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Abstract: High-energy consumption globally has raised questions about the low environmentally
friendly and high-cost processes used until now for energy production. Microbial fuel cells (MFCs)
may support alternative more economically and environmentally favorable ways of bioenergy
production based on their advantage of using waste. MFCs work as bio-electrochemical devices that
consume organic substrates in order for the electrogenic bacteria and/or enzyme cultures to produce
electricity and simultaneously lower the environmental hazardous value of waste such as COD. The
utilization of organic waste as fuels in MFCs has opened a new research path for testing a variety
of by-products from several industry sectors. This review presents several organic waste substrates
that can be employed as fuels in MFCs for bioenergy generation and the effect of their usage on
power density, COD (chemical oxygen demand) removal, and Coulombic efficiency enhancement.
Moreover, a demonstration and comparison of the different types of mixed waste regarding their
efficiency for energy generation via MFCs are presented. Future perspectives for manufacturing
and cost analysis plans can support scale-up processes fulfilling waste-treatment efficiency and
energy-output densities.

Keywords: microbial fuel cells; organic waste; bioenergy; COD removal; upscaling MFC

1. Introduction

Until now, fossil fuels have been the sovereign source of energy worldwide, account-
ing for 87% of global energy [1]. Their depletion and contribution to pollution led to
alternatives such as energy from biomass or solar energy [2,3]. Biomass is an abundant
source, benign with a reduced CO2 fingerprint, and is considered to rank among the four
global sources comprising 14% of the world’s energy needs [4]. One of the advantages of
biomass use is its ability to be converted into various energy products such as heat, gas,
fuel, and electricity [3]. At a global level, research studies have been carried out on finding
suitable biomass conversion technologies based on technologies that favor conversion
from organic waste. The most commonly used among them are advanced oxidation [5,6]
membrane processes [7], electrochemical [8,9] and physicochemical treatments (such as
flocculation) [10], and of course anaerobic processes [11–14]. Because of the high levels of
COD in waste, the biological treatments showed significant improvements when following
a pretreatment step to make the waste more biodegradable [15].

Besides the above-mentioned processes, bioelectricity from biomass can be produced
by two other technologies, Solid Oxide Fuel Cells (SOFCs) (working at high temperatures
above 650 ◦C) or Microbial Fuel Cells (MFCs) [16,17], with the latter demonstrating the
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advantages of high theoretical energy efficiency and also mild operating conditions [18].
Practically, the amount of energy from MFCs is lower than other energy sources, but their
ability to use organic waste makes them an ascendant motive for their increased usage in the
future and anaerobic digestion and bioelectrical systems (MFCs and microbial electrolysis
cells (MECs)) could become leaders in converting waste to bioenergy [19] (Figure 1).
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Figure 1. MFCs in the service of waste to energy conversion (Adapted with permission from Ref. [20]).

Organic waste can be also used in alternative ways for energy generation such as biogas
production via food and agricultural animal and municipal waste. MFCs are advantageous
compared to anaerobic digestion technologies since they can operate at ambient wastewater
temperatures and do not require temperature control. A neutral pH is necessary for MFCs
as in anaerobic digestion. In addition, MFC technology has eliminated the pretreatment of
organic waste, which is a necessary step in anaerobic digestion technology.

On the other hand, MFCs can produce energy from non-purified organic materials
and from materials derived from various environments giving them an advantage in their
selection compared to other methods that can support bioenergy [21]. Furthermore, MFCs
support the possibility of the simultaneous production of energy and other co-products
such as bioethanol [22] or biohydrogen [23].

Microbial fuel cell (MFC) technology converts the chemical energy of organic com-
pounds directly into electricity relying on the diverse metabolic pathways of unique mi-
croorganisms called electroactive microorganisms (EAMs) [24,25]. An MFC apparatus
consists of an anode and a cathode chamber linked electrically via a circuit and separated
by the proton exchange membrane [26] and is characterized as a dual-chamber MFC,
whereas single-chamber MFCs lack the membrane and the cathode mostly acts as a me-
diator [17,27,28]. EAMs reside in the anode compartment, oxidize organic compounds,
and generate electrons (e−) and protons (H+), which are transported through the mem-
brane/mediator at the cathode and the external electronic circuit, respectively. Direct
electron transfer, transfer through nanowire structures, and a mediator are the alterna-
tives for releasing the electrons to the electrode [29]. Electrons and protons are consumed
in the cathode by the reduction in soluble electron acceptors, for instance, oxygen or
nitrate [29–31] (Figure 2).
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Figure 2. Operating principles of a microbial fuel cell (MFC) (Reprinted with permission from
Ref. [32]).

Recently, new less expensive materials have been developed for the membranes such
as clayware [33], ceramic [34], and natural rubber membranes [35], whereas new cost-
effective cathodic electrodes have been introduced in order to minimize the total capital
costs of MFCs [17,27,36–43].

Pure cultures of EAMs (bacteria, archaea, and eukaryotes) have been used in MFCs
but the support of mixed cultures increased efficiency in complex feedstocks [3]. Recently,
genetically engineered bacteria have been used in MFCs for governing the biosynthetic
pathways providing proper electron numbers for enhanced energy efficiency [44–46]. In
general, the pH, temperature, concentration of the electron donor, loading rate of the
organic substrate, electrolytes, specific type of bacteria, design, and type of the membrane
influence the efficiency of the MFCs [26,47]. The MFCs’ electrical efficiency (power density,
current density, Coulombic efficiency, and substrate reduction of COD) is calculated by
comparing the electrical output to the chemical energy of the substrate used, and the current
is calculated by converting the chemical oxygen demand of the substrate to electrons [19,29].

Various reviews have demonstrated the different types of MFCs that are suitable
materials for the anode and cathode. Publications on MFCs illustrate at least 35 different
types of waste used for energy production, some of which demonstrate advantages over
others due to their moisture content, energy yield, bulk density size, and shape, as well as at
least 13 different studies on the MFC reactors used for waste substrates [3,48,49] (Figure 3).

Here, we demonstrate a comprehensive review examining the various types of biomass
waste in general categories and subcategories regarding bioenergy production via MFCs.
Moreover, the presentation and discussion of mixed waste for more enhanced energy
efficiency that are being reported in this study could shed light on the most energy-efficient
waste for scale-up processes.
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2. Energy Production Using Waste as MFC Substrate

Rapid growth or urbanization and industrialization produce tons of waste every year
as a result of human needs, although no proper waste management plans are active. The
crucial advantage of bioelectrical systems (BESs) is that they can produce energy from waste
and at the same time protect the environment from pollutants by finding new ways for
energy production [29,51]. Based on the type of waste, different organic substrates can be
utilized in MFCs for energy generation. studies on food, wine, oil, soil, domestic, industry,
and animal waste have been used to propose alternative sources for MFCs’ bioenergy
production. A comparison of the different types of waste regarding energy generation
is difficult due to the different MFCs used in the various processes (working volume,
operation mode, electrode material, type of MFC, mg/L of COD inserted into MFCs).

2.1. Food, Fruit, and Vegetable Waste and Wastewater

Food waste deriving from households, restaurants, canteens, and cafeterias., is one
of the crucial environmental pollutants due to its large amount of organic matter, high
salinity, and moisture [52]. Moreover, food waste is an inexhaustible source, with high
levels of carbohydrates, protein, and lipids, rendering them a good source for energy
production [15]. Mostly, but not exclusively, two-chamber MFCs have been used for energy
production using food waste. The power density varies from 1 to hundreds of mW/m2

based on the different types of food waste (Table A1). Studies using potato-processing
wastewater in single-, two-, or three-chamber MFCs resulted in a maximum of 217 mW/m2

in a single-chamber MFC with a 28 mL working volume, graphite fiber brushes as the
anode material, and carbon cloth–Pt–PTFE as the cathode material [53] (Figure 4).
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Similar studies were conducted with potato pulp [56], resulting in the maximum
Coulombic efficiency of 56%, whereas a two-chamber MFC with a 240 mL working volume
and carbon felt as the material for the anode and cathode produced a much lower power
density (1.4–6.8 mW/m2) but a maximum COD removal efficiency of 90% [57]. A three-
chamber MFC using potato waste with an 800 mL working volume and graphite at the
electrodes produced 250–400 µA of current density [58]. Using an acidic and organic-rich
slurry of potato–shochu waste in a cassette-electrode MFC with a graphite anode and
carbon cathode electrodes results in the maximum power density of 1.2 W/m3 [59].

Culled (defective) tomatoes were used in a two-chamber MFC with graphite mate-
rial as both the anode and cathode and the power density achieved (256 mW/m2) was
almost double compared to the same type of MFC using tomato seeds and skin [60].
Mohan et al. [61] studied bioelectricity generation from vegetable-based waste (different
kinds of rotten vegetables) in a single-chamber MFC using non-catalyzed graphite plates
as the electrodes. The power density of the system ranged from 57.38 to 215.71 mW/m2

depending on the loading rate. With a similar feedstock but in a dual-chamber MFC with
granular graphite and carbon paper as the anode and cathode, respectively, a maximum
power density of 1019 mW/m3 was attained after ultrasonic pretreatment of the sam-
ples [62]. Javed et al. [63] produced the highest power density of 88,990 mW/m2 using
vegetable waste extracts in an MFC constructed from polypropylene random pipes jointed
in a U shape.

Fermented apple juice (a simulation of apple farm waste leachate) generated 78 mW/m2

in a 500 mL two-chamber MFC with graphite felt as the anode and platinum mesh as the
cathode [64]. Effluent from a Dissolved Air Flotation (DAF) unit receiving wastewater from
a chilled food-production factory that was used in a tubular 1000 mL MFC system with
carbon electrodes resulted in a maximum volumetric power density of 5.86 W/m3 [65].
Bakery wastewater was fed into a single-chamber MFC with a 45 mL working volume
and produced a 10 mW/m2 current density, whereas baker’s yeast effluent in a two-
chamber MFC with a 100 mL working volume generated power density that ranged from
9.75 mW/m2 to 18.41 mW/m2 depending on the concentration of the exogenous redox
mediator [66,67].
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A mediator-less dual-chamber MFC with a 1.2 L working volume with carbon as
the electrode material operating in fed-batch mode fed with food waste leachate gave
15.14 W/m3 of power density [68]. A dual MFC unit with a 75.6 mL working volume using
the same waste resulted in 1 W/m3, whereas 1.86 W/m3 power density was produced
by food leachate in a single-chamber air-diffusion cathode MFC [69,70]. Soy-based food
generated low power density but sufficient COD removal in a three-chamber MFC with
carbon electrodes [71]. In general, food waste has been processed in single- or triple-
chamber MFCs using carbon electrodes, maximizing the energy production by up to
371 mW/m2 and the Coulombic efficiency by up to 95%, specifically in 250 mL single-
or two-chamber MFCs [72–74]. The reported COD removal efficiency from food waste
varies from 64–95%. A comparison between the fruit waste of oranges, bananas, and
mangoes showed that oranges resulted in a high voltage output of 357 mV [75]. In a study
conducted on a single-chamber air-cathode MFC, Frattini et al. observed that the factors
that are crucial for energy production from food waste are the solid-to-liquid ratio and the
membrane type. They reported that increased MFC energy efficiency was achieved in a
low solid-to-liquid ratio and under Nafion membrane [76]. More recently, Xin et al. [77]
reported on the development of an integrated process combining the ultra-fast hydrolysis
of food waste by fungal mash (rich in hydrolytic enzymes in situ produced from food waste)
and microbial fuel cell MFCs fed with the liquid fraction of hydrolysis. According to the
authors’ estimation, this process could result in 192.5 million kWh of electricity annually,
whereas the solid fraction (accounting for 75 K tons annually) can be used as a biofertilizer.

Single-chamber MFCs generated the maximum energy amount of 1540 mW/m2 using
canteen waste leachate. Specifically, a 24 mL MFC with a graphite anode and carbon
cathode resulted in the above-mentioned power density using biodegradable substrates
in bio hydrogen fermentation (canteen waste leachate) and with a high COD removal
efficiency of 85.1% as well as the highest Coulombic efficiency of 89% [78]. Similar studies
on single-chamber MFCs with low working volumes, i.e., 22 mL with graphite fiber brush
as the anode and carbon cloth–Pt as the cathode generated an enhanced power density
(371–556 mW/m2) and a COD removal efficiency of 86% compared to similar MFC types
with higher working volumes such as 300 mL or 430 mL [79–81]. Diluted canteen waste in
a 120 mL single-chamber MFC generated 5.6 mW/m3 but a very sufficient COD removal
efficiency of 80.8%, whereas a solid-phase MFC with graphite as the electrode material
using undiluted canteen waste generated 41.8–170.81 mW/m2 and only a 76% efficiency of
COD removal [82]. The power density of the three-chamber MFCs was reduced compared
to the single-chamber MFCs. The power efficiency of the three-chamber MFCs reached up
to 123.8 mW/m2 [83] in a 1500 mL MFC with graphite electrodes but despite the low power
density, this system resulted in the highest COD removal efficiency of 99%. The graphite
and copper electrodes in a 300 mL three-chamber MFC generated 19.151 mW/m3 [84].

