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Abstract Bio-electrochemical systems (BESs) enable mi-
crobial catalysis of electrochemical reactions. Plain electri-
cal power production combined with wastewater treatment
by microbial fuel cells (MFCs) has been the primary
application purpose for BESs. However, large-scale power
production and a high chemical oxygen demand conversion
rates must be achieved at a benchmark cost to make MFCs
economical competitive in this context. Recently, a number
of valuable oxidation or reduction reactions demonstrating
the versatility of BESs have been described. Indeed, BESs
can produce hydrogen, bring about denitrification, or
reductive dehalogenation. Moreover, BESs also appear to
be promising in the field of online biosensors. To
effectively apply BESs in practice, both biological and
electrochemical losses need to be further minimized. At
present, the costs of reactor materials have to be decreased,
and the volumetric biocatalyst activity in the systems has to
be increased substantially. Furthermore, both the ohmic cell
resistance and the pH gradients need to be minimized. In
this review, these losses and constraints are discussed from
an electrochemical viewpoint. Finally, an overview of
potential applications and innovative research lines is given
for BESs.
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Introduction

In bio-electrochemical systems (BESs), at least one of the
anodic or cathodic reactions is microbially catalyzed
(Rabaey et al. 2007). If a BES is producing electrical
energy, the term microbial fuel cell (MFC) is used whereas
a microbial electrolysis cell (MEC) indicates that a BES is
consuming electrical energy to drive the electrochemical
reactions (Rozendal et al. 2006b; Fig. 1). In the early BESs,
electron mediation between microorganisms and an elec-
trode was established by means of adding mediators (Allen
and Bennetto 1993, Blake et al. 1994, Park et al. 1999).
Only recently, electron transfer in both anodes and cathodes
has been described without the external addition of artificial
electron mediators (Bond and Lovley 2003, Clauwaert et al.
2007b, Gregory et al. 2004, Rabaey et al. 2004).

The primary focus of MFCs has been the production of
plain electrical power; however, maximum power outputs
achieved thus far are in the order of 100 W m > MFC
(Table 1), which is rather low in terms of investment costs
compared to anaerobic digesters that produce electrical
power up to 1,000 W m > (Pham et al. 2006). Recently,
more emphasis is being given to added value purposes for
BESs, such as hydrogen production (Liu et al. 2005b,
Rozendal et al. 2006b), water purification (Clauwaert et al.
2007a, Rabaey et al. 2005b), and the use of BESs as
biosensors (Kim et al. 2003).

Before bench-scale reactors can be upgraded to econom-
ically feasible applications, a number of hurdles that limit
the overall performance need to be overcome. In this
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review, an overview of limiting factors of BESs is given in
an electrochemical context linking performance with
physical and biological constraints. In addition, several
research approaches resulting in potential applications for
BESs are proposed.

Losses in bioelectrochemical systems

The cell voltage (AE [V]) in a BES is determined by the
open circuit voltage (OCV) lowered with losses that occur
as current is produced. The OCV is the difference between
the cathodic and anodic equilibrium potential (E."*"*% and
E.™% [V vs standard hydrogen electrode (vs SHE)]). The
losses that occur in BESs are the overpotentials of the
anode and the cathode (AE, = Zpcthode — gpanede [p7]) and
the ohmic voltage losses of the system (AEq = I.XRq,
[V]; I, [4]; ZRa, [Q)):

AE = OCV — AE,, — AEq = (Egathode _ Ezgnode)
_ (znanode _ zncathode)
—LZRq.

Plotting the cell voltage and electrode potentials in
function of the current density produced, which is called a
polarization curve, is one of the most revealing methods to
express the cell performance (Fig. 2; Aelterman et al.
2006b; Cheng and Logan 2007a; Rozendal et al. 2006b).
The total overpotential of an electrode (both activation and
concentration overpotentials) is generally calculated as the
difference between the electrode potential under consider-
ation (£ [V vs SHE]) and the equilibrium potential (E, [V vs
SHE]; Freguia et al. 2007, Rozendal et al. 2007b): n=E—
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Power source

E.. It is important that the distance between the reference
electrode and the electrode is minimized to at least a few
millimeters to minimize the ohmic voltage bias. In this
section, all losses (ohmic voltage losses, activation over-
potentials, concentration overpotentials, and coulombic
losses) are discussed.

