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Abstract Scientific research has advanced on different
microbial fuel cell (MFC) technologies in the laboratory
at an amazing pace, with power densities having reached
over 1 kW/m?® (reactor volume) and to 6.9 W/m?> (anode
area) under optimal conditions. The main challenge is to
bring these technologies out of the laboratory and engineer
practical systems for bioenergy production at larger scales.
Recent advances in new types of electrodes, a better
understanding of the impact of membranes and separators
on performance of these systems, and results from several
new pilot-scale tests are all good indicators that commer-
cialization of the technology could be possible within a few
years. Some of the newest advances and future challenges
are reviewed here with respect to practical applications of
these MFCs for renewable energy production and other
applications.

Keywords MFC - MEC - BES - Bioelectricity -
Microbial fuel cell

Introduction

The ability of certain bacteria to produce electrical current
in the laboratory was for many decades a scientific curiosity
(Potter 1911), with little hope initially for practical
applications. Power densities were low, chemical mediators
that were toxic and often short-lived had to be added into
the medium, and rich media were used to cultivate the
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bacteria (Allen 1972). Several events happened around the
same time that completely changed the prospects for
electrical current generation by microbial fuel cells (MFCs):
it was discovered that mediators did not need to be added
into solution (Kim et al. 1999); wastewater could be used as
a source of fuel, while accomplishing wastewater treatment
(Liu et al. 2004); and much higher power densities were
attained than in previous tests (Rabaey et al. 2003). Since
1999, power production has continued to increase by five to
six orders-of-magnitude (based on projected surface area;
Logan 2009). Power densities of MFCs using oxygen have
reached 2.7 W/m? (cathode limited, power normalized to
the cathode; Xing et al. 2008) to 6.9 W/m* (much larger
cathodes than anodes, power normalized to the anode area;
Fan et al. 2008).

Researchers have improved volumetric power densities by
increasing the total surface area of the electrodes per volume
of reactor and by reducing total reactor volume. Using oxygen
and a separator between the electrodes, 1.55 kW/m® was
produced using a 2.5-mL MFC with a cathode surface area
of 280 m*/m® (Fan et al. 2007b; Fig. 1). With a ferricyanide
catholyte, 2.15 kW/m® was generated using a 0.335-mL
reactor with a cathode surface area of 1,920 m*m® (Nevin et
al. 2008). While chemical catholytes such as ferricyanide
and permanganate are used in the laboratory to test new
ideas (Rabaey et al. 2003; You et al. 2006; Zuo et al. 2008b),
it has become apparent that practical applications for large
systems require sustainable electron acceptors such as
oxygen. Thus, most recent work with applications for
wastewater treatment has focused on air-cathode designs.

MFCs were first used to produce power from the
electrical current generated by bacteria, but there has been
an evolution in these systems resulting in applications for
other purposes. Additional voltage was added to the
potential generated by the bacteria, allowing for various
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Fig. 1 Microbial fuel cell designs. a Anode kept separated from the
cathode with a separator (or membrane). b When the separator is able
to reduce oxygen transfer from the cathode, but allow proton transfer
from the liquid, volumetric power density can be increased by moving
the anode next to the cathode and reducing the liquid volume (Fan et
al. 2007a; Zhang et al. 2009c)

products to be generated at the cathode, such as hydrogen,
methane, and hydrogen peroxide (Cheng et al. 2009; Liu et
al. 2005; Rozendal et al. 2006a, 2009). Membranes can be
used in MFCs in specific ways to allow for water
desalination, while simultaneously generating electrical
power (Cao et al. 2009). These other systems are no longer
strictly fuel cells as electrical power is no longer the
primary objective. Thus, the terms such as “MFC technol-
ogies”, “MxCs”, and bioelectrochemical systems have been
used to describe the suite of possible applications that have
evolved from our ability to extract and utilize the current
and potential generated by bacteria.

The challenges for bringing MFC technologies out of the
lab, that is for practical applications, rest of a number of
factors. The cost of the electrode materials must be reduced,
precious metals cannot be used, and current densities must
be maximized. While these issues can be addressed in
laboratory studies, other issues remain that ultimately
require field testing. Pilot-scale studies are needed to
address how well materials perform at larger scale and
their longevity, and they are needed to examine perfor-
mance of these devices over time with variations in fuel
(wastewater) composition, temperature, and as a function of
maintenance (for example to control fouling on electrodes).
The evolution of these systems also requires a better
understanding of the bacteria and the biochemical pathways
used by the exoelectrogenic bacteria able to release
electrons to acceptors outside the cell. However, there have
been several recent reviews on this subject of the bacteria in
MFCs (Logan 2009; Lovley 2008) and, thus, this will not
be further addressed here. Rather, the focus here is on
advances in materials and a review of pilot tests that are
being undertaken to understand how to build and operate
scalable systems. The types of electrode materials and their
surface areas, the importance of current collectors to
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improve power production, and the role of separators in
construction of the reactor are particularly emphasized as
they relate to scaling up MFC systems.