Cafeteria fermented waste resulted in a low power density at 15.3 mW/m2 [85] in
a two-chamber MFC with carbon electrodes. Asefi et al. [86] produced a 422 mW/m2

power density with a high COD removal efficiency of almost 87% using canteen waste
with permanganate as the cathode of the MFC. Food waste ethanol fermentation stillage
in a 120 mL single-chamber MFC with graphite and titanium as the material electrodes at
the anode and cathode generated 0.29 V and 1.4 mA with a medium percentage of COD
removal efficiency of around 70% [87], whereas a better power efficiency was found in a
study by Gao et al. [88] of 612 mW/m2 with a 62% COD removal efficiency. Household and
kitchen waste can also be a good source for MFC bioenergy production. Recent studies have
verified sufficient energy efficiency using kitchen waste in a single air-cathode electrode
with carbon rods as the anode and cathode (85.58 mW/m2) [89] and even lower power
density (29.6 mW/m2) in a dual-chamber MFC [90]. In addition, food waste condensate
concentration plays a critical role in energy production in single-chamber MFCs as it lowers
the output power density to 14.4 mW/m2 with a COD removal efficiency of 86% [91]
regardless of the nature of the electrodes used in most cases [92]. Comparison studies
have demonstrated that kitchen waste supports enhanced energy production; over 45 days,
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kitchen waste produced higher voltages and maintained this over time compared to bamboo
waste [93].

2.2. Seafood Industry

Waste from the seafood industry has a high organic content, including fats, oils, and
nitrates, and the industries that process seafood, as well as the cleaning of the equip-
ment, have caused increased tons of wastewater [94]. Some previously mentioned studies
(Table A2) on seafood waste in MFCs [95,96] calculated the maximum power density to
be around 400 mW/m2 for a two- and single-chamber with a 98 mL and 26 mL working
volume MFC with a graphite rod and carbon cloth as the electrode materials, respectively,
with the former having slightly higher Coulombic efficiency, and the latter having the
maximum COD removal efficiency of 85%. Another similar study on a tubular 50 mL MFC
with activated carbon as the electrodes managed a high COD removal efficiency of almost
83% [97]. A comparison of single- and two-chamber MFCs with the same working volume
by Sun [96], showed that the single-chamber MFC achieved an enhanced COD removal
and the two-chamber MFC had the highest Coulombic efficiency of 20%.

Recently, Jamal et al. [98], who examined the effect of halophiles from desalinated
plants on seafood wastewater treatment in an MFC, stated that the increments in the
organic load lead to an increased power density of 570 mW/m2 and the COD removal
reaches a maximum efficiency of 90%, which were the best results compared to previous
studies [95–97]. The most efficient MFC with a power density of 2960.704 mW/m2 was
reported by Amrutha et al. [99] using a dual-chamber MFC with polypropylene as the
electrodes and a 3 L working volume with a less efficient (compared to the above-mentioned
studies) COD removal efficiency of around 77%.

2.3. Dairy Industry

The dairy industry is an endless source of wastewater, which includes a high con-
centration of lactose, proteins, lipids, and vitamins, as well as several pollutants such as
nitrates, sulfates, phosphates, chlorides, and solids [29,100]. Nowadays, dairy wastewater
treatment is managed by up-flow anaerobic filters or anaerobic reactors [101,102], but more
recently, microbial fuel cells have gained increased interest since there has been an increase
in the annual milk production rate of 3% [100]. Two-chamber MFCs are the commonly
used reactors (Table A3). Yogurt waste was more efficient in a 500 mL three-chamber MFC
with graphite felt and platinum mesh as the anode and cathode compared with the same
MFC with platinum mesh at both electrodes resulting in 53.8 mW/m2, whereas the second
type of MFC led to a high COD removal efficiency of 91% [64,103]. Under alkaline condi-
tions and in a single-chamber air-cathode MFC, Luo et al. [104] stated that yogurt waste
produced the highest power density of 1143 mW/m2 with the COD removal efficiency
reaching 87% (Figure 5).

Dairy manure was not more efficient since the power density reached 189 mW/m2

with a lower COD removal efficiency of around 70% compared to the yogurt waste but in
different types of MFCs (single- or three-chamber MFCs) [53,105]. Synthetic dairy wastew-
ater generated in a 480 mL two-chamber MFC with carbon electrodes led to 92 mW/m2

power density and a sufficient COD removal efficiency of 63% [106], whereas the energy
efficiency of activated sludge dairy waste was extremely low [107]. Cheese whey has also
been used in single- or two-chamber MFCs with low or high working volumes, respectively,
and using graphite electrodes reaching 324.8 µW and 1.19 mA [108,109] in a two-chamber
MFC. Further, the maximum Coulombic efficiency of 49% in a single-chamber MFC was
reached, which is the maximum referred Coulombic efficiency among the various dairy
wastewater types used in MFCs.
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In general, dairy wastewater in two-chamber MFCs produced better power density
and Coulombic efficiency, whereas single-chamber MFCs supported the maximum COD
removal [66,72,102,110]. Specifically, Mansoorian et al. [111] using a 2000 mL two-chamber
MFC with graphite electrodes produced 621.3 mW/m2 and 38% Coulombic efficiency, and
a 480 mL single-chamber MFC with graphite electrodes resulted in a 96% COD removal
efficiency [102]. A lower working volume in a two-chamber MFC noticeably reduced the
power density and Coulombic efficiency but not the COD removal [110]. A similar high
COD removal efficiency of 94% and a power density of almost 38 µW generated using dairy
wastewater in a continuous-flow-type two-chamber MFC [112] and also in a fed-batch
MFC produced a high Coulombic efficiency of almost 32% [113]. Choudhury et al. [114]
using three MFCs connected in a series with a 300 mL working volume in two of them
and a 330 mL working volume in the third, generated a 1.745 V voltage. Furthermore,
sufficient power density and COD removal produced in a two-chamber MFC with carbon
electrodes [71], as well as in a two-chamber MFC with graphite brush and carbon cloth as
the electrodes, reached 131 mW/m2 and a 76% COD removal efficiency [115]. Recently,
Sivakumar et al. [116] generated the highest power density of 1080 mW/m2, surpassing
the 621.3 mW/m2 mentioned above, with an 86% COD removal efficiency and a high
percentage for the removal of other pollutants using dairy wastewater in a double-chamber
batch-mode salt-bridged MFC. An analogous MFC with graphite plates as the anode and
cathode and an agar–salt bridge resulted in a higher COD removal efficiency of 92% than
the previously mentioned salt-bridged MFC under acidic conditions [117]. Dairy waste
has also been examined in an effort to reduce various pollutants such as dyes. The COD
removal and reduction of Aid orange dye reached almost 90% [118].
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2.4. Brewery and Winery Waste

Brewery and winery wastewater is rich in sugars, carbohydrates, nitrate, phosphorus,
and heavy metals and is believed to be a powerful source of bioenergy production through
the sequencing of batch reactors and up-flow sludge blankets. Anaerobic and aerobic,
carbon nanotube, oxidation process, membrane filtration-based, and activated carbon are
some of the types of treatment methods used nowadays [119–123] achieving up to a 98%
COD removal efficiency but with high energy efficiency [124]. Especially for microalgae, as
they are vastly implemented in MFCs [125], regardless of their applications or production
processes [126–128], the COD removal efficiency of MFCs used as cathodes was above
85% [121]. Studies of winery waste mostly used two-chamber MFCs in various working
volumes (Table A4). A tubular MFC with 170 mL and with carbon felts as the electrodes
produced the highest power density of 890 mW/m2 and at the same time the highest
Coulombic efficiency of 42%, whereas a smaller working volume of 70 mL managed to
perform the highest COD removal efficiency of almost 17% [129,130]. Wine lees in a 500 mL
two-chamber MFC had a significantly reduced power density of only 0.8 mW/m2 [64].

Regarding brewery wastewater, single-, two-, and three-chamber MFCs have been
used for energy generation. Single-chamber MFCs led to the maximum power density, COD
removal, or Coulombic efficiency in MFCs with different working volumes. Specifically, a
carbon cloth single-chamber MFC managed a 98% COD removal efficiency [124], the same
as the other methods used for brewery wastewater treatment mentioned above, verifying
that MFCs can manage the treatment of brewery wastewater efficiently, and a similar type
of MFC with carbon fiber as the anode and stainless steel/activated carbon as the cathode
resulted in the maximum power density of 669 mW/m2 [131]. Yu et al. [132] also produced
a high-power density of 552 mW/m2 in a higher-working-volume (225 mL) single-chamber
MFC with graphite felt as the anode and carbon cloth as the cathode than the one in the
study by Wen et al. [131], but at the same time achieved the highest Coulombic efficiency
of 41%. An MFC similar to the one used in the study by Feng et al. [124], generated better
power density and higher Coulombic efficiency of 38% using brewery wastewater as the
feed for the MFCs [133]. A single-chamber 4000 mL MFC with a continuous operation
mode generated a median power density of 304 mW/m2 [123]. Studies on two-chamber
MFCs resulted in a maximum COD removal efficiency of 80% and a 305 mW/m2 power
density [134], and other studies [135,136] produced noticeably lower values than the
respective maximum values in the single-chamber MFCs. A three-chamber MFC with
graphite plate electrodes and a 1200 mL working volume achieved a 93% COD removal
efficiency [137] similar to other single-chamber MFCs [138] but with a lower power density.
Earlier studies produced smaller values of COD removal or power density [66,139]. A study
on a two-chamber MFC with copper mesh as the electrodes loaded with the inlet and outlet
of an anaerobic digester of a brewery wastewater treatment generated almost 82% COD
removal efficiency and 80 mW/m2 from the influent and 18 mW/m2 from the effluent [140].
Zhuang et al. [141] by scaling up the process in a 10 L MFC with continuous operation
for 180 days produced 4.1 W/m3 after 30 days, whereas the COD removal efficiency was
more stable at around 85% for the duration of the 180 days, thus the removal of ammonia
was enhanced, verifying the ability of the MFC to treat various types of wastewater. An
industrial two-chamber MFC being able to treat 84 L/hr of wastewater was able to remove
almost 92% COD and produce 26.4 KWh in power efficiency [142], reaching close to the
maximum COD removal produced by lower-working-volume MFCs. An enhanced COD
removal efficiency of almost 94% was generated by brewery wastewater in the simultaneous
presence of glucose and sucrose [143].

2.5. Oil Industry

Oil waste is composed of solids, lipids, sugars, and nitrogen [94,144]. A comparison
of the degradation of petroleum hydrocarbons between sediment MFCs and the anaerobic
digestion method resulted in a 10 times higher efficiency than the first [145]. Studies
(Table A5) of soybean oil wastewater in single-chamber MFCs with an 18 or 2 mL working
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volume verified the maximum power density of 2240 mW/m2 using graphite felt as the
anode and carbon cloth as the cathode in the higher working volume. In the lower working
volume, a maximum COD removal efficiency of 96% and Coulombic efficiency of 33.6%
were observed using graphite fiber s the anode and stainless steel as the cathode [146,147].
Palm and vegetable oil wastewater in a two-chamber MFC generated lower COD removal
efficiency of 70% and 86%, respectively, and lower Coulombic efficiency of 24% for palm
oil compared to soybean oil [148,149]. A study by Firdous et al. [150] using vegetable
oil effluent verified a similar COD removal efficiency to the one from Abbasi et al. [149],
whereas the Coulombic efficiency reached the one produced using soybean oil. The batch-
mode operation of a single-chamber MFC managed a 48% COD removal efficiency using
petroleum refinery wastewater [151], whereas in continuous mode, a higher COD removal
and power density [152] were produced. A constructed wetland reactor with a microbial
fuel cell reactor having an MnO2-modified cathode produced a similar COD removal but a
higher power density of 102 mW/m2 compared to a simple MFC of 80 mW/m2 using oil
sewage [153]. Mineral oil wastewater in a single-chamber air-cathode MFC generated a
45 mW/m3 power density and an 80% COD removal efficiency [154].