Ohmic voltage losses

In BESs, there are two types of charge transfer that give rise
to ohmic voltage losses: electron transfer through the
electrodes and ion transfer through the electrolyte. The
ohmic voltage loss will thus be determined by the resistivity
of the different conductors (electrodes, current collectors,
wires, membranes, and electrolyte) on the one hand and cell
configuration on the other hand. As the resistance of the
system (ZRq [Q]) is current-independent according to
Ohm’s law, the sum of all ohmic voltage losses (AEq [V])
for a given current is obtained by multiplying the current
produced (/ [A]) with the resistance.

The ohmic resistance can be experimentally determined
with the current interrupt method (Aelterman et al. 2006b)
or electrochemical impedance spectroscopy (He et al. 2006;
Rozendal et al. 2007b). The ohmic voltage loss over the
membrane can be determined by measuring the voltage
difference between two reference electrodes at both sides of
the membrane, corrected for ohmic electrolyte voltage
losses (Terheijne et al. 2006). When the increase of the
overpotentials is negligible with increasing current densi-
ties, the slope of the cell voltage of the linear ohmic part of
the voltage—current plot can be used as an equivalent for the
ohmic resistance of the cell. However, if the overpotentials
tend to increase with increasing current densities, the value
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Fig. 2 a Schematic overview of
the anodic and cathodic over-
potentials (S7*"°% and
Yneathode) in function of the
current density (7)) for MFCs
(With a reference electrode in
the anode: £2"°%, the anode
potential and Ecahode — fpanode
AE + [.ZRq=the cathode
potential; OCV=E,cthode—
E.°%=the open circuit volt-
age). b Schematic overview of
the ohmic voltage loss (/.Z.Rg)
in function of the current densi-
ty. ¢ The cell voltage (AE) and
the power density (P) in func-
tion of the current density
(Ropt=AE op/iopt; iscc=the short
circuit current)
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of the slope is not current-independent, and as a result, it
cannot be expressed in ohms.

It is useful to relate the ohmic resistance with the reactor
size, as the ohmic resistance is dependent on the reactor
size and the spatial configuration. Expressing the ohmic
resistance of the cell in Q.m® BES by multiplying the
ohmic resistance with the reactor volume allows a relative
comparison between different types of cells (Fig. 3). Using
volume instead of surface area is especially useful when the
exact active surface area cannot be determined. The plain
BES reactor volume is, here by convention, the sum of the
electrode volume, the membrane, and all the electrolyte in

@ Springer
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the reactor. When a maximal cell voltage of an acetate-
driven open air MFC of, e.g., 0.930 V (Clauwaert et al.
2007b), is considered (assuming no other losses), it can be
calculated that the ohmic resistance of a cell designed to
convert maximally 10 kg COD m > MFC day " at near zero
volts (or igcc=1,396 A m> MEFC) should not exceed
0.66 mQ.m> MFC. For a lab scale system of 200 ml MFC,
this would mean that a maximal ohmic resistance of 3.3 Q
is acceptable to convert 10 kg COD m > MFC day ' near
the short circuit point operation (assuming no other losses).
Ohmic resistance expressed in mQ.m> BES appears to
increase with increasing reactor size in present reactor types
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Fig. 3 The ohmic resistance (mQ.m> BES) in function of the reactor
volume (1 BES). The dashed lines indicate the calculated theoretical
volumetric COD conversion rates if the ohmic resistance would be the
only voltage loss (assumptions to enable comparison: 0.930 V OCV
for MFCs and current production at short circuit conditions and
1.100 V applied for MECs, of which 0.170 V equilibrium voltage;

(Fig. 3). Thus, one of the major challenges when BESs are
scaled up is to maintain the same volumetric ohmic
resistance at a reasonable cost. Besides minimizing the
inactive reactor volume, a significant lowering of the
electrode and membrane resistance is needed.

Activation overpotentials

The kinetic slowness of the redox reactions is accompanied
by activation overpotentials. If concentration polarization is
not taken into account, which is however never the case in
reality, the Tafel equations can be used to calculate the
exchange current and the symmetry factor. The higher the
exchange current density, the lower the activation over-
potential is (Freguia et al. 2007). The Tafel equations
demonstrate that there is a linear correlation between the
activation overpotential and the logarithmic value of the
current. Thus, activation overpotentials are the most
dominant overpotentials in the low current density range,
and the activation overpotentials increase slower with
increasing current densities (Fig. 2a).

