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Abstract The microbial fuel cell (MFC) has emerged as an innovative and sustain-
able renewable energy technology, offering a potential alternative to address the
global energy crisis. Operating through electrochemical processes, MFCs harness
the power of electrogenic bacteria (EB) as biocatalysts to generate electricity. This
chapter highlights the untapped potential of sewage sludge, derived from wastew-
ater treatment, as a valuable fuel source within the MFC system. Extensive research
has demonstrated the abundance of organic components present in sewage sludge,
making it highly amenable to degradation through microbiological pathways within
the MFC. Despite the lack of large-scale commercial utilization of MFC technology
in wastewater treatment plants, the significant progress and promising findings indi-
cate its effectiveness in addressing the challenges associated with sewage sludge
management. The MFC system not only facilitates the simultaneous generation of
energy but also contributes to bioremediation efforts. The redox potential inherent in
MFCs enables this dual functionality, effectively integrating energy production with
the treatment of sewage sludge. This chapter sheds light on the potential of MFC
technology as an advanced approach for sewage sludge treatment. By harnessing the
capabilities of electrogenic bacteria and capitalizing on the rich organic composi-
tion of sewage sludge, MFCs offer a sustainable solution that can simultaneously
address energy needs and promote efficient waste management in wastewater treat-
ment plants. The abundant and promising data accumulated thus far underscore the
viability and potential of MFCs in mitigating the challenges associated with sewage
sludge waste.
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1 Introduction

Dewatering process is the middle process that happens in sewage sludge manage-
ment after being pre-treated by digestion or conditioning, thickening before any
further processing occurs such as incineration, landfill and composting. Generally,
centrifuge involves in dewatering process hence about 20%—-25% commonly a good
dewatering performance practice in industrial scale [1]. In addition, total cost for
managing through the process was estimated about US$ 0.33 billion per year [2].
Commonly incineration considered as a major solver for the lack of new space for
sludge to be dumped in landfill. However, side effect of incineration has been argued
as approximately 30% of solids from the sludge remain as ash [3]. There are several
losses could be found from sludge process in which possible for power generation
through biogas production. Data from Bunus Centralized Sewage Treatment Plant
(Kuala Lumpur) highlighted the possible of biogas generation up to 2500 m>/days
hence 15,000 kWh/m? of power losses statistically [4].

Various types of energy recovery technique that had been through by recent
researchers such as thermal hydrolysis, pyrolysis and water extraction through
hydrate formation [5]. An attempt of several research to apply thermal hydrolysis
onto dewatered sludge for improvement in anaerobic digestion performance which
solid content from 10 to 20 wt% unfortunately has drawbacks which are high opera-
tion cost and large energy consumption [6, 7]. Next combustion—based technologies
named as pyrolysis can be applied to dewatered sludge as well for energy recovery
[8, 9]. Specifically, research that focuses on the effect of conditioning operation on
pyrolysis performance is limited thus study by [ 10] on minimizing the bio-crude yield
of sludge pyrolysis through attempted of Fe;(S04); for producing Fe—amended
char.

2 Sludge Disposal Techniques

The diverse disposal method of sewage sludge been implemented throughout the
years for example thermal drying, wet air oxidation, incineration and landfill. Both
thermal drying and incineration are included in the thermal processing of sewage
sludge [11]. Thermal drying is an efficient stabilization, dewatering and pathogen
removal process, involving short—term high temperatures, through which sewage
sludge may reach sterilization. Incineration is a stabilization process that destroys
organic substances and pathogenic organisms through combustion obtained in the
presence of excess oxygen [12]. These two methods required enormous energy inputs
moreover it has been assumed by Oladejo (2019) that the main purpose of incineration
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Table 1 Sewage sludge disposal methods

Methods Remarks References

Thermal drying | Produce pellets for agricultural reuse, sanitary landfills [11]
disposal and fuel for boilers and industrial heater

Wet air oxidation | ¢ Suitable for high diluted of effluent [13]

» Improve sludge characteristic for anaerobic digestion

Incineration * Produce sludge ash; greatest volume reduction [13,17]
» Destroys organic substances and pathogenic organisms
through combustion