2.6. Animals and Meat Industry Waste

Global demands for meat have raised the waste quantities as well as the greenhouse
gas emissions, and the high volumes of water used in slaughterhouses affect climate
change [29,155]. The degradation of animal and meat waste is difficult and until now,
anaerobic digestion has been the usual method for reducing waste with simultaneous
treatment for the removal of organic and other nutrients [156]. Nowadays, MFCs are
used with mostly high working volumes compared to the other types of waste previously
discussed. Usually, two-chamber MFCs are used to perform the maximum power density,
whereas the single-chamber MFCs generate the maximum Coulombic efficiency from meat
waste, in general, and the highest COD removal has been achieved by a tubular MFC
(Table A6). Swine as waste resulted in a maximum power density of 2300 mW/m2 in a
70 mL working-volume single-chamber MFC with carbon felt and carbon paper as the
anode and cathode, respectively, in batch-mode operation, and produced a high COD
removal efficiency of 91% and the highest Coulombic efficiency of 47% [157]. Two-chamber
MFCs generated much lower power density and COD removal efficiency of between 77 and
86% with much higher working volumes [158,159]. Graphite material as the anodes in a
single-chamber MFC achieved a lower COD removal efficiency of around 75% [160] than
the carbon referred to previously from Ichihashi [157]. Studies on the two single-chamber
MFCS with a 100 mL working volume and graphite fiber brushes as the anode and activated
carbon as the cathode generated a higher power density of 750 mW/m2 and a reduced COD
removal efficiency than a single-chamber MFC with carbon material as the electrodes [161],
whereas a combination of a single- and a two-chamber MFC with a 250 mL working
volume using carbon electrodes generated the highest COD removal efficiency of 92% than
any other study referred to previously for swine waste [162]. Recently, Cheng et al. [163]
achieved the maximum COD removal efficiency of more than 95% in a dual-chamber
MFC using swine wastewater including antibiotics, and at the same time a high removal
efficiency of the sulfonamides. The combination of a single-chamber air-cathode MFC with
flocculation reached almost a 97% COD removal efficiency [10].

Swine farm waste and wastewater generated the highest power density in a two-
chamber MFC than in a single-chamber MFC, both with carbon electrodes [164,165]. Fur-
thermore, swine manure in a 28 mL single-chamber MFC with carbon paper as the anode
and carbon–Pt as the cathode generated the maximum power density of 228 mW/m2 with
a COD removal efficiency of 84% [166] compared to a much higher volume two-chamber
MFC [167], whereas the latter achieved the maximum Coulombic efficiency (24%). Diluted
swine manure was also sufficient producing a high Coulombic efficiency of 24% similar to
the undiluted swine manure in a 65 mL single-chamber MFC with carbon felt as the anode
and commercial gas diffusion as the cathode but with a much lower power efficiency [168].
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Swine manure with a lower loading rate achieved higher Coulombic efficiency and COD
removal efficiency compared to that with a higher loading rate [169]. Swine slurry has been
studied in only two-chamber MFCs with variable working solutions of 269 to 504 mL in
batch- or continuous-operation mode [170–172]. The batch mode in a 504 mL MFC with
carbon felt as the anode and stainless steel mesh as the cathode generated the maximum
current density of 250 mA/m2 [170], whereas an MFC with similar electrode materials but
with a 336 mL working volume in continuous operation mode was more efficient for COD
removal at 51% [171]. Cattle manure was less effective than swine manure in an H-type
microbial fuel cell in terms of power density and COD removal, which was found to be
approximately 60% [173]. A cassette-electrode MFC generated 16.3 W/m3 energy efficiency
after 26 days of operation in a study by Inoue et al. [174]. More productive, however, in
terms of power density, was cattle dung in a two-chamber MFC generating 220 W/m3 [175].
Scaling up the process using swine wastewater in a 1.5 L, 12 L, or 100 L single-chamber MFC
demonstrated no differences in COD removal between the three different working volumes,
which were found to be almost 70%. The 12 L working-volume MFC generated higher
average and maximum electricity than the 1.5 L and 100 L working volumes, whereas the
Coulombic efficiency was higher in the lower working volumes than in the 100 L one [176].
In even larger working volumes of 110 L in 12 MFCs with swine wastewater, 65% of COD
removal was achieved after 200 days of continuous-mode operation [177].

Waste from slaughterhouses demonstrated the highest power density of 700 mW/m2

in a two-chamber MFC with graphite as the anode and graphite, zinc, and copper as the
cathode [169,178], whereas the maximum 99% COD removal efficiency for all the meat
and animal industry waste and wastewater was reported by Ismail et al. [179], thus a
similar COD removal efficiency was reached two years later by the same researchers in
a novel MFC aerobic bioreactor [180]. A lower power density of 578 mW/m2 compared
to the Prabowo et al. [169] study was mentioned in 2012 by Katuri et al. [181], who used
slaughterhouse wastewater but achieved high Coulombic efficiency. A lower but still
sufficient COD removal efficiency (between 70 and 80%) compared to the studies by
Ismail et al. [179] or Mohammed et al. [180] was reported by two studies in an MFC
with an air-breathing cathode with a separator based on ionic liquid or in a two-chamber
MFC, respectively, with slaughterhouse wastewater as the substrate [182,183]. Protein
food industry waste as feed for bioenergy production in MFCs can generate a sufficient
power density of 230 mW/m2 in a 1500 mL two-chamber MFC with graphite sheets
as electrodes and a Coulombic efficiency of 21% [184]. Goat rumen was the waste that
exhibited the maximum power density out of all the other animal and meat industry waste
at 42,110 mW/m2 in a 2500 mL working volume in four two-chamber MFCs in a series
or 9700 mW/m2 from the same working volume but in a single two-chamber MFC [185].
Reduced energy efficiency was produced by cow urine or diluted manure, as well as
meat packing waste, in two-chamber MFCs [186,187], whereas manure wash waste in an
1850 mL working volume two-chamber MFC was more efficient in terms of power density
than undiluted manure [187]. A study by Wang et al. [188] stated that the higher the
moisture content of the cow manure, the higher the energy production that can be achieved,
for example, 350 mW/m2 with 80% moisture, whereas with only 10% less moisture, the
produced energy is reduced almost 10-fold. Dried blended farm manure in a membrane-less
MFC produced a 5 mW/m2 power density [189]. Moreover, the pretreatment of manure
with dilution or selective absorption supports enhanced power efficiency more than the
untreated liquid manure due to a lower anode and cathode inhibition [190].

2.7. Distillery and Sugar-Based Industries

Molasses is the main byproduct of sugar-based industries and is composed of sugars
and salts, whereas wastewater, the main byproduct of the distillery industry surpass-
ing ethanol, is composed of solids [94]. Similar to other waste, molasses and distillery
wastewater are usually treated by anaerobic digestion but now MFCs are also being used.
Both single- and two-chamber MFCs have been used for treating distillery and sugar-
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based industry waste (Table A7). Regarding molasses, a 300 mL working volume two-
chamber MFC with carbon cloth as the electrodes generated the maximum power density
of 2425 mW/m2 [191], but the maximum COD removal efficiency of 90% was demonstrated
by a 900 mL single-chamber MFC with carbon felt as the anode and an air-diffusion elec-
trode as the cathode [192]. Moreover, Lee et al. [192] compared a single- and two-chamber
MFC with 900 mL working volumes and as previously mentioned, the single-chamber
MFC carbon felt anode and air-diffusion cathode generated the maximum COD removal
efficiency of 90%, but the two-chamber MFC with carbon felt electrodes produced the
maximum power density of 17 mW/m2. Half of the power density values reported in
the Ali et al. [191] study were generated in a membrane-less single-chamber MFC with a
graphite rod as the anode and carbon paper as the cathode using high-strength molasses
wastewater and generated a power density of around 1410 mW/m2 [193]. Sugar mill waste
in a 500 mL two-chamber MFC generated a lower power density than that in the Ali et al.
study [191], but a higher power density than that in the Lee et al. [192] studies, whereas it
generated the maximum Coulombic efficiency of 70% in terms of all the various types of
waste from distillery and sugar-based industries [194].

A combination of crude sugarcane effluent along with anaerobic sludge generated
the maximum power density of all the studies at 8314 mW/m2, which is almost double
compared to the density generated in the absence of anaerobic sludge [195]. A dual-
chamber MFC with carbon cloth as the anode and an MnO2-modified cathode using
molasses wastewater as the MFC substrate achieved better power efficiency compared to
the unmodified one [196], whereas modifications to the membrane of the MFC verified that
the PVDF- or acetone-modified Nafion membrane resulted in higher power efficiency [197]
compared to the unmodified membrane or even to the nanoscale polypyrrole proton
exchange membrane [198]. Location modifications to the anode and cathode (parallel
or vertical) in a single-chamber MFC resulted in the finding that using vertical mode
generated more power than parallel mode [199]. Recent studies of sugarcane molasses as
the substrate in a dual-chamber MFC demonstrated lower Coulombic efficiency with a
high volume of organic load, whereas this specific study achieved a high COD removal
efficiency of 81.7% [200]. A different type of MFC to the single- and two-chamber MFCs
had the advantage of the highest COD removal efficiency of almost 96% at an increased tilt
angle [201]. An anaerobic baffled stacking MFC with four units could not surpass the COD
removal achieved in previously-mentioned studies in single- or two-chamber MFCs since
it achieved at a 50–70% efficiency [202].

Bioenergy production and COD removal from distillery wastewater were more effi-
cient in a 210 mL two-chamber MFC than in a 28 mL single-chamber MFC with graphite
plate and carbon cloth electrodes, respectively [203,204]. Earlier studies comparing single-
and two-chamber MFCs with graphite rod electrodes resulted in a higher power density of
28.15 mW/m2 than the single-chamber MFC, whereas the dual-chamber MFC achieved a
better COD removal efficiency of 64% [205]. Digested distillery wastewater in a 500 mL
two-chamber MFC with graphite rod electrodes led to a more efficient COD removal of
61% than the undigested distillery wastewater in the single-chamber MFC (57%), but a less
efficient COD removal than in the 210 mL two-chamber MFC mentioned above [206].

Digested distillery wastewater in a 500 mL two-chamber MFC with graphite rod
electrodes led to a more efficient COD removal of 61% than the undigested wastewater
in the single-chamber MFC (57%), but a less efficient COD removal than in the 210 mL
two-chamber MFC mentioned above [207–209]. The total power produced by distillery
wastewater in a two-chamber MFC with a salt–agar bridge (four in a series MFC connection)
reached 347 mW [210]. Distilled fermentation broth from food waste used after pretreat-
ment in a 120 mL single-chamber air-cathode MFC and graphite felt as the anode generated
0.29 V and 1.4 mA with a sufficient COD removal efficiency of 70% [87], whereas aromatic
and humic-acid-like substances could not be degraded. Recent studies have verified that
an enhanced organic load of distillery wastewater can increase power efficiency as well as
organic matter degradation in a dual-chamber MFC with polyacrylic sheet electrodes [211],
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whereas others have demonstrated that lower-strength distillery wastewater can generate
more power compared to full-strength wastewater [212]. Furthermore, a higher surface
at the anode and the electron acceptor could increase power efficiency and reach an 85%
efficiency of COD removal [213]. Regarding the mezcal industry, the higher the loading
of organic matter, the lower the power efficiency but the higher the COD removal effi-
ciency at almost 92% [214], demonstrated in a study which is in contrast to the one of
Tiwari et al. [211].

The 70% COD removal efficiency stated by Ma et al. [87] was surpassed only by the
Mohanakrishna et al. [215] study in a single-chamber MFC with plain graphite plates as the
electrodes reaching almost 73%, whereas other studies mentioned a COD removal efficiency
of between 54 and 68% [216–219]. Until now, a combination of anaerobic fluidized bed
and MFC led to the maximum COD removal efficiency of 80–90% using alcohol distillery
wastewater [220]. Despite the low COD removal efficiency, Hamza et al. [218] reported
the maximum recorded power density of 25,194.8 mW/m2 in a single-chamber MFC with
plain graphite plates as the electrodes. The maximum Coulombic efficiency of alcohol
distillery wastewater generated in a thermophilic MFC was almost 89% with a sufficient
power density of 1000 mW/m2 [221].

2.8. Agricultural—Plant Waste

Agricultural processes generate plant waste composed of cellulose, lignin, and hemi-
cellulose. Until now, plant waste has been disposed of by composting and incineration [222].
Recently, cellulose biomass has been treated in single- or two-chamber MFCs (Table A8).
The maximum power density of 1080 mW/m2 was generated in a single-chamber MFC
with graphite fiber brush as the anode electrode, whereas the same MFC reactor, as well as
a two-chamber MFC, demonstrated the maximum COD removal efficiency of 70% [223].
Graphite plates and platinum sheets in single- or two-chamber MFCs achieved a lower
energy efficiency and COD removal efficiency [224–226]. Three out of a series of two-
chamber MFCs with carbon paper as the anode and cathode using rice straw powder as
the substrate generated 490 mW/m2 [227], whereas a U-tube MFC with carbon cloth as the
anode material via cellulose biomass generated only 4.9 mW/m2 [228]. Wheat straw waste
in a two-chamber 300 mL MFC with carbon paper electrodes generated 123 mW/m2 [229].
In all the above cases, both cellulolytic, as well as exoelectrogenic, microorganisms were
necessary for energy generation.

