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Owing to the depletion of fossil fuels, rising energy costs, and environmental pollution, there has been a growing focus on exploring
and exploiting renewable energy sources. This study aims to demonstrate the modeling of a grid-connected double-chamber
microbial fuel cell (DCMFC) biomass energy system via MATLAB Simulink software. The experimental measurements obtained
from DCMFC outputs served as the basis for developing the inverter-grid connection model and simulation output in MATLAB
Simulink software. Briefly, the DCMFC DC boost voltage was connected to the positive and negative buses of the three-phase DC~
AC inverter circuit, with switching patterns controlled by gate pulses in each transistor. Full square wave single-stage PWM pulses
are generated by the gate for control. The power generated by the inverter was measured via a three-phase VI block for analysis,
with voltages and currents displayed via a scope. To address potential noise during switching, an LC filter is employed to suppress
noise output and stabilize power generation. Another power meter measures power from the grid, with waveforms displayed via
scope blocks. Before synchronization between power from the DCMFC and the grid occurs, four requirements must be met: the
grid voltage must match the inverter output voltage, the inverter frequency must match the grid frequency, the phase sequence
must be the same, and the phase angle of the inverter must match that of the grid. Additionally, Institute of Electrical and
Electronics Engineers (IEEE)-specific requirements were evaluated during the simulation for this study. In addition, this study
critically examined whether the DCMFC inverter model conforms to conventional requirements, International Electrotechnical
Commission (IEC) standards, and IEEE standards for the integration of inverters into the grid. Compared with previous studies on
inverter modeling for grid connections, past studies have emphasized the efficacy of biomass power plants and different inverter
topologies for photovoltaic (PV) systems. The current study focuses on optimizing a multilevel inverter-based model, achieving
low total harmonic distortion (THD) below IEEE standards. In this study, the use of a multilevel inverter configuration proved
highly effective in reducing the harmonic content, leading to synchronized phase sequences and enhanced coherence between the
grid and inverter voltages. With a THD of 4.75% at 50 Hz, supported by a harmonic distortion value of 422.5, the chosen
configuration significantly minimized the harmonic distortion. This success underpins the system’s reliability and efficiency,
offering promising implications for practical applications.
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1. Introduction

In recent years, the problem of energy in the country has
increasingly been engraved, resulting in the implementation
of load shedding to prevent the total collapse of the grid.
Fossil resources worldwide have depleted rapidly as energy
consumption has steadily increased, and the deregulation of
electricity has caused the amount of installed production
capacity of classical high-power stations to be unable to
meet demand [1, 2]. This paper aims to demonstrate the
modeling of a grid-connected double-chamber microbial
fuel cell (DCMFC) biomass energy system via MATLAB
Simulink software. The experimental measurements obtained
from the DCMEFC outputs serve as the basis for developing
the model, which is simulated in MATLAB Simulink soft-
ware. To encourage the use of renewable energy systems,
some countries have initiated incentives to assist in allevi-
ating the current energy crisis [1, 2]. Several studies have
been conducted on renewable energy sources. Other studies
[1,2] used the honey well software to model 5 MW of biomass
energy from wood waste in remote areas. The experimental
data derived from the DCMFC outputs serve as the foun-
dational basis for constructing the model, which is then
simulated within the MATLAB Simulink environment. The
simulated outcomes aim to provide insights into the potential
power output that can be extracted from the DCMFC system,
contributing valuable information to enhance energy produc-
tion on the grid. This study not only delves into theoretical
modeling but also involves practical considerations, utilizing
real-world measurements to validate and inform the simula-
tion process.

Furthermore, the investigation extends to assessing the
DCMEC inverter’s compliance with conventional require-
ments and Institute of Electrical and Electronics Engineers
(IEEE) standards governing the integration of inverters into
the power grid. This holistic examination ensures that the
proposed DCMFC biomass energy system aligns with estab-
lished industry standards, facilitating its seamless integration
into existing grid infrastructures.

In grid-connected photovoltaic (PV) systems, inverters
play a crucial role as power electronic converters, transform-
ing DC power generated by solar panels into AC power
compatible with the grid. There are three primary inverter
topologies based on their architecture: the central inverter,
the string/multistring inverter, and the module-integrated
microinverter [1, 2]. The string inverter topology is a scaled-
down version of the central inverter, where a certain number of
modules are connected in series (string), and an inverter is
linked to each string. In this configuration, each string oper-
ates with its own MPPT, enhancing the system’s adaptability
[1-7]. The multistring topology represents an evolution in the
string inverter design, which is especially suitable for larger
systems. Each string is equipped with its own DC-DC con-
verter, and these strings are then linked to a common inverter,
optimizing efficiency and performance [3-8].

