter, 1911). Cohen and later Davis and Yar-
borough constructed the first true MFC (Cohen, 1931;
Davis and Yarbrough, 1962). During the 1960s, the phe-
nomena of microbial respiration with a solid electron
acceptor resp. donor were further studied in the context of
biological corrosion (Lewis, 1966). The use of electron
transport mediators was studied as a means to enhance
power output (Davis and Yarbrough, 1962; Allen and Ben-
netto, 1993). Since then interest in electrogenic respira-
tion in reactor systems slowed. During the middle of the
1990s BES have received again more attention. This new
interest was due to the potential use of BES for clean,
sustainable and renewable energy production combined
with the potential of a new wastewater treatment system.
Even more and more potential applications have been
established up till now. Three different concepts can now
be defined among which all these processes can be
divided (Fig. 1). Some processes can be placed in one or
more concepts but one has to keep in mind whether other
competitive processes are able to outperform a BES or
not as will be discussed later. Power output (P in W or
J s-1), following Joule’s law, is defined as the amount of
electrons produced per unit time (I in A or C s-1) times the
energy level of these electrons (E in V). Up till now,
researchers have defined several resistances, also called
voltage drops, to high power output that impair large scale
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application of this technology. These resistances are
based on losses in energy (V) of the electrons liberated
(Clauwaert et al., 2008; Pham et al., 2009a). The losses in
energy are based on the thermodynamics of the reactions
involved. For this study the focus will be on sustained
current production and biological limits of electron transfer
rates. This means that particularly the kinetics of microbial
respiration with solid electron acceptors in the anode will
be examined. Pham and colleagues (2006) have argued
that not generic but rather niche applications are the way
to go for the BES technology. In this work this reasoning
will be extended by examining electron transfer rates,
meaning microbial respiration rates, of the micro-
organisms involved. These rates will be benchmarked in
relation to existing energy production processes or energy
carriers such as anaerobic digestion (AD) in terms of
biological electron transfer rates and current density per
m3 biological reactor volume. Chemical fuel cells (CFC)

and batteries will be a benchmark in terms of current
density. Subsequently, metabolic conversion rates and
limitations to current production will be explored in relation
to rates obtained during electron transfer in anaerobic
digestion. Finally, several niches for future research are
presented.

BES relative to chemical batteries and chemical fuel
cells as a benchmark for energy density

To have a general benchmark for where the field of BES
research stands in terms of power production, a compari-
son can be made with conventional energy carriers such
as batteries and chemical fuel cells. In terms of biological
substrate conversion rates and current generating poten-
tial, the best option is to compare a BES with anaerobic
digestion (section 3). In terms of current and power density
batteries and other types of fuel cells are candidates for
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comparison. Normal household batteries, due to their
chemical nature, can attain a very high power and current
density up to 90 kW m-3 (Table 1 and references therein).
This is mainly due to their close electrode spacing and
highly conductive electrolytes. Chemical fuel cells have
been developed to form a large group of varying reactor
types. However in terms of configuration i.e. anode, sepa-
rator and cathode, they are comparable to BES. CFC have
a wide range of operating conditions in varying tempera-
tures (-25°C till +800°C), pressures and also substrates
(various gasses and small alcohols). Current and power
densities of CFC are usually reported per m2 of electrode
surface whereas these values in BES are reported per
membrane, true electrode or projected electrode area.
Current and power densities for BES are also reported
per m3 total or net anode, cathode or reactor volume. This
makes comparison with BES a bit more challenging but on
the whole, 10–100 kW m-3 (Table 1) is a reasonable esti-
mate for CFC. Notwithstanding the advances that have
been made in these technologies, a major drawback of
both technologies is that batteries and CFC are not a
sustainable technology yet. Batteries and CFC generally
use primary, non-renewable energy sources. Indeed
hydrogen and electricity for (re)charging are not yet
readily available, thus need to be created from other
sources (2 unit operations before current is obtained;
hydrogen production followed by current generation).
Whereas BES generally use waste streams that are most
often readily available (1 unit operation; wastewater is
directly converted into current). The electrode materials for
CFC usually require noble metals which can be scarce,
moreover, these materials are prone to fouling thus the
fuels need to be processed before use. This can also be
said of BES, especially considering cathodic reactions, but
here biological alternatives are available. Last but not
least, hydrogen gas used in CFC is difficult to store and
transport. Yet, overall it is clear that conventional batteries
and chemical fuel cells outrank by far the biological
systems in terms of energy output per unit volume.

BES relative to anaerobic digestion as a benchmark
in terms of conversion rates and efficiencies

The performance of BES in terms of economic viability has
usually been compared with that of anaerobic digestion of
(low strength) wastewaters. This is done because the
same feeds (liquid biomass (waste) streams) are appli-
cable for both systems and the same type of output (elec-
trical energy) can be generated in both systems. The
incoming biomass is first hydrolysed, fermented and finally
transformed by microorganisms into a final product (Ver-
straete et al., 1996; Angenent et al., 2004; Appels et al.,
2008). The final product from anAD process is biogas (CH4

and CO2). The biogas is subsequently converted in a Ta
b
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combined heat and power module (CHP). Biogas can also
be converted into hydrogen gas by means of steam
methane reforming. The heat obtained from the CHP is
usually returned to the digester which is operated at meso-
philic or thermophilic temperatures. The electrical power
can be put to other use (Pham et al., 2006). In a BES, an
electrical current is directly generated by the microbes at
the anode electrode.

Two distinct differences between AD and BES can be
observed. The first is that biomass processing by AD is
perfectly capable of dealing with suspended and particu-
late organic materials. In BES however, particulate
matter is difficult to process. Most systems nowadays
are operated with three dimensional (3D) electrode
materials, to support the current producing micro-
organisms, such as granules, felts and meshes of
carbon, graphite and (or in combination with) noble
metals (Logan et al., 2006; 2007; Dumas et al., 2008;
Aelterman et al., 2008a; Sleutels et al., 2009a). The use
of these materials combined with suspended particles
can cause clogging of the system which poses a serious
threat towards sustained operation. The second differ-
ence is that using a BES, one has the option to produce
direct electricity or various energy carriers such as
methane (Cheng et al., 2009; Clauwaert and Verstraete,
2009) and hydrogen (Rozendal et al., 2006) or short-
chain-fatty acids (Nevin et al., 2010) and alcohols (Stein-
busch et al., 2010). Besides these energy carriers, BES
can be used for production of various other compounds
(Rozendal et al., 2009; Rabaey et al., 2010) and even
desalinated water (Cao et al., 2009).