Both above-mentioned microorganisms are also necessary for energy production
based on lignocellulose, but an extra step in the degradation of these substrates to low-
molecular-weight compounds is crucial [216]. Corn stover waste biomass with or without
acid-steam-exploded hydrolysis, a process that converts hemicellulose to soluble sugars,
used in an air-cathode MFC resulted in 367 mW/m2 and 371 mW/m2, respectively [230].
Gregoire et al. [231] generated 230 mW/m3 using corn residues in a tubular air-cathode
MFC with leach-bed bioreactors for converting cellulose to sugars supported by rumen
fluid and oxygen. Agricultural waste from Vicia faba generated less energy than the corn
stover in a two-chamber MFC but a higher COD removal efficiency than using cellulose
as feed [232]. General studies on orange peel waste demonstrated an energy efficiency of
almost 358.8 mW/m2, similar to the corn stover but with a higher COD removal efficiency.
A less important current generation was generated using only cellulose as a substrate,
which exhibited the absence of cellulolytic bacteria, whereas pectin led to higher energy
efficiency [233]. Starch wastewater in an air-cathode MFC generated a 239.4 mW/m2

power density, which was lower than the corn stover, and an almost 80–90% COD removal
efficiency [234].

2.9. Sludge, Sewage/Solid Waste

Recent studies have verified that solid substrates of a different kind can be used
in MFCs for energy production. Commonly, two-chamber MFCs have been utilized for
energy generation with sewage sludge as the substrate (Table A9), though maximum
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power density and COD removal have been achieved by a single-chamber air-cathode
MFC at 320 W/m2 with fermented primary sludge as the substrate [235], and an MFC
similar to that previously mentioned exhibited a maximum power density of 53 W/m3

and the maximum Coulombic efficiency [236] using anaerobic mesophilic sludge as the
substrate. Six different studies all using two-chamber MFCs and sewage sludge generated
a power density from 8.5 to 36.72 W/m3 [237–242]. Digested sludge in a two-chamber
MFC generated 12.67 W/m2 [243], which was much lower than the power density stated
by Yang et al. [235] in the single-chamber MFC, whereas digested sewage sludge led
to a low power generation of 3.1 µW [244] in a two-chamber MFC. Activated sludge
was more efficient in terms of energy production than digested sludge in a two-chamber
MFC and generated 42 mW/m2 [245], demonstrating that the microwave-treated sludge
resulted in 55% for total and 85% for soluble COD removal. Anaerobic sewage sludge,
as well as saline domestic sewage sludge, generated the same power density operating
in similar two-chamber MFCs of around 37–41 W/m3 [246,247]. Moreover, a study by
Karthikeyan et al. [247], demonstrated the same maximum Coulombic efficiency of 28.6%
as the Martin et al. [236] study mentioned previously. Livestock solid waste in a single-
chamber MFC generated 36.6 mW/m2 [248]. Increasing the sewage sludge quantities
resulted in higher power generation in a constructed dual-chamber MFC [249].

Recently, sludge waste in a double-chamber MFC with graphite electrodes produced a
higher power density, 312.98 mW/m2, compared to a single-chamber MFC with titanium
electrodes that resulted in 97.6 mW/m2 [250]. The power density of 788 mW/m2 generated
in a single-chamber MFC with graphite modified with Mn [251] increased compared to
the power density in the two-chamber MFC in the study by Ayol et al. [250], but a single-
chamber MFC platinum-modified with polyaniline generated the maximum power density
until now of 6000 mW/m2 [28,252,253]. A lower power density than 6000 mW/m2 has been
achieved, and still highly efficient was the density produced by carbon content derived after
the pyrolysis of sewage sludge in an air-cathode MFC [254,255]. Anaerobic sludge from a
wastewater treatment plant generated after 15 days in a two-chamber MFC with carbon
cloth as the anode and a platinum cathode generated 13.5 mW/cm2 [256], whereas sludge
from the sewage of a treatment plant in a single-chamber MFC generated 1108 mW/cm2

with carbon electrodes at 25 ◦C, thus reducing the energy efficiency with the increase
in temperature [257]. Sewage excess sludge as a second substrate with a mixed liquor-
suspended solid generated 27.65 W/m3 in an air-cathode MFC [258]. A three-chamber
MFC led to a 13.2 W/m3 power density, much lower than the 53 W/m3 in the single-
chamber MFC studied by Martin et al. [236], whereas the Coulombic efficiency was 19.4%,
the COD removal efficiency was 40% [259], and the power density was 190 mW/m2 [260].
A salt-bridge-based dual-chamber MFC with sewage sludge as the substrate produced a
maximum voltage of 2.5 V [261].

2.10. Soil Waste

Crucial types of industrial waste include urea, urine, and synthetic nitrogen. Recent
efforts have been made with the goal of creating compost soil microbial fuel cells for
energy production (Table A10). An MFC with graphite electrodes and urea as the feed
from the compost produces a 3.2 mW/m2 power density [262]. Twenty-one air-cathode
MFCs using various soil substrates produced a higher power density of between 16.4
and 28.6 mW/m2 compared to the study by Magotra et al. [262], which demonstrated
that soils with a higher organic load and lower pH generate better energy efficiency [263].
MFCs with platinum electrodes and soil as feed generated a higher power density than
previously mentioned [262,263] of 32 mW/m2 in soil, which has glucose as a base, whereas
the energy efficiency was lower in straw-based soil [264]. Human urine led to a maximum
power density of 124.16 mW/m2 in a soil-based MFC with a carbon electrode [265]. A
comparison of salt, silt, and clay verified that it is the best soil for energy production in a
single-chamber MFC [266]. Furthermore, sand and clay soil with dried leaves generated
29.2 mW/m2 and 23.8 mW/m2, respectively, in a soil-based MFC [267]. A portable plugged-
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type soil-based MFC produced a low power density of 7.3 mW/m2 [268]. A comparison
of Brinjal-cultivated soil and sugarcane-cultivated soil verified that the former was more
efficient in an agar–salt-bridged soil-based MFC [269].

2.11. Municipal/Solid Waste—Mixed Waste

Apart from the waste used in MFCs that has been analyzed above, mixed waste has
also been examined (Table A11). Municipal waste is moreover a source of energy gen-
eration in various types of MFCs. In a single-chamber MFC, Cha et al. [270] generated
16.7 W/m3 using raw municipal waste performing a Coulombic efficiency of 39.6%, whereas
Nastro et al. [271] generated a lower power density than the Cha et al. [270] study. Domestic
wastewater generated 10 W/m3 and a 22% Coulombic efficiency [272] or 72 mW/m2 and
lower Coulombic efficiency of 6% [273]. An up-scaled 255 L MFC produced using munici-
pal wastewater generated 78 mW/m2 and an almost 57% COD removal efficiency [274].
Stacked MFCs (20 air-cathode MFCs) with municipal wastewater as the substrate generated
the maximum power density of 1107 mW/m2 in individual MFC units, or 79 mW/m2 in
total, and an 84% COD removal efficiency [275]. Municipal solid waste in a two-chamber
MFCs was energetically more efficient than in a one–chamber MFC with carbon felt than
other electrode materials in a two-chamber MFC [276], whereas municipal alkali hydrolysis
as the pretreatment and K3Fe(CN)6 as the electron acceptor enhanced the maximum power
density to 1817.88 mW/m2.

Mixed mature municipal solid waste landfill leachate with dairy wastewater achieved
an almost 85% COD removal efficiency with a low leachate/dairy mix, whereas the COD
removal efficiency was reduced to 66.3% with a leachate/dairy mix ratio of 20%, achieving
a 7.6% Coulombic efficiency [277]. In a recent study, Moqsud et al. [278] stated that cow
dung produced a higher voltage than chicken droppings, whereas fruit waste was more
efficient than food waste, as was rice bran than leaf waste. Artificial domestic wastewater
and industrial wastewater in a cassette-electrode MFC achieved similar Coulombic effi-
ciencies of 93% and 97% [279]. Ammonium with municipal wastewater in a dual-chamber
MFC achieved an 85% COD removal efficiency [280], whereas municipal wastewater in
the presence of ammonia in a bench-scale or a 45 L working-volume MFC showed a lower
power efficiency compared to municipal wastewater alone in high ammonia concentra-
tions [281]. Distillery wastewater after 20 days of MFC operation generated a 70% COD
removal efficiency, whereas municipal, agro, and dairy wastewater demonstrated a higher
COD removal efficiency of 99% [282].

Mixes of potato and sludge enhanced the power efficiency, reaching an almost 85%
COD removal efficiency, and a comparison between them verified that sludge alone has
better COD removal compared to potato alone [283]. Municipal wastewater treatment
plant effluent in a cell-constructed wetland MFC generated a higher power density under
xylan than in the presence of glucose [284]. Landfill leachate in both a smaller- and
larger-working-volume MFC generated 31 mW/m2 in the smaller MFC and 635 mV in
the larger MFC, whereas the smaller-working-volume MFC achieved a 62% COD removal
efficiency [285]. Mixed-wood hydrothermally treated wastewater combined with municipal
wastewater led to an enhanced power efficiency compared to using the former alone, with
an increase from 70 to 360 mW/m2 [286]. One year of operation of a 1000 L working-volume
MFC led to the generation of 7.58 W/m2 using artificial wastewater, whereas municipal
wastewater reduced the power efficiency to 3.64 W/m2 [287]. A horizontal plug flow and
stackable MFC using municipal wastewater generated 116 mV with an 86% COD removal
efficiency [288]. Domestic wastewater in a cylindrical two-chambered MFC produced an
almost ninefold higher power density than glucose alone [289]. A mix of olive oil mill
wastewater and molasses generated a 36 W/m2 power density with a 53% COD removal
efficiency [290].

Other comparisons showed that distillery spent wash was more efficient regarding
energy generation than molasses in a salt-bridged two-chamber MFC [291]. In a double-
chamber mediator-less MFC, molasses generated 2.425 W/m2 with a 67% COD removal
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efficiency, whereas black liquor from paper pulp generated 3.55 W/m2 and a better COD
removal efficiency of 78% was found [191]. Activated sludge and cattle manure slurry were
more energetically efficient than domestic sewage in terms of the power density generated
as well as COD removal [292]. The energy potential exhibited by onion waste was 1.01 mV,
whereas mixing it with tomato and potato waste increased the voltage to 10.2 V [293].
Sewage sludge demonstrated a higher energy generation than carbon manure, wastewater,
and cow manure [294,295]. Mixing cow manure and slurry produced 1.6136 mV of energy
with a COD removal efficiency of 98% after 6 days of operation of the MFC [296]. Moreover,
cow dung enhanced the energy production from distillery wastewater [297]. Cow manure,
fruit waste, and soil generated 210 mW/m2 [298]. Vegetable waste with molasses in a
dual-chamber MFC produced almost 44,400 to 104,400 mW/m2 based on different ratios,
whereas the Coulombic efficiency was between 63.2 and 81.7% [299]. A comparison of
molasses, whey, bulgur, and olive mill wastewater demonstrated that molasses was more
efficient regarding voltage power followed by whey, olive mill wastewater, and finally
bulgur wastewater [300].

Moreover, kitchen waste has higher energy potential than cow dung and palm kernel
waste due to its higher carbohydrate content [301]. Recently, cattle manure in a dual-
chamber graphite-electrode MFC generated 1.170 V and was enhanced further by yogurt
and reached 1.122 V [302]. Multiple-chamber MFCs achieved almost 6 V by using dumping
rubbish as the substrates [303]. A mix of dairy and distillery wastewater with cow dung
produced in a double-chamber MFC generated 3.4 W/m2 and 4.6 W/m2 in a single-chamber
MFC, with a 77% and 85% COD removal efficiency, respectively [304]. Distillery wastewater
was more efficient since it produced a higher voltage than vermicompost [305]. Kitchen
garbage generated a higher voltage than bamboo waste in a one-chamber MFC [93]. Sludge
outperformed stored urine in a carbon veil anode and PTFE cathode MFC [306]. A single-
chamber MFC with a graphite fiber brush anode and carbon cloth cathode demonstrated
that garden waste could generate a higher COD removal efficiency and lower Coulombic
efficiency than food waste and paper/cardboard waste, whereas the opposite happened
using food waste. These three substrates with the same ratios created the maximum COD
removal efficiency of 77.5% and Coulombic efficiency of 23.5% [307]. Mixes of sewage
sludge and kitchen waste generated 263–918 mV in a single-chamber MFC [308].