The current density is typically expressed per total
electrode surface. However, the electrochemical reactions
only occur at specific reactive catalyst sites. In the case of a
chemical catalyst, the catalyst loading will determine the
number of reactive sites. Increasing the number of reactive
sites lowers the associate activation losses (Cheng et al.
2006). Catalyst poisoning inactivates reactive sites and

1 kg COD m > BES day '=140 A m* BES; calculated values from /
Aelterman et al. (2006b), 2 Clauwaert et al. (2007a), 3 Clauwaert et al.
(2007b), 4 Freguia et al. (2008), 5 He et al. (2006), 6 Liang et al.
(2007), 7 Logan et al. (2007), 8 Rabaey et al. 2005b, 9 Rozendal et
al. 2007b

further increases electrode overpotentials (Niessen et al.
2004).

Also for biological catalyzed reactions, energy is needed
to onset electricity production. The amount of biocatalyzing
microorganisms in relation to the available surface area, the
intrinsic electron transfer rate of the rate determining
enzyme/redox system, and the biological activity of the
microbial consortium will determine the magnitude of the
overpotentials. This biocatalytic activity is dependent on
the environmental conditions (mineral composition, tem-
perature, toxic compounds, electrode properties, and elec-
trode potential) and biological competition within the
microbial consortium (Cheng and Logan 2007a; Clauwaert
et al. 2007b; Liu et al. 2005a; Rabaey et al. 2005b; Rabaey
and Verstraete 2005). The maximum current production or
the boundaries for the biocatalytic electron transfer rate in
axenic and mixed cultured have not yet been determined, as
BES reactor design and operation have been suboptimal
until now.

Concentration overpotentials

Concentration overpotentials are associated with the con-
centration gradient of reagents and products in the
proximity of the electrode. Inefficient mass transfer through
diffusion and convection of substrate or removal of
products may limit the maximal current production at an
electrode. This is observed in the polarization curve as a
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sharp decrease of the cathodic electrode potential or a sharp
increase of the anodic electrode potential in the proximity
of the short circuit current (is..; Fig. 2a). However, if, for
example, the anodic biocatalytic activity becomes limited
due to local acidification at higher currents, the same
polarization profile can be observed. Further research is
needed to measure the contribution of different over-
potentials in combination with the energy-consuming
nature of the biocatalysts, as it is difficult to make a clear
distinction at this moment.

Coulombic losses

The coulombic efficiency indicates the ratio between
coulombs recovered as current over the total amount of
coulombs from the electron donor added (e.g., eight
electrons per mole acetate). On the one hand, there is
incomplete substrate removal in the effluent, and on the
other hand, there is occurrence of alternative reactions that
do not result in current production. For a biocatalyzed
anode, this means that, first, fermentation or anaerobic
respiration of organic compounds in the anode can occur in
a way that some products (e.g., gaseous compounds like
methane) are not converted into electrical current produc-
tion. If these anaerobic products, like acetate or H,S, can be
completely recovered as current, the coulombic efficiency
is not affected; however, the energy liberated in these
processes is lost (Rabaey et al. 2006). Secondly, the build-
up of biomass gives rise to a lower coulombic efficiency.
Thirdly, crossover of substrate or mixing of anodic and
cathodic reagents can give rise to a low coulombic
efficiency. In membraneless MFCs, a high influx of oxygen
in the anode gives rise to aerobic conversion of the organic
substrate with a low coulombic efficiency as a result (Liu
and Logan 2004).

Strategies to minimize losses in BESs

To boost the performance of BESs, the losses described
previously need to be minimized. Besides reactor configura-
tion, also optimization of the operational parameters such as
the electrode potentials, substrate loading rate, and hydraulic
retention time enable BES operators to optimize the cell
performance (Du et al. 2007). Engineering of the microbial
consortium and the biofilm structure might also render useful
tools in the development of better-performing BESs.

BES resistance and membrane use
To minimize ohmic voltage losses in BESs, the selection of

highly conductive electrodes for electron transport is
crucial. The resistivity of metals toward electron transfer
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is in the order of 1077-10® Q.m at 20°C, while the
resistivity of carbon towards 7t-electrons is in the order 3.5
107 Q.m (Serway and Beichner 2000). However, metals
are generally more expensive than carbon and might be
more subject to corrosion. Therefore, the combination of
carbon fibers with a high specific surface area for microbial
colonization combined with a limited amount of stainless
steel as a current collector has been proposed (Logan et al.
2007; Rabaey et al. 2008). In addition, transition of charges
between different conductors can give rise to a higher
ohmic cell resistance in the case of bad contacts (Rozendal
et al. 2007b).