Power aspects

During anaerobic digestion it is generally accepted that
1 kg COD can be converted to 4.16 kWh or 12.6 ¥ 106 C
at a rate of 1 kg of COD per m3

reactor per hour (Pham
et al., 2006). On average a yield of about 1 kWh of
usable energy can be obtained in the form of electricity.
The other 3 kWh are used for operating the mesophilic
or thermophilic digester in an economic fashion or are
lost during the conversion of the biogas to electricity
(Pham et al., 2006). For BES to become competitive
with anaerobic digestion as a means of waste water
treatment, the rates of conversion of substrates conse-
quently needs to be up to 1 kg of COD per m3

anode per
hour. For a BES to be competitive with anaerobic diges-
tion as a means of bio energy production a power
density around 1 kW per m3

anode volume needs to be
realized. For this work, the focus is on the anode,
although we realize that the reaction in the cathode is
most of the time the limiting factor to increase current
production. Although it is a simplification to compare
various, as yet still at the 1–10 l scale level, BES with m3

scale anaerobic digesters, the comparison helps to
assess the R&D priorities and the practical potentials of
the respective systems. Therefore the main unit of com-
parison will by output per m3 of reactor volume.

Energetic losses

Various internal resistances have been described that
decrease the effective working voltage of BES. These
resistances or voltage drops, limit the energy that can be
gained from a reaction and consequently decrease the
thermodynamic efficiency of the system. The overall theo-
retical voltage is limited by the bacterial and/or chemical
reactions that are taking place at both electrodes. The
theoretical potential of the reactions at the individual elec-
trodes and the overall cell voltage can be calculated by
applying the Nernst equation (Logan et al., 2006). Two
methods for determining the total internal resistance of a
BES can be described. (i) The current interrupt method is
a rough method which can give a quick impression of the
total internal resistance (Logan et al., 2006). (ii) Imped-
ance spectroscopy gives the researcher the tools for a
more sophisticated determination and interpretation of the
internal resistances present in a fuel cell (He et al., 2006;
Borole et al., 2010). The overall internal resistance of a
BES can be broken down into partial resistances. These
resistances will be shortly discussed here in terms of the
resulting voltage drop.

The overpotential (h) is related to the electrochemistry
at the electrodes. The overpotential at the electrode can
be described with the Tafel equation when concentration
polarization is no issue (Freguia et al., 2007; Clauwaert
et al., 2008). Included in the measured activation overpo-
tential is also the energy needed for bacterial mainte-
nance in case of a bacterial catalyst (Sleutels et al.,
2009b). Overpotentials arise due to the surface electro-
chemistry of the electrodes and their coating. Depending
on the measurement procedure, some researchers also
include charge and mass transfer to and from the elec-
trode (biofilm) in this parameter, although this does not
truly reflect the overpotential.

The ohmic voltage drop is experienced when a
current is produced and charge moves through a conduc-
tor. These resistances in the reactor system are due to (i)
ionic resistance and (ii) charge transport resistance. In a
two or more compartment BES, these individual resis-
tances need to be determined for each compartment and
each membrane.

Ionic resistance is the resistance against charge trans-
fer in the electrolyte and relates to the conductivity of the
liquid in the anode and the cathode compartment. Liquids
treated in AD and BES usually have a conductivity in the
order of 1–10 mS cm-1, combined with a diffusion dis-
tance in the order of 0–5 cm from the electrode to the
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membrane results in an order of magnitude for this type of
voltage drop of about 0–20 mV (Sleutels et al., 2009b)

Charge transport resistance occurs in two or more
chambered systems where the compartments are sepa-
rated by cation exchange membranes (CEM), proton
exchange membranes (PEM), anion exchange mem-
branes (AEM), several types of cloths, polymer filters
(Biffinger et al., 2007; Zhang et al., 2009) or bipolar mem-
branes (Harnisch et al., 2008). The drawback of these
separators is that a resistance to charge transport is intro-
duced within the BES and that a pH gradient will develop
more easily (see below). The voltage drop across the
membrane/separator cannot be calculated from the intrin-
sic properties of the material but needs to be determined
experimentally (Ter Heijne et al., 2006; Harnisch et al.,
2008; Sleutels et al., 2009a). A membrane can have a
good transport number for protons or hydroxyl ions but the
concentration of protons is at most 10-6 mol l-1 and of
hydroxyl ions at most 10-4 mol l-1, whereas other ions
such as K+, Na+, Mn2+, NH4

+ Cl-, PO4
3-, NO3

-, SO4
2-, etc.

are present at concentrations of 10-4 mol l-1 or higher in
the solution and are thus more likely to facilitate charge
transport across the membrane. The consequence is that
charge balancing is warranted but other issues such as an
increase in the pH difference, decreasing the equilibrium
voltage of the BES (see below) can arise. The transport of
these other ions might even be beneficial for product
formation (Cao et al., 2009; Rabaey et al., 2010). The
extent of this loss depends on the specific situation under
study.

A pH gradient develops between the both electrode
compartments due to the reactions taking place at the
electrodes combined with the slow exchange of protons
and hydroxyl ions between the anode and the cathode
surfaces. This gives rise to a voltage loss which is a
thermodynamic parameter that alters the equilibrium
potentials at the electrodes. This voltage loss can be
calculated by the Nernst equation and the equation for the
cell potential and is approximately 59 mV per pH unit
depending on the operating temperature. A pH difference
of 2 units is easily occurred in between the two electrodes
of a BES, which leads to a pH voltage drop of 118 mV. The
causes of this voltage loss can be related to flow regimes
in the specific compartments, buffer capacity, boundary
layer exchange and transport across the membrane.
Good results in lowering this voltage drop by applying
extra compartments or using advanced liquid recirculation
schemes have been obtained (Clauwaert et al., 2009;
Sleutels et al., 2010). However, care should be taken that
only a low amount of COD is left in the anode effluent
before transferring it to the cathode (Zhang et al., 2010a).

Transport loss is another major resistance. Transfer
processes from bulk to boundary layer (electroactive
biofilm) make up the largest component of the overall

internal resistance at higher currents. This means that the
reactants cannot move to or from the electrodes or micro-
organisms as fast as the reaction is occurring. Thus an
accumulation of products and a depletion of substrates
can be witnessed at the reaction interface. The extent of
this loss needs to be determined for each operating con-
dition and design separately. With a polarization curve the
current at which this loss becomes dominant can be
determined (Logan et al., 2006).

Whereas the above-described resistances are due to
the thermodynamics and kinetics of the whole system,
here the microbial level will be considered in more detail.
Kinetics in BES research are interpreted in terms of sub-
strate conversion rates, which can also be considered
currents. Below, biological conversion rates in AD and
BES will be examined on a m3 reactor basis to make a
comparison on the microbiological level.

Substrate conversion rates

Although methanogenesis does not involve membrane-
bound electron transfer for all its electrons, all the elec-
trons do have to pass through the membrane. This is
either in the form of COD (chemical oxygen demand) as
substrate and methane and carbon dioxide as products.
Therefore, a true electron flux is present during methano-
genic activity.