The imperative for advancing renewable energy has inten-
sified globally as nations endeavor to diminish their reliance
on fossil-derived sources. In Africa, biomass constitutes a
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substantial portion of renewable energy, although its utiliza-
tion remains largely rudimentary, primarily for cooking and
heating. Such primitive applications not only underutilize the
true energy potential of biomass but also contribute to pre-
mature mortality due to pollution [9-15]. In South Africa,
challenges such as a limited water supply and infrastructure
tailored to coal-based energy production have impeded the
progression of bioenergy [9]. The stated policy scenario has
delineated energy targets for South Africa to reach by 2040,
aiming to optimize the utilization of available biomass [9, 10,
14, 16-20]. To assess the feasibility of these goals, data on
biomass quantities for diverse types have been acquired, scru-
tinizing the availability of biomass for energy generation [9].

Various biomass conversion technologies have been
explored to compare their efficiency and production costs,
facilitating an analysis of the most suitable technology for
application in South Africa [9, 21]. Scenarios have been for-
mulated, incorporating insights from prior research and
interviews to influence the selection of biomass conversion
technology and identify the most promising end products [9,
21-23]. Given the adoption of DCMFC technology, this
study suggests that bioenergy could replace up to 15% of
coal-based energy production in South Africa [9, 18, 24-26]
with competitive pricing relative to current electricity and
fuel rates. However, this transition necessitates political
backing, public trust, and substantial investment. Increased
bioenergy adoption not only diminishes the dependence on
fossil fuels but also optimizes the utilization of available
renewable resources, thereby increasing energy security [9,
21-23, 27]. Moreover, a more efficient bioenergy utilization
model would mitigate premature deaths resulting from the
primitive use of biomass, reduce emissions, and foster a
healthier environment.

In essence, this research endeavors to bridge the gap
between theoretical modeling and practical implementation
by leveraging MATLAB Simulink for simulation purposes.
The focus on compliance with industry standards enhances
the study’s relevance, making it a comprehensive exploration
of the viability of DCMFC biomass energy systems as sus-
tainable and grid-compatible renewable energy sources. The
inclusion of a grid-connected aspect suggests a focus on
integrating the DCMFC bioenergy system into an existing
power grid. This involves studying the interaction between
the DCMFC system and the grid, exploring possibilities for
energy exchange, and addressing challenges related to grid
integration. The specific emphasis on DCMFCs indicates a
unique approach to microbial fuel cell (MFC) technology. The
double-chamber design may have novel features or advan-
tages over traditional MFCs; hence, the purpose of this study
is to delve into the intricacies of its operation and perfor-
mance towards computational scaling up of bioelectricity
production with the integration of an inverter model to
mimic the practicality and applicability of this study for
grid connection prospects.

The use of MFCs for bioenergy production is an estab-
lished field [1-3], but the specific application of DCMFC for
bioenergy generation suggests an advancement or refine-
ment in the technology [1-3]. This study explores efficiency
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improvements, scalability, or other enhancements in bioe-
nergy production compared with those of conventional
MEFCs. The utilization of MATLAB Simulink for modeling
implies a sophisticated and detailed simulation approach
[1-3]. This choice of software suggests a focus on accurate
and dynamic modeling, enabling the study of the DCMFC
system under various conditions and scenarios [1-7, 9-19].
The emphasis on modeling indicates a theoretical explora-
tion of the DCMEFC system, likely involving mathematical
representations and simulations. This knowledge will con-
tribute to a deeper understanding of DCMFC system behav-
ior, performance optimization, and possibly the development
of control strategies for practical implementation and appli-
cation as a local South African national grid connection alter-
native reliable energy source next to solar power and other
alternatives [19-24].

Solar PV energy has become a significant focus for research-
ers due to its rapid global adoption [2-28]. Despite its numer-
ous advantages, PV energy poses certain challenges, particularly
concerning power factor (PF) and total harmonic distortion
(THD) [28]. When integrated into the grid, solar PV systems
can lead to various power quality issues. These issues, such as
component overheating and suboptimal operation, arise
mainly from low power quality and high harmonics, causing
significant damage. The magnitudes of PF and THD are influ-
enced by solar irradiation levels [28]. This article examined
how changes in solar irradiation (G) impact power quality
in grid-connected solar systems, presenting and analyzing
results for different irradiation conditions [28]. At low irra-
diance levels, the amplitude of harmonic components and
reactive power increases while the PF decreases, leading to
reduced system efficiency. This study measured PF and
THD for current (THD;) values on a particularly cloudy
day to conduct an analysis [28]. Using MATLAB for simula-
tion, a grid-connected PV system model was developed [28].
The relationship between PF, THD, and solar irradiation was
analyzed using the Statistical Package for the Social Sciences
(SPSS) program and the curve fitting method. The study
derived new analytical expressions for PF and THD; based
on irradiation levels. These expressions can mitigate low
power quality issues in low solar irradiation scenarios, offer-
ing a valuable contribution to the existing literature [28-30].

