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Conventional anaerobic digestion based bioconversion processes produce biogas and have as such been widely applied for
the production of renewable energy so far. An innovative technology, based on the use of microbial fuel cells, is considered
as a new pathway for bioconversion processes towards electricity. In comparison with conventional anaerobic digestion, the
microbial fuel cell technology holds some specific advantages, such as its applicability for the treatment of low concentration
substrates at temperatures below 20 °C, where anaerobic digestion generally fails to function. This provides some specific
application niches of the microbial fuel cell technology where it does not compete with but complements the anaerobic diges-
tion technology. However, microbial fuel cells still face important limitations in terms of large-scale application. The limita-
tions involve the investment costs, upscale technical issues and the factors limiting the performance, both in terms of anodic
and cathodic electron transfer. Research to render the microbial fuel cell technology more economically feasible and applic-
able should focus on reactor configuration, power density and the material costs.

1 Introduction

The emerging drive towards a more sustainable society
and the high level of energy consumption associated with
our existing society constantly increase the need for new sus-
tainable sources of energy. Biomass, especially organic
waste, is being considered as a valuable candidate. The use
of biomass, in the case of waste organics, is environment-
friendly and regarded as a renewable energy source. On
average, 1 kg of carbohydrate represents 1.06 kg of chemical
oxygen demand (COD), which can be converted to an
equivalent power of 4.41 kWh or 13 × 106 coulomb. At pres-
ent, one can achieve the conversion of 1 kg of carbohydrate
to 0.5 L of ethanol or 1.2 m3 of hydrogen, or 0.36 m3 of meth-
ane (0.5 L of biogas). On average, these processes yield
about 1 kWh of useful energy [1]. In the EU, 1 kWh is worth
up to u 0.16. As the production of this 1 kg of sugar costs
about u 0.25 and the current market value approximates u 1,
using sugar to drive electricity generation is not feasible at
present on a large scale [1]. For all bioconversion technolo-
gies available at the moment, prime biomass is too costly to
convert to “commodity level” energy [2, 3]. Therefore the
need for economically feasible new technologies is still ur-
gent.

There are several pathways enabling the conversion of
biomass to bioenergy. Methanogenic anaerobic digestion
based technology, which emerged during the seventies, is
now well established. In addition to that, ethanol fermenta-
tion and hydrogen fermentation are also approaches for bio-
mass-to-bioenergy conversion [4–7]. Recently, the microbial

fuel cell (MFC) technology has been developed as a novel
biotechnology to harvest energy from dissolved biomass [1].
The MFCs produce electricity from organic waste in a direct
way, without the need for gas treatment. The conversion can
occur at temperatures below 20 °C and at low substrate con-
centration levels, where anaerobic digestion (AD) generally
fails due to low reaction rates and high solubility of the
methane produced [3]. However, controversy exists regard-
ing the efficiency, the applicability and obviously the future
of the MFC technology in the context of bioconversion.

In this review, a critical comparison of the conventional
AD technology and the MFC technology is presented. The
potential of the MFC technology, particularly as a comple-
ment to the AD technology, will be discussed.

2 Bioconversions

In the presence of oxygen, biomass can be converted
through an oxidative metabolism. Eq. (1) illustrates the oxi-
dative conversion of glucose as the most common form of
biomass.

C6H12O6 + 6 O2 → 6 CO2 + 6 H2O DG° = – 2843 kJ/mol (1)

This energy is difficult to harvest as it is captured within
the microbial metabolism and the end products (water and
CO2) contain no useful energy. Anaerobic bioconversion of
biomass produces methane (methane fermentation) and/or
hydrogen (hydrogen fermentation). Both can be combusted
with oxygen or converted in a fuel cell, yielding electrical en-
ergy at an efficiency of 35 % and above 90 %, respectively
[8]. However, the fuel cell based conversion is yet in a devel-
opmental phase.

The methane is normally formed both at the glucose level
(DG° = –404 kJ/mol) and the acetate level (DG° = –20 to
–25 kJ/mol). During hydrogen fermentation, hydrogen is
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mainly produced at the glucose level, but only 1/3 of the ener-
gy available is converted to hydrogen, the other 2/3 remains
occluded in the form of fatty acids. It has been reported that
under nitrogen limiting conditions and abundant availability
of light, these fatty acids are convertible to hydrogen at a
considerably high rate by the activity of photoheterotrophs,
such as Rhodopseudomonas species [9].

