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Abstract In recent years, biomass valorization (and, in general, waste treatment)
and FC technology met in the so-called bioelectrochemical systems (BESs). BESs
take advantage of biological capacities (microbes, enzymes, plants) for the catalysis
of electrochemical reactions. They mainly include micro-electrolysis Cell (MECs)
andmicrobial fuel cells (MFCs).WhileMECs can produce valuable compounds (like
H2, CH4, etc.), providing a suitable potential at the electrodes, MFCs do not need any
energetic input to convert chemical energy (stored in organic compounds) into
electric power. In this “biologically-based-fuel–cells,” the fuel is made by different
sources of organic compounds. Landfill leachate, municipal and agro-industrial
wastewaters, sediments, solid organic wastes can be source of electric power and
commodity chemicals. The use of MFC technology to waste treatment and val-
orization is, maybe, the most promising application of this newborn technology.
Even thoughmany researchers proved the reliable utilization of liquid waste as fuel in
scaled MFCs, few attempts to apply MFCs to solid waste valorization have been
done. In this paper, recent studies about the application of MFCs to solid substrates
treatment and valorization and the contribution that BESs and MFC in particular
could give to the development of a more sustainable waste management.
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Introduction

It has been estimated that waste management contributes for about 3–5 % to green
house gases (GHGs) emission being responsible for GHGs emission, mainly due to
CH4, CO2, and N2O escapes from open dumps. Additional CO2 emissions are from
upstream processes like waste collection and transportation (UNEP 2010).
Nevertheless, an adequate waste management can save or reduce GHGs emissions
in different ways: by primary materials avoidance through material recovery from
waste, by energy production, by carbon storing in landfills and through the appli-
cation of compost to soils. If we consider the recommendations by internationally
recognized institutions, the future waste management should be essentially focused
on the 3R concept (Reduce, Reuse, and Recycle), cleaner productions, circular
economy establishment, waste prevention and, finally, the transformation of waste
into a source of energy and materials (UNEP 2010). Besides of ecosystems alter-
ation, air, water, and soil pollution, an inadequate waste management can represent
a real threaten to human health. If toxic waste can have undiscussed effects on
human health, the influence of Municipal Solid Waste (MSW) dumping and
incineration on the population living near waste treatment facilities has not been
fully clarified. Some studies gave evidence of a correlation between the proximity
of local population at OFMSW facilities and few types of cancers, congenital
anomalies, and low weight at birth (Rushton 2003). Nevertheless, the effects seem
to vary according to the studied population, so a different approach could be used in
the epidemiologic surveys in order to clarify if even the MSW treatment can be
correlated without any doubt with human diseases (Giusti 2009; Porta et al. 2009).
The problem related to an inadequate waste treatment is of a particular importance
in developing Countries, where limited resources are destined to waste manage-
ment. For this reason, in that Countries, dumping represents the most commonly
used disposal method (often with no proper control) and consequent air, soil, and
water pollution. It is clear that waste management represents one of the main issues
mankind has to face nowadays. Nevertheless, waste can be a resource.

Waste: A Resource

Waste is a resource not only because of materials recovery (glass, metals, fibers,
and plastics) and energy, but also because of oil saving. If we consider just the
organic waste from agriculture (crop residues), the global energy that could be
produced is estimated to be about of 50 billion tons of oil equivalent (UNEP
2010). The major issue is: how can we exploit this resource minimizing the envi-
ronmental impacts and costs? UNEP indicates as a necessary prerequisite for an
effective energy generation an adequate separation between organic and non
organic waste: the organic residues are, in fact, responsible for the compromission
of thermal technology effectiveness in terms of energy produced, besides of the
GHGs emissions.
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Organic Waste Treatment and Valorization

If we consider just the Organic Fraction of Municipal Solid Waste (OFMSW), the
most commonly used technologies for its treatment and valorization are the
Anaerobic Digestion (AD) and composting (UNEP 2010). These two waste treat-
ments differ essentially for the microbial metabolism they are based on. Anaerobic
Digestion (AD) is based on anaerobic microorganisms metabolism, with particular
regards to methanogenic bacteria which can produce CH4 from CO2 to H2

(hydrogenotrophs) or from CH3COOH (acetoclastics). AD requires an appropriate
temperature to occur: generally a temperature of 35 °C or 50–55 °C is realized in
the reactor, even if a psicotrophic process is also possible (10–20 °C). As a result of
the anaerobic digestion, a biogas rich in CH4 is produced while the resulting
digestate is very often aerobically stabilized.