The current study builds on the innovative work of Adak
and Cangi [28-33] by developing an integrated grid-connected
operation of a DCMFC bioenergy system through advanced
modeling techniques using MATLAB Simulink. Emphasiz-
ing the double-chamber design integrated with a multilevel
inverter in a three-phase, 400 V system, this study intro-
duces the novel concept of an integrated DCMFC for con-
sideration as an alternative sustainable and renewable power
source, particularly beneficial for power-starved and crisis-
engulfed nations like South Africa. This research makes a
significant contribution to the field of bioelectricity grid-
connected power systems using DCMFC technology. The fol-
lowing flowchart provides a clear summary of the novel meth-
odological approach used to computationally model and
simulate the proposed practical and applicable DCMFC inte-
grated prototype in MATLAB Simulink. This study examines

and contributes new knowledge of whether the DCMFC-
inverter integration conforms to IEEE standards for grid syn-
chronization to the existing prospects of DCMFC grid
connection.

2. Materials and Methods

This section describes the approach strategy and approach
that was adopted in the simulation and optimization of the
laboratory experimental data obtained in the treatment of
both biorefinery and dairy wastewater streams that were
used as complex wastewater substrates and biofuel sources
for the bioelectrochemical production of power in a DCMFC.
The flowchart in Figure 1 and the process block diagram in
Figure 2 outlines the process of integrating the MFC into a
grid. Initially, the MFC generates electricity through a bioe-
lectrochemical reaction between the anode and cathode term-
inals, reaching a peak of 700 mV, as indicated in the sections
below. The detailed experimental data are presented down-
stream with the accompanying bioelectrochemical param-
eters used to classify DCMFC treatment efficacy. The DCMFC
cells are then interconnected in series to achieve a 12 V voltage
level suitable for standard inverters. The research focuses on
integrating a 12V DCMFC sustainable bioelectricity supply
to a 400 VAC inverter.

The DCMFC battery supply is first assessed for voltage
levels. If the voltage deviates from the specified threshold,
protection circuits are activated to safeguard and disconnect
the inverter from the grid. If the voltage is within the accept-
able range, it is stepped up to 400 VDC using DC-DC con-
verter circuitry. Once the grid voltage and frequency are at
400 VAC/50 Hz, the 400 VDC is converted to AC by a three-
phase bridge circuit with a phase angle of 120°. If the voltage,
frequency, or phase angle does not align with grid specifica-
tions, the protection mechanism isolates the inverter from
the grid. The inverter remains synchronized with the grid as
long as voltage, frequency, phase angle, and sequence corre-
spond with grid standards.

The DCMEC battery output is connected to a DC-DC
conversion block. The voltage fluctuates based on microbial
activity within the DCMFC chamber, so a DC-DC boost
converter is employed to maintain a stable output for the
inverter. The inverter block transforms the power into an
AC output suitable for AC loads and the grid. Similarly, solar
energy harnessed during the day using PV panels generates
DC power that is fed into the DC-DC block. The DC input is
stepped up to share the connection with the DCMFC at the
DC bus. Before synchronizing the inverter’s power with the
grid, criteria including voltage, frequency, phase angle, and
phase sequence must be met.

2.1. Standards of Inverter Grid-Connected Systems. To
increase the reliability of the system, adherence to the stan-
dards set by the International Electrotechnical Commission
(IEC) and the IEEE is imperative for connecting the inverter
to the grid. The primary objective of the inverter is to deliver
a sinusoidal current to the grid. As renewable energy systems
rapidly evolve, standards governing inverter-grid connec-
tions are continuously evolving, guided by national and
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FiGure 1: Flowchart for a novel DCMFC integration into a grid connection. DCMFC, double-chamber microbial fuel cell.
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FiGURE 2: Block diagram for the grid-connected-DCMFC for bioenergy production. DCMFC, double-chamber microbial fuel cell.

international committees such as the IEC and IEEE. The
connection of PV systems to the grid through inverters necessi-
tates strict compliance with terms outlined in standards. These
include but are not limited to THD, DC current injection, gal-
vanic isolation, anti-islanding detection, and adherence to spec-
ified voltage and frequency ranges for uninterrupted operation.
These parameters are critical for ensuring the seamless inte-
gration of PV systems into the grid, and their compliance is
defined by established standards [34].

2.1.1. THD. In accordance with the stipulations outlined in
the IEEE 1547 and IEC 61727 standards, THD should not
exceed 5%, and efforts should be made to minimize the har-
monic content of the injected current. These standards also
impose restrictions on DC current injection, with a maximum
limit of 1% per IEC 61727 [5] and a more stringent limit of
0.5% according to IEEE 1547 standards [35]. To mitigate
THD in the injected current, the implementation of soft com-
puting methods proves instrumental in refining the switching
modulation technique employed by the inverter. This strate-
gic integration of soft computing techniques contributes to
the enhancement of inverter performance, aligning with the
stringent standards set forth by the IEEE and IEC [36].

2.1.1.1. THD Formulas. THD is a measure of the distortion of
a signal due to harmonics [32, 33, 36]. It is defined for both
current and voltage as follows:

THD for voltage: The THD for voltage (THDy) is calcu-
lated using the root mean square (RMS) values of the har-
monics of the voltage signal. It is given by [32, 33, 36]:

V24 V24 V24 4+ V2
THDV—\/ 2t 3+V4+ i % 100%, (1)
1

where

o V; is the RMS value of the fundamental voltage
component.

e V,, V3, V... Vn are the RMS values of the 2nd, 3rd,
4th, ..., nth harmonic components of the voltage.