In a microbial fuel cell, substrate (organic matter or bio-
mass) is oxidized at the anode producing carbon dioxide and
protons as well as electrons, which are transferred to the
electrode [1]. Microorganisms here fulfill the role of biocata-
lysts in analogy to chemical fuel cells. The electrons and the
protons produced in the anode end up in the cathode, via
the external electrical circuit and the exchange membrane,
respectively. In this cathode, an oxidant (normally oxygen) is
being reduced. Eq. (2) illustrates the basic process occurring
in MFCs, in the case of a glucose fed system.

Anode: C6H12O6 + 6 H2O → 6 CO2 + 24 H+ + 24 e–

Cathode: 24 H+ + 24 e– + 6 O2 → 12 H2O

C6H12O6 + 6 O2 → 6 CO2 + 6 H2O +
Electrical energy (2)

(theoretically approaching – 2840 kJ/mol)

3 Biocatalysis

Microorganisms play a key role in the anaerobic biocon-
version of substrate to energy. In conventional AD, a com-
plex “food chain” type microbial consortium, often in a
physically structured configuration, catalyzes the process [2].
The activity of strict anaerobes, e.g. methanogens, is particu-
larly important [10]. For more in-depth-information on the
microbiology of AD, the readers are referred to [2] and [11].

In MFCs, depending on the configuration as well as the
aim of application, the microbial catalysts can be an axenic
culture or a mixed culture. There have been a number of
studies on MFCs operated with axenic cultures, among
which Shewanella putrefaciens, Pseudomonas aeruginosa,
Geobacter sp., Rhodoferax ferrireducens [12–17]. MFCs also
operated at high temperature using a thermophilic bacter-
ium, such as Bacillus licheniformis or Bacillus thermoglucosi-
dasius, have been described [18]. While in axenic culture
MFCs, the bioelectrocatalysis is attributed to the activity of
only one bacterial culture, in MFCs operated with a mixed
culture, it is determined by the interaction of the whole mi-
crobial community, the so-called electrochemically active
consortium. These electrochemically active consortia are
enriched either from sediment (both marine and lake sedi-
ment) [16, 19] or activated sludge from wastewater treat-
ment plants [15, 16, 19–23].

By means of molecular analysis, electrochemically active
species of Geobacter sp., Desulfuromonas sp., Alcaligenes

faecalis, Enterococcus faecium, Pseudomonas aeruginosa,
Clostridium sp., Bacteroides sp., Aeromonas sp. and Breviba-
cillus sp. were detected in the above-mentioned studies. In
comparison with MFCs operated with pure cultures, MFCs
that make use of mixed bacterial cultures have some impor-
tant advantages: a higher resistance against process distur-
bances, a larger substrate versatility and a higher power
output [1, 24]. Noticeably, the mixed culture MFC developed
by Rabaey et al. [25] can produce a power density up to
216 W/m3, which is the highest value reported so far.

Several hypotheses about electron transfer catalyzed by
microorganisms in an MFC were proposed. These include
the conventional concept of membrane-associated direct
electron transfer [13] and mediator-associated electron
transfer [26–30]. Interestingly, it has recently been described
that bacteria in a microbial fuel cell can produce mediators
themselves [15]. Hence, the principle of an MFC and the ex-
tracellular electron transfer from the bacteria to the elec-
trode can be schematized as in Fig. 1. Finally, the possible
mediation by so-called nanowires has recently been pro-
posed [31].

4 Power

Power Input

Anaerobic digestion allows for the intake of both high and
low concentration COD biomass, whereas carbohydrates are
particularly well suited. Almost any type of bioavailable sub-
strate is accessible to AD [2]. However, AD requires meso-
to thermophilic temperatures to achieve sufficient turnover
and limited methane solubility. Microbial fuel cells use
rather low strength influents containing glucose, sucrose or
acetate, at this moment. Also, more complex compounds
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such as starch and cellulose have been used to generate elec-
tricity in MFCs [32, 33]. Even light is a potential candidate,
as shown in photobiological fuel cell systems [34–37].

