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Abstract Valorization of the agro-industrial wastes and development of energy 
saving sustainable wastewater treatment systems has gained importance by the 
increasing demand on energy and water worldwide. Microbial fuel cell is an emerging 
technology with the ability of simultaneous wastewater treatment and electricity 
generation by harvesting the chemical energy in organic wastes and wastewaters. 
Agro-industry wastewaters mainly composed of carbohydrates, proteins, lipids, and 
various nutrients have been effectively used as a substrate for the microorganisms in 
bioenergy producing treatment systems. Agricultural wastes including the residues 
of various crops, pomace and peelings of fruits and vegetables, dairy wastes, and 
livestock wastes are the renewable feedstock for the microbial fuel cell systems. In 
addition to being used as a substrate, the agricultural wastes are used for electrode 
and proton exchange membrane fabrication in microbial fuel cell applications. In this 
chapter, a brief information and examples from the recent literature on vegetable oil 
processing, brewery and wine, dairy and livestock wastewater treatment, and utiliza-
tion of agricultural residues in microbial fuel cells are presented. The power density, 
coulombic efficiency, and chemical oxygen demand removal efficiencies reported 
for different agricultural wastes are summarized. Finally, the challenges and future 
perspectives of microbial fuel cell technology are discussed. 
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1 Introduction 

Wastewaters generated from domestic, industrial, agricultural, and municipal activ-
ities contain a wide variety of pollutants including toxic organic and inorganic 
compounds and biological components which may cause many adverse effects on 
environmental and human health [65]. Since many of the water resources are polluted 
there is a need for effective water treatment technologies [39]. In order to reach high 
pollution removal efficiencies an increasing capacity of equipment leading to an 
increase in energy consumption has been used in the wastewater treatment facilities. 
The electric energy consumed in the wastewater treatment processes accounts for 
25–40% of the total operating costs. A significant portion of the required energy is 
provided from non-renewable sources. Since the use of these energy sources resulted 
in emission of air pollutants and environmental depletion, development of energy effi-
cient wastewater treatment methods plays a highly important role in environmental 
protection [108]. Depending on the composition of the wastewater and the treatment 
method applied, approximately 0.5–2 kWh/m3 of treated water energy is required for 
wastewater treatment. Wastewater contains nearly 3–10 times the energy (in the form 
of organic substance, nutritional elements, and thermal energy) required to treat it. By 
harvesting the chemical energy hidden in wastewater, the treatment technologies can 
become energy-producing processes instead of being energy-consuming applications 
[28]. Agricultural and food industries are one of the important contributors to world-
wide environmental pollution. Effluents of agro-food industries threaten the environ-
mental health since they contain high organic matter and traces of organic pollutants. 
Therefore the treatment of agro-food industry wastewaters requires appropriate and 
comprehensive management methods [42, 79]. 

2 Working Principle 

Microbial fuel cell is an emerging technology producing clean and sustainable energy 
during the degradation of pollutants. It is a low-cost and environmentally friendly 
method for the treatment of biowastes, which reduces the biomass energy loss and 
greenhouse gas emissions. The energy in the biomass is extracted and the chemical 
energy in organic compounds is converted into electricity in microbial fuel cells [86, 
94]. A typical microbial fuel cell (shown in Fig. 1) consists of anode and cathode 
chambers separated by a proton exchange membrane. Exoelectrogens, which have the 
ability to transfer electrons extracellularly, oxidize the organic substances into elec-
trons and protons in the anode chamber into electrons, protons, and carbon dioxide. 
The diffusion of the protons through the ion exchange membrane produces a poten-
tial difference between anode and cathode. The electrons flow through the external 
circuit to the cathode chamber where the electrons and protons react with oxygen to 
form water and electrical energy is generated [84, 99].
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Fig. 1 Schematic representation of a typical microbial fuel cell 

Many types of electrochemically active microorganisms including bacteria, 
archaea, and fungi have proven to be useful in microbial fuel cells. Pure or mixed 
culture microorganisms can be used in microbial fuel cells. The mixed cultures 
are synergistic communities playing different roles in the nutrient cycle. Some of 
the microorganisms digest nutrients while some others protect the biofilm against 
hazardous factors such as heavy metals. Generally, soil, marine sediments, domestic 
wastewater, and activated sludge including mixed cultures have been used to inocu-
late the microbial fuel cells. Though the growth of the pure cultures is slow, mixed 
cultures take longer time to reach a steady current generation in microbial fuel cells 
[13, 52]. The performance of microbial fuel cells depends on various factors such 
as reactor configuration, electrode materials, external resistance, selection of proton 
exchange membrane, operating pH and temperature, bacterial community, substrate, 
and ionic strength of electrolyte [47, 57]. Microbial fuel cells provide renewable 
energy to meet the global electricity requirement. This method has many advantages 
over other wastewater treatment methods such as [4]: 

– obtaining high efficiencies due to direct conversion of organic substances into 
electricity, 

– the ability of operation at ambient conditions, 
– potential use in remote areas where the electrical infrastructure is insufficient, 

and, 
– involving an anaerobic process reducing the bacterial biomass in comparison to 

the aerobic systems.
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2.1 Configurations 

Microbial fuel cell systems have been basically designed with dual and single 
chamber configurations. The primitive design for the microbial fuel cells is dual 
chamber or H-type configuration. Though the performance of double chambered 
microbial fuel cells is higher in terms of current generation and pollutant removal 
efficiency, the single chamber air cathode configuration is developed to reduce the 
cost of the process by minimizing the complexity. In the single chamber configu-
ration there is only an anode chamber attached to the membrane cathode assembly. 
While one side of the cathode is bonded to the membrane, the other side is in contact 
with air. In addition to the basic configurations, U-tube and stack microbial fuel cell 
systems are available for different applications. For the large-scale operations stack 
microbial fuel cell configuration is used to obtain high voltage and current outputs 
[99, 100]. 