If AD needs energetic inputs (mainly to keep a constant temperature and leachate
recirculation) a successful composting procedure needs oxygen insufflation suffi-
cient to sustain the aerobic microorganisms and, at that same time, inhibiting
anaerobic bacteria. If small amounts of residues can be easily composted,
large-scale composting requires mechanical aeration, i.e., energetic imputs, varing
according to the technology used (approximately 40–70 kW/t of waste) (Faaij et al.
1998). This energy is normally provided to the system, but facilities combining AD
and a following digestate aerobic stabilization can provide the energy needed for
the composting process from self-supplied methane. It has been estimated that if
25 % or more of the waste is anaerobically digested, whole treatment system can be
self-sufficient (UNEP 2010). The main “product” of composting is the stabilized
organic matter used, if free from contaminants, as a soil conditioner.

Compost in field application is assumed to reduce the utilization of synthetic
fertilizer (about 20 % according to IPCC (2014). On the whole, in-field soil con-
ditioner application has positive impact on GHGs emission from primary produc-
tion (fertilazers production), but also on N2O emissions from soil and reduced
irrigation, pesticides and tillage (Favoino and Hoggs 2008; Faaji 2006). Small,
low-technology facilities handling only yard waste are inexpensive and generally
problem-free. For developing Countries, the low cost and simplicity of composting
make small-scale composting a promising solution (Faaji 2006). BESs (and, among
them, MFCs) could represent a potentially low cost and effective technology for
waste and wastewater technology and an important tool for waste management in
poor Countries.

Bioelectrochemical Systems (BESs)

The ability of microorganisms to use inorganic molecules as electronic acceptor is
widely spread in the environment: Ferribacterium limneticum and Geobacter spp,
for example, are able to use Fe3+ as electronic acceptor, producing Fe2+.
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This process is normally associated with energy production in microbial cells
(Coates et al. 2001; Cummings et al. 1999). BESs represent the attempt to
manipulate this natural process to obtain electric power directly from the microbial
metabolism, without any combustion. As based on microbial metabolism, BESs can
be virtually fed with any organic compound, wastewater, urine, food waste and,
even recalcitrant compounds like heavy metals, pesticides, hydrocarbons, dyes
(ElMekawy et al. 2015; Nastro 2014; Pant et al. 2010; Shaoan and Chen
2011; Morris et al. 2009) and used with different purposes. BESs include microbial
fuel cells (MFCs) and microbial electrolysis cells (MECs). microbial fuel cells
(MFCs) are generally thought to provide electric power for small devices in deep
see beds or remote areas using sediments and even urine or insects as feedstock
(Jungh et al. 2014; Ieropoulos et al. 2005; Logan and Regan 2006). Recently, the
reliable utilization of MFCs to charge the battery of a mobile has been demonstrated
by Ieropoulos et al. (2013). Unlike MFCs, MECs require the set of an external
potential at the electrodes in order to drive the electrochemical reactions to the
synthesis of commodity compounds like caustic soda, hydrogen, methane. In the
course of time, many different systems have been developed and tested all over the
world. In general, different configurations are possible according to the geometry of
the reactor, the materials used at the electrodes and for the chamber setup, the
presence/absence of a cationic exchanging membrane, the application of an external
potential, the nature of cathodic reactions, etc. A large overview of BESs has been
given by Rabaey and Rozendal (2010) (Fig. 1).

As biomass-based systems, BESs are considered carbon neutral (Oh et al.
2010) and the biotransformation of organic matter into chemicals by microbial
metabolism allows CO2 emissions avoidance from primary production. Moreover,
considering that MFCs do not involve CH4 production and combustion, the envi-
ronmental advantages linked to a future development of this technology could
compensate even a higher cost of production (Pant et al. 2011). In order to drive BESs
technology to a full in-field application, the setup of electrodes materials and cell
layouts are of primary importance to obtain adequate performances in terms of power
density, organic load removal and chemicals production yield (Wei et al. 2011;
Nastro 2014; Sleutels et al. 2012; Pant et al. 2012). As the setup of a new technology
cannot exempt from the evaluation of the environmental impacts related to the whole
life cycle and MFCs scientists are working also in that direction: recently, a stack of
MFCs was designed and set up with all biodegradable products, opening the pos-
sibility to setup energy devices that could degrade harmlessly into the surroundings
to leave no trace when their mission is complete (Winfield et al. 2015).