Power Output

(i) Power Output Types

Anaerobic digestion produces methane or hydrogen. The
gases are used directly as fuel for combustion. They also can
be used in chemical fuel cells generating electricity. Usually
1/3 of the biogas produced is converted with a high energy
level (producing 220 Volt electricity) and the remaining 2/3
with a low energy level (producing 60–80 °C heat), which
can be used to heat the digester. Contrarily, MFCs convert
energy available in biomass directly to electricity. The ener-
gy produced by single MFCs is at a low level since the volt-
age generated per MFC amounted to approx. 0.5–0.7 Volt.
However, upon stacking the MFCs this voltage can be multi-
plied by the number of MFCs, which creates the opportunity
to generate 100 V or more.

(ii) Power Output Units

In practice, anaerobic digestion allows 1 kg of COD to be
converted to an energy amount of roughly 1 kWh and on
average, the power density obtained is about 400 W/m3 when
the technology is applied to treat about 5 to 25 kg of COD
per m3 of the reactor per day. In the case of MFCs, theoreti-
cally, 1 kg of COD can be converted to 4 kWh of electrical
energy. However, the current generated by MFCs, until now,
has not exceeded 0.1 A. The average
power density of MFCs is about 40 W/
m3. Recently, stacked configurations of
MFCs have reached power densities of
250 W/m3 [23], implying that an im-
provement of MFC performance is un-
derway.

5 Configuration

The anaerobic digestion technology
has been established in terms of perfor-
mance and is technically and economic-
ally feasible. An important breakthrough
occurred about 30 years ago, with the de-
velopment of the Upflow Anaerobic
Sludge Blanket (UASB) reactor [38],
which efficiently retains the complex mi-
crobial consortium without the need for
immobilization on a carrier material (for
example, as a biofilm) contrary to con-
ventional activated sludge systems. This
is possible through the formation of bio-
logical granules (i.e., granulation, self-

immobilization) with good settling characteristics. Approxi-
mately 60 % of the anaerobic full-scale treatment facilities
worldwide are now UASB design based [2]. Also, a horizon-
tal-flow bioreactor incorporating a migrating blanket within
a compartmentalized reactor (a multivessel), the so-called
Anaerobic Migrating Blanket Reactor (AMBR), has been
designed [2]. In order to overcome the limitation of UASB
reactors, which is related to the interference of suspended
solids in the incoming wastewater, other high-rate systems,
such as the Expanded Granular Sludge Bed (EGSB) [39]
and Internal Circulator (IC) reactors [40] were devel-
oped. Moreover, “dry” anaerobic digestion based systems
were developed to treat solid organic waste without the re-
quirement of dilution [41]. Having been well optimized, AD
reactors are now treating at full scale various kinds of
waste [2].

The configuration of microbial fuel cells has been continu-
ously optimized since the first invention with the two-cham-
ber design. As this conventional two-chamber system does
not allow for much inner volume and does not allow users to
easily carry out manipulation, several researchers altered
the design into a two-bottle system with a connecting tube
[42]. However, the two-bottle system still showed limitations
in terms of power output due to the high internal resistance
of the system. Later on, MFCs, in which either the cathode
compartment consists of a (catalyzed) electrode that is open
to the air or both the anode and the cathode are present in
one unit, were developed to allow oxygen from the air to be
directly used as the electron acceptor [43, 44]. In addition,
cylindrical reactors were designed for wastewater treatment
[45, 46]. A recently developed reactor, a tubular system with
outer cathode and inner packed bed anode (see Fig. 2.I),
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which uses hexacyanoferrate as the catholyte, demonstrated
a significantly higher power output [47]. The average power
density obtained was about 50 W/m3 of the reactor with glu-
cose or acetate as substrates and the maximum coulombic
efficiency was about 90 %. This reactor design also inte-
grates the advantages of operational principles of upflow
granular bed reactors. In order to increase the attainable
voltage and current with MFC systems, several MFCs can be
joined in a stack and become connected (see Fig. 2.II) [23].

Specific limitations of existing MFC technologies are the
costs of materials for the construction of MFCs and the as
yet low power output compared to other bioconversion tech-
nologies. The proton exchange membrane (PEM), which is
widely used in MFCs, represents a considerable cost (Na-
fion™ costs approximately $500/m2) [48] and increases the
internal resistance of the MFC. Attempts were made to re-
place or remove the PEM but low coulombic efficiency due
to oxygen influx [44] and high internal resistance [49] still re-
main problematic. Overall, major technical hurdles will need
to be overcome in order to upscale MFCs from the present
liter scale to the cubic meter scale required for practical ap-
plication.