2.2 Performance Evaluation 

The performance of microbial fuel cells is assessed by several measurements and 
calculations including the current density, power density, and coulombic efficiency. 
During the microbial fuel cell operations, the voltage is measured and recorded. The 
current, I [A], is calculated from Ohm’s law: 

I = V 
R 

(1) 

where R is the external resistance [Ohm, Ω] and V is the voltage [V ]. 
The power, P [W ] is calculated by multiplying the voltage and current. The current 

and power are normalized to the projected surface area of the anode to determine the 
current and power densities [96]. 

Current Density = I 
a

[
A 

m2

]
; Power Density = P 

a

[
W 

m2

]
(2) 

where a [m2] is the surface area of the anode. 
Alternatively, power can be normalized with respect to liquid volume in the anode 

chamber to evaluate the volumetric power density. 
The coulombic efficiency is defined as the ratio of the total Coulombs calculated 

by integrating the current over time to the theoretical amount of Coulombs avail-
able based on the decrease in pollutant concentration. If the treatment efficiency is 
evaluated considering the chemical oxygen demand removal [18, 34, 95]:
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E(%) =
[ ∫

I dt  

F × b × v × ΔCOD 
MW

]
× 100 (3) 

where t is reaction time (s), F is Faraday’s constant, b is the number of moles of 
electrons exchanged per mole of O2, ΔCOD is the change in chemical oxygen 
demand (g/L), and MW is the molecular weight of the O2, and v [L] is the  volume  
of wastewater. 

3 Treatment of Agro-Industrial Wastes and Wastewaters 
in Microbial Fuel Cells 

The agro-food industries generate a huge amount of organic matter that can be used 
for energy recovery [12]. In addition to the agricultural residues in solid form, edible 
oil wastewaters, fruit and vegetable processing wastewaters, winery and brewery 
wastewaters, and the animal husbandry wastewaters including the effluents of dairy 
and livestock industries are categorized under the agro-food processing wastes. 

3.1 Pretreatment of the Agricultural Residues 

Agro-industrial wastes derived from various sources including animal husbandry, 
crop harvesting, edible oil production, and food and beverage processing have been 
found in the environment. The agricultural wastes that are used as feedstock in bioen-
ergy production processes can be categorized into four main generations depending 
on their usage areas. 

First generation feedstocks consist of easily available and edible food crops such 
as wheat, corn, rice, and sorghum. Though the food crops can be effectively used 
as fuel in energy production processes, the main challenge for their utilization is 
the food versus fuel dilemma. Second generation feedstocks include non-food crops 
like woody and grassy crops, residues of edible food crops (e.g., straw, husk, and 
bran of various crops) and bagasse, pomace, and peelings of fruits and vegetables. 
Third generation feedstocks comprise non-food marine biomass which is mainly 
algae. The fourth generation feedstocks are the engineered microorganisms which 
are genetically modified bacteria and algae. From first to fourth generation feedstocks 
are illustrated in Fig. 2 [30, 63, 74]. 

Agricultural residues are a promising feedstock for low-cost energy production in 
bioelectrochemical systems due to their renewability. However, the microorganisms 
in microbial fuel systems are usually unable to use lignocellulosic biomass directly 
for bioenergy generation. Therefore, physical, chemical, and biological pretreat-
ment methods have been applied to make complex carbohydrate structures available 
for bioconversion processes [24]. In the physical pretreatment processes chipping,
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Fig. 2 Feedstocks in bioenergy production processes 

milling, and grinding are applied to increase the biodegradability of agricultural 
biomass by reducing the size of the particles. Acidic or alkali chemicals are used 
in chemical pretreatment processes. Acidic pretreatment operated by using mineral 
or dicarboxylic acids facilitates enzymatic hydrolysis of lignocellulosic material 
and enhances the energy efficiency in microbial fuel cells. NaOH, KOH, hydrazine, 
ammonia, or lime are used as alkali pretreatment agents in case low lignin content 
biomass is used in microbial fuel cells. Biological pretreatment enhances the sugar 
yield via hydrolyzation and disruption of the crystal structure of lignocellulosic 
materials in the presence of bacteria and fungi [62]. 

3.2 Utilization of Agricultural Residues in Electrode 
and Proton Exchange Membrane Fabrication 

A remarkable amount of agricultural residues are produced globally and it has an 
enormous potential to utilize biowastes [87] such as crop residues (e.g. wheat straw, 
corn stem, rice husk, etc.), vegetable and fruit peelings (particularly citrus peelings), 
fruit pomace, and sugarcane bagasse. Generally, the agro-industrial wastes have been 
utilized as a substrate in microbial fuel cells. Alternatively, these wastes can be used 
in ion exchange membrane or electrode fabrication. For instance [80], deal with the 
preparation of ceramic membrane by blending rice husk ash with soil. They reported 
that ceramic membranes having 10% rice husk ash provided higher proton mass 
transfer [80]. 