For ionic charge transport in electrolytes, the resistance
toward ion transfer is dependent on the concentration and
mobility of the different ions. The resistivity of wastewater
toward ion transfer at room temperature is typically
between 20 Q.m (0.5 mS cm !, drinking water) and
0.2 Q.m (50 mS cm !, seawater). As a result, small BESs
with an electrolyte with a high conductivity will perform
better because of a lower ohmic voltage loss (Harnisch et
al. 2008; Liu et al. 2005a). Generally, the electrolyte
composition of wastewater cannot be altered; therefore,
the distance between anode and cathode needs to be
minimized (Liu et al. 2005a). The use of so called H-type
reactors (Logan et al. 2006) needs to be avoided for this
reason, unless only one electrode with potentiostatic
electrode potential control is of interest.

The use of membranes increases the ohmic voltage loss in
BESs (in the order of 5 to 14 Q.m or 9 to 45 mQ.cm? at pH 7
with a 50 mM phosphate buffer; Harnisch et al. 2008; Liu
and Logan 2004). It also results in the build-up of a pH
gradient of several units across the membrane (Rozendal et
al. 2006a). Such a pH gradient across the membrane is
accompanied, according to the Nernst equation (0.059 V per
pH unit), by a higher anodic equilibrium potential and/or a
lower cathodic equilibrium potential, which lowers the
attainable cell voltage in MFCs or increases the voltage
needed to drive the MECs. These losses might turn out to be
significant, as e.g., a pH difference across the membrane of
6.4 resulted in an additional voltage loss of 0.380 V
(Rozendal et al. 2007b). Different types of membranes have
been investigated; however, none of the membranes tested
could solve these problems in a satisfactory way (Rozendal
et al. 2007a; Ter Heijne et al. 2007). Introducing the anode
effluent in the cathode has been proposed to obtain a pH
neutral balance (Freguia et al. 2008).

Furthermore, a low-buffer capacity (Zhao et al. 2006) in
combination with a slow proton transfer to the bulk solution
and through a cation exchange membrane (Rozendal et al.
2006a) results in a rapid acidification of the anodic biofilm,
thus decreasing its electro-catalytic activity (Harnisch et al.
2008). This imposes constraints to treat wastewater with a
low pH-buffer capacity. The same constraints hold for
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biocatalyzed cathodes, where an optimal pH is needed to
ensure sufficient activity of cathodic microorganisms
(Clauwaert et al. 2007b). Membraneless systems are only
useful if mixing of the anodic and the cathodic reagents
[e.g., acetate and oxygen (Liu and Logan 2004) or carbon
dioxide and hydrogen gas (Rozendal et al. 2008)] is not
giving rise to a low conversion efficiency.

BES configuration

To increase the overall voltage generation of MFCs for a set
current generation, several authors have reported the
connection of multiple MFCs in series (Aelterman et al.
2006b, Oh and Logan 2007, Shin et al. 2006). When MFCs
are connected in series, the voltage of the different MFCs is
added, while the current is determined by the average
catalytic activity of the complete system. As the current is
flowing through the complete system, the use of conductive
but impermeable bipolar plates is needed to keep the ohmic
voltage loss in the electrodes as low as possible. In
addition, the biological and operational characteristics of
the stacked MFCs need to be uniform to avoid cell reversal.
During cell reversal, a MFC with a low catalytic activity or
hampered influent flow will switch polarity and, on the
long term, will fail (Aelterman et al. 2006b). Care should be
taken to prevent this when MFCs are constructed in series
(Oh and Logan 2007). Connecting several MFCs in parallel
enables the generation of electricity at increased currents
for a set voltage (Aelterman et al. 2006b).

BES operation

To maximize the power production per volumetric unit of
MFC, one needs to apply the optimal external resistance
(Ropt) as determined during polarization (Fig. 2¢). Operating
a MFC without external resistance will result in the short
circuit current production (is..); however, as the cell voltage
is zero, no energy is harvested. At external resistances
higher than R, the energetic efficiency increases; however,
the volumetric current and power production decrease. For
MECs, the applied voltage will determine the current
production and thus the conversion rate.