3. Future Perspectives and Research Needs

The detailed analysis above of various types of waste used in MFCs for energy pro-
duction verified that treated food waste dominated followed by dairy, brewery, and
animal waste. Distillery waste is also a suitable candidate for energy generation in
MFCs [203,216,297]. We believe due to the continuous availability of food, dairy, and
brewery waste, that these are the types of waste that should be used and that MFC tech-
nology should be expanded to hold chambers with higher working volumes, especially
for food waste to increase power densities [106,302]. Another reason is that these types of
waste have resulted in some of the highest levels of energy production and since the highest
chamber volumes have already been used, scale-up processes are needed. For brewery
and winery waste, methanogenic control is required, and in combination with secondary
processes, the efficient removal of contaminants would be supported [124,138]. These
types of waste demonstrate similar performances to anaerobic technologies. Anaerobic
fermentation is a pretreatment step for cafeteria and canteen waste and results in efficient
energy generation via MFCs despite the high-strength waste. For dairy waste, low power
densities have sometimes been achieved, but the increased COD removal indicates that
the optimization of MFCs delivers high levels of energy generation. Methanogenic control
and anaerobic fermentation as a pretreatment step are factors that need to be evaluated for
sugar and distillery waste for enhanced power densities [101,149,217].

One of the challenges of MFCs is the cathode electrode material. Various materials
have been tested but further evaluation is mandatory for enhanced energy efficiency and
further studies could overcome the limitation of the need to use catalysts [92]. Moreover,
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the electron losses correlated with the lower required power input and higher energy
generation should also be restricted. Factors such as microbial growth, substrate diffusion
into the biofilm, and conversion of substrates in the cell environment, as well as losses in
the microorganisms and losses due to concentration gradients, should be evaluated for all
kinds of waste for better energy production [9,25,53,161,223,233,238]. A proper selection of
waste substrates should always be based on the characteristics of the waste/substrates and
a representative Table 1 is presented below.

Table 1. Waste properties and characteristics for MFC usage.

Waste Properties/Important Characteristics for Their Usage Refs.

Food high moisture content, high content of organic components, salt, and
low calorific value [52,85,94,309]

Seafood huge amount of chitin, a polysaccharide [98,99,309,310]

Dairy including lactose, protein, fat, oil, and grease; variable pH levels as
sanitizing chemicals affect wastewater treatment [311]

Brewery contains a high concentration of organic matter [124,138,140,312]

Agricultural weight, volume, moisture content, total solids, volatile solids, fixed
solids, dissolved solids, and suspended solids [293,313]

Solid moisture content, volatile solid, ash content, CHNSO contents, calorific
value, and heavy metals [314]

Municipal
particle size distribution, geometry, and classification of the waste,

moisture and organic matter content, unit weight, and temperatures of
the landfill waste

[285,315]

Distillery contains heavy metals, also a rich source of organic matter and
nutrients such as nitrogen, phosphorus, potassium, calcium, and sulfur [203,211,216,218]

4. Prospects for Upscaling and Technology Readiness Level (TRL) Assessment

The progress in MFC technology means there are a lot of aspects to assess for the
Technology Readiness Level (TRL) assessment, but the possibilities, risks, and future
prospects for upscaling also need to be addressed. The upscaling and implementation of
microbial fuel cell (MFC) systems into large applications can be considered a new line of
interest from industry sectors. After successful implementations [316,317], trends focus on
utilizing these bioelectrochemical systems in stacks in order to maximize energy power
output. Although the high pollution and/or waste degradation rates of such systems are
high (>85%), the energy generation is not sufficient to justify producing upscaled systems
based on only one type of MFC technology (single- or dual-chamber) [198,318–320].

The main factors to consider in the upscaling possibilities for MFCs are the over-
potential during activation, insufficient electrical contact between the bacteria and the
anode, and the competition for electrons and substrates among the electroactive bacte-
ria [321]. All the above result in a low electrical efficiency and a general degradation in
performance over time. In order to upscale this technology, the focus must be on boosting
the efficiency of MFCs, improving anodic and cathodic efficiency, modifying the electrodes,
and using separators and decreasing internal resistance to obtain higher electrical per-
formance. Primary efforts have been focused on improving the materials, designs, and
components such as electrodes, electrolytes, and housing [25,56].

MFC technology is still in the laboratory use, analysis, and evaluation stage with some
exceptions for ingenious designs for practical real-world implementation. Stackable units
have been produced (Figure 6) in order to multiply the MFC components and enhance
their efficiency.
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However, the type of the connections used in these stacks plays an important role in
power generation and waste treatment. Especially in series connections, the systems suffer
from an open current voltage loss due to the parasitic current flow of an under-performing
part of the stack, short circuits, and low efficiency [322].

The main obstacle to achieving high power densities is the system architecture and
of less importance, is the ecosystem of the anode compartment. The bacterial community
used for waste/substrate treatments is specified and used in accordance with the type of
waste and the physiochemical parameters (a specific organic loading, pH, chemical compo-
sition, and salinity), as well as the electrode material, which would also affect the internal
resistance of the system. For this reason, a prototype unit must be designed according to
the specific task (sensing/power/treatment) and environment in which it will be installed
and the type and flow rate of the substrate that will be processed [316–321,323–327].

To conclude, the main factors that still hinder the scaling up of this technology are the:

1. electrode costs.
2. biofouling effects on membranes and electrodes.
3. inconsistent power generation depending on the type of substrate and operational

conditions.
4. acquisition methods of the power generated in the system.

Based on the technology analysis presented, MFCs are still in a peculiar position
regarding the commercialization of the technology. Some operational and structural as-
pects are still in their technological infancy, whereas the research is focused on reducing
operational and manufacturing costs. This leads to a low TRL level and premature commer-
cialization readiness. Considering a life cycle assessment (LCA) plan, all the above factors
are to be considered as this technology could be systematically scaled up to an extent that
avoids and surpasses the above-mentioned obstacles [317–319,326,327].
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In terms of manufacturing and cost analyses, all data are to be considered from a
science lab-based perspective. The major challenge to calculating the economic scale is
the factors that affect and control the manufacturing processes. Many parts are expensive,
even at the prototype level (such as Pt electrodes). A further scientific challenge is the
identification of alternatives to (i) perform equally well and for prolonged periods but most
importantly (ii) be inexpensive and widely available [328–332].

5. Conclusions

This review extensively demonstrated the efforts in bioenergy production using vari-
ous types of microbial fuel cells based on the usage of different types of waste. An effort to
categorize the waste into general fields and to sub-categorize the various types of waste be-
longing to each field was achieved. We investigated mixed waste and specific perspectives
for further studies especially with regard to the upscaling of the processes for enhanced
energy production based on the most energy-efficient types of waste that have been exam-
ined. In general, MFCs had the same performance or better as other anaerobic technologies
treating brewery and winery wastewater, whereas further treatment to remove various
contaminants would benefit the final energy production. Similar treatments are necessary
for improving the energy production of distillery wastewater. MFCs using canteen waste
led to high COD removal, Coulombic efficiencies, and power densities, whereas with dairy
waste and general food waste, MFCs demonstrated higher COD removal and lower power
density compared to other waste. Animal waste has a high potential for energy generation
via MFCs as well as oil, soil–plant, and solid waste. Specifically, for solid and oil waste,
new designs for MFCs may support enhanced Coulombic efficiencies and better energy
production, whereas the proper selection of the solid matter for degrading the bacteria is
necessary for the proper pretreatment of solid waste. Global energy needs are increasing
daily so further studies focused on the optimization of the necessary parameters can lead
to successful upscaling processes for better energy efficiency. Proper combinations of the
most efficient types of waste under the optimal conditions for each type of waste and MFCs
would benefit higher energy production. The urge for self-sustainability and the need for
upscaling MFC technology has pushed the research to achieve a TRL of four for practically
all MFC current systems. All MFC technology seems to have practical applications at
multiple small scales and in multiple environments but the need for commercialization has
to overcome basic manufacturing costs with a simultaneous need to boost the power output.
In such readiness assessments, the treatment of medium-to-low loaded waste/substrates
can be treated with an average 350 W/m2 power-density output value. In addition, stack-
ing seems to solve the above limitation but leads to operational disadvantages. MFC
technology has barely begun to solve the system integration issues and a lot of effort must
be made in the future in order to overcome the immature state of MFC commercialization.
From a funding/development perspective, MFCs remain a nascent technology, but through
the continuous implementation of research findings, upscaled systems MFCs and their
sustainability will play a significant role for future generations. All the above efforts would
strengthen green energy production worldwide.
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Appendix A

Table A1. Summary of studies reporting use of food, fruit, and vegetable waste and wastewater in MFCs.

Waste Type

MFC Type Working
Volume [mL] Anode Material Cathode

Material
COD

Removal [%]
Power-Density

Voltage
Current Density

Current
Coulombic

Efficiency [%] Refs.Food, Fruit, and Vegetable
Waste and Wastewater

potato single-chamber 28 graphite fiber
brushes

carbon
cloth–Pt–PFTE 89% 217 mW/m2 n/a 21 [53]

potato pulp single-chamber 25 graphite fiber
brushes

carbon
cloth–Pt–PFTE 68.40% 32,100 mW/m3 n/a 56 [56]

potato pulp two-chamber 240 carbon felts carbon felts 90% 1.4–6.8 mW/m2 n/a 44 [57]

potato three-chamber 800 graphite graphite 80% n/a 250–400 µA n/a [58]

potato–shochu cassette-
electrode 350 graphite felt carbon cloth 68% 1.2 W/m3 n/a 2 [59]

culled (defective) tomatoes two-chamber n/a graphite felt graphite felt n/a 256 mW/m2 n/a n/a
[60]

tomato seeds and skin two-chamber n/a graphite felt graphite felt n/a 132 mW/m2 n/a n/a

natural vegetable waste two-chamber 35 granular
graphite carbon paper 87% 596–1019

mW/m3 n/a 33 [62]

composite vegetable waste single-chamber 430 graphite plates graphite plates 63% 57.38–215.71
mW/m3 n/a n/a [61]

fermented apple juice two-chamber 500 graphite felt platinum mesh n/a 10.2–78 mW/m2 56.9–208 mA/m2 n/a
[64]

yogurt waste two-chamber 500 graphite felt platinum mesh n/a n/a 250 mA/m2 n/a

chilled ready-to-eat food tubular 1000 carbon veil carbon cloth 84% 3.34–5.86 W/m3 n/a n/a [65]

baker’s yeast two-chamber 100 carbon felts carbon felts less than 40% 9.75–18.41
mW/m2 n/a n/a [67]

bakery wastewater single-chamber 45 carbon cloth carbon paper 86% n/a 10–11 mA/m2 n/a [66]

vegetable waste U-shaped n/a graphite rod graphite rod n/a 88 W/m2 314.4 mA/m2 n/a [63]

food waste leachate two-chamber 1200 carbon carbon 90% 15,140 mW/m3 n/a n/a [68]

food waste leachate two-chamber 76 carbon felt carbon felt 85.40% 1 mW/m3 n/a 13 [69]
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Table A1. Cont.

Waste Type

MFC Type Working
Volume [mL] Anode Material Cathode

Material
COD

Removal [%]
Power-Density

Voltage
Current Density

Current
Coulombic

Efficiency [%] Refs.Food, Fruit, and Vegetable
Waste and Wastewater

food waste leachate air-diffusion 234 carbon felt
ELAT gas
diffusion
electrode

95% 1.86 W/m3 n/a n/a [70]

soy-based foods three-chamber n/a carbon carbon 71.40% less than
100 mW/m2 n/a 18 [71]

food waste two-chamber 84 carbon cloth carbon paper n/a 1007 mW/m3 5524 mA/m3 12
[72]

food waste two-chamber 84 carbon cloth carbon paper n/a 190.5 mW/m3 853 mA/m3 8

food industry waste two-chamber 250 carbon cloth carbon cloth 64.20% n/a 0.78 mA n/a
[73]

food industry waste single-chamber 250 carbon cloth carbon cloth 63% n/a 0.72 mA n/a

food processing waste two-chamber 250 carbon paper carbon–Pt 95% 371 mW/m2 n/a n/a
[74]

food processing waste single-chamber 250 carbon paper carbon–Pt 95% 81 mW/m2 n/a n/a

oranges n/a felt disc felt disc n/a n/a 357 mV n/a n/a [75]

food waste single-air-
cathode n/a carbon brush n/a n/a 16–27 mW/m2 n/a n/a [76]

liquid part of food waste
cylinder-type
air-cathode

single-chamber
n/a n/a n/a n/a 125 million

KWh n/a n/a [77]

canteen waste leachate single-chamber 24 graphite brush carbon cloth 85.10% 1540 mW/m2 n/a 89 [78]

canteen waste leachate single-chamber 22 graphite fiber
brush carbon cloth–Pt 86% 371–556

mW/m2 n/a 27 [79]

canteen waste leachate single-chamber 300 graphite graphite
air-cathode 72% 162.4 mW/m2 n/a n/a [80]

canteen waste leachate single-chamber 430 graphite plates graphite plates 65% 108 mW/m2 390 mA/m2 n/a [81]

diluted canteen waste single-chamber 120 carbon cloth carbon cloth 80.80% 5.6 mW/m3 15.3 mA/m3 n/a [333]

undilued canteen waste solid-phase 500 graphite plates graphite plates 76.00% 41.8–170.81
mW/m2 n/a n/a [82]
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Table A1. Cont.