Landfill « Safe disposal and no damage to public health [15, 16]
¢ Emit methane which 20 times more active than carbon dioxide

is for burning off harmful elements from waste before final disposal not for electric
power generation as conventional used. Wet oxidation is a method that is implemented
when the effluent is too diluted to be incinerated thus can improve the sewage sludge
characteristics for the anaerobic digestion [13]. Meanwhile, landfills are still retained
by metropolitan areas directly after mechanical biological treatment of the unsorted
waste [14]. The treated organic fraction when buried continues to emit methane,
which is known to be a greenhouse gas effect [15, 16]. Lastly, disposal through
landfills may become unsustainable in terms of environmental perspective due to a
shortage of land in addition to rising health concerns with regards to the suitability
of sludge constituents. Table 1 sums up techniques for sludge disposal.

3 Current Usage of Sewage Sludge

Generally,the sewage sludges are used widely as a source of nutrient for vegeta-
bles and plants. These sludges play a pivotal role as soil conditioner such reduces
toxic levels and amendment raises pH without a doubt to improve the adsorption of
nutrients and stimulates microbial activity. The sewage sludge also can be innovated
through advance material inform of biochar. Biochar is a versatile carbonaceous
porous product derived from various biomass which came with an appealing alterna-
tive for environment remediation as it has an enormous surface area and high porosity
that empower it to utilize as an catalyst and adsorbent material in the removal of a
wide range of organic and inorganic contaminants in wastewaters [18, 19]. Several
researchers reported that the derivation of lipids from sewage sludge may use as
biofuel production which lipids are converted to biodiesel by means of transesterifi-
cation or to bio-oil by pyrolysis [20]. Table 2 summarizes the benefit for each usage
of sewage sludge.

Microbial fuel cell (MFC) has been considered as one of the efficient alternative
renewable bioenergy technologies since 1911 electrical generated by bacteria [24].
Moreover, through degradation of organic matter includes abundant of biomass in
dewatered sludge can directly produce electricity [25].
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Table 2 Current usage of sewage sludge

Type of usage | Remarks References
Biochar * Applicable as a nutrient source in refining soil fertility [21,22]
* Role as restoration of contaminated soils
Soil conditioner | * Suitable for high diluted of effluent [13, 23]
« Suitable for agricultural purposes; increases the shoots and
roots
Biofuel * Potential feedstock; low cost and abundant accessibility [20]

4 Microbial Fuel Cell

Microbial fuel cell (MFC) converts chemical energy to electrical energy by certain
microorganisms. Regarding to this, MFC is a bio-electrical device that harness the
natural metabolism of electrogenic bacteria (EB) to produce electrical energy (Ren,
2014). Involvement of electrochemical interactions between the microorganisms
called as electrogenic microbes which the electrons are transferred from the substrate
to the anode electrode. Electron transportation phenomenon known as extracellular
electron transport (EET) [26]. Later this MFC innovated with non-mediated where
both chemical and electron shuttles mediators had been terminated. This MFC device
generally configurates through two compartments; anode and cathode separated by
an ion-permeable material. The configuration must innovate accordingly as adapta-
tion through times is hence suitable for all different applications. As shown in Fig. 1,
both single chambered and double chambered MFC known as basic configuration
and been used broadly in various applications [27].
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Fig. 1 Basic configuration of MFC; (A) double chambered MFC, (B) single chambered MFC.
Reprinted with permission [27] (CC-BY)
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4.1 History of Microbial Fuel Cell

Early 1791, researcher named Luigi Galvani examined that current gave a twitching
effect on dead frog legs hence there are relation between electric and biological [28].
Back in 1911 which idea for the implementation of microbial fuel cells to produce
electricity was first conceived by Potter & Waller (1911). The idea showed that it is
possible to generate electricity from cultures of the bacterium Escherichia coli. Later
1931, Cohen (1931) added some significant knowledge when he reported that the
creation of an assembly of microbial half fuel cells stack connected in series capable
of producing over 35 V but the current generated through this stack was only 2 mA.
A great impact factor held on early 1980s in the area of MFC research was received
by the work of Allen and Peter Bennetto [29], power density improves by the usage
of chemical mediators as electron shuttle which meant fuel cell would only function
till the mediators were present.