To achieve a high volumetric conversion rate at a high
conversion efficiency, it is necessary to select the appropri-
ate hydraulic retention time for a given substrate concen-
tration or volumetric substrate loading rate. For continuous
biocatalyzed acetate oxidizing anode systems, the hydraulic
retention times reported are typically in the order of 2.6 to
8.9 h for volumetric loading rates between 0.3 and 1.5 kg
COD m™> MFC day ' achieving coulombic efficiencies
between 65% and 96% (Aelterman et al. 2006b, 2008a;
Clauwaert et al. 2007b; Freguia et al. 2007; Rabaey et al.
2005b). The substrate affinity constant (K;) of the microbial

consortium under different operational conditions is a
poorly investigated parameter for biocatalyzed reactions.
For batch-fed acetate oxidizing MFCs, the K value was
9 mg acetate I with an external resistance of 140 mQ.m’
MFC vs 141 mg acetate I"' for an external resistance of 6 m
Q.m> MFC).

Electrode surface properties

Besides the specific electrode surface, the selection of a
catalyst, its concentration, and the application of the
catalyst on an electrode carrier have been described to
highly affect the catalytic activity of the electrode in BESs
(Yu et al. 2007; Zhao et al. 2006). Platinum has been
widely used, both in anodes and cathodes, as it is highly
reactive with hydrogen gas and oxygen, respectively.
Protective coatings have been introduced to prevent the
poisoning of platinum in microbial electrolytes (Niessen et
al. 2004). Other metallic catalysts have been proposed as
cheaper alternatives for oxygen reduction in the cathode
(Cheng et al. 2006; Zhao et al. 2005). Furthermore, the
combination of a chemical and microbial catalysis (Rhoads
et al. 2005; Ter Heijne et al. 2007) or completely biological
cathodes (Bergel et al. 2005; Clauwaert et al. 2007a,b; He
and Angenent 2006; Rozendal et al. 2008) can be a
sustainable and cost-effective alternative to lower cathodic
overpotentials. Changing the electrode properties has been
described to shorten the start-up of bioanodes and biocath-
odes with 30-50% (Cheng and Logan 2007a; Clauwaert et
al. 2007b). The use of biodeposited metals on the cell wall
of microorganisms as a way to increase the reactive surface
area has successfully been applied to increase the rate of
catalytic dechlorination (De Windt et al. 2005). This
strategy could be applied in BESs to deposit reactive
metallic catalysts more efficiently on a microbial-colonized
electrode to enhance the catalytic activity of the electrode.
Direct oxidation of organic molecules at an electrode or
enzymatic catalyzed reactions might be an alternative
approach to lower the overpotentials (Rosenbaum et al.
2006).

A strategy to lower the overpotentials is to lower the
actual current density for a given current by a high specific
electrode surface area in the order 10° m* m > (Freguia et
al. 2007). This also increases the surface for enhanced
substrate and product exchange between the electrode
interface and the bulk solution, which can avoid limited
current production due to concentration polarization.
Especially for biological oxidations or reductions, it is
difficult to know the exact electrochemical active surface
area. It is not evident to verify if the complete electrode is
covered with microorganisms and if every part of the
electrode is equally colonized. The unknown fraction of
electrochemically active microorganisms on the electrode in
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combination with the possibility of an electrochemically
active multilayer biofilm makes the online determination of
the active surface area very difficult. While unsatisfactory
for firm electrochemical conclusions, the expression of
volumetric current density (A m > BES) enables better
comparison between different systems in a process engi-
neering context (Table 1).

Selection for optimal microbial community functionality

Although the term biocatalyst is commonly used to address
the microorganisms in BESs, strictly speaking, as the
microorganisms consume part of the energy of the substrate
for maintenance and growth, they are no real catalysts
(Schroder 2007). At present, it is unknown to which extent
the energy used for biomass growth and maintenance
contribute to the overpotentials at a biocatalyzed electrode.
Acetate-oxidizing microorganisms, which were operated at
an anode potential of —0.200 V vs SHE, had a biomass
concentration that was approximately 25% lower compared
to an anode poised at 0.000 or 0.200 V vs SHE after
30 days of operation. However, the specific biomass
activity was in the order of 3.2 g COD.g VSS '.day™
(based on the current generation and biomass concentra-
tion) for the microbial consortium operating in the narrow
redox range (—0.200 V vs SHE), whereas specific biomass
activity in the order of 2.8 and 2.3 g COD.g VSS™'.day '
for anodes operated at 0.000 and 0.200 V vs SHE,
respectively (Aelterman et al. 2008a). It seems that anodic
microorganisms operated in a narrow redox range compen-
sated a lower energy yield per mole electrons transferred by a
higher activity. Because the electrode potential in an acetate-
oxidizing anode is typically in this range, we hypothesize
that microorganisms with electron transfer mechanisms that
are highly active at low-anode potentials (or high for a