THD for current: The THD; is similarly calculated using
the RMS values of the harmonics of the current signal. It is
given by [32, 33, 36]:

D+LER+0+... +1
THDI\/2+3+I4+ s 100%, (2)
1

where

e I, is the RMS value of the fundamental current
component.

e I, I3, I,.... In are the RMS values of the 2nd, 3rd, 4th,
..., nth harmonic components of the current.

These formulas help in quantifying the extent of har-
monic distortion in voltage and current signals, which is
crucial for assessing power quality in electrical systems.

2.1.2. Anti-Islanding Detection. The significance of anti-
islanding detection lies in its crucial role in promptly dis-
continuing the injection of power into the grid by the
inverter in the event of a fault on the grid side. The occur-
rence of islanding poses hazardous effects on the equipment
within the system, underscoring the imperative need for
robust anti-islanding detection mechanisms. In accordance
with the rigorous criteria established by the IEEE 1547 and
IEC 61727 standards, some authors [36] distributed genera-
tion inverter systems are mandated to swiftly identify and
isolate islanding conditions within a stringent timeframe of
25 [36]. Various methodologies are employed for the detec-
tion of islanding conditions, ensuring compliance with the
stipulated standards [37]. This stringent approach not only
aligns with regulatory requirements but also safeguards the
integrity and reliability of the overall grid-connected system.
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TasLe 1: DC-DC converter measurement results.

Voltage input Voltage input (V)  Voltage output (V)

Modeling results 12.0 400
Simulation results 12.0 400
Experimental results 124 400

2.1.3. Galvanic Isolation. In accordance with the National
Electrical Code (NEC), the implementation of galvanic iso-
lation is mandated for inverter-based energy systems operat-
ing at voltages exceeding 50 V. Galvanic isolation has a
distinct advantage in such systems, as it ensures that faults
occurring on one side of the grid-connected system do not
adversely affect the other side [34, 35, 37, 38]. Galvanic iso-
lation is a technique that physically separates electrical cir-
cuits to prevent direct current flow between them [39]. This
separation not only serves to increase safety by mitigating the
risk of electric shock but also plays a crucial role in prevent-
ing the propagation of faults. In grid-connected systems,
where stability and reliability are paramount, galvanic isola-
tion acts as a protective barrier, isolating potential issues and
containing their impact within the affected circuit [36]. This
proactive approach aligns with safety standards and contri-
butes to the robustness of inverter-based energy systems,
especially when voltages surpass the designated threshold
outlined by the NEC [34, 35, 37, 38, 40].

2.1.4. DCMFC-Inverter Prototype

2.14.1. DC-DC Step-Up Converter. Following a series of
simulations conducted using various electrical software applica-
tions, the Proteus software appeared to yield responses consis-
tent with the model and outcomes derived from MATLAB
software. The objective was to ascertain the appropriate
component values that would be suitable for the experimental
prototype of the integration of DCMFC into a power grid.
During the simulation from Proteus software, the 12V from
the DCMFC battery was increased to 400V as it was with
the MATLAB model. Table 1 of the simulation, MATLAB
model, and measurement results is given below.

From the Proteus software simulations, the specifications
of electrical components were established. On the picture in
Figure 3 are some of the pictures taken during the testing of
the DCMFC DC-DC converter circuit. The pictures show
the power supply, microcontroller with LCD display, MOSFET
circuit, and Fluke digital multimeter. The adjustable power
supply acts as a source in the circuit, which represents the
MEFC battery behavior. The power supply used in the experi-
ment was selected due to its capability to adjust voltage or
current or both, which is favorable to the DCMFC cell and
battery as per the model from MATLAB software. During the
testing, it was observed the DC voltage changing from 12 to
400V.

2.1.4.2. Three-Phase Inverter Bridge. From the DC-DC con-
verter, the 400 VDC power is connected across the three-
phase bridge bus terminals. The pulses and the sequencing of
the three-phase bridge are controlled by a microcontroller, as
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shown in the pictures of Figure 3. The RC load was used
between the three-phase bridge and the grid supply.

2.1.4.3. The Synchronization of MFC Battery Into a Grid.
According to IEEE standards the requirements that must
met before the synchronization of the inverter into a grid
are namely: the frequency of the grid must equal to the
inverter output, the line voltage must be equal, the phase
sequence must be of the same rotation, the phase angle
must be equal. Although the prototype was not synchronized
to do availability of the synchronizing meters, the grid bus
and inverter bus were able to generate the voltage equal to
the grid, as shown in Figure 4 and Table 2.