Waste Type

MFC Type Working
Volume [mL] Anode Material Cathode

Material
COD

Removal [%]
Power-Density

Voltage
Current Density

Current
Coulombic

Efficiency [%] Refs.Food, Fruit, and Vegetable
Waste and Wastewater

canteen waste three-chamber 1500 graphite plates graphite plates 99% 123.8 mW/m2 54.3 mA/m2 n/a [83]

canteen waste three-chamber 300 graphite copper 44% 19151 mW/m3 n/a n/a [84]

cafeteria fermented waste two-chamber n/a carbon carbon n/a 15.3 mW/m2 n/a n/a [85]

canteen waste food n/a n/a n/a permaganate 87% 422 mW/m2 n/a n/a [86]

food waste ethanol
fermentation stillage single-chamber 120 graphite titanium 70% 0.29 V 1.4 mA n/a [87]

food waste ethanol
fermentation stillage n/a n/a n/a n/a 62% 612 mW/m2 6.4 W/m3 n/a [88]

kitchen waste single-chamber
air-cathode n/a carbon rod carbon rod n/a 85.58 mW/m2 n/a n/a [89]

kitchen waste H-type
dual-chamber 310 carbon paper carbon cloth n/a 29.6 mW/m2 n/a n/a [90]

kitchen waste single-chamber n/a carbon fiber carbon fiber n/a 620 mV n/a n/a [93]

Table A2. Summary of studies reporting use of seafood waste in MFCs.

Waste Type
Seafood Industry MFC Type Working

Volume [mL] Anode Material Cathode
Material

COD Removal
[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

seafood two-chamber 98 graphite rod graphite rod 28–80 16,200 mW/m3 n/a 15 [95]

seafood single-chamber 26 carbon cloth
steel mesh

carbon cloth
steel mesh 85 358.8 mW/m2 n/a 14 [96]

seafood tubular 50 activated carbon
fiber felt

activated carbon
fiber felt 83 105–22 mW/m2 n/a <30% [97]

seafood two-chamber 26 carbon cloth
steel mesh

carbon cloth
steel mesh 65 291.6 mW/m2 n/a 20 [96]

seafood air-cathode n/a n/a n/a 90 570 mW/m2 600 mA/m2 52 [98]

seafood dual-chamber 3000 polypropylene polypropylene 77 2960.704 mW/m2 2996.664 mA/m2 n/a [99]
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Table A3. Summary of studies reporting use of dairy waste in MFCs.

Waste Type
Dairy Industry MFC Type Working

Volume [mL] Anode Material Cathode Material COD Removal
[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

yogurt waste three-chamber 500 graphite felt platinum mesh n/a 53.8 mW/m2 n/a n/a [64]

yogurt waste three-chamber 500 platinum mesh platinum mesh 91 38 mW/m2 n/a n/a [103]

yogurt single-chamber
air-cathode 28 stainless steel

fiber felt activated carbon 87 1143 mW/m2 n/a n/a [104]

dairy manure single-chamber 28 graphite fiber graphite cloth 70 189 mW/m2 n/a 12 [53]

dairy manure three-chamber 617 graphite fiber
brush

graphite fiber brush
and granules n/a 14000 mW/m3 n/a 19 [105]

synthetic dairy
wastewater two-chamber 480 carbon carbon 63 92 mW/m2 665 mA/m2 24 [106]

activated sludge
dairy waste two-chamber 600 graphite sheet graphite sheet n/a 0.715 mW/m3 n/a n/a [107]

cheese whey single-chamber 28 graphite fiber
brush graphite fiber cloth n/a 22.3 mW/m3 10 mA/m3 49 [108]

cheese whey two-chamber 800 graphite graphite n/a 324.8 µW 1.19 mA n/a [109]

dairy two-chamber 2000 graphite graphite n/a 621.3 mW/m2 3.74 mA 38 [111]

dairy single-chamber 480 graphite plate graphite plate 96 1.28 mW/m2 n/a 14 [102]

dairy two-chamber 30 graphite plates graphite plates 91 197 mW/m2 n/a 17 [110]

dairy
continuos-flow-

type
two-chamber

n/a stainless steel stainless steel 94 38 µW n/a n/a [112]

dairy single-chamber n/a n/a n/a 95 62.27 mW/m2 263 mA/m2 32 [113]

dairy three MFCs in a
series 300-300-330 n/a n/a n/a 1.745 V n/a n/a [114]

dairy two-chamber n/a carbon felt carbon 83 less than
450 mW/m2 n/a 32 [71]

dairy two-chamber 17 graphite brush carbon cloth 76 131 mW/m2 2.4 W/m3 n/a [115]



Energies 2022, 15, 5616 24 of 53

Table A3. Cont.

Waste Type
Dairy Industry MFC Type Working

Volume [mL] Anode Material Cathode Material COD Removal
[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

dairy double-chamber
salt-bridged n/a n/a n/a 86 1080 mW/m2 n/a n/a [116]

dairy
double-chamber

agar–salt-
bridged

n/a graphite plates graphite plates 92 n/a n/a n/a [117]

cheese n/a n/a n/a n/a 92 44.05 mW/m2 n/a 2%
[118]

yogurt waste n/a n/a n/a n/a 86 n/a n/a n/a

dairy two-chamber 84 carbon paper n/a n/a 503 mW/m3 1946 mA/m3 <4%
[72]

dairy two-chamber 84 carbon paper n/a n/a 38 mW/m3 404 mA/m3 <1%

dairy single-chamber 45 carbon cloth carbon paper 82 n/a 25 mA/m2 n/a [66]

Table A4. Summary of studies reporting use of brewery and winery waste in MFCs.

Waste Type
Brewery and Winery MFC Type Working

Volume [mL] Anode Material Cathode Material COD
Removal [%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

winery tubular 170 carbon felts carbon felts 10 890 mW/m2 n/a 42 [129]

winery two-chamber 70 carbon felts carbon felts 17 465 mW/m2 n/a 15 [130]

wine lees two-chamber 500 graphite felt platinum mesh n/a 0.8 mW/m2 6.6 mA/m2 n/a [64]

brewery single-chamber n/a carbon cloth carbon cloth 98 205 mW/m2 n/a 10 [124]

brewery single-chamber 100 carbon fibers
stainless

steel-activated
carbon–PTFE

21 669 mW/m2 n/a 2 [131]

brewery single-chamber 225 graphite felt carbon cloth–Pt n/a 552 mW/m2 n/a 41 [132]

brewery single-chamber n/a carbon cloth carbon cloth–Pt 87 483 mW/m2 n/a 38 [133]

brewery single-chamber 4000 carbon fiber
brushses activated carbon 75 304 mW/m2 n/a 2 [123]

brewery two-chamber 200 graphite felt graphite cloth 80 305 mW/m2 745 mA/m2 n/a [134]
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Table A4. Cont.

Waste Type
Brewery and Winery MFC Type Working

Volume [mL] Anode Material Cathode Material COD
Removal [%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

brewery two-chamber n/a carbon paper carbon paper n/a 38.4 mW/m2 n/a n/a [135]

brewery two-chamber n/a graphite felt graphite felt–Pt 65 n/a 0.78 mA/m2 n/a [136]

brewery three-chamber 1200 graphite plates graphite plates 93 173 mW/m2 370 mA/m2 n/a [137]

brewery single-chamber n/a n/a n/a 93 less than
300 mW/m3 1100 mA/m3 n/a [138]

brewery single-chamber 180 carbon fiber and
graphite rods

stainless steel
activated

carbon–Pt–PTFE
43 264 mW/m2 1.79 mA/m2 20 [139]

brewery single-chamber 45 carbon cloth carbon cloth coated
Pt–PTFE 85 n/a 10 mA/m2 n/a [66]

brewery two-chamber 250 copper mesh copper mesh 82 80 mW/m2 n/a n/a [140]

brewery serpentine-type 10,000 graphite felt n/a 85 4.1 W/m3 n/a 6–8 [141]

brewery industrial
two-chamber n/a graphite brush carbon cloth 92 26.4 KWh n/a n/a [142]

brewery single-chamber 700 carbon paper graphite 94 n/a 10.89 mA n/a [143]
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Table A5. Summary of studies reporting use of oil industry waste in MFCs.

Waste Type
Oil Industry MFC Type Working

Volume [mL] Anode Material Cathode Material COD
Removal [%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

soybean oil single-chamber 18 graphite felt carbon cloth 78 2240 mW/m2 658 mA/m2 20 [146]

soybean oil single-chamber 2 graphite felt stainless steel 96 746 mW/m2 n/a 34 [147]

palm two-chamber 450 PACF carbon felt PACF carbon felt 70 22 mW/m2 180 mA/m2 24 [148]

vegetable oil two-chamber 500 carbon cloth carbon cloth 86 n/a n/a n/a [149]

vegetable oil
effluent dual-chamber 500 graphite rod carbon cloth 80–90 5839 mV n/a 37 [150]

petroleum
refinery

single-chamber
air-cathode

membrane-less
350 carbon fiber brush platinum-coated

carbon cloth 48% 132 mW/m2 n/a n/a [151]

petroleum
refinery single-chamber n/a n/a n/a 85 225 W/m2 n/a 2 [152]

oil sewage constructed
wetland reactor 2400

crushed stone, glass
wool, activated

carbon
MnO2-modified 73–75 102 mW/m2 n/a n/a [153]

oil sewage simple MFC 2400
crushed stone, glass

wool, activated
carbon

n/a 73–75 80 mW/m2 n/a n/a [153]

mineral oil single-chamber
air cathode n/a n/a n/a 80 45 mW/m3 n/a n/a [154]
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Table A6. Summary of studies reporting use of animal and meat industry waste in MFCs.

Waste Type
Animal and Meat

Industry
MFC Type Working

Volume [mL] Anode Material Cathode
Material

COD
Removal [%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

swine single-chamber 70 carbon felt carbon paper 91 2300 mW/m2 6000–7000 mA/m2 47 [157]

swine two-chamber 450 + 350
graphite granule

and graphite
rod

carbon felt 77 3.1–7.9 mW/m3 1.7–2.8 mA n/a [158]

swine two-chamber 1000 carbon carbon rod 86 88.45 mW/m2 0.49 mA n/a [159]

swine single-chamber n/a graphite brush 75 n/a n/a n/a [160]

swine 2 single-
chambers 100 graphite fiber

brushes

activated
carbon–PVDF–

carbon
black

65 750 mW/m2 1400–1600 mA/m2 n/a [161]

swine
combination of

a single- and
two-chamber

250 carbon paper carbon–Pt 92 261 mW/m2 1400 mA/m2 8 [162]

swine dual-chamber 350 carbon fiber
brush

carbon fiber
brush 95 n/a n/a n/a [163]

swine
single-chamber
air cathode with

flocculation
n/a carbon brush nickel 97 37.5 W/m3 n/a 22 [10]

swine farm waste and
wastewater two-chamber n/a carbon fiber

brush carbon cloth–Pt n/a 880–1056
mW/m2 n/a n/a [164]

swine farm waste and
wastewater single-chamber 128 carbon fiber

carbon fiber
stainless

steel mesh
72 256 mW/m2 4400 mA/m2 39 [165]

swine manure single-chamber 28 carbon paper carbon–Pt 84 228 mW/m2 n/a n/a [166]

swine manure two-chamber 420
granular

graphite and
graphite rod

granular
graphite and
graphite rod

n/a 20 mW/m2 n/a 24 [167]

diluted swine manure single-chamber 65 carbon felt commercial gas
diffusion 15 28 mW/m2 n/a 24 [168]
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Table A6. Cont.