Jiao et al. [41] used rice husk-derived activated carbon in cathode fabrication and 
the experimental results showed that a satisfactory power density output (293.4–317.7 
mW/m2) was gained in the presence of rice husk-based electrodes [41]. Karthikeyan
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et al. [43] investigated the potential of king mushroom, wild mushroom, and corn 
stem to be used for the fabrication of electrode materials by carbonization procedures. 
The maximum bio electrocatalytic current obtained by using carbon electrode derived 
from corn stem (3.12 mA/cm2) was 8 times higher than the plain graphite electrode 
[43]. Bose et al. [11] prepared activated carbon from sugarcane waste to fabricate 
cathode. A power density of 0.40 mA/m2 was obtained while 64% of chemical 
oxygen demand (COD) removal was achieved in the microbial fuel cell system [11]. 
Pepè Sciarria et al. [76] carbonized olive mill waste and salted pistachio nut shells 
to prepare biochar which was used as catalysts in air cathode microbial fuel cells. 
The maximum power density obtained by using olive mill waste-derived biochar was 
approximately 15 times higher than that obtained by a commercial carbon black [76]. 

3.3 Utilization of Agricultural Residues and Wastewaters 
as Substrate 

Crop residues 

Crop residues are one of the most suitable substrates for microbial fuel cells since 
they are abundantly available and can be converted into sugar monomers and protein 
easily in the presence of most of the microorganisms. In literature, the performance 
of microbial fuel cells fed by straw, stalk, and husk of various crops has been widely 
investigated in recent studies. Wheat straw, which contains up to 40% cellulose, 26% 
hemi-celluloses, and 23% lignin, is a plentifully available biomass. [72] performed 
the degradation of wheat straw in a dual chamber microbial fuel cell by using white 
rot fungi and a maximum power density of 33.19 mW was achieved [72]. Song 
et al. [91] utilized wheat straw in solid phase microbial fuel cell system for the 
removal of Pb and Zn in contaminated soil. The metal removal efficiencies of the 
solid phase microbial fuel cells increased with the straw ratio. By the addition of 
3% wheat straw, Pb removal efficiency enhanced from 15 to 37.2%, and Zn removal 
efficiency increased from 7.3 to 15.1% whereas the power density increased from 
10.5 to 25.7 mW m−2 [91]. Rice is served as the staple food for about half the 
world’s population and its production rate reaches 731 million tons/year. Therefore, 
rice straw is one of the most common lignocellulosic residues that can be used in 
biomass-derived energy production [31]. Daud et al. [20] utilized rotten rice as an 
organic source for bacterial species to produce electricity and remove the metals (Cd, 
Pb, Cr, Ni, Co, Ag, and Cu) in wastewater. The maximum power and current densities 
were calculated as 2.9 mW/m2 and 168.42 mA/m2, respectively. The metal removal 
efficiencies varied between 82.2 and 99.88% [20]. Raychaudhuri and Behera [81] 
synthesized ceramic membranes by using soil with clay and rice husk ash. A dual 
chamber microbial fuel cell unit was used to treat rice husk mill wastewater. 72.4 
± 0.9 COD removal and 4.08 ± 0.08 W/m3 of power density were obtained [81]. 
Cornstalk, as an abundant renewable biomass resource, can be used as a substrate in
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microbial fuel cells effectively. Li et al. [50] developed a corn straw hydrolyzates-
fed microbial fuel system and obtained a power density of 23.5 ± 6.0 mW/m2 [50]. 
Nwaokocha et al. [67] treated Nigerian corn starch wastewater in a dual chamber 
microbial fuel cell. The maximum current density and power density were found to 
be 7.7 mW/cm2 and 8.10 mA/cm2, respectively [67]. 

Molasses residues 

Molasses wastewater generated in sugar refineries contains high concentrations of 
organic substances including sugar, pectin, and protein. Since molasses wastewater 
contains large amounts of nutrient for the microorganisms, biochemical treatment 
methods can be applied [103]. Naina Mohamed et al. [64] treated sugar industry 
wastewater by using FeMoO4 doped graphite plate electrode in microbial fuel cell. 
The power density was found to be 106 ± 3 mW/m2. COD removal efficiency and 
coulombic efficiency were calculated as 79.8 ± 1.5% and 21.3 ± 0.5%, respectively 
[64]. Hassan et al. [32] utilized sugarcane molasses in a dual chamber microbial fuel 
cell and 188.5 mW/m2 of power density was obtained. The coulombic efficiencies 
were in the range of 59.8–28.03% whereas the COD removal efficiency reached 
to 81.7% [30]. [98] realized benzene removal and power generation in a double 
chamber benthic microbial fuel cell fed with sugarcane waste. 82.3% of benzene 
removal efficiency and 24.2 mW/m2 of power density were achieved [98]. 