6 Limiting Factors

In methanogenic anaerobic digestion systems, growth of
the biocatalyst, gas/liquid/solid phase separation and tem-
perature are the main factors limiting the bioconversion effi-
ciency. Regarding the growth of the biocatalyst, low cell
yield and the interference of suspended solids in the incom-
ing wastewater with the formation of granular biocatalysts
decrease the performance of UASB reactors [50]. An upflow
rate ranging from 1 to 5 m/h and an average gas flux velocity
of about 0.5 m3/m2 cross section per hour does facilitate a
good separation of gas, liquid and solid phases but may limit
the performance. As investigated by Kalogo et al. [51], an
UASB reactor treating domestic sewage can achieve a total
COD removal efficiency of 80 % but 68 % of the total COD
removed is due to the above-mentioned factors. In addition,
a temperature higher than 30 °C is generally required for a
good performance of the methanogens in the systems.

In MFC systems, the activity of biocatalysts, electron
transfer between the bacteria and the anode, internal resis-
tance and overpotentials at both electrodes are the main lim-
iting factors.

The Activity of Biocatalysts

The microbial communities and the microbial activity in
MFCs are not well understood. There exists a lack of infor-
mation about the structure of the microbial communities
and the roles of the members of each community in the ca-
talysis. Thus, the research question on how to control the
growth and activity of a microbial consortium in an MFC in

order to drive it to a desired performance needs to be ad-
dressed. Some research elucidates that biofilms are a com-
mon structure of microbial communities in MFCs [20, 16, 47]
and that facultative anaerobes are usually present in electro-
chemically active consortia [20, 15, 52]. Both aspects can be
regarded as positive towards practical implementation, as
biofilm systems demonstrate higher stability and the faculta-
tive anaerobes generally demonstrate high specific growth
rates though the diffusivity rate might be a disadvantage of
biofilm systems, limiting the biofilm thickness and the maxi-
mum turnover rate. Nevertheless, substantially more knowl-
edge of this domain is still needed and more intensive work
should be done.

Electron Transfer

The mechanism of bacterial electron transfer to the anodic
electrode and the issue of how to improve the electron trans-
fer have been and are still the focus of much controversy. As
mentioned earlier, a hypothesis exists describing a direct
electron transfer in which some outer-membrane bound pro-
teins, such as cytochromes [16, 13], play the role of transfer-
ring electrons to the electrode. Another hypothesis concerns
the electron transfer with the help of external or self-pro-
duced mediators. Recently, a new finding suggested that bac-
teria are able to form nanowires contacting the electrode,
through which electrons are conducted [31]. Whether the
electrons are transferred directly by membrane-bound pro-
teins, by external or self-produced mediators, by nanowire
formation or by a combination of several systems should be
clarified. Based on that, good approaches could be estab-
lished to improve the performance of MFCs upon improving
the electron transfer.

Internal Resistance

This is a common problem that MFC designers face. A
high internal resistance causes a considerable potential drop
due to ohmic losses [53]. With or without the PEM, the inter-
nal resistance still remains a limiting factor [44, 49]. Several
researchers tried to determine the optimum distance be-
tween the anode and the cathode for a lowest internal resis-
tance [44]. Modification of the configuration of the MFC is
necessary to decrease the internal resistance. This aspect is
one of the crucial bottlenecks hampering the upscale of the
present technology. Upon increasing the MFC size, the inter-
nal resistance will at best remain at the same level, while the
current flowing through the system increases and causes con-
siderable potential losses. As such, the size of the upscaled
MFC will be limited.