2.1.5. Bioelectrochemical Analysis of Biorefinery and Dairy
Wastewater in DCMFC-Based Optimal Bioelectricity Validation
Experiments

2.1.5.1. Real-Time Experimental Set-Up for the DCMFC
Bioelectricity Optimization Process: DCMFC Experimental
Configuration. The MFC chamber utilized in this study is a
dual-chamber design fabricated from two Schutt blue cap 1L
bottles. The anode and cathode chambers were separated by
a Nafion 115 proton exchange membrane (PEM) (Lyntech,
United States), which facilitates the transfer of protons (H")
from the anode chamber to the cathode chamber. Copper-bi-
electrodes augmented with carbon-graphite were selected as
the electrodes and positioned in both the anode and cathode
chambers, with a cross-sectional area of 0.237 m”. The bi-
electrode connection was completed by an external circuit
using professional electrical positive and negative wires to
transfer electrons produced from the oxidation of organic
matter from the anode chamber to the cathode chamber.

An external load of 1000 £ is commonly set as a refer-
ence standard operating threshold to enhance bacterial activ-
ity rates, as demonstrated by Logan et al. [34, 39-49] and
other authors [2, 11-15], who clearly articulate the method-
ology and efficient experimental setup required to attain
practical results in a typical MFC system. Based on these
findings, this study adopted a higher operating external resis-
tive load capacity of 1300 £2. This adjustment aligns with the
bioelectrochemical principle stated by Zhang et al. [50, 51],
which indicates that MFCs with reduced external resistance
during startup exhibit elevated rates of energy gain, energy out-
put, active biomass, and maximum power density, although the
rate of voltage increase decreases [50, 51].

The cathode compartment was filled with a standard 0.1N
potassium permanganate solution combined with slow oxygen
sparging as electron acceptors, Shabangu et al. [52]. Figures 5
and 6 illustrate the startup experimental process flow diagram
and the laboratory view images of the DCMFC with its dis-
tinctive components utilized during the startup experimental
runs. Following the operational sequence adopted from Logan
et al. [34, 39—49] and other referenced studies, this unit was
primarily operated at 13002 at startup and maintained this
setting throughout the experimental runs.

A critical part of the objective calibration sequence was
observing the effect of temperature on the overall resistivity
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FiGURE 4: Grid-connection lab prototype layout.

TasLE 2: Three-phase inverter measurements.

Voltage input DC bus voltage H-bridge AC voltage

v) v)
Modeling results 400 400
Simulation results 400 400
Experimental results 400 400

of the unit. Different temperature gradients resulted in vary-
ing resistance loads at specific percentage openings. Figure 5
presents the behavioral sequence of the resistance box at 18,
22, and 34.5°C, underscoring the importance of the calibra-
tion curve in determining the desired percentage load open-
ing at specific temperatures through extrapolation from the
presented calibration curve measurements. The content of
the calibration sequence prior to each fed-batch was sourced
from the content of published work on the DCMFC start-up
sequence and calibration of cell chambers by Shabangu
et al. [53].

2.1.5.2. Inoculation and Medium. Raw industrial wastewater,
characterized by high organic content (COD: 250-1850 mg/L
for biorefinery wastewater and 500-3500 mg/L for dairy
wastewater, with pH 6-7 for both streams), was sourced
from local wastewater treatment plants (Tongaat Hulett,
Rossburgh, and Clover Pty Ltd, Queensburgh, South Africa).
Active microbial communities, specifically Proteobacteria

and Bacteriodota, were also collected alongside the fresh
industrial wastewater streams to serve as electrogens for
the bioelectrochemical process. The objective was to enhance
the biodegradation of complex substrate pollutants in
these wastewater streams while generating bioelectricity,
as reported by Shabangu et al. [53].

Dairy and biorefinery wastewaters were blended to mimic
realistic downstream conditions, where effluent streams from
various chemical plants and manufacturing operations are
combined for further treatment in municipal sewer systems.
These streams, characterized by complex substrates with high
molecular energy potential, serve as reliable and enduring
electron donors or anolytes for MFCs, contributing to bio-
electricity production [2-10, 15].

According to Shabangu et al. [52], to ensure simplicity
and reproducibility, the experimental procedures involved
mixing 50% by volume (v/v) of each wastewater sample
from dairy and biorefinery sources in a 1L beaker. This
mixture was allowed to blend slowly for 24 h at mesophilic
temperatures [9, 10, 17]. This process was conducted imme-
diately using onsite samples from the nearby wastewater
treatment facilities. The pH was not controlled, allowing it
to reflect the natural buffering capacity of the combined
streams in downstream municipal receiving bodies, thus
simulating natural environmental conditions.

2.1.5.3. DCMFC Data Analysis. The real-time performance
monitoring data for the DCMFC unit was captured and
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FIGURE 5: Resistance calibration test at 18, 22, and 34.5°C, Shabangu et al. [52, 53].

FIGURE 6: Real-time experimental set-up for the DCMFC, Shabangu et al. [52, 53]: (i) lab-set-up for the DCMEC in real-time, (ii) thermo-
controller for controlled mesophilic—pyscrophylic temperature, (iii) side view showing the cathodic medium and 0.IN as per optimized
response output by the BBD-RSM design, (iv) the real-time fed-batch stop and subsequent start-up, (v) view the CCu-bi-electrode
configuration with water circulating manifolds, and (vi) real-time optimized runs CCV values for the DCMFC. DCMFC, double-chamber
microbial fuel cell; RSM, response surface methodology.