Fruit wastes 

Kondaveeti et al. [46] treated citrus waste in a single chamber air cathode microbial 
fuel cell for simultaneous bioelectricity generation and organic reduction. Microbial 
fuel cell was operated at four organic loading conditions. When the organic load 
increased from 3 to 12 kg/m3, the COD removal efficiencies decreased from 45.8 
to 63.8 mW/m2, and the coulombic efficiencies decreased from 21.3 to 33.2% [46]. 
Moharir and Tembhurkar [61] investigated the influence of recirculation of anolyte 
on electricity generation using food waste substrate in a two chamber microbial fuel 
cell. The microbial fuel cell operation was carried out in fed-batch mode at various 
COD contents of 500–1250 mg/L. The recirculation improved the bioelectricity 
production in microbial fuel cells. The maximum current density, power density, and 
coulombic efficiencies were determined to be 150.30 mA/m2, 29.23 mW/m2, and 
14.22% respectively, in recirculated microbial fuel cell systems [61]. Divya Priya 
and Pydi Setty [21] treated cashew apple juice in microbial fuel cell for bioelec-
tricity production. The maximum power density was calculated as 31.57 mW/m2 at 
a current density of 350 mA/m2 [21]. He et al. [33] used an air cathode single chamber 
microbial fuel cell to treat fruit waste extracts and sludge fermentation liquid. Four 
microbial fuel systems which were fed by glucose, fruit waste extracts (FWEs), 
sludge fermentation liquid (SFL), and mixture of SFL and FWEs were operated. The 
electricity generation was improved significantly by adding fruit waste extracts. The 
soluble organic matter removal was above 90% in all of the microbial fuel cell (MFC) 
systems. The bioelectricity conversion efficiencies for SFL-MFC, FWEs-MFC, and 
the mixture-MFC were evaluated as 1.061, 0.718, and 1.391 kWh/kg COD, respec-
tively [33]. Kebaili et al. [44] utilized the fruit wastes to prepare fermented fruit
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juice inoculum. They used a two chambered microbial fuel cell consisting of plat-
inum grid cathode and graphite rod anode inoculated with fruit leachate. Sucrose 
and fructose were used as fuel and the performances of graphite carbon and graphite 
felt bio-anodes were compared. The power dentistry reached up to 20 mW/m2 in the 
presence of graphite carbon whereas graphite felt provided a power density of 25 
mW/m2 [44]. 

Solid phase applications 

In addition to the liquid phase applications, fruit wastes can be utilized in solid phase 
microbial fuel cells. Hariti et al. [29] studied on the reduction of agro-industrial waste 
pollutants and energy production in a solid phase microbial fuel cell by utilization of 
the citrus industry wastes as substrate. The marine sediments were mixed with orange 
peel waste and treated in microbial fuel cells. The effect of the orange peel amount 
and external resistance on bioelectricity generation and organic matter reduction were 
investigated. The maximum power density and total organic carbon were recorded 
as 0.28 W/m2 and 55%, respectively [29]. The recent studies on microbial fuel cell 
performances using agricultural wastes and wastewater as a substrate is reported in 
Table 1. 

Edible oil wastewaters 

Olive, palm, coconut, cottonseed, peanut, rapeseed, soybean, and sunflower seed 
are the major sources used for vegetable oil production in the world. The edible 
oil industries generate large amounts of wastewater and the organic and nutrient 
constituents of the untreated wastewaters damage the aquatic life. Recently, instead 
of applying ordinary treatment methods, conversion of the agricultural wastes into 
useful products or energy has gained attraction due to the fast growth of vegetable oil 
industries [49]. For instance, [26] investigated the performance of the mirobial fuel 
cell by using vegetable oil industry wastewaters as a substate. The power densities 
at 25 and 35 °C were found to be 2166–6119 mW/m2, respectively. The coulombic 
efficiencies and the COD removal efficiencies varied between 33.0–36.5% and 80%– 
90%, respectively [26]. Liu and Vipulanandan [53] used metallic nanoparticles of Fe, 
Ni, and Fe/Ni were used as cathode catalysts to improve power production in a dual 
chamber microbial fuel cell fed with used vegetable oil. Fe nanoparticles promoted 
bacterial growth and biosurfactant formation and showed the greatest catalytic effect 
on the microbial fuel cell performance by incresing the power density up to 66.4 
mW/m3 [53]. 

Olive oil and palm oil processing effluents discharged from the vegetable oil 
industries are the most commonly treated wastewaters in microbial fuel cells. 