Cathode Reaction

The cathode reaction is considered to be one of the key
factors limiting the performance of an MFC [54, 52]. In many
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MFC systems, oxygen is the cathodic electron acceptor but
usually the poor contact between gaseous oxygen and the
cathode, and the imperfect catalysis of the reaction limits
the turnover rate. In addition, oxygen leaking to the anode
can occur in such systems reducing electricity generation
efficiency. The leaking should not be significant, yet still pro-
viding high rate electrode reactions. Moreover, to overcome
this limitation, platinum has been used as the catalyst
[52, 54] and gas diffusion layers were installed. However, the
disadvantage of platinum is that it is not only expensive but
it also suffers from sulfide diffusion through the PEM to-
wards the cathode, which poisons the catalyst. Hexacyano-
ferrate has, in many cases, been used as the catholyte in a cir-
culative way facilitating a good contact between the cathode
and the catholyte. Such an approach of using hexacyanofer-
rate resulted in a better cathode reaction and a better perfor-
mance of the MFCs [47]. However, hexacyanoferrate is not
sustainable due to its toxicity, and the fact that it is not fully
re-oxidized in the air hinders the application of the technolo-
gy on a field scale [47]. Oxygen is still the only good final
oxidant candidate to ensure the sustainability of MFCs. In
order to improve the cathode-oxygen contact, the use of
some electro-catalytic metals in integration with carbon as
the electrode material for “open-air” cathodes is now a
promising approach for the improvement of the cathode re-
action [55–57]. Alternatively, the cathode can also be em-
ployed to generate hydrogen gas; however, this requires a
surplus investment of energy into the system to decrease the
cathode potential to the low level, at which hydrogen gen-
eration is feasible [58].

7 Maximizing Performance

Approaches to maximize the performance of the AD sys-
tems, i.e., UASB reactors, involve solutions to provide more
readily available soluble COD in the reactors (concerning
the pretreatment of the substrates) and to optimize the mass
transfer inside the reactors. In order to optimize this mass
transfer in the reactors, several technologies were proposed,
including the application of fluidized bed reactors and Inter-
nal Circulator (IC) reactors [40, 59]. The IC reactors do not
only allow for an efficient mass transfer and a good granula-
tion [59] but also for an excellent separation of gas/liquid/
solid phases. The self-regulating internal circulation offers
considerable advantages in the operation of the system,
leading towards reduced operational costs, increased pro-
ductivity and reliability on anaerobic treatment [60, 61].

For a maximized performance of MFCs, readily available
soluble COD is also required. This demands solutions for
the pretreatment of the organics to be used as fuel for bacte-
ria, provided a considerable fraction is not readily biode-
gradable. In addition to that, better proton selective
membranes, optimum mass transfer and better cathodes are
also needed to overcome factors limiting MFC performance.
Whether to use a membrane or not is now under discussion.

To improve the cathodic performance, some metal oxides
combined with carbon [57, 62, 63] or some special materials,
such as fullerenes [64], are proposed as good candidates for
the construction of the cathode.

8 Disadvantages

Both the AD technology and the MFC technology have
disadvantages. Regarding AD, the first disadvantage is that
biogas is difficult to store. In addition, the quality of the bio-
gas produced is often suboptimal. The obtained biogas nor-
mally contains H2S, the removal of which is costly. Capital
investment for the AD technology is also a matter to be con-
sidered. Approximately u 100,000 is needed per ton of COD
treated per day. A major limitation to widen the application
of the bioenergy producing technologies based on AD is
the relative low cost of the current non-renewable energy
sources [2].

For MFCs, the dominant bottleneck at the moment is the
limited effectivity of the open-air cathodes. Catalysts that di-
rectly reduce oxygen without unacceptable activation losses
need to be found. Limited electrochemical COD removal
efficiency is also one of the current disadvantages of MFCs.
At present, the COD removal efficiency of MFCs for sewage
as the substrate is only about 20 % [1].

Finally, at this moment, maintenance and material costs of
MFCs are considerable. Based on the material costs, pre-
sented by Tsuchiya and Kobayashi [48], Rabaey and Ver-
straete [1] estimated that – assuming the costs of u 4000 per
m3 of the electrode compartment – the costs of 1 kW power
output per m3 anode produced by an MFC are higher by a
factor of approx. 10 compared to the equivalent production
costs for conventional processes.

9 Application Niches

When comparing the different aspects of the two technol-
ogies, one can assume that they are competitive. However,
considering the aspects carefully and exploring application
niches of the technologies thoroughly, it appears that they
do not conflict but complement each other. Anaerobic diges-
tion can be applied to treat high strength substrate (with
more than 1 g COD per liter). Industrial scale feasibility,
high throughput and relatively low cost are the noticeable
advantages of this technology in terms of application pro-
spects. Moreover, its bioconversion efficiency is remarkable,
often depassing 90 %. The AD technology is a good candi-
date to produce “green” energy for a sustainable society in
the future, when the non-renewable energy sources are con-
sumed [2].