A default figure considered by engineers under stable
operating conditions for substrate conversion rates is
that 1 kg VSSbiomass can convert 2 kg COD per day.
Anaerobic digesters can be operated at organic loading
rates of 5–25 kg COD per m3 per day (Pham et al.,
2006). These rates are obtained by suspended microor-
ganisms, either fully in suspension or in granules. The
electron donors and acceptors are also in the liquid
phase, either in solution or in a particulate form. From
these values a ‘current’ per square metre of biological
surface area can be calculated. Considering that 1 kg
VSSbiomass contains approximately 1015 cells and an
average cell diameter of 2 mm, it can be calculated that
1 kg VSSbiomass contains 12.6 ¥ 103 m2 biological outer
membrane. Through this membrane 2 kg of COD are
passing during 1 day. This results in a current density
of 22.3 mA m-2 biological membrane, i.e. the total flux of
electrons per m2 biological membrane during removal of
COD (Fig. 2).

In the anode of a BES, electron transfer has to occur
across the microbial cell membrane to the solid electron
acceptor. Considering the same metabolic conversion
rate as in AD, i.e. 280 A kg VSSbiomass

-1 (2 kg COD per kg
VSSbiomass per day) in a BES and a biologically relevant
electrode area of 100 m2 m-3 with a biofilm thickness of
10 mm and density of 20 kg VSSbiomass m-3, a current of
0.056 A m-2 electrode surface or 5.6 A m-3 anode com-
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partment can be reached (Fig. 2) Cusick and co-workers
actually reached a comparable output of 7.4 A m-3 in the
first pilot scale MEC (Cusick et al., 2011). This calculated
current density of 5.6 A m-3 is 625 times smaller than the
current density obtained in AD (i.e. 3500 A m-3; Tables 2
and 3). Several improvements to the above calculation
can be made. First, several researchers have observed
anode biofilm thicknesses of 50–80 mm in experiments
with low electrode surface to reactor volume ratios (Lee
et al., 2009; McLean et al., 2010; Nevin et al., 2010). It is
not clear how such a thick biofilm can be supplied with
sufficient substrates and drained in terms of metabolites.
Especially proton transport from the biofilm to the bulk
liquid is a limiting factor (Torres et al., 2008). Second,
higher metabolic conversion rates than assumed here
have been reported, up till 22.3 kg COD per kg VSSbiomass

per day (Lee et al., 2009). It stems to reason that an
attached electrogenic microorganism can amp up its spe-
cific metabolic rate once it is effectively connected to an
electrode. Thirdly, higher electrode surface areas per
anode volume have been reported, such as carbon or
graphite felt with an actual surface area of 4.5 ¥ 104 to
5.5 ¥ 104 m2 m-3 (Alfa-Aesar, London, UK and National
Electrical Carbon Products BV., Hoorn, The Netherlands).
For graphite granules surface areas of 104 m2 m-3

(Freguia et al., 2008) up till 106 m2 m-3 (Mersen, Wemmel,
Belgium) can be found. These surface areas are deter-
mined through nitrogen absorption thus it remains to be
seen which fraction of this surface is biologically relevant.
For the following a surface area of 1000 m2 m-3 will be
considered. As a fourth consideration, biofilm densities on
an anode can vary, even up to 50 kg VSSbiomass m-3 (Lee
et al., 2009). Taking all these considerations into account
it can be seen that all these factors, when multiplied, are

needed to reach a performance that comes close to AD
when the aim is conversion of organic matter per m3 of
reactor volume (Table 3). Comparing these data with
Table 2 it can be seen that state of the art results are now
up to 595 A m-3 under sustained operation. This is only
17% of the maximum AD metabolic rate obtained and was
achieved in a L-scale BES reactor.

Dedicated electrogenic metabolism

In the anode compartment of a BES, the microorganisms
responsible for the final electron transfer step need to
touch the electrode to transfer their electrons. This con-
tacting can be done in two ways, direct and indirect
(Stams et al., 2006; Schröder, 2007; Torres et al., 2010).
Direct electron transfer (DET) indicates that the micro-
organisms use their various terminal cytochromes or
reductases of their electron transport chain to transfer
electrons to the electrode by means of physical contact.
For electron transfer to occur through physical contact, a
maximal distance of approximately 15 Å is allowed. This is
the distance that electrons are able to move between
haem groups (Leys and Scrutton, 2004; Paquete and
Louro, 2010). Direct electron transfer also includes elec-
tron transfer by means of the type 4 pili of various elec-
trogenic species as these pili are cell appendages
attached to the main body (Reguera et al., 2005; Shi
et al., 2009; Leang et al., 2010; McLean et al., 2010). The
exact mechanism(s) of pili mediated electron transfer still
needs to be elucidated. Most work has been done on the
pili of Geobacter sulfurreducens. For the latter it was
shown that OmcS (an outermembrane C-type cyto-
chrome) lined the pili but could not be responsible for
electron conductance along the pili as the distance
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Fig. 2. Calculation scheme for metabolic rates in AD and BES based on AD default values. This scheme is used to calculate the values in
Table 3. C = Coulomb. VSS = volatile suspended solids. COD = chemical oxygen demand. r = radius. d = day.
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between two individual cytochromes was too large for
inter cytochrome electron transfer (Leang et al., 2010).

The second mechanism of electron transfer is indirect
electron transfer (iDET) meaning that electrons are trans-
ferred to an introduced (Park and Zeikus, 2000) or indig-
enously produced electron shuttle (Mehta et al., 2006;
Wang et al., 2007; Marsili et al., 2008a). The reduced
shuttle is subsequently transported (by any means) to the
anodic electrode where it can deposit the acquired elec-
trons and become re-oxidized again. Mediated electron
transfer can also entail syntrophic interactions where
reducing equivalents are transferred from cell to cell and
where the receiving cell performs the final electron trans-
fer step at the electrode (Freguia et al., 2008). Excretion
of cytochromes that form a wire in the EPS-matrix
(EPS = extracellular polymeric substances) of the biofilm
has also been reported (Lower et al., 2009), this is also
considered iDET.

Most work on elucidating the microbial metabolism
under electrode or solid material respiring conditions has
been done on Shewanella and Geobacter species.
These organisms are also called dissimilatory metal
respiring (DMR) organisms. Both species have distinct
pathways of routing electrons to their final electron
acceptor (Shi et al., 2009; Bird et al., 2011). Taking a
close look at the enzymatic machinery involved and the
electron routing in G. sulfurreducens, it can be seen that
electrons are shuttled from the electron donating sub-
strate towards the quinone pool in the cell membrane
(Richardson, 2000; Shi et al., 2009; Bird et al., 2011). In
this process, one proton is transported into the periplas-
mic space of the cell to generate a proton motive force
(pmf). This pmf is subsequently used for energy genera-
tion by means of a membrane-bound ATPase, i.e. oxi-
dative phosphorylation. From the quinone pool the
electrons are transferred through a cascade of cyto-
chromes in the periplasm and outermembrane towards
the final electron acceptor (i.e. the electrode) (Richard-
son, 2000; Shi et al., 2009).