Olive oil wastewaters 

Olive oil production process is one of the most significant commercial agro-food 
industries in Mediterranean countries due to the growing interest in olive oil consump-
tion [58]. In literature it reported that approximately 8 × 106 tons of olive mill 
wastewater is generated worldwide annually and nearly half of the total volume of
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the olive oil mill output is released as wastewater [7]. The olive oil wastewater gener-
ated per unit mass of olive processed values is reported as 40–55 L/100 kg of olives 
for traditional batch press and 80–120 L/100 kg of olives for continuous solid–liquid 
centrifuge systems. The chemical and biochemical oxygen demand of the olive oil 
wastewaters generally varied between 80–200 g/L and 50–100 g/L, respectively [25]. 
One m3 of olive oil mill wastewater is equivalent to 100–200 m3 of domestic sewage 
in terms of pollution influence. Olive oil mill wastewaters contain high amounts of 
sugars, proteins, phenols, lipids, and phosphorus that microorganisms can metab-
olize [1, 97]. The release of improperly treated olive oil wastewaters may result 
in contamination of soil and water resources, phytotoxic impacts on aquatic fauna, 
and ecological equilibria. The conventional wastewater treatment methods usually 
do not provide a high effectiveness for the elimination of the hazardous pollutants 
in the olive oil mill wastewaters [69]. Microbial fuel cell treatment is a promising 
solution for the removal of pollutants in olive oil wastewaters. [8] investigated the 
treatment of phenol containing synthetic wastewater and olive oil wastewater in dual 
chamber microbial fuel cells in the presence of phenol-adapted activated sludge and 
Ralstonia eutropha. In case the olive oil wastewater was fed to the microbial fuel 
cell the highest power density was found to be a value of 7.8 mW/m2 whereas the 
COD removal efficiency was 48% [8]. Pepè Sciarria et al. [78] treated the mixtures 
of olive oil wastewater and domestic wastewater in a single chamber microbial fuel 
cell. A power density of 124.6 mW/m2 was achieved. The total chemical oxygen 
demand (TCOD) and BOD5 removal efficiencies were calculated as 60% and 69%, 
respectively, yielding 29% of coulombic efficiency [78].

Palm oil wastewaters 

Palm oil is an inexpensive product which has many application areas in food, 
cosmetic, pharmaceutical, and biofuel industries [14]. Palm oil wastewaters contain 
high organic content mainly composed of oil and fatty acids, carbohydrates, proteins, 
and a remarkable amount of cellulose, which make the palm oil wastewaters suitable 
for biological treatment processes. Usually, generation of one ton of crude palm oil 
requires approximately 5–7.5 tons of water, and nearly half of the used water produces 
palm oil mill effluent [2]. High chemical and biochemical oxygen demand content 
and organic nitrogen and phosphorus concentration level of the palm oil wastewa-
ters can cause significant environmental problems if discharged without an efficient 
treatment [15]. Sarmin et al. [82] used palm oil mill effluent as a substrate in a two 
chambered microbial fuel cell. The power density was improved up to 500 mW/m2 

in the presence of yeast-bacteria inoculum whereas the chemical oxygen demand 
removal efficiency was enhanced up to 90% [82]. Islam et al. [37] investigated the 
performance of a dual chamber microbial fuel cell inoculated with Klebsiella vari-
icola for the treatment of palm oil mill effluent. 4.5 W/m3 power density and 63% 
coulombic efficiency were evaluated while the chemical oxygen demand removal 
efficiency was 58% [37]. Sedighi et al. [83] treated palm oil wastewater in a two 
chambered microbial fuel cell. The highest power density at the optimum conditions 
was 58.19 mW/m2 and the maximum COD removal was calculated as 94.8% [83]. 
Baranitharan et al. [9] operated a double chamber microbial fuel cell using diluted
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palm oil mill effluent. The maximum power density, COD removal efficiency, and 
coulombic efficiency were evaluated as 22 mW/m2, 70%, and 24%, respectively [9]. 
A list of microbial fuel cell performances using vegetable oil wastes as a substrate 
is reported in Table 2. 

3.4 Winery and Brewery Wastewaters 

Winery wastewaters 

Winery wastewater is mainly generated from the washing steps operated to clean 
tanks, floors, equipment, and barrels in the wine production processes. Additionally, 
product losses, bottling facilities, and filtration units contribute the winery wastew-
ater generation. Winery effluents contain many pollutants including ethanol, sugars, 
organic acids, and phenolic compounds. The estimated winery residues are between 
1.3 and 1.5 kg per liter of wine produced, 75% of which is winery wastewater. It 
is reported that the chemical oxygen demand concentration of winery wastewaters 
are in the range of 500–45,000 mg/L and total suspended solids varied between 12 
and 7300 mg/L whereas the biological oxygen demand concentration is approxi-
mately 0.4–0.9 of the chemical oxygen demand value [36, 85]. The excessive use of 
water, pesticide use, and presence of semi-solid organic wastes including grape marc, 
vinasses, lees, and sludge, and the seasonal changes in the wastewater parameters 
make the winery wastes difficult to be treated [10]. 

Therefore, conventional treatment methods are generally not sufficient for the 
removal of the wastes generated by wineries. Microbial fuel cell is a promising solu-
tion for the treatment of winery wastewaters. Liu et al. [54] operated an air cathode 
microbial fuel cell inoculated with anaerobic winery sludge to treat synthetic winery 
wastewater The maximum power density and the COD removal efficiency were found 
to be 54 mW/m2 and 77 ± 7%, respectively [54]. Penteado et al. [75] investigated the 
winery wastewater treatment in the presence of various carbon electrodes in a dual 
chamber microbial fuel cell. The highest power density was found at 420 mW/m2 

by using carbon felt and the maximum COD removal was around 11% [75]. Pepe 
Sciarria et al. [77] studied on the treatment of white and red wine lees in a single 
chamber air cathode microbial fuel cell. They reported that the power densities were 
calculated as 111 and 262 mW/m2 by using red and white wine lees, respectively. 
The reduction of chemical and biochemical oxygen demand was 27% and 83%, 
respectively for red wine lees while the removal efficiencies were evaluated as 90% 
and 95% for white wine lees [77]. 