Electrode materials

Various materials have been used in the laboratory as
electrodes, but greater attention is now being paid to
electrodes that contain current collectors (Zhang et al.
2009a; Zuo et al. 2008a). A piece of carbon cloth or paper,
even if highly optimized for bacterial adhesion, still lacks
the high electrical conductivity of metals that is needed to
transfer electrons over long distances. Thus, many new
electrode designs are incorporating metals as current
collectors. Chemical treatments and precious metals can
improve power production in the laboratory (Cheng and
Logan 2007; Liu et al. 2007), but ultimately, these
modifications may not be practical due to cost. Thus, there
will be compromises on performance based on material
costs.

Anodes

Carbon cloth is an excellent substrate for anodic biofilms in
MFCs, but fuel cell grade materials can be expensive
(approximately $1,000/m?). Carbon felt is another material
that is often used in MFCs (Borole et al. 2009; Deng et al.
2009). Carbon mesh can work as well or better than carbon
cloth or paper, and it is much less expensive material
(approximately $10-50/m? Wang et al. 2009). A high-
temperature ammonia gas treatment is useful for increasing
bacterial adhesion and power densities (Cheng and Logan
2007), but a simple heat treatment of the carbon mesh is
sufficient to produce good performance (Wang et al. 2009).
Current collectors have not be used with these materials
(except as terminals), and they must be selected with care to
avoid corrosion. Copper is not suitable due to high
corrosion rates, toxicity to bacteria, and it will give the
impression of high power densities due to galvanic
corrosion. Many stainless steels also undergo corrosion,
but careful selection of chrome content apparently can
produce materials stable even in seawater (Dumas et al.
2007).

One of the more promising materials and configurations
is graphite fiber brush anodes (Feng et al. 2009; Logan et
al. 2007; Nielsen et al. 2007). The core of the brush is made
of a non-corrosive metal (certain stainless steels or
titanium), and the graphite fibers have very high surface
areas based on the small size of the fibers. However, it is
not clear what minimal fiber densities could be used to
achieve the lowest costs, and to what extent the different
parts of the brush contribute to power as the effective
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electrode spacing varies for individual fibers that are different
distances from the cathode. Early tests with brush anodes used
a high-temperature ammonia gas treatment (Logan et al.
2007), but heating alone is sufficient to condition the surface
for good bioelectrochemical properties (Feng et al. 2009).
Metals such as tungsten and stainless steel also show
promise (Dumas et al. 2007; Rosenbaum et al. 2006) and
could be used in brush form as well.

MFC Cathodes

The cathode is the most challenging aspect of the MFC
design due to the need to have a three-phase interface: air
(oxygen), water (protons), and solid (electricity). So far, the
cathode is more likely to limit power generation than the
anode (Fan et al. 2008; Rismani-Yazdi et al. 2008). Good
progress has been made in replacing the platinum catalyst
used for oxygen reduction with non-precious metals and
metal-organic compounds based on Co and Fe (Cheng et al.
2006; Zhao et al. 2005). Cathodes using only bacteria
(biocathodes) for increasing current densities above that of
the plain material show great promise, but so far, these
systems have required the use of dissolved oxygen rather
than air (Bergel et al. 2005; Clauwaert et al. 2007b; He and
Angenent 2006). For sediment MFCs, the dissolved oxygen
is readily available, but for ex situ reactors such as those
planned for wastewater treatment, aeration would be costly
and thus likely prohibit use of these cathodes.

A new and interesting material being used for oxygen
reduction in MFC cathodes is activated carbon (AC),
especially when this material is linked to a metal mesh current
collector. AC provides even higher surface specific areas (area
per mass) than graphite granules. While AC is relatively poor
at oxygen reduction compared to Pt-catalyzed carbon cloth
materials, the large AC surface area compensates for this
characteristic making AC a useful material in MFCs where
overall current densities per projected electrode area are low.
An AC cathode impregnated with Fe was recently shown to
be capable of producing 23 W/m® (Aelterman et al. 2009),
but the cathode needed to be sprayed with water, and this
design lacked a current collector. Using AC pressed onto a
nickel mesh produced a power density of 36 W/m’
(1,220 mW/m? based on cathode projected surface area;
Zhang et al. 2009a). An expensive polytetrafluoroethylene
binder was used, resulting in estimated costs of $50—70/m>
for the complete cathode assembly, but it may be possible to
reduce the mass of material or use alternative binders in the
future. Nickel can be replaced with less expensive stainless
steel, as the electrode is cathodically protected from
corrosion, reducing the projected cost to $20—40/m>.