As the electrons are transported from the inner cell
membrane at the level of the quinone pool, only 1 proton
is moved out of the cell to generate the pmf. For ATP
generation during metabolism with soluble electron
acceptors, 1 electron can generate a pmf of 3 protons and
subsequently 1 ATP can be formed. This means that 3
electrons are needed under current generating conditions
to form 1 ATP. Given the same metabolic rates G. sulfurre-
ducens can only trap 1/3 of the energy during electrode
respiration compared with respiration with soluble elec-
tron acceptors (Mahadevan et al., 2006; 2011). From an
energy harvesting perspective this is beneficial as less
energy is spent on microbial processes and more energy
is being transferred to the final electron acceptor, the
electrode in BES.

For Shewanella oneidensis MR-1 (which does not use
oxidative phosphorylation but instead gains its energy
from substrate level phosphorylation; Hunt et al., 2010)
extensive studies on cell to electrode electron transfer
mechanisms have revealed that MtrC and OmcA (outer-
membrane decaheam C-type cytochromes) are respon-
sible for final electron transfer to an oxidized shuttle
molecule or a solid metal oxide (Shi et al., 2009; Bird
et al., 2011). Although it is recognized that Shewanella
spp. mostly make use of iDET pathways and do not
occur abundantly in anode biofilms inoculated with
mixed environmental samples, here an example calcu-
lation is presented which can possibly be translated to
other electrogenic microorganisms when data become
available. These data were gathered from experiments
on anode biofilms of S. oneidensis MR-1. Lower and
co-workers have shown that MtrC and OmcA can
occupy 8–34% of the cell surface (4–7 ¥ 1015 cyto-
chromes m-2 cell surface; cytochrome diameter 5–8 nm)
(Lower et al., 2009). Thus S. oneidensis can have a
cytochrome loading on their cell walls of 0.08–
0.34 m2 m-2 (specific surface area) or 1.4 ¥ 104 to
2.5 ¥ 104 cytochromes per cell. Combining these
numbers with electrode surface areas, biofilm densities
(Table 3) and current densities (Table 2), a current per
cell can be calculated in the range of 10-5 to 103 fA per
cell. This value can be compared with the current
per cell of a microbial community during AD, which can
be calculated as 2.8 ¥ 102 fA per cell (data in Fig. 2).
Comparing the calculated current of S. oneidensis MR-1
with measured values of current per cell by Mclean and
co-workers, the same values were obtained i.e. up to
200 fA per cell (McLean et al., 2010). Relating the
current per cell to the cytochrome loading of a cell, a
maximum electron transfer rate of 500 s-1 is obtained.
This is in the same order of magnitude as the electron
transfer rates reported for MtrC to electrodes i.e. 100–
276 s-1 (Hartshorne et al., 2007) but larger than the
reported numbers for electron transfer from MtrC and
OmcA to haematite 0.26 s-1 and 0.11 s-1 respectively
(Shi et al., 2009). From these results, it can be seen that
cytochromes in a living biofilm on an anode can reach
the same performance as measured during tests on iso-
lated cytochromes and cell-free extracts. This indicates
that a maximum performance of electron transfer in
anodes with S. oneidensis is reached.

Major achievements have been made to elucidate the
electron transfer pathway to electrodes and other solid
materials for Geobacter spp., a more relevant organism
in terms of DET to anodes. OmcZ, OmcS and, to a
lesser extent, OmcB are implicated, based on deletion
mutant experiments and SEM localization, to be the
important C-type cytochromes for Geobacter spp.
(Marsili et al., 2008b; Nevin et al., 2009; Richter et al.,
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2009; Inoue et al., 2010; Qian et al., 2011). PilA, the
structural protein of the type 4 pili, is also an important
factor. Till thus far it is not yet known whether PilA has
the capacity to conduct electrons (Richter et al., 2009). It
is hypothesized that the pili are a scaffold for OmcS and
OmcZ (Leang et al., 2010; Inoue et al., 2011). To
perform the same exercise as above for Geobacter spp.
(i.e. calculating the electron transfer rate of individual
cytochromes based on measured current densities of
electrogenic biofilms and cytochrome distributions in the
cell wall/biofilm and compare these to electron transfer
rates of individual cytochromes) detailed kinetic data on
the essential cytochromes are needed as well as cyto-
chrome distributions on cell walls and electrodes. These
data are only partially available yet but when they
become available, they can provide information on pos-
sible bottlenecks in the electron transport chain of this
important organism.

Researchers have already engineered a strain of
G. sulfurreducens to increase its metabolic conversion
rates without extra growth by adding an ATP drain to the
cell. This resulted in higher metabolic rates and lower
biomass yield but did not result in enhanced current
generation on electrodes (Izallalen et al., 2008). This
result combined with a calculation of cytochrome elec-
tron transfer rates, as exemplified for S. oneidensis
above, indicates that despite increased respiration rates,
also electron routing and transfer to the electrode are
essential steps to look into and thus offer interesting
targets for metabolic engineering. A possible route for
metabolic engineering can thus be an increased number
of cytochromes or other electron transfer molecules in
the bacterial cell wall and periplasmic space. Another
option is to pinpoint the bottlenecks for fast electron
transfer within and between cytochromes and possibly
increase these rates. Clearly, such metabolically engi-
neered species will have to be, in terms of reactor con-
figuration, operated under very well defined (most
probably axenic) conditions.

Engineering the system

The key factor in terms of BES is to direct microbial
metabolism in such a way that it generates an electrical
current (rather than power), which permits highly valued
biochemical conversions. Indeed, in case the electrons
are withdrawn resp. deposited in a way that selective
biochemistry is involved, there is a better chance of attain-
ing sufficient added value per unit reactor invested
(Fig. 1).

Several practical applications for BES have already
been described that do not require high rate processes.
An example is the sensor-powering sediment system as
described by various researchers (Tender et al., 2002;

Donovan et al., 2008). These systems rely on the slow
flux of organic matter into the sediment and by definition
cannot be high rate. Slow rate systems also include the
plant or rhizodeposition powered plant-MFCs (De Scham-
phelaire et al., 2008; Kaku et al., 2008). These systems
have a low current density of ~ 50 mA m-2 (De Scham-
phelaire et al., 2008) but, due to their scale, can have a
reasonable current for low power applications, which nev-
ertheless can constitute a unique application in case no
other alternatives are possible.