Brewery wastewaters 

Brewery is one of the sectors that consumes a large amount of water and energy. 
During the beer production extracts of hops, malt, sugar, and water are mixed and 
fermented by using yeast. Beer is reported as the fifth most consumed beverage 
in the world. The discharged by-products such as spent grains, and yeast surplus
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are responsible for environmental pollution. Additionally, cleaning of tanks, bottles, 
equipment, and floors generates large amounts of wastewater. In order to produce 1 
L of beer, 3–10 L of wastewater is generated depending on the production process [6, 
89]. Brewery wastewaters are generally more concentrated in comparison to domestic 
wastewater by tenfold varying from 3000 to 5000 mg COD/L. Brewery wastewater 
can be utilized as substrate effectively in microbial fuel cells due to the low strength 
and low inhibitory compound concentration and high carbohydrate content of the 
food-based wastewater [24, 28]. Negassa et al. [66] studied on brewery industry 
wastewater treatment in a double chambered microbial fuel cell inoculated with 
locally isolated microorganisms. The chemical oxygen demand, biochemical oxygen 
demand, and total suspended solid removal efficiencies were found to be in the range 
of 79 − 83%, 55–67%, and 76–78%, respectively, while 0.8 W/m3 of power density 
was achieved [66]. Lu et al. [55] investigated the brewery wastewater treatment 
performance of a twenty-liter continuous flow microbial fuel cell. It is depicted that 
the maximum power density, coulombic efficiency, and chemical oxygen demand 
removal efficiencies were 1.61 mW/m2, 13.9%, and 94.6%, respectively [55].

Stackable configurations 

Yuvraj and Aranganathan [106] analyzed the stacked microbial fuel cell perfor-
mances. Series–parallel setup conjugation yielded a maximum power density of 1345 
mW/m2 and 81% of chemical oxygen demand removal by using brewery effluent 
[106]. Dong et al. [22] designed a ninety liter stackable microbial fuel cell system 
and used for brewery wastewater treatment. Diluted wastewater and raw wastewater 
were used at the first and second stages, respectively. The chemical oxygen demand 
and suspended solid removal efficiencies were 84.7% and 81.7% at the first stage 
and 87.6% and 86.3% at the second stage, respectively. The power densities changed 
from 138 ± 4 to 181 ± 21 mW/m2 [22]. The performances of microbial fuel cells 
fed with winery and brewery wastewaters are shown in Table 3. 

3.5 Dairy Industry Wastewaters 

The dairy industries manufacture various products including pasteurized milk, skim 
milk, cream, butter, cheese, yoghurt, ice cream, and milk dessert via transforma-
tion of raw milk. The dairy wastewaters containing carbohydrates, lipids, proteins, 
phosphorous, and nitrates are characterized by high concentrations of chemical and 
biochemical oxygen demand, oil and grease, total suspended solids, total nitrogen, 
and total phosphorus [45, 88, 102]. Dairy industry is one of the noticeable sectors, 
which generates waste thrice the volume of milk produced, and also it discharges a 
large amount of processed water varying between 3.739 and 11.217 mm3 of waste 
annually. The manufacturing steps of dairy products involve water consuming units 
such as tanks, cleaning stores, exchangers, channels, and homogenizers generating 
effluents with a high organic waste content [40]. The composition of dairy wastewater 
varies depending on the product type, milk constituents including lactose, casein, and
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inorganic salts, unit operations in the process, and the detergents and disinfectants 
used for washing. The chemical oxygen demand and biochemical oxygen demand 
changed between 80–95,000 mg L−1 and 40–48,000 mg L−1, respectively [3].

Treatment in dual chamber MFC 

Sivakumar [90] treated dairy industry wastewater in a double chambered salt bridge 
microbial fuel cell. The maximum chemical oxygen demand removal efficiency 
reached to 89.7%. The current and power densities obtained from dairy industry 
wastewater treatment were 1309.09 mA/m2 and 1067.33 mW/m2, respectively [90]. 

Cecconet et al. [12] operated two parallel microbial fuel cell reactors continuously 
for the treatment of real dairy industry wastewater. The results showed that high 
organic matter removal can be accomplished by recovering a maximum power density 
of 27 W/m3. The average COD removal efficiencies were 80 ± 10% for the first 
microbial fuel cell reactor and 83 ± 11% for the second reactor. On average, the first 
microbial fuel cell reactor exhibited a coulombic efficiency of 20 ± 16%, while the 
second reactor provided a lower efficiency of 14 ± 11% [12]. 