Most recently, MFCs contained various mediators in an oxidized state. These
mediators can easily shorten by capturing the electrons from within membrane and
released the electrons to the anode and became oxidized again in the bulk solu-
tion in the anodic chamber [30]. MFC capacity to clean wastewater and deliver
clean drinking water while simultaneously generating electricity, would allow devel-
oping countries towards sustainable water treatment [31, 32]. Table 3 summarizes
preliminary history of MFC started on 1791 until early 2000.

Table 3 Preliminary history of MFC
Year Description References

1791 *» Luigi Galvani [28]
Applied current to dead frog legs, the legs twitching
Biological reactions and electric current are closely related

Publication by Potter about MFC report on the ability of [24, 33, 34]
microorganisms to transform organic substrate (chemical energy)
into electricity

The production of electrical energy from living cultures either
Escherichia coli or Saccharomyces

The first MFC proving that biological process produces
bioelectricity

H. Peter Benneto [29, 35]
Succeed in extracting electric power from MFCs

Employed pure cultures to catalyze the oxidation of organics and
utilizing artificial electron mediators; to facilitate electron transfer
Early 2000s | « Two robots were developed: Chew—Chew and EcoBot I [36, 37]
These two robots are powered by MFCs

1911

1980
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5 Dewatered Sludge as MFC Feedstock

It should be noted that most of the studies on MFC have been focused on wastew-
ater or activated sludge in municipal wastewater treatment plant (MWTP) but have
overlooked the end product of MWTP, dewatered sludge. The sewage sludge is
commonly taken to landfills or burned in incinerators. Handling sewage sludge is
one of the largest contributors to the operational cost of MWTP and it indirectly
elevates local environmental problems [4]. Furthermore, there are a few reports on
the use of dewatered sludge from MWTPs for energy generation using MFC. There
was a huge energy reserve in the sewage sludge without being recognized [38].

There were in the form of biodegradable organic matter and the energy could be
recovered. It is reported that there is a conventional wastewater treatment plant in
Toronto, Canada, which contained energy about 9.3 times more energy than was used
to treat the wastewater. While the study by Logan (2006) stated that the processing
of wastewater for domestic, animal and food approximately consist of 17 GW. This
amount was equivalent to the energy needed to supply for the whole water infrastruc-
ture in the U.S. It is a promising energy and if the energy managed to be recovered
that means the treatment plant could be run using its own energy supply [39].

Sewage sludge generated daily from the wastewater in Indah Water Konsortium
(IWK) treatment plant were analyzed for its capability to support growth of the EB
for the electricity generation. They can be used as value-added substrate instead
of polluting the environment. Approximately 3 million cubic meters of sludge was
produced annually, and it is also estimated that IWK will be producing 10 million
cubic meters of sludge by the year 2035 [4] and make it the most favourable substrate
for bioconversion as they are renewable and abundantly available. Their efficiency
and economic viability of converting to bioenergy depend on their characteristic and
components in it [40].

6 Advantages Compared to Anaerobic Digester

Since the dawn of the twenty-first century, the awareness on the protection environ-
ment come out for alternative fuels around the world thus focusing on the MFCs due to
greener and bioenergy production. Variety of biomass, rich in carbohydrates, protein,
hydrocarbons, alcohols and organic acids, moreover polymeric carbohydrates such
as cellulose and starch also could be used as a fuel for the MFC. Accordingly, there
also aid to continuous monitoring of quality wastes and minimal investment on the
fuels Click or tap here to enter text. Table 4 summarizes the advantages of MFC
compared to anaerobic digesters in which MFC directly converted organic substrate
into electrical energy and able to treat on low concentration of substrate [41].
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Table 4 Advantages of MFC compared to anaerobic digesters

Advantages Remarks References
Efficient conversion of substrates to Roles of electrogenic bacteria (EB) | [26]
electricity inefficiently convert and consume

substrate for electricity generation
Powerful exoelectrogens oxidize organic | Utilization of a wide range of [42, 43]
matter organic and inorganic matter into

direct current (DC) electricity

7 Electrogenic Microorganisms in MFC

Electroactive or electrogenic microorganisms are the core of the MFC technology.
Additionally there are various mechanisms of electron transfer such as mediated elec-
tron transfer and interspecies electron transfer besides direct electron transfer itself
[44]. Electrogenic microorganism can be fractionating into anaerobic and aerobic as
described below.