The decontamination of polluted soils and sediments
also offers a niche perspective for the use of BES. In
common practice, the biological clean-up of these soils is
allowed to take decades. The main issue with these pro-
cesses is the slow metabolic flux of the remediating
organisms. This is usually due to a lack of suitable elec-
tron donor or acceptor to complete the decontaminating
reaction (Guimarães et al., 2010). Electrodes, possibly
inoculated with capable micro-organisms, can provide an
extra electron donor or acceptor and thus expanding the
metabolic opportunities for the (indigenous) microbial
population. Several researchers have already shown that
depolution reactions are feasible at an electrode of a BES.
Pham and co-workers have shown that the chlorinated
pollutant 1,2-DCA can be removed at a rate of 2.9 g m-2

electrode surface per day at a flow rate of 0.09 l d-1 in a
reactor type BES anode previously fed with acetate. This
was accomplished without the formation of any toxic
by-products (Pham et al., 2009b). It was also shown that
chlorinated and iodated organic pollutants could be
removed at the cathode of a MEC by using bio-palladium
as a catalyst (Hennebel et al., 2010). During these trans-
formations no harmful intermediates were detected. Aro-
matic hydrocarbons such as toluene and benzene can
also be used as a substrate for anode metabolism in a
BES (Zhang et al., 2010b). The latter authors showed a
removal rate of 2.3 mg toluene per kg sediment per day
and 1.7 mg benzene per kg sediment per day after five
successive additions of the compound to sediments
equipped with an anode. Nitrobenzene is another com-
pound that was successfully used as a substrate in a BES
(Li et al., 2010). These reactors can be implemented as a
flow through mesh anode in an aquifer as proposed by
Zhu and colleagues (2009). The practical feasibility of this
design should be demonstrated. Overall, not only the
active depolution of soils and sediments but also the
monitoring of these processes constitutes a potential
niche of application for BES systems (Williams et al.,
2010).

Recently, some indications of the synergy of a BES with
AD have been described. Instead of going into competi-
tion with AD as a COD removal or bioenergy production
system, researchers have shown that a BES is able to
stabilize AD performance and enhance biogas production.
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For these configurations the main contribution of the BES
seems to be that the potential is controlled or certain
critical enzymatic reactions are favoured above others
(Sasaki et al., 2010; Weld and Singh, 2011). This territory
has just been touched upon but warrants vigorous explo-
ration of its possibilities.

Similar as for the stabilization of biogas production, the
control of redox process is a proper niche for the unique
capabilities of a BES. An example of a possible applica-
tion is mitigation of the release of the greenhouse gas
CH4. This greenhouse gas is produced under specific
redox conditions. By adding electrodes (possibly inocu-
lated with an active microbial community) the release of
these gasses can possibly be prevented. This research
track is opposite to enhancing anaerobic digestion but
also finds its application in completely different settings
such as settling lagoons, waste dumps (i.e. leachate),
wetlands (constructed or natural) and possibly cultivated
land such as rice paddies.

Another example is the mitigation of H2S release from
sewers as already proposed by Zhang and co-workers
(Zhang et al., 2008). No full-scale developments for these
processes have been reported yet. Finally, in terms of the
bio-based economy, BES can contribute to a range of
different services such as a sustainable system for CO2

sequestration (Clauwaert and Verstraete, 2009), organic
(Nevin et al., 2010) and H2 (Ditzig et al., 2007) production,
which need to be further explored.

Outlook

Current state of the art and the rate of development in
power output and energy production warrants a thorough
rethinking of the applied value and niches for BES
systems in practice. Therefore, it is argued that the energy
concept is beyond the reach of current possibilities. Not-
withstanding the great advances that have been made in
the past and will be made in the coming decades in BES
and extracellular electron transport research, the current
research should be guided along two distinct paths. On
the one hand there is the need for more fundamental
knowledge. This knowledge can be gained by an in-depth
study of the mechanisms and catalysts involved and war-
rants the use of small (ml) scale and defined reactor
setups. The findings of this research track cannot be
one-to-one translated and extrapolated to an application.
The second track has to further the knowledge on the
application of a BES as a reactor system. The focus
should not be primarily on energy nor on current density,
as shown in this text. Indeed, the rates obtained by the
micro-organisms are low in comparison with current
(bio)energy production processes such as anaerobic
digestion or other electrochemical conversion processes.
Therefore, bulk products are not a viable option; the focus

should be on special added value applications combining
very novel microbial processes with clever application
niches. The future field of application for BES at the
current state of art is situated in the sustainability concept.
Bioelectrochemical systems should be developed and
integrated in sustainable green technology i.e., that not
necessarily produces hard currency but renders less tan-
gible benefits in terms of improved environmental quality.

Conclusions

In this work BES research has been positioned in three
different concepts, i.e. the energy, product and sustain-
ability concept. Positioning was based on metabolic rates
that are obtained during anaerobic processes and the
influence of having a solid electron acceptor involved in
the reaction. When undertaking a new research project,
one should realize what the biological limits of the project
are. This work has provided a set of reference values and
a conceptual framework for future BES-research.

Acknowledgements

J.A. was supported by a PhD grant from European Commu-
nity’s Seventh Framework Programme (FP7/2007-2013
under Grant Agreement No. 226532). The authors thank
Sebastià Puig, Joachim Desloover, Bart de Gusseme and
Carlos Zamalloa for helpful discussions.

References

Aelterman, P., Rabaey, K., Pham, H.T., Boon, N., and Ver-
straete, W. (2006) Continuous electricity generation at high
voltages and currents using stacked microbial fuel cells.
Environ Sci Technol 40: 3388–3394.

Aelterman, P., Freguia, S., Keller, J., Verstraete, W., and
Rabaey, K. (2008a) The anode potential regulates bacte-
rial activity in microbial fuel cells. Appl Microbiol Biotechnol
78: 409–418.

Aelterman, P., Versichele, M., Marzorati, M., Boon, N., and
Verstraete, W. (2008b) Loading rate and external resis-
tance control the electricity generation of microbial fuel
cells with different three-dimensional anodes. Bioresour
Technol 99: 8895–8902.

Allen, R.M., and Bennetto, H.P. (1993) Microbial fuel cells –
electricity production from carbohydrates. Appl Biochem
Biotechnol 39: 27–40.

Angenent, L.T., Karim, K., Al-Dahhan, M.H., Wrenn, B.A., and
Domiguez-Espinosa, R. (2004) Production of bioenergy
and biochemicals from industrial and agricultural wastewa-
ter. Trends Biotechnol 22: 477–485.

Appels, L., Baeyens, J., Degrève, J., and Dewil, R. (2008)
Principles and potential of the anaerobic digestion of
waste-activated sludge. Prog Energ Combust 34: 755–
781.

Biffinger, J.C., Ray, R., Little, B., and Ringeisen, B.R. (2007)
Diversifying biological fuel cell designs by use of nanopo-
rous filters. Environ Sci Technol 41: 1444–1449.

Three concepts of BES based on microbial performance 343

© 2011 The Authors
Microbial Biotechnology © 2011 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 5, 333–346



Bird, L.J., Bonnefoy, V., and Newman, D.K. (2011) Bioener-
getic challenges of microbial iron metabolisms. Trends
Microbiol 19: 330–340.