Treatment in single chamber MFC 

Choudhury et al. [16] treated real dairy wastewater in a single chamber microbial fuel 
cell inoculated with Shewanella algae. The maximum power and current densities 
reached to 50 mW/m2 and 141 mA/m2, respectively. The coulombic efficiency was 
calculated as 27.45% whereas 92.21% of COD removal efficiency was obtained [16]. 
Marassi et al. [59] investigated the dairy wastewater treatment and energy gener-
ation performance of an air cathode microbial fuel cell. The scaled-up approach 
revealed that a maximum power density of 0.48 W/m3 was accomplished. Total 
chemical oxygen demand and total biochemical oxygen demand removal efficiencies 
were determined as 93% and 95%, respectively [59]. Choudhury et al. [17] investi-
gated the power generation from simulated and real dairy wastewater treatment in a 
single chamber microbial fuel cell by using Escherichia coli −K-12. After the two 
consecutive synthetic dairy wastewater feedings, real dairy wastewater feedings at 
various chemical oxygen demand values were carried out. The power density and 
the current density were found to be 1.05 W/m2 and 8.01 A/m2 respectively. 67.53% 
of coulombic efficiency and 95.45% of COD removal efficiency were achieved [17]. 
Vilas Boas et al. [101] operated microbial fuel cell inoculated with Lactobacillus 
pentosus to treat dairy industry effluents. A maximum power density of 5.04 ± 0.39 
mW/m2 was accomplished whereas the COD removal efficiencies were in the range 
of 42–58% [101]. 

Treatment of cheese whey 

Antonopoulou et al. [5] studied on valorization of cheese whey in a single chamber air 
cathode microbial fuel cell. Microbial fuel cell was fed with two different substrates 
which are filter-sterilized raw cheese whey and pretreated-acidified diluted cheese 
whey to investigate the influence of the organic load. According to the experimental
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results, filter-sterilized cheese whey was a promising substrate for electricity produc-
tion. When filter-sterilized wastewater was replaced by acidified-pretreated wastew-
ater, the performance of the microbial fuel cell was not affected significantly [5]. 
Ghasemi et al. [27] applied two different biological methods for the treatment of 
cheese whey and concentrated cheese whey. In the first method, fermentation of 
cheese whey were performed in an immobilized cell reactor to produce lactic acid. 
In the second method whey and concentrated cheese whey were utilized as carbon 
sources in a microbial fuel cell. The power densities were found to be 188.8 and 
288.12 mW/m2 for whey and concentrated whey-fed microbial fuel cells while the 
COD removal efficiencies were evaluated as 95% and 86% respectively [27]. 

Treatment of mixtures 

The performance of the microbial fuel cell systems was tested for the treatment of 
dairy wastewater containing various types of mixtures. For instance [60], studied on 
biofuel and bioenergy production from the mixture of cheese whey and livestock 
waste. Biogas production and electricity generation were achieved in an anaerobic 
co-digestion reactor and a dual chambered microbial fuel cell, respectively [60]. 
Tajdid Khajeh et al. [93] realized the treatment of mixed dairy and dye wastewaters. 
Various dairy products comprising milk, cheese water, and yogurt water were mixed 
with Acid Orange 7 dye in different combinations and fed to the microbial fuel cell 
as substrate. The maximum power density, coulombic efficiency, and decolorization 
were obtained as 44.05 mW/m2, 1.76%, and 92.18% respectively, for the mixture 
of cheese water and Acid Orange 7 [93]. Colombo et al. [19] used four sets of 
membraneless single chamber microbial fuel cells fed with different agricultural 
organic substrates in the form of dried powder. Cheese whey, kitchen waste (a mixture 
of animal and vegetal food), fish waste, and citrus pulp were utilized as substrate in 
microbial fuel cells. The maximum COD removal was evaluated as 98.77% in the 
presence of obtained cheese whey substrate and the maximum coulombic efficiency 
was calculated as 9.91% in the presence of kitchen waste [19]. A list of microbial 
fuel cell performances using dairy wastewater as substrate is presented in Table 4. 

3.6 Livestock Wastewaters 

A remarkable increase in demand for animal products has been observed worldwide 
and the livestock industry has been developed fast in the last decades to produce 
the required amount of meat, eggs, and milk. More concentrated and large-scale 
livestock farms have been established to enhance the production capacity, which 
increased the livestock wastewater generation in turn. Livestock wastewaters are 
composed of manure, urine, and flushing water and contain nutrients, heavy metals, 
antibiotics, and pathogens [35, 107]. 

Livestock wastewaters are generally characterized by high chemical oxygen 
demand, biological oxygen demand, nitrogen, and phosphorus content. High concen-
trations of phosphorus and nitrogen in livestock effluents contribute to results in
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eutrophication of receiving water bodies [71]. Therefore, the application of effi-
cient treatment methods is needed for the removal of contaminants in livestock 
wastewaters.

Cow manure and urine 

Syed et al. [92] operated a single chamber microbial fuel cell that was fed with 
pretreated cow dung (PCD) and pretreated buffalo dung (PBD). The highest chemical 
and biochemical oxygen demand removal efficiencies and the power density were 
evaluated as 80%, 87%, and 12.75 mW/m2, respectively, with PBD. The coulombic 
efficiencies obtained with PBD and PCD were calculated as 0.53% and 0.48%, 
respectively [92]. Xin et al. [105] used Cu2O decorated reduced graphene oxide 
composite as cathode catalyst for the treatment of cattle wastewater. The maximum 
power density and coulombic efficiency of 3D air cathode microbial fuel system 
reached to 1362 mW/m2 and 54.9%, respectively, and the average COD removal rate 
was found to be 71.5% [105]. Xie et al. [104] treated cow manure slurry by using 
a single chamber air-cathode microbial fuel cell. The performances of microbial 
fuel cells inoculated with activated sludge or domestic sewage were compared to the 
performance obtained with raw cow manure slurry. The maximum power density and 
chemical oxygen demand removal were found to be 1.259 ± 0.015 W/m2 and 84.72 
± 0.48%, respectively, by using activated sludge and cow manure sludge [104]. 