7.1 Aerobic Electrogenic Bacteria

Fundamentally aerobic bacteria can form biocathode which catalyze the reduction of
oxygen at the cathodes [45]. Research conducted by Qu (2012) highlighted that bacte-
rial diversity and operating environment affect the biodegraded products generation.
This phenomenon can be seen on the reductive breakdown of azo bonds been further
degraded through aerobic condition by the presence of several oxidoreductases also
called as oxidative degradation [46].

7.2 Anaerobic Electrogenic Bacteria

Generation of electricity through microorganism by exchanging electrons with elec-
trodes while oxidizing organic also called as bacterial exocellular electron transfer
principle plays a vital role in anaerobic microbial communities that degrade both inor-
ganic electron acceptors; iron- and manganese- oxide and organic matter for growth
[45, 47]. Hence these exocellular bacterial can be isolated from anaerobic sludge
and municipal effluent thus can be categorized into various functional groups based
on types of anaerobic respiration [48]. Via anaerobic respiration, both purple non-
sulphur bacteria photosynthetic Rhodopseudomonas palustris DX-1 and Rhodoferax
ferrireducens, non-photosynthetic found to generate electricity in MFC [48, 49].
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7.3 Fungi

Fungi belonging to the group of white-rot—well known wood degraders—were
found to have an extracellular oxidative ligninolytic enzymatic system; degrade
lignin. For the last 10 years, fungi-based MFCs have appeared, their results have
revealed the electrogenic potential. In addition enzyme of fungi has proven that been
the best catalyst for oxidative reduction that can assure electrogenic activity in MFC
activity meanwhile degradation of various xenobiotic compounds and dyes through
enzymes of this system [50-51]. Yeast-based is the most intensively studied systems
for fungi-based MFCs where direct electron transfer was proved via cytochrome
¢ [52]. MFC that complied with fungi species for treating waste waters from the
distillery industries, for example, are Aspergillusawamori, Trichodermaviride and
Trichodermaatroviride while Pleurotusostreatus used as decolourisation of dye from
textile industries effluent [53].

7.4 Algae

Organisms that contain chlorophyll size range from unicellular to multicellular
are called as algae. There are two different algal growth types, autotrophic and
heterotrophic. Autotrophic termed by the growth system of algae that use carbon
dioxide as a carbon source in the presence of light energy while heterotrophic termed
as algae that grow in the absence of light, in photobioreactors (PBRs), by utilizing a
carbon dioxide source from provided substrates. These two modes can be combined
to form a mixed culture (mixotrophic) growth mode, photosynthesis and respiration
metabolism simultaneously function to assimilate organic carbon and carbon dioxide
[53, 54]

Research outcome by Kruzic reported that metabolism of algae on bicarbonate and
oxygen using solar energy may be integrated with aeration system to replace a sustain-
able photosynthetic one [55]. Subsequently, algae grown in cathode chamber of an
MEFC, produced electricity by a photosynthetic process [56]. The overall biochemical
reaction that happened in both anode and cathode chamber where mediator was used
had stated by Zhou (2012) below:

C¢H 2,04 + 6H,0 — 6CO, + 24H" + 24e @))

6CO, + 12H" + 12e — CgH;,04 (biomass) + 30, 2)
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7.5 Bacteria

Wastewater is the popular power source of MFC thus at anode chamber should have
similar functions to methanogenic anaerobic digesters microbial communities except
for microorganisms that are capable of transferring electrons to the electrode. More-
over, there are two mechanisms for electron transport in MFC, firstly direct electron
transfer: (a) c-cytochromes, (b) nanowire and (c) electron shuttle. Availability of c-
cytochrome in most archaea and eubacteria so a usefully role for electricity generation
through electron transfer by electrogenic bacteria. Nanowire by bacteria was studied
as a new way of transferring electrons to the electrode by electrically conductive pili
(Das 2018). Electron shuttle secreted by most gram-negative bacteria, for example,
flavin secretion that can be utilized by the organism as carbon resource although
may be limited in field-applied MFC [57]. Secondly mediator electronic transfer; is
essential for bacteria that cannot transfer electrons due to enabling of electron shuttle
from cell membrane to electrode for example ferricyanide and benzoquinone usage
to facilitate electron transfer from bacteria to electrodes [58—60].