Borole, A.P., Aaron, D., Hamilton, C.Y., and Tsouris, C. (2010)
Understanding long-term changes in microbial fuel cell per-
formance using electrochemical impedance spectroscopy.
Environ Sci Technol 44: 2740–2744.

Cao, X., Huang, X., Liang, P., Xiao, K., Zhou, Y., Zhang, X.,
and Logan, B.E. (2009) A new method for water desalina-
tion using microbial desalination cells. Environ Sci Technol
43: 7148–7152.

Cheng, S.A., Xing, D.F., Call, D.F., and Logan, B.E. (2009)
Direct biological conversion of electrical current into
methane by electromethanogenesis. Environ Sci Technol
43: 3953–3958.

Clauwaert, P., and Verstraete, W. (2009) Methanogenesis in
membraneless microbial electrolysis cells. Appl Microbiol
Biotechnol 82: 829–836.

Clauwaert, P., Aelterman, P., Pham, T.H., De Scham-
phelaire, L., Carballa, M., Rabaey, K., and Verstraete, W.
(2008) Minimizing losses in bio-electrochemical systems:
the road to applications. Appl Microbiol Biotechnol 79:
901–913.

Clauwaert, P., Mulenga, S., Aelterman, P., and Verstraete, W.
(2009) Litre-scale microbial fuel cells operated in a com-
plete loop. Appl Microbiol Biotechnol 83: 241–247.

Cohen, B. (1931) Thirty-second Annual Meeting of the
Society of American Bacteriologists. J Bacteriol 21:
1–60.

Conte, M., Di Mario, F., Iacobazzi, A., Mattucci, A., Moreno,
A., and Ronchetti, M. (2009) Hydrogen as future energy
carrier: The ENEA point of view on technology and appli-
cation prospects. Energies 2: 150–179.

Cusick, R., Bryan, B., Parker, D., Merrill, M., Mehanna, M.,
Kiely, P., et al. (2011) Performance of a pilot-scale continu-
ous flow microbial electrolysis cell fed winery wastewater.
Appl Microbiol Biotechnol 89: 2053–2063.

Davis, J.B., and Yarbrough, H.F. (1962) Preliminary experi-
ments on a microbial fuel cell. Science 137: 615–616.

De Schamphelaire, L., van den Bossche, L., Dang, H.S.,
Hofte, M., Boon, N., Rabaey, K., and Verstraete, W. (2008)
Microbial fuel cells generating electricity from rhizodeposits
of rice plants. Environ Sci Technol 42: 3053–3058.

Dekker, A., Ter Heijne, A., Saakes, M., Hamelers, H.V.M.,
and Buisman, C.J.N. (2009) Analysis and improvement of
a scaled-up and stacked microbial fuel cell. Environ Sci
Technol 43: 9038–9042.

Ditzig, J., Liu, H., and Logan, B.E. (2007) Production of
hydrogen from domestic wastewater using a bioelectro-
chemically assisted microbial reactor (BEAMR). Int J
Hydrogen Energy 32: 2296–2304.

Donovan, C., Dewan, A., Heo, D., and Beyenal, H. (2008)
Batteryless, wireless sensor powered by a sediment micro-
bial fuel cell. Environ Sci Technol 42: 8591–8596.

Dumas, C., Mollica, A., Feron, D., Basseguy, R., Etcheverry,
L., and Bergel, A. (2008) Checking graphite and stainless
anodes with an experimental model of marine microbial
fuel cell. Bioresour Technol 99: 8887–8894.

Freguia, S., Rabaey, K., Yuan, Z., and Keller, J. (2007) Non-
catalyzed cathodic oxygen reduction at graphite granules
in microbial fuel cells. Electrochim Acta 53: 598–603.

Freguia, S., Rabaey, K., Yuan, Z.G., and Keller, J. (2008)
Syntrophic processes drive the conversion of glucose in
microbial fuel cell anodes. Environ Sci Technol 42: 7937–
7943.

Guimarães, B.C.M., Arends, J.B.A., Van der Ha, D., Van de
Wiele, T., Boon, N., and Verstraete, W. (2010) Microbial
services and their management: recent progresses in soil
bioremediation technology. Appl Soil Ecol 46: 157–167.

Harnisch, F., Schröder, U., and Scholz, F. (2008) The suit-
ability of monopolar and bipolar ion exchange membranes
as separators for biological fuel cells. Environ Sci Technol
42: 1740–1746.

Hartshorne, R., Jepson, B., Clarke, T., Field, S., Fredrickson,
J., Zachara, J., et al. (2007) Characterization of
Shewanella oneidensis MtrC: a cell-surface decaheme
cytochrome involved in respiratory electron transport to
extracellular electron acceptors. J Biol Inorg Chem 12:
1083–1094.

He, Z., Wagner, N., Minteer, S.D., and Angenent, L.T. (2006)
An upflow microbial fuel cell with an interior cathode:
assessment of the internal resistance by impedance spec-
troscopy. Environ Sci Technol 40: 5212–5217.

Hennebel, T., Benner, J., Clauwaert, P., Vanhaecke, L., Ael-
terman, P., Callebaut, R., et al. (2010) Dehalogenation of
environmental pollutants in microbial electrolysis cells with
biogenic palladium nanoparticles. Biotechnol Lett 33:
89–95.

Hunt, K.A., Flynn, J.M., Naranjo, B., Shikhare, I.D., and
Gralnick, J.A. (2010) Substrate-level phosphorylation is the
primary source of energy conservation during anaerobic
respiration of Shewanella oneidensis strain MR-1. J Bac-
teriol 192: 3345–3351.

Inoue, K., Qian, X.L., Morgado, L., Kim, B.C., Mester, T.,
Izallalen, M., et al. (2010) Purification and characterization
of OmcZ, an outer-surface, octaheme c-type cytochrome
essential for optimal current production by Geobacter sul-
furreducens. Appl Environ Microbiol 76: 3999–4007.

Inoue, K., Leang, C., Franks, A.E., Woodard, T.L., Nevin,
K.P., and Lovley, D.R. (2011) Specific localization of the
c-type cytochrome OmcZ at the anode surface in current-
producing biofilms of Geobacter sulfurreducens. Environ
Microbiol Rep 3: 211–217.

Izallalen, M., Mahadevan, R., Burgard, A., Postier, B., Dido-
nato, R., Sun, J., et al. (2008) Geobacter sulfurreducens
strain engineered for increased rates of respiration. Metab
Eng 10: 267–275.

Kaku, N., Yonezawa, N., Kodama, Y., and Watanabe, K.
(2008) Plant/microbe cooperation for electricity generation
in a rice paddy field. Appl Microbiol Biotechnol 79:
43–49.

Leang, C., Qian, X.L., Mester, T., and Lovley, D.R. (2010)
Alignment of the c-Type cytochrome OmcS along pili of
Geobacter sulfurreducens. Appl Environ Microbiol 76:
4080–4084.