MFC cathodes that use nitrate as an electron acceptor are
another area of interest for ammonia-rich wastewaters
(Clauwaert et al. 2007a; Virdis et al. 2008). Nitrogen

removal is important wastewater treatment as the oxygen
demand for ammonia removal during wastewater treatment
can be nearly equal to that of the organic matter. After
oxidizing ammonia to nitrate through wastewater aeration,
the nitrate-rich stream can be fed into a cathode chamber
and used as an electron acceptor by denitrifying bacteria on
the cathode. The use of this biocathode avoids the need for
precious metal catalysts on the cathode.

MEC cathodes

Cathodes used for microbial electrolysis cells (MEC) for
hydrogen production have also been steadily improving in
terms of reduced cost of materials. Certain stainless steel
and nickel sheet metals achieve produce performance
similar to or better than that of platinum (Selembo et al.
2009). Additional cathode design configurations are being
explored, and there are new advances in catalysts. High
surface area stainless steel brush cathodes in MECs
produced hydrogen at similar rates to flat carbon cathodes
containing nano-sized Pt, although hydrogen gas bubble
hold up on the cathode was a concern (Call et al. 2009).
NiMo has shown performance only slightly less than that of
Pt for hydrogen evolution in MECs (Hu et al. 2009).
Tungsten carbide may also be useful, although corrosion
can be a problem in phosphate buffered, neutral pH
solutions (Harnisch et al. 2009).

Membranes and separators

Many laboratory MFCs have a membrane between two
electrode chambers (Logan et al. 2006), and MECs often
have a membrane to isolate the hydrogen produced at the
cathode from microorganisms on the anode (Logan et al.
2008). The development and success of membraneless
MFCs and MECs shows that in some situations, only a
single chamber is needed (Call and Logan 2008; Liu and
Logan 2004). Membranes can lead to pH gradients between
the electrode chambers (Kim et al. 2007; Rozendal et al.
2006b), and membranes can deform leading to additional
degradation in performance particularly when the mem-
brane is placed next to the cathode (Zhang et al. 2009b).
Ohmic resistance, and therefore internal resistance,
decreases and power increases when the membrane is
removed. The need to place the electrodes closely together,
however, means that modern systems will likely have some
type of separator between the electrodes to prevent
electrode contact and short circuiting.

Cloth separators were first used to replace membranes in
MFCs (Fan et al. 2007a). Later, it was realized that inert
and non-biodegradable materials were needed (Zhang et al.
2009¢). In general, separators increase ohmic resistance and
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reduce power on a surface area basis due to reduced proton
transport to the cathode. However, the separator allows
closer electrode spacing, and thus improvement in power
densities on a volumetric basis if oxygen penetration to the
anode can be reduced (Zhang et al. 2009¢). These offsetting
needs of reducing oxygen transport but facilitating proton
transport makes it difficult to design separators. Separator
performance also changes over time due to biofilm growth,
and thus the presence of the biofilm either in or on the
separator needs to be included in the separator design
(Zhang et al. 2009c).

Larger laboratory reactors

MFC tests have been conducted in the laboratory with
reactors ranging from 1.5 pL (Qian et al. 2009) to several
liters (Jang et al. 2004; Li et al. 2008; Scott et al. 2007), with
most reactors typically using tens to hundreds of milliliters
(Logan 2008; Logan et al. 2006). We can consider “larger”
systems as those over 1 1, with only a few systems developed
at this scale for laboratory work primarily to avoid either
long cycle times or continuous pumping of large volumes of
medium. There have been a few lessons learned from using
these larger systems in the laboratory. Many of these larger
reactors were “underdesigned” in terms of total electrode
surface area or electrode spacing. In general, as long as
relative electrode size and spacing is preserved, power
produced in smaller fed-batch systems seems to be consistent
with that obtained in larger systems (Liu et al. 2008).
Continuous flow systems where the liquid leaves the anode
chamber and flows directly into the aerated cathode have
low power but are simple in design (Jang et al. 2004).
However, unless the substrate is completely consumed in the
anode chamber, there will be excessive biomass production
in the cathode chamber.