8 Microbial Fuel Cell Concept

The concept is a linkage between negative terminal (anode) and positive terminal
(cathode). Anode terminal oxidized organic matter such as fuel and released C O,,
electrons and protons while the cathode terminal received the electrons that produced
via an external circuit as the result of electrophilic attraction at the cathode electrode.
The migration of protons from the anode to the cathode through the separator or called
mediated [61]. This mediated generally must possess the quality of high proton
transfer rate, low gas permeability, good thermal stability and resistance against
biofouling.

8.1 Biological Concept

The basic of molecular diversities are made up of chemical based which mostly of
the element carbon. Carbon is unparalleled in its ability to form molecules that are
large, varied and complex, making possible the diversity of organisms that evolved
on Earth.

Basically, there are seven chemical groups that are most important in biological
processes which are carbonyl, hydroxyl, carboxyl, amino, phosphate, sulthydryl and
methyl groups. Major sources of energy in cellular processes are the phosphate group,
it complicated name is adenosine triphosphate (ATP) [62]. This ATP will be split
off when reacted with water and later becomes adenosine diphosphate (ADP), the
reaction released energy then can be used by the cell. In MFCs energy production
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Fig. 2 The schematic diagram of electron transport chain (Reprinted with permission [63] (CC-
BY))

occurs when electrons were passed through an electron transport chain (ETC) and
protons are translocated across the cell membrane to generate energy in the form of
adenosine triphosphate (ATP). Roughly, this ETC mechanism had been illustrated
in Fig. 2.

8.2 Chemical Concept

Chemical reaction that usually occurs in MFC system is reduction and oxidation
popularly called as redox reaction which reduction of oxygen takes place at the
cathode resulting in water molecule while oxidation for example hydrogen at the
anode was helped by a conductive catalyst; platinum (Pt) [43, 59]. MFC developed
as an anode catalyst where microorganism is used as a biocatalyst for the redox
reaction. Capability of electrogenic bacteria for generating and transferring electrons
through nanowires (Geobacter sulfurreducens) and electron shuttle (Pseudomonas
aeruginosa) [59, 64].
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Present of lowest redox of mediator theoretically lowest anodic redox thus maxi-
mize the redox difference between anode and cathode, affect the voltage different but
it would not necessarily be the most efficient at pulling electrons away. A mediator
with a higher E° redox would give a higher overall power than a mediator with the
lowest redox [65]. The schematic of standard redox potential is shown in Fig. 3.

8.3 Electrical Concept

In MFCs, bacteria as a living catalyst is used to decompose organic substrates into
electricity. Electrical energy yield happened or occurred in MFC when biomass-
based materials oxidize by resulting in the generation of free electrons which pass
through external circuit [67]. These phenomena occur during microbial metabolism
which involved redox reaction. The electrons pass through an electron transport chain
(ETC) and protons are translocated across the cell membrane to generate energy in
the form of adenosine triphosphate (ATP) (Fig. 4). Production electrical power (W)
based on the rate of electrons moving through the circuit; current (amps) besides
electrochemical potential difference (V) across the electrodes [68]. Table 5 shows
the MFCs with different substrate and the maximum current produced.
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Fig. 4 Schematic diagram

of membraneless microbial e- e-
fuel cell (Reprinted with o— —
permission from [69]
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9 Conventional Fuel Cell vs Microbial Fuel Cell

Conventional or typical fuel cell provided with greater control for the designer over
operating conditions. The realm of conventional fuel cell is packed with a variety
of well-understood technologies that delivers high performance with respect to effi-
ciency and power density. There are reasons where conventional fuel cell may incom-
petent which were the demand for chemical selectivity and high-cost production
correspond with technology and high performance. For example, current densities
that produced by Direct Methanol Fuel Cells (DMFCs) are often lower by about 100—
300 mA/cm?. Methanol oxidation owing to the high kinetic resistance as compared
to hydrogen oxidation besides performance limited caused by methanol crossover
from anode to cathode [67]. Table 6 tabulated the difference between conventional
fuel cell and microbial fuel cell.