Application of BESs to Waste Management and Bioenergy

BESs have the potential to play a major role in developing sustainable waste
recycling systems, with reduced use of energy and, at the same time, generating
useful chemicals. For this reason, the number of liquid and solid waste from
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agro-industrial processes used as feedstock in BESs is increasing and increasing: a
short list of agricultural substrates used in MFCs, with relative cells performances,
is reported in Table 1. Among the other chemicals, hydrogen is maybe the best
candidate as fuel for future technologies even because it can be the result of
different processes catalyzed by bacteria like dark fermentation and bioelectrolysis
(Chandrasekhar 2015). An intense research is actually being carried out to test
biohydrogen production by micro-electrogenesis from different complex substrates
like glycerol, milk, and starch in sight of a possible wide utilization of MECs to
agro-industrial wastewaters, with biohydrogen or other chemicals production
(Montpart 2015; Sleutels et al. 2012; Pant et al. 2012). Even if based on microbial
metabolism, MFCs and MECs differ in many aspects, layouts and materials first of

Fig. 1 A high-level overview of the concepts associated with bioelectrochemical systems
(Rabaey and Rozendal 2010)
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all. Cusick et al. (2010) carried out an interesting monetary evaluation of both MFC
and MEC technologies applied to winery wastewater treatment concluding that
energy recovery and organic removal from wastewater are more effective with
MFCs than MECs, but hydrogen production from wastewater fed MECs can be cost
effective. Besides of biohydrogen, the possibility to produce methane by MECs has
being widely explored, with some encouraging results (Chandrasekhar et al. 2015;
Villano et al. 2011). Even in this case, authors report a limitation of the

Table 1 Some examples of food industry-based wastewater used as anolytes in MFCs and their
respective performances (from Makawi et al. 2015 mod.)

Wastewater MFC
configuration

Concentration
(in terms of
COD mg/l)

Anode
volume
(ml)

Power
density
(PD)

CE (%) ζCOD

Slaughter house
wastewater

Dual chambered
MFC

4850 125 578
mW/m2

64 ± 2 % 93 ± 1 %

Animal carcass
wastewater

Tubular
air-cathode
MFC

11,18 750 2.19 W/m3 00.25.00 51.06.00

Swine
wastewater

Dual chambered
MFC

8320 250 45 mW/m2 a Not given

Swine
wastewater

Single
chambered
cuboid MFC

8270 a 228
mW/m2

a 84

Beer brewery
wastewater

Single
chambered
membrane-free
MFC

2239 a 483
mW/m2

38 87

Beer brewery
wastewater

Dual chambered
MFC

a 200 16.29
mW/m2

a a

Brewery
Wastewater

Single
chambered
MFC

1501 100 669
mW/m2

10 20.7

Brewery
wastewater

Tubular
air-cathode
MFC

2125 170 96 mW/m2 28 93

Brewery
wastewater

Three chamber
reactor

2850 1200 a a 54.2

Barley
processing
wastewater

Single
chambered
MFC

1200 100 a 1.65 95.11

Brewery diluted
with domestic
wastewater

Single
chambered
MFC

784 100 30 mW/m2 a 90.4

Dairy wastewater Single
chambered
MFC

3700 480 1.1 W/m3

(*36
mW/m2)

7.5 95.49

Dairy wastewater Annular single
chamber MFC

1000 90 20.2 W/m3 26.87 91

Dairy wastewater Dual chambered
MFC

1600 300 161
mW/m2

a 90

aIndicates the data not available from the cited reference
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performances linked to internal losses (high internal resistance, electrodes losses,
etc.) that need to be overcome (Van Eerten-Jansen et al. 2012). MECs seems to be
ready for a practical application to wastewater valorization (Sleutels et al. 2012)
and, in fact, in recent years scaled prototypes for both municipal and industrial
wastewaters valorization were set up in different countries allowing hydrogen
peroxide, biohydrogen, methane, and caustic soda production using the chemical
energy stored in municipal and industrial wastewaters. Nevertheless, the organic
load removal from wastewater is still to be improved, being, for instance, up to
62 % in terms of COD removal in winery wastewaters, less than achieved with an
activated sludge treatment plant (EU Commission 2013).