More data is needed on the performance of these larger
systems over time. Stack systems, with ferricyanide in a
separate cathode chamber (avoiding problems with biofilm
on the cathode), improved performance as the anodic
biofilm community changed in composition (Aelterman et
al. 2006), but in other studies performance decreases over
time (Cheng et al. 2006; Zhang et al. 2009a). Voltage
reversal is also a problem in stacked systems due to
differences in resistances between stack cells or substrate
starvation in cells during operation (Oh and Logan 2007).
The possibility for voltage reversal can be minimized
by avoiding low substrate concentrations (that occur in
fed-batch cycling) using continuous flow and by closely
matching internal resistances among cells in the stack. At
Penn State, my group has operated several different
“demonstration” MFCs, each one operating for over 1 year.
The purpose of these reactors was to show an MFC running
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Fig. 2 A larger-volume microbial fuel cell (MFC) running a fan. The
MFC contains four brush anodes of the type used in bottle brush
MFCs (Logan et al. 2007) and two cathodes (one on each face)

a fan and not for scientific purposes. Our experience was
that these reactors could run for more than a year (with
neglect in constant feeding) without apparent degradation in
performance of the fan operation. The most recent MFC
demonstration cell contained approximately 1 1 of solution,

Fig. 3 Tubular microbial fuel cells tested for power production using
wastewater produced at Foster's brewery in Yatala, Australia (www.
microbialfuelcell.org)
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Fig. 4 Pilot-scale microbial
electrolysis cell being tested for
hydrogen production using
winery wastewater at the

Napa Wine Company in
California, USA

four graphite fiber brush anodes, and two cathodes (Fig. 2).
After 1.5 years of operation, the fan eventually stopped
running. The cathode was cleaned of biofilm, and the
performance was mostly restored, although the fan did not
run as well as it originally did. This suggests the primary
factor in performance was the biofouling of the cathode which
has been noted to affect performance over time in smaller
laboratory systems (Cheng et al. 2006; Zhang et al. 2009c).

Pilot-scale tests

MFCs have been demonstrated at scales useful for powering
remote devices in seawater applications (Tender et al. 2008).
There have been no published reports on aboveground
pilot-scale tests using MFCs or MECs. However, there is
some information available based on internet postings,
conference presentations, and through discussions with
researchers that indicates there are a least three pilot-scale
tests of MFCs or MECs. The first large-scale test of MFCs
was conducted at Foster's brewery in Yatala, Queensland
(Australia), by the Advanced Water Management Center at
the University of Queensland, conducted under the direction
of Jurg Keller and Korneel Rabaey (www.microbialfuelcell.
org). The reactor consisted of 12 modules, each 3 m high,
with a total volume of approximately 1 m® (Fig. 3). The
reactor contained carbon fiber brush anodes inside tubular
reactors, with flow up through the tubes and out over the
outside of the reactor that was covered with graphite fiber
brush cathodes. This design was similar to one tested in the
laboratory with a ferricyanide catholyte (Rabaey et al. 2005).
Little is known about MFC performance at the site, other
than solution conductivity was low, limiting current
generation, and that excess biochemical oxygen demand
in the wastewater leaving the anode chamber resulted in
the buildup of excessive biofilm on the cathodes as the
wastewater was exposed to air.

MFC pilot-scale tests are also underway by University of
Connecticut researchers and their collaborators (Fuss &

O'Neill, and Hydroqual Inc.) at a site in the USA (Baikun
Li, personnel communication). The reactors contain
granular graphite as the anode, with Pt-catalyzed carbon
cloth cathodes, based on a design published by this group
(Jiang and Li 2009). The systems are treating wastewater,
removing up to 80% of the chemical oxygen demand
present at 300-600 mg/L.

MEC tests

The first demonstration of an MEC for biohydrogen
production is being conducted at the Napa Wine Company,
in Oakville, CA, USA, by Penn State researchers with
engineering services by Brown and Caldwell (Walnut
Creek, CA, USA; Fig. 4). The reactor design is based on
approach of immersing brush anodes and flat cathodes
made of stainless steel into a tank (Call et al. 2009; Logan
2008; Selembo et al. 2009). The reactor contains 24
modules, each with six pairs of electrodes, and is
approximately 1 m® in total volume. Performance of this
system will be reported when the system has become fully
acclimated and performance is stabilized.

Outlook

MFC and MECs designs have rapidly advanced from
low-power laboratory designs made with bottles and
expensive materials to higher power densities and designs
that appear to be more cost effective. The amount of
progress made to date is impressive, especially given the
relatively small amount of funding in the area. However,
interest in the research topic is high, as evidenced by a
growth from 2,415 citations on the topic “MFC” from 1910
to 2002 to 10,700 7 years later in October 2009 (ISI Web of
Science database search). Several companies (both start up
and large well-established firms) are now looking into
commercialization of these systems. It is hoped that with
sustained progress and continued research into cost-
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effective materials and designs, such systems could become
commercially available in only a few years.
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