10 Microbial Fuel Cell Design

Common microbial fuel cell designs consist of an anodic chamber and cathodic
chamber separated by proton exchange membrane (PEM) chamber, fundamental
for the construction of MFC in a diversity of architecture to produce high power
density and coulumbic efficiencies. Power output, coulombic efficiency, stability
and longevity are usually evaluated in MFC. Not only the cost of materials but
feasibility scaling up also been considered in the real application of MFC. Popular
MFCs designs are single chamber, double chamber, tubular membrane, stack design
and lastly flat-plat.
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Table 5 MFCs with different substrate and the maximum current produced [70]
Types of Concentration Source inoculums Type of MFC Current
substrate density
(mA/cm?)
Starch 10 g/L Starch processing One chamber air 0.09
processing wastewater cathode MFC with
wastewater carbon paper anode
(25 cm?)
Starch 10 g/L Pure culture of Two chambered 1.3
Clastridiumbutyricum | MFC with woven
graphite anode (7
cm?) and
ferricyanide
catholyte
Acetate 1g/L Pre-acclimated bacteria | Cube shape one 0.8
from MFC chamber MFC with
graphite fibre brush
anode (7170 m2/m?>
brush volume)
Corn stover |1 g/LL Domestic wastewater One chamber 0.15
biomass membrane-less air
cathode MFC with
carbon paper anode
(7.1 cm?) and carbon
cloth electrode
Landfill 6000 mg/L Leachate and sludge Two chambered 0.0004
leachate MFC with carbon
veil electrode (30
cm?)
Domestic 600 mg/L Anaerobic sludge Two chambered 0.06
wastewater mediator-less MFC

with plain graphite
electrode (50 cm?)

The architecture of the optimizations of MFCs aimed to reduce the internal resis-
tance and increase the cell power output. Roughly all of the designs stated above
had an addition either PEM or assisted chemical for electron transportation through
media. Along the appropriate optimization of architecture, these microbial fuel cells
are able to power a wide range of devices such as power sensors for environmental
parameters monitoring at various intervals, store energy in external storage device;
capacitor and power devices placed under water environment [71]
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Table 6 Conventional fuel cell and Microbial fuel cell
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Subject Conventional fuel cell Microbial fuel cell
Mediator Artificial Natural
Abiotic fuel cells Biotic fuel cells
Comprise of inorganic catalyst Assist of microorganism such as
Geobacter sulfurreducens; nanowires and
Pseudomonas aeruginosa; electron
shuttle
Advantage Aeration consumes more energy Higher affinity for oxygen with cathode
Enhance power generation, short | Enhance the chemical oxygen demand
half-life and instability limit removal
Inexpensive catalyst and cheap substrate
Can operate at ambient temperature and
atmospheric pressure
Disadvantage | Expensive catalyst substances Systematic configuration undetermined
Example Solid oxide fuel cell and proton Up-flow reactor and stacked MFC
exchange membrane fuel cell Pseudomonas aeruginosa and Geobacter
sulfurreducens

10.1 Single Chamber MFC

This type of MFC design is purposely to solve scale-up problems on two chambers
MFCs due to complex design and cost even can be operated in either batch or contin-
uous mode [72]. The design was used to characterize the performance of either anodic
or cathodic chambers separately. A common single chamber possessed aeration on
an anodic chamber without including a cathodic chamber. The reduction of internal
resistance of MFCs thus enhances electricity production [73]. Schematic diagram of
the single chamber that is provided with proton exchange membrane (PEM) layered

on the cathode (Fig. 5).

Fig. 5 The schematic Sampling Air Environment
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(Reprinted with permission *
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10.2 Double Chamber MFC

Fundamental or conventional design for microbial fuel cells often run and investi-
gated in batch mode with a defined medium such as acetate or glucose solution to
generate electricity. They were built by one cathode chamber and one anode chamber,
connected by a bridge and separated by a proton or cation exchange membrane to
allow protons to move across to the cathode while blocking the diffusion of oxygen
into the anode. Chemically the plain carbon cathode was catalyst and coated in
ferricyanide due to platinum expensively [72, 73].