Fig. 4 Overview of the differ-
ent taxonomic classes in anodes
of MFCs, examined by clone
libraries and sequencing in eight
different setups (Aelterman et al.
2006b; Back et al. 2004; Kim et
al. 2004, 2006; Lee et al. 2003;
Logan et al. 2005; Phung et al.
2004; Rabaey et al. 2004). The
different phyla are represented
by different patterns. The rela-
tive amount of the different
phyla is given between brackets:
Proteobacteria (64%), Firmi-
cutes (13%), Bacteroides (7%),
other phyla (3%), non-classified
sequences (13%) (Aelterman et
al. 2008b, with permission)

Clostridia

Flavobacteria
Sphingobacteria
Actinobacteria

Chlorobia
Acidobacteria

Planctomycetia
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proteobacteria

Bacteriodetes

biocatalyzed cathode) might be able to out-compete other
electroactive species, that are not able to respire at such
redox conditions, by changing the electrode potential.

Microorganisms that use an inert electrode for direct
respiration need a strategy to mediate the electrons between
their respiratory electron transfer chain and the electrode.
The effectiveness of this electron mediation will have an
influence on the magnitude of the overpotentials and thus
the attainable electron transfer rate. Two mechanisms have
been proposed for anodic electron transfer: direct electron
transfer with outer membrane cyctochromes or nanowires
(Bond and Lovley 2003; Gorby et al. 2006; Reguera et al.
2005, 2006) and the use of organic or inorganic electron
shuttles between microorganisms and the electrode (Pham
et al. 2008; Rabaey et al. 2004, 2005a). The mechanisms
for cathodic biocatalyzed reactions without the use of
electron-shuttling molecules remain unknown (Clauwaert
et al. 2007b; Gregory et al. 2004).

Different anodic and cathodic microbial communities
have been associated with a similar BES performance
(Aelterman et al. 2008b; Clauwaert et al. 2007b; Rabacey et
al. 2008). No typical MFC community was found while
comparing eight different anode communities, although
several genera were frequently reported (Fig. 4; Aelterman
et al. 2008b). Clearly, a wide variety of microorganisms is
capable of respiring with the help of an electrode. No
electroactive communities have been reported to evolve to a
quasi-axenic culture, even when fed with the same substrate
for prolonged periods of time under the same conditions
(Aelterman et al. 2006b).

It has been reported that, on an acetate-oxidizing anode,
some dominant Gram-negative bacteria (Pseudomonas sp.)
can produce metabolites such as pyocyanin and/or phena-
zine-1-carboxamide, which can function as electron shuttles
(mediators), not only the for the bacteria themselves but

Alpha-
Beta-
proteobacteria

Gamma-
proteobacteria

Delta-

Epsilon-
proteobacteria

Unknown proteobacteria
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also for other species to transfer electrons to the anode
(Rabaey et al. 2005a). Brevibacillus sp. was dominant in a
microbial community of an acetate-oxidizing anode, but
when operated as a single strain, it showed a poor
performance and could only achieve significant electricity
generation if phenazine-1-carboxamide was supplied into
its anodic medium, together with a certain amount of
rhamnolipid biosurfactant (Pham et al. 2008). It is therefore
reasonable to conclude that exploiting microbial interac-
tions, in ways that optimize the bacteria—electrode electron
transfer could be an approach to enhance the overall
performance of a BES.

Another approach to improve biocatalysis in a BES is to
engineer the structure of the biofilms in the BES. Little is
known about biocatalytic biofilm formation, which is
unique in the way that microorganisms have to stay in
touch with both sides of the biofilm: the bulk solution and
the electrode. An open, ‘coral-like’ biofilm structure with a
high-specific surface is likely to supply more electrochem-
ical active species with substrate and to remove products,
thus increasing the distance between the microorganisms
and the electrode. Stimulation of microorganisms develop-
ing an electronic network of nanowires might enable this
long-range electron transfer in a thick biofilm. This was
suggested for a biocatalyzed anode, where an increase in
the thickness of the biofilm up to 50 um of Geobacter
sulfurreducens, which produced electrically conductive pili,
did not result in a decrease in the efficiency of the current
production (calculated maximum current 27 A m > MFC)
(Reguera et al. 2006). Strategies to promote such nanowire
networks have not become available yet. On the other hand,
compact and dense biofilms appear interesting in terms of
short-distance electron transfer but might suffer from
steeper substrate and product concentration gradients.
Applying high shear (>100 s ') has been described to
promote stronger aggregation and attachment of microbes
and hence more compact and denser biofilms in many
microbial systems (van Loosdrecht et al. 2002).