Lee, H.S., Torres, C.I., and Rittmann, B.E. (2009) Effects of
substrate diffusion and anode potential on kinetic param-
eters for anode-respiring bacteria. Environ Sci Technol 43:
7571–7577.

Lewis, K. (1966) Symposium on bioelectrochemistry of micro-
organisms. 4. Biochemical fuel cells. Bacteriol Rev 30:
101–113.

344 J. Arends and W. Verstraete

© 2011 The Authors
Microbial Biotechnology © 2011 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 5, 333–346



Leys, D., and Scrutton, N.S. (2004) Electrical circuitry in
biology: emerging principles from protein structure. Curr
Opin Struct Biol 14: 642–647.

Li, J., Liu, G., Zhang, R., Luo, Y., Zhang, C., and Li, M. (2010)
Electricity generation by two types of microbial fuel cells
using nitrobenzene as the anodic or cathodic reactants.
Bioresour Technol 101: 4013–4020.

Logan, B., Cheng, S., Watson, V., and Estadt, G. (2007)
Graphite fiber brush anodes for increased power produc-
tion in air-cathode microbial fuel cells. Environ Sci Technol
41: 3341–3346.

Logan, B.E., Hamelers, B., Rozendal, R., Schröder, U.,
Keller, J., Freguia, S., et al. (2006) Microbial fuel cells:
methodology and technology. Environ Sci Technol 40:
5181–5192.

Lower, B.H., Yongsunthon, R., Shi, L., Wildling, L., Gruber,
H.J., Wigginton, N.S., et al. (2009) Antibody recognition
force microscopy shows that outer membrane cyto-
chromes OmcA and MtrC are expressed on the exterior
surface of Shewanella oneidensis MR-1. Appl Environ
Microbiol 75: 2931–2935.

McLean, J.S., Wanger, G., Gorby, Y.A., Wainstein, M.,
McQuaid, J., Ishii, S.I., et al. (2010) Quantification of elec-
tron transfer rates to a solid phase electron acceptor
through the stages of biofilm formation from single cells to
multicellular communities. Environ Sci Technol 44: 2721–
2727.

Mahadevan, R., Bond, D.R., Butler, J.E., Esteve-Nunez, A.,
Coppi, M.V., Palsson, B.O., et al. (2006) Characterization
of metabolism in the Fe(III)-reducing organism Geobacter
sulfurreducens by constraint-based modeling. Appl
Environ Microbiol 72: 1558–1568.

Mahadevan, R., Palsson, B.O., and Lovley, D.R. (2011) In
situ to in silico and back: elucidating the physiology and
ecology of Geobacter spp. using genome-scale modelling.
Nat Rev Microbiol 9: 39–50.

Marsili, E., Baron, D.B., Shikhare, I.D., Coursolle, D.,
Gralnick, J.A., and Bond, D.R. (2008a) Shewanella
secretes flavins that mediate extracellular electron transfer.
Proc Natl Acad Sci USA 105: 3968–3973.

Marsili, E., Rollefson, J.B., Baron, D.B., Hozalski, R.M., and
Bond, D.R. (2008b) Microbial biofilm voltammetry: direct
electrochemical characterization of catalytic electrode-
attached biofilms. Appl Environ Microbiol 74: 7329–7337.

Mehta, T., Childers, S.E., Glaven, R., Lovley, D.R., and
Mester, T. (2006) A putative multicopper protein secreted
by an atypical type II secretion system involved in the
reduction of insoluble electron acceptors in Geobacter sul-
furreducens. Microbiology 152: 2257–2264.

Nevin, K.P., Richter, H., Covalla, S.F., Johnson, J.P.,
Woodard, T.L., Orloff, A.L., et al. (2008) Power output and
columbic efficiencies from biofilms of Geobacter sulfurre-
ducens comparable to mixed community microbial fuel
cells. Environ Microbiol 10: 2505–2514.

Nevin, K.P., Kim, B.-C., Glaven, R.H., Johnson, J.P.,
Woodard, T.L., Methé, B.A., et al. (2009) Anode biofilm
transcriptomics reveals outer surface components essen-
tial for high density current production in Geobacter sul-
furreducens fuel cells. PLoS ONE 4: e5628.

Nevin, K.P., Woodard, T.L., Franks, A.E., Summers, Z.M.,
and Lovley, D.R. (2010) Microbial electrosynthesis: feeding

microbes electricity to convert carbon dioxide and water to
multicarbon extracellular organic compounds. MBio 1:
e00103–e00110.

Paquete, C.M., and Louro, R.O. (2010) Molecular details of
multielectron transfer: the case of multiheme cytochromes
from metal respiring organisms. Dalton Trans 39: 4259–
4266.

Parameswaran, P., Torres, C.I., Lee, H.-S., Rittmann, B.E.,
and Krajmalnik-Brown, R. (2011) Hydrogen consumption in
microbial electrochemical systems (MXCs): the role of
homo-acetogenic bacteria. Bioresour Technol 102: 263–
271.

Park, D.H., and Zeikus, J.G. (2000) Electricity generation in
microbial fuel cells using neutral red as an electronophore.
Appl Environ Microbiol 66: 1292–1297.

Pham, T.H., Aelterman, P., and Verstraete, W. (2009a) Bio-
anode performance in bioelectrochemical systems: recent
improvements and prospects. Trends Biotechnol 27: 168–
178.

Pham, H., Boon, N., Marzorati, M., and Verstraete, W.
(2009b) Enhanced removal of 1,2-dichloroethane by
anodophilic microbial consortia. Water Res 43: 2936–
2946.

Pham, T.H., Rabaey, K., Aelterman, P., Clauwaert, P., De
Schamphelaire, L., Boon, N., and Verstraete, W. (2006)
Microbial fuel cells in relation to conventional anaerobic
digestion technology. Eng Life Sci 6: 285–292.

Potter, M.C. (1911) Electrical effects accompanying the
decomposition of organic compounds. Proc R Soc Lond B
Biol Sci 84: 260–276.

Qian, X.L., Mester, T., Morgado, L., Arakawa, T., Sharma,
M.L., Inoue, K., et al. (2011) Biochemical characterization
of purified OmcS, a c-type cytochrome required for
insoluble Fe(III) reduction in Geobacter sulfurreducens.
Biochim Biophys Acta 1807: 404–412.

Rabaey, K., Butzer, S., Brown, S., Keller, J., and Rozendal,
R.A. (2010) High current generation coupled to caustic
production using a lamellar bioelectrochemical system.
Environ Sci Technol 44: 4315–4321.

Reguera, G., McCarthy, K.D., Mehta, T., Nicoll, J.S., Tuom-
inen, M.T., and Lovley, D.R. (2005) Extracellular electron
transfer via microbial nanowires. Nature 435: 1098–1101.

Richardson, D.J. (2000) Bacterial respiration: a flexible
process for a changing environment. Microbiology 146:
551–571.