Plain carbon electrode immersed in ferricyanide solution as the electron acceptor
and the cathodic reaction is Fe(CN);™ +¢e = Fe(CN)g_. Reaction in the cathode
chamber reduced ferricyanide to ferrocyanide, addition of chemical compulsory after
it is depleted. Because of that ferricyanide are not environmentally friendly and not
economic to use on cathodes. That is the reason some researcher stated that power
densities in two-chamber MFCs are possible to be increased by enhancements of
cathode such as concentration increment of dissolved oxygen.

According to He (2005), dual chamber and cylindrical shaped of microbial fuel
cells suitable and useful in powering autonomous sensors for long-term because they
are relatively easy to scale up. Maximum power generated about 1530 kWh/day of
electricity by 24-hour operation perpendicular with 0.204 kWh/m? closed to aerobic
trickling filter consumed. Schematic diagram of various architecture of dual chambers
that provided with PEM as bridge layered on different shapes such as cylindrical,
rectangular and miniature (Fig. 6).

10.3 Tubular Membrane MFC

Architecture working of tubular membrane commonly designed in continuous flow
mode, initial flow moving through anode chamber and directly up into the cathode
chamber in the same column. Although this design has high possibility to be scaled
up but there is drawbacks for this design. Based on the implementation of tubular
design in wetlands by Wetser (2017) indicated that electricity generation was not
optimal due to complication of oxygen crossover from cathode to anode. Practically
orientation of anode and cathode tube that been placed as closely as possible inside the
reactor developed 112-240 mV higher than outside the reactor. Schematic diagram
of tubular membrane built in granular anode that also provided with PEM (Fig. 7).

10.4 Stack MFC

Both parallel and series circuits can be investigated using stack microbial fuel cell.
The usage of copper wires in this system is interconnected in series or parallel to
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Fig. 6 The schematic diagram of various double chamber microbial fuel cell (Reprinted with
permission from [72, 74] (CCBY))

the electrodes and held each other by screw bolts. Both Aelterman (2006) and Li
(2008), observed from their research that the effect of maximum power output per
MFC unit was no visible adverse which Coulombic efficiency diverged greatly in two
arrangements with parallel connection giving about six times efficiency more when
both the series were operated at the same volumetric flow rate. Again both research
by [75] and [76] supported previous research thus highlighting that the performance
of stacked MFC is low caused by voltage reversal in individual cells, increase ohmic,
inactive surface area on the cathode, kinetic and transportation resistances. Schematic
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diagram of stack MFC built in six individual units of granular graphite anode that
also provided with PEM (Fig. 8).

10.4.1 Flat-Plat

Basically the structure of flat-plat similar to chemical fuel cell whose designed by
[78]. Hot pressed method on cathode with PEM sandwiched between two non-
conductive (polycarbonate) plates and placed on top of anode. Coulombic efficiency
diverged greatly in two arrangements with parallel connection giving about six times
efficiency more when both the series were operated at the same volumetric flow rate.
Maximum power density for domestic wastewater obtained was about 72 mW/m?
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Fig. 9 The schematic

diagram of flat-plat

microbial fuel cell

(Reprinted with permission —

from [80] (CC-BY)) s
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increment, 2.8 times compared to single chambered MFC. However this design draw-
back is high in anodic resistance [79]. Schematic diagram (upper, side view; top,
lower view) of flat-plat MFC (Fig. 9).

11 MFC Technology: World Energy’s Paradigm
as a Driven Force

Non-renewable energy sources such as oil, natural gas and coal account for 85 per
cent of global energy. Oil provides over 40% of the world’s energy [81]. Linearly
from 2012, rising transportation fuel consumption and robust industrial demand
have resulted in an increase in non-renewable energy usage [81]. About 1.3 billion
people in the globe do not have access to electricity, and another three billion rely on
traditional fuels, which can have negative consequences for their health, ecosystems
and development. According to what is known about global energy demand, it is
expected to grow at a pace of 1.6 per cent per year on average from 2008 to 2030
[82].