I(mA) = 3)

calculated using established electrochemical models and Ry’

expressions, as reported by Logan et al. [18-21] and
Shabangu et al. [52, 53]. Electrical current (I) and voltage  where R, was the resistance of an external resistor that value

(V) measurements were taken using a multimeter every 5h  was equal to 10002V (mV) is the voltage capacity, closed
over a precise 48-h optimum incubation period [18]. circuit voltage of the MFC unit.
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AG,(]) =AG? + RTIn(x), (4)

where AG,(]) is Gibbs free energy for specific conditions,
AG? ()) is the Gibbs free energy under standard conditions
usually defined by 298.15 K, 1 bar-pressure, and 1 M concen-
tration for all species, R (8.31447 ﬁ) is the basic universal
gas constant, T (K) is the absolute temperature calculated as
the activities of the products divided by those reactants. The
standard Gibbs free energy is calculated from tabulated ener-
gies of formation for organic compounds in water, sources
available from Shabangu et al. [52, 53].

AG,

Eemf(mv) == nF

: (5)

where all biodegradation reactions transpire under standard
conditions; hence, 7=1, then equation simplifies further,
sourced from Shabangu et al. [52].

AG?
E° V) = — L 6
emf(m ) nF ( )
P(mW) = IE., (7)

where P(mW) is the overall power of the MFC unit. Nor-
mally, the voltage is measured across a fixed external resistor
(Rext> while the current is calculated from Ohms law: I(mA)

:%, By Logan et al. [43]:

by
M/ Idt
%) = v 40" )
FbV 500 ACOD

where M =32 (molecular weight of oxygen), F is Faraday’s
constant, b =4 (the number of electrons exchanged per mole
of oxygen), Vanode is the volume of the anodic chamber, and
ACOD (mgCOD/L) is the change in COD over time #;, as
sourced from Logan et al. [18]. The empirical models and
equations used for bio-electrochemical calculations in the
startup of the DCMFC for electricity generation in this man-
uscript were sourced from Shabangu et al. [34, 35, 37, 38, 40,
43, 52, 53] and Logan et al. [34, 39-49].

Table 3 meticulously present a comprehensive bioelec-
trochemical analysis of two distinct wastewater streams: the
optimized industrial wastewater streams and the mixed
wastewater streams derived from biorefinery processes. These
streams have been strategically chosen as the most effective
electron donors or complex organic substrates, following
an extensive validation process conducted experimentally over
a span of 2 weeks. The experimental validation process
employed rigorous scaling-up factors derived from the optimal
operating conditions, which were determined through the
application of design expertise utilizing response surface meth-
odology (RSM), specifically employing the Box—Behnken
design quadratic modeling sequence sourced from Shabangu

et al. [52, 53]. The culmination of this process is reflected in
Tables 1 and 2, where the achieved optimum laboratory exper-
imental voltage yields are explicitly outlined. These voltage
yields, ranging from 550 to 700 mV, underscore the efficacy
of the chosen electron donors and organic substrates within
the specified experimental parameters [34, 37, 40, 43, 52, 53].

3. Results and Discussions

3.1. The Modeling DCFMC Battery Grid-Connected Design
Model. The DCMFC battery grid-connected design model
represents an innovative approach to sustainable energy
generation and storage. In this context, the DCMFC, which
is a type of MFC, is integrated into a grid-connected system
to harness, store, and supply electrical energy. The DCMFC
operates on the principle of microbial electrochemical processes,
where microorganisms generate electricity through the
oxidation of organic matter [34, 39, 43—49]. The double-
chamber design allows for controlled microbial reactions,
enhancing the efficiency of the energy conversion process
[54-56].

In the grid-connected design model, the DCMFC serves
as a unique bioenergy source that can contribute to the over-
all power supply of the electrical grid. The model involves the
development of a comprehensive mathematical and compu-
tational representation MATLAB Simulink. This representa-
tion considers the dynamic interactions within the DCMFC
system and its connection to the grid. The primary goals of
this design model include predicting the power output from
the DCMFC, understanding the system’s behavior under differ-
ent conditions, and ensuring seamless integration with the grid.
The integration involves the use of appropriate converters,
inverters, and control systems to regulate the flow of electricity
between the DCMFC and the grid. Figure 7 outlines the
DCMEC battery inverter integrated grid-connected MATLAB
model.