Jadhav et al. [38] treated cow’s urine in a dual cell microbial fuel cell. The power 
density varied between 3.08 and 5.23 W/m3 and the highest chemical oxygen demand, 
nitrate, and carbohydrate removal efficiencies were 79%, 77 ± 4.1%, and 80 ± 3.9%, 
respectively [38]. 

Swine wastewater 

Li et al. [51] used an airlift-type photosynthetic microbial fuel cell for the treat-
ment of swine wastewater. Swine wastewater was used as inoculum in anodic 
chamber whereas algae was used in cathodic chamber. The maximum value of power 
density was 3.66 W/m3 and the removal efficiencies of chemical oxygen demand, 
total organic carbon, NH4 

+–N, and total phosphorous were calculated as 96.3%, 
95.1%, 99.1%, and 98.9%, respectively [51]. Lai et al. [48] treated swine wastew-
ater collected from animal husbandry. Various 3D laminated composite electrodes 
were prepared by using zinc-coated metallic wires or stainless steel wires as sheath 
and carbon fibers as core. The maximum power density, coulombic efficiency, and 
the chemical oxygen demand removal efficiencies were between 0.6–121.9 mW/m2, 
0.6–45.8% and 30.4–81.5%, respectively, depending on the electrode type [48]. Ma 
et al. [56] investigated the effect of hydraulic retention time on microbial fuel cell 
performance in treatment of pig manure and a swine wastewater mixture. The power 
densities, chemical oxygen demand, and coulomb efficiency were in the range of 
0.5–13 mW/m2, 59–83%, and 0.2–7.1%, respectively, depending on the hydraulic 
retention time varying between 13 and 20 days [56]. The recent studies on treatment 
of livestock wastes in microbial fuel cell are summarized in Table 5.
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4 Conclusion and Future Perspective 

Microbial fuel cell technology as an alternative sustainable wastewater treatment 
method has a great potential for energy generation and utilization of agro-industrial 
wastes and wastewaters. The chemical energy in the agricultural wastes is converted 
into electricity in microbial fuel cells. However, there are still some bottlenecks asso-
ciated to the application of microbial fuel cells. The main challenges are the insuffi-
cient power output and the difficulty in scale up limiting the industrial applications. 
The direct movement of electrons from the microorganism to the electrode is limited 
by the transfer resistances which are denoted as overpotentials. The overpotentials 
reduce the potential obtained from the microbial fuel cell and decline the energy effi-
ciency. The losses can be categorized as (i) the activation overpotentials occurring due 
to the activation energy that has to be overcome by the reacting species, (ii) concen-
tration polarization expressed as the inability to maintain the initial substrate concen-
tration in the bulk medium at high power densities, and (iii) ohmic losses arising from 
the electrode, membrane and electrolyte resistances [23, 70]. Considering the energy 
losses in microbial fuel cell systems, development of innovative low-cost electrodes 
providing high electrical conductivity, favoring biofilm formation, and improving 
the stability is one of the significant issues this technology should focus on in 
the future. Additionally, fabricating ecofriendly membrane materials with enhanced 
proton conductivity, less crossover of substrate and O2, and anti-fouling features is 
needed for efficient microbial fuel cell operations [68, 73]. Various approaches have 
been used in recent researches to fabricate environmentally friendly and efficient 
electrode and proton exchange membranes. Utilization of agricultural wastes partic-
ularly in the form of carbonized materials contributes not only the valorization of 
wastes but also the development of sustainable electrode and membrane materials 
with high surface areas. Using biocathodes consisting of microorganisms is an alter-
native solution to improving the power output of the microbial fuel systems. Even 
though very high pollutant removal efficiencies exceeding 90% can be achieved in 
agro-industrial wastewater treatment, reaching high coulombic efficiencies affected 
by the energy losses is a challenge for microbial fuel cell systems. Consumption of 
substrate in undesired reactions such as the direct oxidation of substrate by diffused 
oxygen and the metabolic reactions of non-exoelectrogens species are the important 
factors causing energy losses. Selection of appropriate microorganisms, electrodes, 
and membranes and operation at optimum reaction conditions minimize the energy 
losses. In addition to decreasing the energy losses, increasing the volume of treated 
wastewater is another crucial requirement of industrial applications. In this frame, 
the use of stacking the microbial fuel cells is a common solution while tubular and 
other stacked designs are being developed for practical applications. Up to date 
immense advances in microbial fuel cells have been recorded and the developments 
will continue to be able to operate at large scales with high-energy recovery. Micro-
bial fuel cell is a unique method for the conversion of organic wastes into electricity 
without giving any external energy. Microbial fuel cells are capable of being modified
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easily for performance improvement. It is anticipated that microbial fuel cell tech-
nology, which is in the field of interest of many disciplines such as materials science 
and biotechnology, will enable simultaneous wastewater treatment and sustainable 
energy production in the future. 
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