Waste Type
Animal and Meat

Industry
MFC Type Working

Volume [mL] Anode Material Cathode
Material

COD
Removal [%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

swine manure two-chamber 380 granular
graphite

granular
graphite 52 n/a 14.9 mA 70 [169]

swine slurry two-chamber 504 carbon felt stainless steel
mesh 21 n/a 250 mA/m2 n/a

[170]
swine slurry digested two-chamber 504 carbon felt stainless steel

mesh 12 n/a 225 mA/m2 n/a

swine slurry liquid two-chamber 336 carbon felt mesh stainless steel
mesh 51 46.1 mW/m2 146.8 mA/m2 7 [171]

swine slurry two-chamber 269
granular

graphite and
carbon felt

stainless steel
mesh n/a 5623 mW/m3 n/a n/a [172]

cattle manure H-type 380 carbon cloth carbon cloth 60 1.25 W/m3 n/a n/a [173]

cattle manure cassette-
electrode n/a carbon felt n/a n/a 16.3 W/m3 n/a n/a [174]

cattle dung two-chamber 15,000 carbon brushes n/a 74 220 W/m3 n/a 3 [175]

swine three
single-chamber 1500 graphite rod carbon cloth–Pt 85 1.5 W/m3 n/a 15

[176]swine three single
chamber 12,000 graphite rod carbon cloth 50 4 W/m3 n/a 15

swine two
single-chamber 100,000 graphite rod carbon cloth–Pt 52 2.2 W/m3 n/a 10

swine 12 MFCs 110,000 graphite fiber
brush gas air diffusion 65 42 mW/m2 103 mA/m2 n/a [177]

slaughterhouse waste two-chamber n/a graphite graphite, zipper,
zinc n/a 700 mW/m2 318 mA/m2 n/a [178]

slaughterhouse tubular n/a n/a n/a 99 165 mW/m2 472 mA/m2 n/a [179]

slaughterhouse MFC aerobic
bioreactor n/a n/a n/a 99 162.55 mW/m2 n/a 13 [180]
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Table A6. Cont.

Waste Type
Animal and Meat

Industry
MFC Type Working

Volume [mL] Anode Material Cathode
Material

COD
Removal [%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

slaughterhouse H-type n/a carbon cloth platinized
titanium mesh n/a 578 mW/m2 n/a 64 [181]

slaughterhouse
MFC with

air-breathing
cathode

250 graphite rod platinum Vulcan n/a 37 mW/m2 n/a 72 [182]

slaughterhouse two-chamber n/a stainless steel mild steel plate 80 2.1 V n/a n/a [183]

protein food industry two-chamber 1500 graphite sheets graphite sheets 86 230 mW/m2 527 mA/m2 21 [184]

goat rumen fluid four
two-chamber 2500 copper zinc n/a 42,110 mW/m2 0.82 mA/m2 n/a

[185]
goat rumen fluid and hay two-chamber 2500 copper zinc n/a 9700 mW/m2 0.24 A n/a

cow urine two-chamber 400 carbon felt carbon felt 82 5.23 mW/m3 14.42 mA/m3 n/a [186]

manure diluted two-chamber 1850 graphite fiber
brush carbon cloth–Pt n/a 93 mW/m2 370–780 mA/m2 5

[187]
manure wash waste two-chamber 1850 graphite fiber

brush carbon cloth–Pt n/a 216 mW/m2 1380 mA/m2 5

high-moistrue cow
manure

single-chamber
air-cathode n/a carbon mesh n/a n/a 350 mW/m2 n/a n/a [188]

dried, blended farm
manure

membrane-less
MFC n/a carbon cloth carbon cloth n/a 5 mW/m2 n/a n/a [189]

high-strength liquid
manure

single-chamber
air cathode 150 carbon cloth carbon cloth n/a 28.2 µW n/a 2 [190]
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Table A7. Summary of studies reporting use of distillery and sugar-based industry waste in MFCs.

Waste Type
Distillery and

Sugar-Based Industry
MFC Type

Working
Volume

[mL]
Anode Material Cathode

Material

COD
Removal

[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

molasses two-chamber 300 carbon cloth carbon cloth 67 2425 mW/m2 2600 mA/m2 n/a [191]

molasses single-chamber 900 carbon felt air diffusion 90 7.9 mW/m2 57.3 mW/m2 n/a

[192]molasses two-chamber 900 carbon felt carbon felt 89 7.5 mW/m2 56.7 mA/m2 n/a

molasses two-chamber 900 carbon felt carbon felt 50 17 mW/m2 80.2 mA/m2 n/a

high strength molasses

up-flow anaerobic sludge
blanket reactor–microbial

fuel cell–biological
aerated filter

n/a graphite rod carbon paper 53 1410 mW/m2 4947.9 mA/m2 n/a [193]

sugar mill two-chamber 500 carbon felt carbon felt 56 140 mW/m2 50 mA/m2 70 [194]

crude sugarcane
effluent with anaerobic

sludge
dual-chamber 100

mild steel
coated with

Fe2TiO5

stainless steel n/a 8314 mW/m2 n/a n/a [195]

molasses dual-chamber n/a carbon cloth carbon cloth
MnO2 modified n/a 6.8–10.33

mW/m2 n/a n/a [196]

molasses dual-chamber n/a carbon cloth carbon felt
MnO2-modified n/a 3.6–31.37

mW/m2 n/a n/a [196]

molasses dual-chamber 500 carbon felt carbon felt 67 0.21 V n/a n/a [197]

molasses dual-chamber 500 carbon cloth carbon cloth 29 8.4 mV n/a n/a [198]

molasses single-chamber n/a carbon cloth carbon
cloth/vertical 67 122 µW n/a n/a

[199]

molasses single-chamber n/a carbon cloth carbon
cloth/horizontal n/a 115 µW n/a n/a

sugarcane molasses H-type dual-chamber 250 n/a n/a 82 188.5 mW/m2 n/a 28–60 [200]

molasses
membrane electrode

assembly (HEM) with
MFC/increased tilt angle

n/a n/a n/a 96 16.1 mW/m2 n/a n/a [201]
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Table A7. Cont.

Waste Type
Distillery and

Sugar-Based Industry
MFC Type

Working
Volume

[mL]
Anode Material Cathode

Material

COD
Removal

[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

molasses single-chamber n/a n/a n/a n/a 1070–1085 mV n/a n/a [84]

molasses anaerobic baffled
stacking of four MFCs n/a carbon felt carbon cloth 50–70 115.7 mW/m2 n/a 1 [202]

distillery single-chamber 28 carbon cloth carbon cloth 57 5.46 mW/m3 77.7 mA/m2 n/a [204]

distillery single-chamber n/a graphite rod graphite rod 61 28.5 mW/m2 0.84 mA n/a
[205]

distillery two-chamber n/a graphite rod graphite rod 64 17.76 mW/m2 0.36 mA n/a

distillery two-chamber 500 graphite rod graphite rod 61 31490 mW/m3 n/a n/a
[118]

undigested distillery single-chamber 500 graphite rod graphite rod 57 n/a n/a n/a

corn stover powder single-chamber n/a carbon paper carbon cloth–Pt n/a 343 mW/m2 n/a n/a [207]

chitin solution single-chamber 300 carbon brush carbon cloth–Pt n/a 272 mW/m2 n/a 56 [208]

fermented chitin two-chamber 100 carbon felt carbon felt n/a 8.77 µA/cm2 n/a [209]

distillery two-chamber
salt–agar-bridged 500 graphite rod graphite rod n/a 349 mW n/a n/a [210]

distilled food ethanol
fermentation stillage

single-chamber
air-cathode 120 graphite felt n/a 70 0.29 V 1.4 mA n/a [87]

distillery dual-chamber 19 carbon felt
nickel

foam-coated
carbon ink

55–64 4.3 W/m3 n/a n/a [211]

distillery n/a n/a n/a n/a 69 2.63 W/m3 n/a n/a [212]

distillery n/a n/a n/a n/a 85 0.625 V 2.9 mA 31 [214]

mezcal industry dual-chamber 900 graphite felt stainless steel
plate 83–92 5.83–80.64

W/m3 n/a n/a [214]

distillery single-chamber n/a graphite plate graphite plate 73 325 mV 400 mA/m2 n/a [215]

distillery spend dual-chamber n/a graphite rod graphite rod 64–84 18.35 mW/m2 0.27 mA n/a [216]

distillery dual-chamber n/a graphite rod graphite rod 64 18.35 mW/m2 0.36 mA n/a [217]
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Table A7. Cont.

Waste Type
Distillery and

Sugar-Based Industry
MFC Type

Working
Volume

[mL]
Anode Material Cathode

Material

COD
Removal

[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

distillery single-chamber 2600 graphite plate graphite plate n/a 25194.8 mW/m2 123.5 mA/m2 47 [218]

distillery single-chamber n/a n/a n/a 80–81 29 mW/m 84 mA/m n/a [219]

alcohol distillery anaerobic fluidized bed
with MFC n/a n/a n/a 80–90 124.03 mW/m2 n/a n/a [220]

alcohol distillery plate-type thermophilic
MFC 40 graphite felt graphite felt 89 1000 mW/m2 2.3 A/m2 89 [221]

Table A8. Summary of studies reporting use agricultural and plant waste in MFCs.

Waste Type
Agricultural-Plant

Waste
MFC Type Working

Volume [mL] Anode Material Cathode
Material

COD
Removal [%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

cellulose single-chamber
membrane-less 42

ammonia gas
treated graphite

fiber brush

Pt–PTFE gas
diffusion 70 1080 mW/m2 n/a 25–50

[223]

cellulose two-chamber 42
ammonia gas

treated graphite
fiber brush

Pt–PTFE gas
diffusion 70 880 mW/m2 n/a 25–50

cellulose three-electrode
MFC n/a platinum sheet platinum sheet n/a n/a 130 mA/L n/a [224]

cellulose two-chamber n/a graphite plates carbon paper–Pt 27–38 59.2–143 mW/m2 n/a 39–47 [225]

cellulose two-chamber 800 graphite plates graphite plates n/a 55 mW/m2 n/a n/a [226]

rice straw powder
3 in a series

H-type
two-chamber

n/a carbon paper carbon paper n/a 490 mW/m2 n/a 45–54 [227]

cellulose
U-tube

two-chamber
MFC

40 carbon cloth carbon fiber n/a 4.9–5.4 mW/m2 n/a n/a [228]
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Table A8. Cont.

Waste Type
Agricultural-Plant

Waste
MFC Type Working

Volume [mL] Anode Material Cathode
Material

COD
Removal [%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

corn stover
air-cathode

single-chamber
MFC

28 carbon paper carbon cloth 60–70 367–371 mW/m2 n/a n/a [230]

corn residue tubular
air-cathode MFC n/a

grahite rod
/graphite

granule
carbon cloth n/a 230 mW/m2 n/a n/a [231]

vocia faba
agricultural waste two-chamber n/a carbon carbon 78 283 mW/m2 1255.93 mA/m2 n/a [232]

orange peel dual-chamber n/a graphite felt platinum coated
graphite cloth 78 358.8 mW/m2 847 mA/m2 n/a [233]

starch wastewater air-cathode MFC n/a carbon paper carbon paper–Pt 80–90 239.4 mW/m2 893.3 mA/m2 n/a [234]

wheat straw waste two-chamber 300 carbon paper carbon paper n/a 123 mW/m2 n/a 16–37 [229]

Table A9. Summary of studies reporting use of sludge, sewage, solid waste in MFCs.

Waste Type
Sludge, Sewage/Solid

Waste
MFC Type Working

Volume [mL] Anode Material Cathode
Material

COD Removal
[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

fermented sewage
sludge single-chamber 25 graphite fiber

brushes carbon cloth 84–94 320 W/m2 n/a 18–57 [235]

anaerobic mesophilic
sludge single-chamber 110 carbon felt gas diffusion–Pt 53 53 W/m3 n/a 28 [236]

sewage sludge two-chamber n/a graphite fiber
brush

graphite fiber
brush 47 8.5 W/m3 n/a n/a [237]

sewage sludge two-chamber 2310 stainless steel
mesh

stainless steel
mesh n/a 15.5–36.72

W/m3 n/a n/a [238]

sewage sludge two-chamber n/a graphite fiber
brush

graphite fiber
brush 61 10.3–12.5 W/m3 n/a n/a [239]
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Table A9. Cont.