The DCMFC DC boost voltage is connected to the posi-
tive bus and negative bus of the three-phase DC-AC inverter
circuit. The switching pattern is controlled by the gate pulses
connected in each transistor of the inverter circuit. The
pulses generated by the gate are full square wave single-
stage PWMs. The power generated by the inverter is fed to
the three-phase VI block for measurements. For analysis, the
voltages and currents are displayed using the scope shown in
Figure 7. While the noise may be generated from the DC
to AC transition, the LC filter is employed to suppress
the noise output and stabilize the power generated by the
inverter. The second power meter is connected to measure
the power from the grid. For each power meter, the wave-
forms are displayed via scope blocks. Before power from the
DCMEC and grid are synchronized, four requirements must
be met. First, the voltage of the grid must be equal to the
inverter output voltage. Second, the inverter frequency must
match the frequency of the grid. Third, the phase sequence
must be the same. Fourth, the phase angle of the inverter
must be equal to the grid. In addition, Tables 4 and 5 present
the IEEE-specific requirements data for connecting inverters
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Figure 7: DCMFC-inverter model prototype for grid connection. DCMFC, double-chamber microbial fuel cell.
TasLE 4: Voltage distortion limits [44].
Bus voltage V at PCC Individual harmonic (%) h <50 THD (%)
V<1.0kV 5.0 8.0
1kV<V<69kV 3.0 5.0
69kV<V<161kV 1.5 2.5
161kV<V 1.0 1.5%

Abbreviation: THD, total harmonic distortion.

*Indicates the frequency-dependent consideration—the harmonic distortion analyses consider different orders depending on system characteristics (e.g., low-

or high-voltage).

TasLE 5: Current distortion limits for systems rated 120 V through 69kV [44].

Maximum harmonic current distortion in percent of I,

Individual harmonic order”

IsclIy 2<h 11* 11<h<17 17<h<23 23<h<35 35<h<50 TDD
<20° 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 3.5 2.5 1.0 0.5 8.0
50<100 10.0 4.5 4.0 1.5 0.7 12.0
100 < 1000 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

*Pndicate the frequency-dependent consideration—the harmonic distortion analyses consider different orders depending on system characteristics (e.g., low-

or high-voltage).

into a grid, which will be evaluated for this study during the
simulation.

3.2. DCMFC Simulation Results. Figure 8 illustrates a sinu-
soidal pattern that shows three-phase voltages recorded at
400V and 50 Hz before synchronization with the grid. This
study specifically opted for a multilevel inverter configura-
tion, which was chosen for its ability to reduce the harmonic
content effectively [43]. The three-phase waveforms are dis-
tinctly separated at 120° intervals, maintaining a synchronized
and visually distinguishable phase sequence represented in red,
yellow, and blue throughout the simulation, as shown in

Figures 9 and 10, is accompanied by a comprehensive cap-
tion that integrates both the grid voltage and the inverter
voltage. The visual representation in the caption under-
scores the coherence between the grid and inverter voltages.

In the subsequent caption, the calculated THD is metic-
ulously measured, yielding a fundamental capacity of 4.75%
at a frequency of 50 Hz. This finding is visually depicted in
Figure 11, where the harmonic distortion is quantified at
422.5. The adoption of the multilevel inverter configuration
in this study proves instrumental in achieving reduced har-
monic content, as evidenced by the low THD values observed
in the simulation results.
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Figure 8: DCMFC inverter output waveform before synchronization. DCMFC, double-chamber microbial fuel cell.
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FiGUure 9: Grid AC-voltage before synchronization.

3.3. Comparative Analysis of Inverter Model Standards and
Performance Fundamental for Grid-Connection Limitations.
Table 6 presents a summary of the previous work on inverter
modeling for practical grid connection in comparison with
the current study outcomes. The Honeywell model for bio-
mass power plants reported by Norder et al. [36, 57] high-
lights the main components of this model, with the boiler,
steam turbine, and generator being crucial for producing a
5MW overall power output. Henceforth, for the purposes
of upscaling, ~8.33 tonnes/h of wood waste is imperative to

maintain a threshold power of 5 MW [36, 57]. The Honey-
well model is based on the following system parameters for
power generation model simulation: temperature, pressure,
and overall steam plant mass flowrate capacities (tonnes/h).
The process simulation and cost optimization sequence for
the Honeywell model, which is based on a solar and biomass
energy system, revealed that the biomass energy system is
more viable, practicable, and applicable than the complexity
of the solar-based energy option. According to the findings
of this manuscript by Nordic et al. [57], the biomass system
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FIGURE 11: Total harmonic distortion, fundamental (50 Hz), 422.5, and THD of 4.75%. THD, total harmonic distortion.

model is flexible and easily applicable to rural-based areas for
reliable power generation and harvesting compared with
solar-based energy models [36, 57].

Another study based on the findings of the IEEE research
output by Deshpande and Bhasme [1, 34, 37] presented dif-
ferent inverted model topologies with central/string and
microinverter models-PV systems. The findings of this paper
present these system model capabilities as noteworthy and fit
for grid-connection considerations. Nordic et al. 36, 58-61]
delved into the limitations of the grid-connected inverter
PV system, such as THD <5%, DC current injection, and
anti-islanding detection standards. Several topological
dynamics for inverter-based grid-connected PV systems are
addressed in this study. Moreover, Nordic et al. highlighted

that multistring topology systems are highly advanced com-
pared with both central and string or the other existing
inverter models. The multistring inverter displayed high
and reliable energy efficiency, coupled with a good sense of
practicality and applicability standards. This study highly
recommended the multistring topology for a typical grid con-
nection, as it is highly economically viable and efficient in
terms of installation and maintenance sequence costs, has
high energy efficiency, and is more practical and applicable.
According to Adak and Cangi [28] solar PV energy has
become a significant focus for researchers due to its rapid
global adoption. Despite its numerous advantages, PV energy
poses certain challenges, particularly concerning PF and THD
[28]. When integrated into the grid, solar PV systems can lead
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to various power quality issues [28]. These issues, such as
component overheating and suboptimal operation, arise
mainly from low power quality and high harmonics, causing
significant damage. The magnitudes of PF and THD are influ-
enced by solar irradiation levels. This article studied how
changes in solar irradiation (G) impact power quality in
grid-connected solar systems, presenting and analyzing results
for different irradiation conditions [28]. At low irradiance
levels, the amplitude of harmonic components and reactive
power increases, while the PF decreases, leading to reduced
system efficiency.