Another strategy to increase the biomass density in an
electrode, besides increasing biofilm thickness or density, is
to increase the specific surface area of the electrode. With a
mono-layer biofilm of 40 mg VSS m 2 [1 um thick, 40 mg
VSS/ml (Rittmann and McCarty 2001)] and an activity as
described for an acetate oxidizing anode (2.3 g COD.g "
VSS.day "), 10 kg COD m* electrode compartment per
day can be converted if the specific surface area of the
electrode is in the order of 1.1x10° m®> m . Granular
graphite [7.11x10* m?> m> available for colonization
(Freguia et al. 2008)] should thus be able to convert
6.5 kg COD m > electrode day ' when only a monolayer
would be active. Taken into account that multi-layers of
biocatalytic microorganisms can be active when electron
mediators (Rabaey et al. 2004), or possibly nanowires

(Reguera et al. 2006), are present, also other electrode
materials, like graphite brushes [7.7x10° m*> m > (Zuo et al.
2007)], should sustain these conversion rates.

Application possibilities
Energy and chemical conversion processes

BESs are considered as environmentally friendly conver-
sion technologies (Rabaey and Verstraete 2005). Typically,
the chemical energy contained in an organic substrate is
directly converted into electrical power, hydrogen gas, or
methane in BESs (Cheng and Logan 2007b; Clauwaert et
al. 2008; Liu et al. 2005b; Rabaey and Verstracte 2005;
Rozendal et al. 2006b). However, to be competitive with
anaerobic digestion, MFCs should be able to produce at
least 400 W m > MFC on a cubic meter scale (Pham et al.
2006), whereas the highest power outputs at present are in
the order of 10-100 W m > MFC. For microbial electrol-
ysis, Rozendal et al. (2006b) estimated that a production
rate of 10 m® H, m > MEC at an applied voltage of 0.3—
0.4 V is only possible with low cathodic overpotentials
(INcathode| <0.1 V). The highest volumetric hydrogen pro-
duction reported at present is in the order of 1.2 m* H, m >
MEC (Cheng and Logan 2007b). Both MFCs and MECs
have only been demonstrated on (sub)liter scale and
without economical optimization of the materials.

Until BESs become more competitive compared to
conventional technologies for energy production or conver-
sion, the application field of BESs will have to be
orientated toward specialized value-added applications
[e.g., providing power to wireless sensors (Shantaram et
al. 2005) or using biocatalyzed anodes for cathodic
protection against corrosion (Orfei et al. 2006)]. Producing
industrial chemicals from waste products in BES that have
an economic added value might be another strategy.
Besides cathodic hydrogen production (Liu et al. 2005b),
the principle of cathodic ethanol production has also been
demonstrated (Steinbush and Hamelers, unpublished
results). Further research might demonstrate whether a
wide variety of inorganic or organic compounds can be
produced by either oxidation or reduction through bio-
catalyzed processes in BESs. However, purification costs
and competition with existing technologies might render
such processes economically difficult.

Water treatment
Removal of organic compounds from wastewater by anodic
oxidation has been proposed as an energy-efficient treat-

ment technology (Aelterman et al. 2006a). On the one
hand, no energy is consumed for aeration (I kWh kg
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COD™! for conventional aeration), and on the other hand,
energy can be recovered from the substrate [theoretical
maximum: 3.8 kWh (kg COD)']. In addition, a lower
sludge production yield for anodic oxidation [0.02-0.05 g
biomass-C (g substrate-C)—" used for acetate (Aelterman et
al. 2008a); 0.07-0.22 g biomass-COD (g substrate-COD) '
used for glucose (Rabaey et al. 2003)] has been described
in comparison to conventional aerobic wastewater treatment
[0.53 g biomass-COD (g substrate-COD) ' (Verstraete and
van Vaerenbergh 1986)]. Another interesting feature of
BESs is the online activity measurement of the biological
conversions by direct and easy monitoring of the current
production and the electrode potential. In that way, a
wastewater treatment operator can more rapidly adjust
operational parameters. Nevertheless, high conversion rates
with raw wastewater have not been demonstrated until now
[<0.2 kg COD as current m > MFC day ' (Rabaey et al.
2005b)]. As long as conversion rates of organic compounds
in wastewater are not in the order of 5-10 kg COD m °
BES day ' at a cost of approximatelyof 0.3 € m°
wastewater, it is unlikely that BESs will out-compete
conventional wastewater treatment technologies, unless
wastewater treatment is accompanied with high value added
features.