MFCs and Solid Waste Valorization

If a wide number of papers deal with the set up and the study of MFCs fed with
wastewaters, few attempts to apply this newborn technology to solid organic waste
treatment have been carried out. Mohan and Chandrasekhar published in 2011 a
first paper dealing with the study of operational factors affecting the performances
of MFCs fed with canteen food waste, focusing on electrodes distance and feed-
stock pH. Since then, other researchers started working on the application of MFCs
to the Organic Fraction of Municipal Solid Waste (OFMSW) using different
approaches: presence/absence of an inoculum, electrodes geometry, pH, tempera-
ture, oxygen availability, electrodes distance (Nastro et al. 2013; El-Chakhtoura
2014; Karluvali et al. 2015). Even if with different outcomes (Table 1), all
researches confirm the effectiveness of MFC technology as tool for energy recovery
and organic load removal from OFMSW, with particular regards to a
low-temperature process (about 25 °C). Recently, Solid phase MFC (SMFCs) have
been tested also in combination with a composting process of soybean, rice husk,
leaf mold, and coffee residues used to prepare mixture with different C/N ratios
(Wang et al. 2015). According to the authors, it is possible to combine the com-
posting process with energy recovery by MFCs as the highest power density
(Table 2) was achieved when the solid mixture C/N ratio was 30/1, able to sustain
also a composting process. But SMFC are being tested also with agro-industrial
substrates like Dried Distilled Grains with Solubles (DDGS), deriving from whisky
production. Even in this case, laboratory scale tests confirmed the possibility to use
MFC for waste valorization (Table 2). Further studies by Mohan gave evidence of
the possible combination of MFC and biohydrogen production in a two-stage
process (Chandrasekhar and Mohan 2014). Previously, Higgins et al. (2013) pub-
lished an interesting research about the combination of MFCs and AD for solid
organic waste treatment and valorization. If MFCs are fed with not pretreated
OFMSW, they can represent a preliminary stage before a dark fermentation for
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biohydrogen production or a methanogenesis. MFCs can also be used as treatment
for the anaerobic digestion leachate, still rich in organic matter: in this case, MFC
treatment is placed downstream. So, it is more likely that the future of MFCs and
MECs in solid waste management will be essentially linked to the optimization of
biohydrogen and biomethane production, besides of energy recovery from biomass
and leachate (Premier et al. 2012). With the overcome of issues related to the
scaling-up in terms of electrodes materials and geometry as well as operational
parameters (temperature, retention time, pH, etc.) a full in-field application will be
possible and, then, all the potentialities of MFCs will be completely and definitely
explored.

Towards Scaling-up: Modeling MFCs Performances

Like other BESs, MFCs performances are heavily affected by several operational
parameters such as reactor configurations and scales, electrode materials, electrode
surface areas and the nature of electron donors, if present. If a wide range of data
about specific parameters are actually available in lab-scale experiment, few studies
are available about the dynamics of the wide range of biotic and abiotic parameters
affecting MFCs power production in waste treatment. Nevertheless, the main bot-
tlenecks actually limiting the performances of scaled MFCs seem to reside in the
interactions among the above-cited factors. According to some authors, mathe-
matical modeling can represent a powerful platform, helping researchers in inves-
tigating the synergistic effects of multiple parameters, (including biofilm
composition and structure, redox mediator transferring, substrate utilization rate,
etc.) on MFCs performances in waste management (Recio-Garrido et al. 2016). In
general, mathematical modeling is performed in two approaches: engineering
modeling, based on Differential Equations (DEs) implementing engineering/
physical/biochemical/electrochemical laws governing the system processes, and a
statistical modeling, based on the analysis of experimental measurements (Luo et al.
2016). In this context, the development and utilization of appropriate softwares are
an important prerequisite. An example of MFCs modeling framework is reported in
Fig. 2. In it, the authors implements electrochemical, biological, and structural
MFCs parameters using both data from the literature (to elaborate an expected
scenario) and from experimental activities (real scenario) by the use of Excel®,
Mathlab®, and COMSOL® Multiphysics softwares (Oyetunde et al. 2013).
Moreover, complex dynamic models are being developed in order to optimize and
control MFCs and, in general, BESs processes (Recio-Garrido et al. 2015).
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Conclusions

The extraction of useful commodity chemicals, together with the production of
energy, from any kind of organic waste and leftovers, is becoming more and more
popular: it is a sustainable way to mitigate global warming, diversify energy sources
and obtain chemicals, pharmaceuticals and food additives of high added value.
BESs can represent a sustainable tool in waste management and bioenergy sector
and recent researches confirm the high potentiality of such systems in terms of
substrates to be treated and by-product that can be recovered, turning the “waste”
into “resource.” Among BESs, MFCs represent a possible alternative/integration to
the AD and recent studies confirm the possibility to realize multistep waste treat-
ment systems working at a temperature ranging from 20 to 25 °C, with energy
saving and biohydrogen/methane/electric power recovery. A strong research is
being carried out in different disciplines to take BESs to an in-field application and
the utilization of these systems in waste valorization and treatment is not so far.
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