In the case of MFCs, application niches can be found in
the area of treating low concentration COD substrates and
at low temperatures (10–20 °C), i.e., where AD does not
function well. MFCs can also be used to treat high concen-
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tration COD substrates. Carbohydrate based electricity gen-
erated by MFCs is reliable. The technology can be imple-
mented at a small scale and the generated electricity can be
used as an alternative energy source. A unique niche of the
MFC technology could be the combination of energy gen-
eration, water production and possibly hydrogen produc-
tion.

Since the AD and the MFC technologies are not competi-
tive but complementary to each other, they can be inte-
grated in waste treatment processes for a more efficient and
thorough bioconversion. The concept of integration of the
two technologies for achieving optimal sustainability is illus-
trated in Fig. 3 with some wastewater treatment models pro-
posed.

10 Opportunities

Anaerobic Digestion Based Technology

The in-depth studies over the past decades on anaerobic
microbial communities and their delicate interactions and
balances have given rise to a number of unexpected findings.
The advances in methanogenesis studies have created the
potential to control methanogens in the rumen, the colon or
in rice paddies, etc. [3]. A second novel spin-off of AD is the
halorespiration based technology. Indeed, the interesting
discovery of the unique capability of many anaerobes to rap-
idly and efficiently use chlorinated organics as electron ac-
ceptors created a new technology: anaerobic dechlorination.
This technology is the default technology at the present time
to clean polluted sediments, soils and other organic slurries
[65, 66].

Microbial Fuel Cell Based Technology

Recent findings broaden the application area of MFCs.
The bioelectrochemically assisted microbial reactor
(BEAMR), presented in Fig. 4, was developed by Liu et al.
[58]. In this types of reactors, by investing additional energy,
hydrogen is produced at the cathode of the MFC. This re-
sults in higher hydrogen yields for the organic matter con-
verted in the anode compared to a conventional process,
with a limited surplus energy investment. For example, by
using acetate about 2.9 mol H2/mol acetate were produced
(from the maximally possible 4 H2/mol acetate).

There are several bottlenecks to this approach. The hydro-
gen produced needs to be sufficiently pure to be economic-
ally valuable. Also, the production quantities should be suffi-
cient to warrant the investment costs. Finally, one needs to
address the question of what is preferred, electricity or hy-
drogen. Alternatively, one can envisage a two-step process,
in which the first phase consists of a “conventional” acid hy-
drogen fermentation out of diverse substrates, after which
an MFC converts the residual volatile fatty acids to electri-
city during a second step.

In addition to the above-mentioned process, other per-
spectives can be found in the domains of biosensor and re-
mote sensor development [67], removal of other pollutants
than carbohydrates, and sustainable biorefinery develop-
ment. The use of MFCs as BOD sensors has been reported
earlier [54, 68]. Using MFCs for the treatment of more com-
plex substances such as cellulose was shown to be feasible
[33]. This approach is, in view of the fact that normally oxy-
gen is the final electron acceptor, also promising and war-
rants more R&D investment. Besides, the concept of cou-
pling photobiological hydrogen production with the
oxidation of microbial hydrogen while simultaneously gener-
ating electricity, opens an opportunity to convert solar ener-
gy directly to electricity using MFCs [34, 35].
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Figure 3. Proposed models for the integration of anaerobic digestion and
microbial fuel cells for the treatment of wastewaters.
((A) For domestic wastewater, (B) For industrial wastewater. Note: AD:
Anaerobic digestion; MFC: Microbial fuel cell; WTP: Wastewater treatment
process).

Figure 4. Operational scheme of a bioelectrochemically assisted microbial
reactor (BEAMR) [58]. (Note: PS: Power).
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11 Conclusions

Conventional AD and MFC technologies can be regarded
as complementary technologies. The combination of the two
technologies allows for broadening the spectrum of the bio-
conversion technology. While conventional AD can be ap-
plied on an industrial scale to treat high strength substrates
at temperatures above 30 °C, the niche applications of MFCs
are to be sought in low concentrated substrates and low tem-
perature conversions. A number of factors still limit the ap-
plication spectrum of MFCs. In order to overcome the lim-
itations of MFCs, making the technology practical and
economically feasible as well as sustainable, the key research
and development features for the future are: (i) New materi-
als for better configurations of MFCs, particularly dry cath-
odes that have a high affinity to oxygen and use gaseous oxy-
gen directly from the air; (ii) Low capex, meaning low
material costs as well as low operational costs and (iii) A
reliable output of “non-commodity” electricity produced by
MFCs.
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