The current work, addressed by this manuscript, also
delves into the computational optimization and simulation
of the multilevel inverter-based model toward achieving
highly convincing and reliable results in terms of the THD
of 4.75%, which is clearly under the limitations standards
stated by Nordic et al. [3, 5, 7, 36, 57-61] (IEEE-International
Standards) in the above findings as 5%. This current work
underpins the convincing harmonic distortion of 422.5,
moreover toward being IEEE compliant and reliable [7, 58].
Figures 8-11 clearly indicate the multilevel system findings
and simulation outputs as well within the threshold limits set
by the IEEE Boards of Standards. Figures 8-11 indicate
reduced harmonic distortion values and a reasonable overall
voltage yield of 400 VDC per 50 Hz. Conclusively, the current
research highly recommends the application of the multilevel
inverter model as viable for national energy grid connections
because of its IEE-compliant nature and overall output.
Owing to its low installation cost, this model is highly cost-
effective and has a high sense of reliability, sustainability, and
high energy efficiency considering its voltage output, with that
magnitude of the DCMFC as a sustainable battery source of
bioenergy.

4. Conclusions

In summary, Table 6 provides a comparison between previ-
ous studies on inverter modeling for practical grid connec-
tions and the outcomes of the current study. The Honeywell
biomass power plant model, as reported by Norder, Min, and
Logan [34], emphasizes the importance of key components
such as the boiler, steam turbine, and generator in achieving
a 5 MW power output, requiring approximately 8.33 tonnes/
h of wood waste. This model favors biomass energy systems
over solar-based options because of their practicality and
applicability, particularly in rural areas.

Briefly, Adak and Cangi’s [28] findings highlight the sig-
nificant impact of solar irradiation on power quality in grid-
connected solar PV systems. It demonstrates that low irradi-
ance levels increase harmonic components and reactive
power while decreasing the PF, leading to reduced system
efficiency. By developing a MATLAB-simulated model and
deriving new analytical expressions for PF and THD; using
SPSS and curve fitting methods, the study provides valuable
tools for mitigating power quality issues in low irradiation
scenarios. These findings offer critical insights for improving
the integration of solar PV systems into the grid, enhancing
their reliability and performance.

15

Another study by Deshpande and Bhasme [1] explored
different inverter model topologies for PV systems, highlight-
ing their suitability for grid connection. Nordic et al. further
discussed the limitations and dynamics of grid-connected PV
systems, favoring the multistring topology for its efficiency,
practicality, and cost-effectiveness. The current research
focuses on computational optimization and simulation of a
multilevel inverter-based model, achieving a low THD of
4.75%, which is well below the IEEE standard of 5%. The
findings demonstrate reduced harmonic distortion and satis-
factory voltage yield, indicating the viability of the multilevel
inverter model for national energy grid connection. Overall,
the model offers low installation costs, high reliability, sus-
tainability, and energy efficiency, making it a promising
option for bioenergy storage and grid integration.

Conclusively, the utilization of a multilevel inverter con-
figuration in this study has proven to be effective in reducing
the harmonic content, as demonstrated by the sinusoidal
pattern of three-phase voltages recorded at 400V and
50 Hz. The distinct separation of waveforms at 120° intervals
maintains synchronized phase sequences, enhancing the
coherence between the grid and inverter voltages. Addition-
ally, the calculated THD of 4.75% at a frequency of 50 Hz
underscores the effectiveness of the multilevel inverter in
minimizing harmonic distortion. This finding, supported
by a harmonic distortion value of 422.5, highlights the suc-
cess of the chosen configuration in achieving reduced har-
monic content, thus contributing to the overall reliability and
efficiency of the system.

To conclude, the computational modeling of grid-
connected DCMFC bioenergy via MATLAB Simulink soft-
ware has yielded novel findings. The study has provided valu-
able insights into the dynamic interactions of DCMFC within
a grid-connected framework, offering predictions on power
generation and contributing to a deeper understanding of its
integration potential. Additionally, the research has addressed
the compliance of the DCMFC inverter with established con-
ventional standards and IEEE standards, further enhancing
the feasibility and applicability of this bioenergy/bioelectro-
chemical technology (BES) in a real-world grid scenario.
These novel findings advance the knowledge base in the field
of renewable energy systems and pave the way for more effi-
cient and sustainable grid-connected bioenergy solutions.
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