Richter, H., Nevin, K.P., Jia, H.F., Lowy, D.A., Lovley, D.R.,
and Tender, L.M. (2009) Cyclic voltammetry of biofilms of
wild type and mutant Geobacter sulfurreducens on fuel cell
anodes indicates possible roles of OmcB, OmcZ, type IV
pili, and protons in extracellular electron transfer. Energy
Environ Sci 2: 506–516.

Rozendal, R.A., Hamelers, H.V.M., Euverink, G.J.W., Metz,
S.J., and Buisman, C.J.N. (2006) Principle and perspec-
tives of hydrogen production through biocatalyzed elec-
trolysis. Int J Hydrogen Energy 31: 1632–1640.

Rozendal, R.A., Leone, E., Keller, J., and Rabaey, K. (2009)
Efficient hydrogen peroxide generation from organic matter
in a bioelectrochemical system. Electrochem Commun 11:
1752–1755.

Sasaki, K., Sasaki, D., Morita, M., Hirano, S., Matsumoto, N.,
Ohmura, N., and Igarashi, Y. (2010) Bioelectrochemical

Three concepts of BES based on microbial performance 345

© 2011 The Authors
Microbial Biotechnology © 2011 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 5, 333–346



system stabilizes methane fermentation from garbage
slurry. Bioresour Technol 101: 3415–3422.

Schröder, U. (2007) Anodic electron transfer mechanisms in
microbial fuel cells and their energy efficiency. Phys Chem
Chem Phys 9: 2619–2629.

Shi, L.A., Richardson, D.J., Wang, Z.M., Kerisit, S.N., Rosso,
K.M., Zachara, J.M., and Fredrickson, J.K. (2009) The
roles of outer membrane cytochromes of Shewanella and
Geobacter in extracellular electron transfer. Environ Micro-
biol Rep 1: 220–227.

Sleutels, T., Hamelers, H.V.M., and Buisman, C.J.N. (2010)
Reduction of pH buffer requirement in bioelectrochemical
systems. Environ Sci Technol 44: 8259–8263.

Sleutels, T.H.J.A., Lodder, R., Hamelers, H.V.M., and
Buisman, C.J.N. (2009a) Improved performance of porous
bio-anodes in microbial electrolysis cells by enhancing
mass and charge transport. Int J Hydrogen Energy 34:
9655–9661.

Sleutels, T.H.J.A., Hamelers, H.V.M., Rozendal, R.A., and
Buisman, C.J.N. (2009b) Ion transport resistance in micro-
bial electrolysis cells with anion and cation exchange mem-
branes. Int J Hydrogen Energy 34: 3612–3620.

Stams, A.J.M., de Bok, F.A.M., Plugge, C.M., van Eekert,
M.H.A., Dolfing, J., and Schraa, G. (2006) Exocellular elec-
tron transfer in anaerobic microbial communities. Environ
Microbiol 8: 371–382.

Steinbusch, K.J.J., Hamelers, H.V.M., Schaap, J.D.,
Kampman, C., and Buisman, C.J.N. (2010) Bioelectro-
chemical ethanol production through mediated acetate
reduction by mixed cultures. Environ Sci Technol 44: 513–
517.

Sundmacher, K. (2010) Fuel cell engineering: toward the
design of efficient electrochemical power plants. Ind Eng
Chem Res 49: 10159–10182.

Tender, L.M., Reimers, C.E., Stecher, H.A., Holmes, D.E.,
Bond, D.R., Lowy, D.A., et al. (2002) Harnessing microbi-
ally generated power on the seafloor. Nat Biotechnol 20:
821–825.

Ter Heijne, A., Hamelers, H.V.M., De Wilde, V., Rozendal,
R.A., and Buisman, C.J.N. (2006) A bipolar membrane
combined with ferric iron reduction as an efficient cathode
system in microbial fuel cells. Environ Sci Technol 40:
5200–5205.

Torres, C.I., Kato Marcus, A., and Rittmann, B.E. (2008)
Proton transport inside the biofilm limits electrical current

generation by anode-respiring bacteria. Biotechnol Bioeng
100: 872–881.

Torres, C.I., Marcus, A.K., Lee, H.S., Parameswaran, P.,
Krajmalnik-Brown, R., and Rittmann, B.E. (2010) A kinetic
perspective on extracellular electron transfer by anode-
respiring bacteria. FEMS Microbiol Rev 34: 3–17.

Verstraete, W., deBeer, D., Pena, M., Lettinga, G., and Lens,
P. (1996) Anaerobic bioprocessing of organic wastes.
World J Microbiol Biotechnol 12: 221–238.

Wang, Y.F., Tsujimura, S., Cheng, S.S., and Kano, K. (2007)
Self-excreted mediator from Escherichia coli K-12 for elec-
tron transfer to carbon electrodes. Appl Microbiol Biotech-
nol 76: 1439–1446.

Weld, R.J., and Singh, R. (2011) Functional stability of a
hybrid anaerobic digester/microbial fuel cell system treat-
ing municipal wastewater. Bioresour Technol 102: 842–
847.

Williams, K.H., Nevin, K.P., Franks, A., Englert, A.,
Long, P.E., and Lovley, D.R. (2010) Electrode-based
approach for monitoring in situ microbial activity during
subsurface bioremediation. Environ Sci Technol 44:
47–54.

Zhang, F., Jacobson, K.S., Torres, P., and He, Z. (2010a)
Effects of anolyte recirculation rates and catholytes on
electricity generation in a litre-scale upflow microbial fuel
cell. Energy Environ Sci 3: 1347–1352.

Zhang, T., Gannon, S.M., Nevin, K.P., Franks, A.E., and
Lovley, D.R. (2010b) Stimulating the anaerobic degrada-
tion of aromatic hydrocarbons in contaminated sediments
by providing an electrode as the electron acceptor. Environ
Microbiol 12: 1011–1020.

Zhang, L., De Schryver, P., De Gusseme, B., De Muynck, W.,
Boon, N., and Verstraete, W. (2008) Chemical and biologi-
cal technologies for hydrogen sulfide emission control in
sewer systems: a review. Water Res 42: 1–12.

Zhang, X.Y., Cheng, S.A., Wang, X., Huang, X., and Logan,
B.E. (2009) Separator characteristics for increasing perfor-
mance of microbial fuel cells. Environ Sci Technol 43:
8456–8461.

Zhu, S.K., Fan, B., Wu, J.W., Feng, Y.Y., and Zhang, Y. (2009)
Performance of tetramethoxyphenyl porphyrin cobalt(II)
(CoTMPP) based stainless steel cathode in the elec-
tricigenic permeable reactive barrier for groundwater
organic contamination remediation. Water Sci Technol 59:
979–985.

346 J. Arends and W. Verstraete

© 2011 The Authors
Microbial Biotechnology © 2011 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 5, 333–346