The development of novel contaminant removal tech-
nologies in BESs, not necessarily in combination with COD
removal, is a first strategy. Sulfide oxidation in the anode
(Rabaey et al. 2006), denitrification by a biocatalyzed
cathode (Clauwaert et al. 2007a), perchlorate reduction
(Thrash et al. 2007), and reduction of chlorinated organic
compounds by biocatalyzed cathodes (Aulenta et al. 2007)
might give extra added value to BESs. Furthermore, pre-
emptive colonization of reverse osmosis filtrate by autotro-
phic microorganisms on a biocathode might prevent
heterotrophic pathogens become dominant in these filtrates.
In this context, BESs might have a bacteriostatic effect, as
an anodic electrode can be used as an acidifying environ-
ment and a cathode to obtain local high pH values. In
addition, cathodic hydrogen peroxide production can be
combined with anodic COD removal for a combined
disinfection and pollutant removal. In wetlands, sediments,
or rice paddies, an enhanced oxidation of organics would
not only result in a better water quality but also in a lower
methane emissions. In fish ponds, BESs might be useful as
a way to prevent methylmercury formation by redox
balancing (De Schamphelaire et al. 2008). As biocatalyzed
redox reactions has been described in seawater conditions
(Bergel et al. 2005), COD removal and denitrification in
highly conductive waste streams and brines (>5 mS cm )
could be an interesting niche application of BESs.

Another strategy to create added value is the combina-
tion of BESs with existing water treatment technologies.
Combining anaerobic digestion with BESs has been

@ Springer

proposed for polishing sulfides and residual volatile fatty
acids out of digester effluents (Aelterman et al. 2006a;
Pham et al. 2006; Rabaey et al. 2006). Filter beds,
commonly used in water treatment (Hammes et al. 2008;
Kim and Kang 2008), could obtain extra oxidative or
reductive properties when operated as bioelectrochemical
systems. This can possibly enable polar and apolar
substrate removal in the order of micrograms per liter when
operated under optimal conditions.

Biosensors

MFCs have been proposed as BOD sensors, as the current
production can be related to the BOD concentration in a
solution (Kim et al. 2003). In addition, for biocatalyzed
cathodic processes like nitrate or oxygen reduction, the
current production might be a useful online concentration
measurement (Clauwaert et al. 2007a,b). The inhibition of
electrical current, on the other hand, can be a good indicator
for toxic pulses. Introduction of an electrode in liquid
streams containing biodegradable organic compounds can
be a way to detect microbial contamination if current
production is monitored. An extra advantage of harvesting
electrical power is the possibility to use it for powering
other sensors or data transmission systems (Shantaram et al.
2005).

Conclusions

Losses of a BES need to be characterized to minimize the
global voltage loss (the sum of ohmic, overpotential, and
pH gradient voltage losses) to values that allow current
densities in the order of 1,400 A m > BES (10 kg COD m *
BES day ). For MFCs, 400 W m > MFC should be taken
as an objective, while 10 m*> H, m > MEC at an applied
voltage of 0.3-0.4 V should be the goal for MECs.
Improving the reactor configuration and operation and
decreasing the costs of material use are the main abiotic
challenges. In case of wastewater treatment, the benchmark
cost of 0.3 € m > wastewater should be taken into account.
Engineering electron transfer functionality within the
microbial community and biofilm structure optimization
appear to be the most challenging microbial parameters.
Scaling BESs up will be difficult and, although useful
strategies have already been brought forward, technological
innovation is still needed to obtain economically feasible
large-scale BESs, as the postulated performance has not
been achieved yet on a liter scale.

Although COD oxidation rates are already in a compet-
itive order of magnitude of 2 kg COD m > day ' (Table 1),
it is doubtful whether the power production of MFCs or
hydrogen production of MECs alone will render BESs
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economically feasible. Therefore, further research should
not only focus on optimization of cost-effective materials
and optimizing microbial functionality but also on creating
extra added value for bioelectrochemical systems. There
might be several opportunities for small scale and more
specialized applications. Cost calculations and life-cycle
assessments will be necessary to convince policy makers
and industries of the environmental and economical assets
of versatile and controllable BESs.
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