Non-renewable energy is the most frequently stated problems with constant incre-
ment of prices and CO, emission which both coal and natural gas is the major impact.
Along with this statement is evidence that oil prices are expected to remain between
US$ 50.0 and US$ 80.0/barrel until 2030 as stated. Moreover, the increase in the
market is due to structural changes and energy efficiency gains in the market. Besides
European oil consumption will be reduced by 3.0% over the next 15 years. In addi-
tion, oil supply globally is increasing by 14.0 mb/d to 104.0 mb/d by 2040 even
though the drift timely expenditure specifically [83].
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There is a large volume of published studies describing on greenhouse gases
(GHG) which cause by reradiated infrared radiations by CO,, CHy, O3, NO, and NO
slightly by water vapours thus significantly to maintain Earth’s temperature by 33°C
(Kumar et al. 2018). Between 2000 and 2010 annual anthropogenic GHG emissions
have increased directly coming from energy supply (47%), industry (30%), building
(3%) and transport (11%) [83, 84]. Emission of greenhouse gases continuously will
cause further warming called as global warming which is irreversible and gives
pervasive impacts for people and ecosystems. It has been reported that major drivers
of increment in CO, emissions are from both fossil fuel combustion and coal impacted
by economic and population growth globally [83, 84]. Furthermore, according to
Ahmad (2011), Malaysia’s petroleum resources are very limited compared to other
international areas, at roughly 5.5 billion barrels, with petroleum output peaking in
2004 at roughly 861.8 thousand barrels per day. Nevertheless, these resources will
be consumed and become more expensive in the long run.

Effect of oil and natural gas usage can be shown in Fig. 10, CO, emission has
doubled since early 1970s, accelerating environmental change and climate degrada-
tion [83, 84]. Most countries occur a sustained increase due to global economic shift
perpendicularly with power consumption clearly world economy is booming which
gross domestic product (GDP) growing 2.5 times over the past three decades [85].

Figure 11 explained about the statistic of world’s total electricity generation since
1990 and overview of the percentage increase/decrease in world energy, oil, gas,
coal, CO, emissions and the share of renewable energy in electricity generation
respectively. The natural gas, oil and coal cover up to 84% of world’s primary energy
consumption in 2019 [87]. The increment came from both public and private utilities
hence China; Asia significantly contributing almost half of the increase in 2017 due to
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Fig. 11 World’s total
electricity generation (TWh)
(Reprinted with permission
from [86] (CCBY))

Europe

the high demand for electricity combined to accelerate the development of production
capacity (Ahmad and Zhang 2020). According to the New Policy Scenario (NPS),
global primary energy requirements increased by 37% between 2012 and 2040 which
considers existing government initiatives. As a result, by 2040, oil, coal and natural
gas were expected to account for around a third of total demand. Various states
declared new initiatives to decrease CO, emissions at a long-term climate summit
named the Paris Agreement in 2015; nonetheless, emissions continue to rise by 20%
(Ahmad and Zhang 2020). Meanwhile, Climate Change Conference 2021 (COP
26) that had been conducted by United Nation (UN) also highlighted on several
circumstances that are better than Paris Agreement in which almost 90% had been
covered by a net—zero target (Lord, et al. 2021).

In the EU, the United States, India, Japan and China, stringent environmental
policies have a significant impact on solar and wind energy development. Without a
doubt, the share of renewable energy in the entire generation of electricity is gradually
increasing daily [86]. As well as that bulk of employment sources is increasing
perpendicularly with a large number of renewable energy sources. The major issue
arises when non-renewable energy becomes completely reliable, causing prices to
skyrocket and as previously stated, negatively impacting the environment. As a result,
anew solution with a better conclusion from green energy is required. Microbial fuel
cells (MFCs) which convert biochemical energy consisted in the substrate to electrical
energy can be a part of it. This green energy technology is capable of utilizing any
type of carbon waste that is seen to be impactful on community, government and
environment.
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12 Conclusion

This chapter summarizes the utilization of sewage sludge in MFCs for electricity
production and waste treatment. While simple substrates like acetate and glucose
were commonly used in the early years, recent research has focused on utilizing
more unconventional substrates, such as sewage sludge, with the aim of both waste
utilization and enhancing MFC output. The generation of bioenergy, in the form of
electricity, from renewable sources like sewage sludge through MFCs holds signif-
icant development potential. It not only contributes to energy self-sufficiency but
also addresses concerns about competition with food production that are associ-
ated with conventional biofuels. The findings presented in this chapter highlight
the evolving landscape of MFC technology and its potential for sustainable sewage
sludge treatment and renewable energy generation.
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