Waste Type
Sludge, Sewage/Solid

Waste
MFC Type Working

Volume [mL] Anode Material Cathode
Material

COD Removal
[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

sewage sludge two-chamber 960 graphite fiber
brush

graphite fiber
brush 66 10.2 W/m3 n/a n/a [241]

sewage sludge two-chamber n/a graphite fiber
brush

graphite fiber
brush n/a 9.1 W/m3 n/a 19 [240]

sewage sludge two-chamber n/a graphite fiber
brush

graphite fiber
brush 60 12 W/m3 n/a n/a [242]

digested sludge two-chamber n/a graphite rod graphite rod n/a 12.67 W/m2 29.5–45.68% n/a [243]

digested sewage sludge two-chamber 2500 carbon felts carbon felts n/a 3.1 µW n/a n/a [244]

activated sludge two-chamber n/a carbon cloth carbon cloth 55–85 42 mW/m2 n/a n/a [245]

anaerobic sewage
sludge two-chamber n/a n/a n/a 60 38.1 W/m3 n/a n/a [246]

saline domestic sewage
sludge

four
two-chamber 75.6 carbon felt carbon felt 59 41 W/m3 n/a 28 [247]

livestock solid waste single-chamber n/a platinum platinum n/a 36.6 mW/m2 n/a n/a [248]

sewage sludge dual-chamber n/a carbon carbon n/a 499 mV n/a n/a [249]

sludge waste dual-chamber 300 graphite graphite n/a 312.98 mW/m2 39.07 µA/cm2 n/a
[250]

sludge waste single-chamber 60 titanium titanium n/a 97.6 mW/m2 17.63 µA/cm2 n/a

sludge waste single-chamber n/a
graphite felt

modified with
Mn

n/a n/a 788 mW/m2 1750 mA/m2 n/a [251]

sludge single-chamber n/a
platinum

modified with
polyanilineco

n/a n/a 6000 mW/m2 n/a n/a [255]

sewage sludge after
pyrolysis

air-cathode
single-chamber

MFC
n/a n/a carbon felt n/a 1120 mW/m2 n/a n/a [254]
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Table A9. Cont.

Waste Type
Sludge, Sewage/Solid

Waste
MFC Type Working

Volume [mL] Anode Material Cathode
Material

COD Removal
[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

anaerobic sewage
sludge from

wastetwater treatment
plant

two-chamber n/a carbon cloth platinum n/a 13.5 mW/cm2 n/a 5 [256]

sludge from the sewage
of treatment plant

six
single-chamber n/a carbon copper 30 1108 mW/cm2 n/a n/a [257]

sewage sludge mixed
with liquor-suspended

solid

air-cathode
MFC n/a n/a n/a n/a 27.65 W/m3 473.5 mA/m3 n/a [258]

sludge three-chamber n/a graphite granule graphite brush 40 13.2 W/m3 n/a 19 [259]

sludge submersible
MFC n/a carbon paper carbon paper 78 190 mW/m2 n/a 3 [260]

sewage sludge salt-bridged
dual-chamber 2000 n/a n/a n/a 2.5 V n/a n/a [261]

Table A10. Summary of studies reporting use of soil waste in MFCs.

Waste Type
Soil Waste MFC Type Working

Volume [mL] Anode Material Cathode
Material

COD Removal
[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

urea coin cell system of a
soil-based MFC n/a graphite graphite n/a 3.2 mW/m2 n/a n/a [262]

soil substrates 21 air-cathode
MFCs n/a platinized

carbon paper
platinized

carbon paper n/a 16.4–28.6
mW/m2 n/a n/a [263]

soil glucose single-chamber n/a platinum platinum n/a 32 mW/m2 100 mA/m2 n/a
[264]

straw-based soil single-chamber n/a platinum platinum n/a 10.6–10.8
mW/m2 60–80 mA/m2 n/a

human urine soil-based MFC n/a carbon carbon n/a 124.16 mW/m2 n/a n/a [265]
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Table A10. Cont.

Waste Type
Soil Waste MFC Type Working

Volume [mL] Anode Material Cathode
Material

COD Removal
[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

salt single-chamber n/a carbon carbon n/a 336 mV n/a n/a

[266]silt single-chamber n/a carbon carbon n/a 348 mV n/a n/a

clay single-chamber n/a carbon carbon n/a 644 mV n/a n/a

sand with dried
leaves soil-based MFC n/a n/a n/a n/a 29.2 mW/m2 n/a n/a

[267]
clay with dried

leaves soil-based MFC n/a n/a n/a n/a 23.8 mW/m2 n/a n/a

soil
portable,

plugged-type
soil-based MFC

n/a carbon carbon n/a 7.3 mW/m2 n/a n/a [268]

Brinjal-cultivated
soil

agar salt-bridged
soil-based MFC n/a carbon carbon n/a 12.8 mW/m2 23.6 mA/m2 n/a [269]

Table A11. Summary of studies reporting use of municipal, solid, and mixed waste in MFCs.

Waste Type
Municipal, Solid,

Mixed Waste
MFC Type Working

Volume [mL]
Anode

Material
Cathode
Material

COD
Removal

[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

raw municipal
waste

single-chamber
submerged into

aeration chamber
144 graphite felt graphite felt n/a 16.7 W/m3 n/a 40 [270]

municipal single-chamber n/a n/a n/a n/a 10 mW/m2 n/a n/a [271]

domestic n/a 390 graphite
granule

woven grahite
mat n/a 10 W/m3 n/a 22 [272]

municipal flat plate
microbial fuel cell n/a carbon

paper carbon cloth 42–79 72 mW/m2 n/a 6 [273]

municipal
single-chamber
membrane-less

MFC
255,000 graphite

fiber brush stainless steel 57 78 mW/m2 n/a 44 [274]



Energies 2022, 15, 5616 37 of 53

Table A11. Cont.

Waste Type
Municipal, Solid,

Mixed Waste
MFC Type Working

Volume [mL]
Anode

Material
Cathode
Material

COD
Removal

[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

municipal 20 air-cathode
MFCs 16,000 carbon felt copper 84 1107 mW/m2 n/a n/a [275]

municipal two-chamber n/a carbon felt carbon felt n/a 30.47 mW/m2 n/a n/a
[276]

municipal two-chamber n/a carbon felt carbon felt n/a 1817.88 mW/m2 n/a n/a

municipal solid
waste landfill

leachate with dairy
wastewater

two dual-chamber 1600 granular
grahite

granular
graphite 66–85 n/a n/a 8 [277]

cow dung vs.
chicken droppings single-chamber n/a carbon fiber carbon felt n/a 340–450 mV n/a n/a

[278]fruit waste vs. food
waste single-chamber n/a carbon fiber carbon felt n/a 300–380 mV n/a n/a

rice bran vs. leaf
waste single-chamber n/a carbon fiber carbon felt n/a 300–320 mV n/a n/a

artificial domestic
wastewater

cassette-electrode
MFC 1500 graphite felt air-cathode 93 140 mW/m2 n/a 20

[279]
artificial industrial

wastewater
cassette-electrode

MFC 1500 graphite felt air-cathode 97 175 mW/m2 n/a 20

ammonium with
municipal

wastewater
dual-chamber n/a graphite felt carbon fiber

brush 85 230.17 mW/m2 n/a n/a [280]

ammonia with
municipal

wastewater vs.
municipal

wastewater

bench-scale/45 L
MFC 45,000 graphite felt

brush

platinum-
coated carbon

cloth
55–87 145 mW/m2 n/a n/a [281]
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Table A11. Cont.

Waste Type
Municipal, Solid,

Mixed Waste
MFC Type Working

Volume [mL]
Anode

Material
Cathode
Material

COD
Removal

[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

distillery
wastewater two-chamber 1000 copper copper 70 n/a n/a n/a

[282]
municipal or agro

or diary wastewater two-chamber 1000 copper copper 99 n/a n/a n/a

potato and sludge eleven
two-chamber 275 carbon felt carbon felt 85 n/a 250 mA/m2 54–93 [283]

municipal
wastewater plants
xylan vs. glucose

cell-constructed
wetland MFC n/a graphite graphite n/a 2.91–6.09 mW/m2 n/a n/a [284]

landfill leachate circular MFC 934 graphite
plate

waterproof
woven carbon

cloth
62 24–31 mW/m2 n/a n/a

[285]

landfill leachate large, circular
MFC 18,300 graphite

plate

waterproof
woven carbon

cloth
n/a 635 mV n/a n/a

wood hydrothermal
treatment

wastewater with
municipal

wastewater

single-chamber 28 carbon fiber
brush carbon paper 75 70–360 mW/m2 n/a 40 [286]

artificial wastewater
vs. municipal
wastewater

50 stacked MFCs 1000 coal GAC coal GAC 70–90 3.64–7.58 mW/m2 n/a n/a [287]

municipal
horizontal plug

flow and
stackable MFC

250,000 carbon
brush carbon mesh 86 116 mV 0.435 A n/a [288]

domestic
wastewater vs.

glucose

cylindrical
two-chamber 805 carbon fiber carbon fiber n/a 13.6–91 mW/m3 n/a n/a [289]
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Table A11. Cont.

Waste Type
Municipal, Solid,

Mixed Waste
MFC Type Working

Volume [mL]
Anode

Material
Cathode
Material

COD
Removal

[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

olive oil and
molasses n/a n/a n/a n/a 53 36 mW/m2 n/a n/a [290]

distillery spend
wash vs. molasses

salt-bridged
two-chamber 500 graphite graphite n/a 35.42–65.92 mW/m2 n/a n/a [291]

molasses
double-chamber

mediator-less
MFC

300 carbon cloth carbon cloth 67 2.425 W/m2 n/a n/a
[191]

black liquor from
paper pulp

double-chamber
mediator-less

MFC
300 carbon cloth carbon cloth 78 3.55 W/m2 n/a n/a

activated sludge
with cattle manure
slurry vs. domestic
sewage with cattle

manure slurry

single-chamber
air-cathode n/a graphite

fiber
activated carbon

with PTFE n/a 520–577 mV n/a 65–70 [283]

onion vs. onions
with tomatoes
and potatoes

single-chamber n/a zinc copper n/a 1.01 mV–10.2 V n/a n/a [284]

sewage sludge vs.
carbon manure vs.

cow manure

salt-bridged
two-chamber n/a n/a n/a n/a 229–2500 mV/L n/a n/a [285,286]

cow manure
with slurry pilot MFC n/a n/a n/a 98 1.6136 mV n/a n/a [287]

cow dung vs. dis-
tillery wastewater n/a n/a n/a n/a n/a 230–2300 mV/L n/a n/a [288]

cow manure with
fruit and soil waste two-chamber n/a graphite rod graphite rod n/a 210 mW/m2 n/a n/a [298]

vegetable waste
with molasses

six U-shaped
dual-chamber n/a graphite rod graphite rod n/a 44,400–104,400 mW/m2 n/a 63–82 [299]
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Table A11. Cont.

Waste Type
Municipal, Solid,

Mixed Waste
MFC Type Working

Volume [mL]
Anode

Material
Cathode
Material

COD
Removal

[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

molasses vs. whey,
bulgur, olive mill

wastewater
single-chamber n/a n/a n/a n/a 0.37–0.55 V n/a n/a [300]

kitchen waste vs.
cow dung vs. palm

kernel

single-chamber
air-cathode n/a n/a n/a n/a 47.9–279.52 mW/m2 n/a n/a [301]

cattle manure with
or without yogurt dual-chamber n/a graphite,

aluminium
graphite,

aluminium n/a 1.170–1.122 V n/a n/a [302]

dumping rubbish multiple-chamber
MFCs n/a n/a n/a n/a 5.78 V 5.03 A n/a [303]

dairy and distillery
wastewater with

cow dung
dual-chamber n/a graphite rod air-cathode 77 3.4 W/m2 n/a n/a

[304]
dairy and distillery

wastewater with
cow dung

single-chamber n/a graphite rod air-cathode 85 4.6 W/m2 n/a n/a

distillery
wastewater vs.
vermi compost

n/a n/a n/a n/a 99 131–699 mV n/a n/a [305]

kitchen garbage vs.
bamboo waste single-chamber n/a carbon fiber carbon fiber n/a 540–620 mV n/a n/a [93]

sludge vs. urine single-chamber n/a carbon veil PTFE over
carbon veil n/a 40.38 mW/m2 n/a n/a [306]
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Table A11. Cont.

Waste Type
Municipal, Solid,

Mixed Waste
MFC Type Working

Volume [mL]
Anode

Material
Cathode
Material

COD
Removal

[%]

Power-Density
Voltage

Current Density
Current

Coulombic
Efficiency [%] Refs.

garden waste single-chamber n/a graphite
fiber brush carbon cloth 84 n/a n/a 20

[307]

food waste single-chamber n/a graphite
fiber brush carbon cloth 69 n/a n/a 25

paper/cardboard
waste single chamber n/a graphite

fiber brush carbon cloth 76 n/a n/a 21

garden with food
and

paper/cardboard
waste

single-chamber n/a graphite
fiber brush carbon cloth 78 n/a n/a 24

sewage sludge and
kitchen waste single-chamber n/a zinc plate copper plate n/a 263–918 mV n/a n/a [308]
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