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Abstract: Conventional wastewater treatment plants (CWTPs) are intensive energy consumers. New
technologies are emerging for wastewater treatment such as microbial electrolysis cells (MECs)
that can simultaneously treat wastewater and generate hydrogen as a renewable energy source.
Mathematical modeling of single and dual-chamber microbial electrolysis cells (SMEC and DMEC)
has been developed based on microbial population growth in this study. The model outputs were
validated successfully with previous works, and are then used for comparisons between the SMEC
and DMEC regarding the hydrogen production rate (HPR). The results reveal that the daily HPR in
DMEC is higher than in SMEC, with about 0.86 l H2 and 0.52 l H2, respectively, per 1 L of wastewater.
Moreover, the results have been used to compare the HPR in water electrolysis (WE) processes and
MECs. WE consume 51 kWh to generate 1 kg of hydrogen, while SMEC and DMEC require only
30 kWh and 24.5 kWh, respectively.
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1. Introduction

Population growth, rapid urbanization, and the human desire to improve their
living standards lead to increased energy demands in four main sectors: power, build-
ings, industry, and transport [1]. Today’s energy systems are severely dependent on
fossil fuels, and the depletion of non-renewable resources in parallel with increasing
rates of greenhouse gas (GHG) emissions has become one of the main concerns [2].
Therefore, research into renewable energy generation sources to transform cities and
industries towards fully sustainable energy systems is increasing exponentially [3].
Currently, there is no single source of renewable energy that can replace the whole
conventional fossil fuel energy source, however combining renewable, clean, and long-
lasting energy sources such as biomass, solar, wind, geothermal, hydroelectricity, wave,
and hydrogen may address the energy demands and preserve the environment in the
future. Hydrogen is an ideal alternative to replace traditional fossil fuels as a clean
(carbon emission-free) and sustainable energy career for driving energy systems [4–6].
Hydrogen is recognized as the lightest, and most abundant chemical substance in the
universe. It is a kind of clean and carbon-neutral source of energy because the sole
by-product of hydrogen combustion is water [2]. Hydrogen has a high energy density
of around 120 MJ/kg, and 33.6 kWh of usable energy per kg in terms of electrical energy
which is three times more than gasoline [3,7]. Hydrogen has applications in various
sectors, such as transportation through electric cars, electricity, and heating generation
via fuel cells. Moreover, it could be added or used as a composition to produce other
enriched energy mixtures such as ammonia and methanol [8]. Various pathways to
produce hydrogen are classified according to their applications and sources, such as
WE, gasification, PV-electrolysis, dark fermentation, coal gasification, and fossil fuel
reforming [9,10].
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Moreover, in recent years, large amounts of wastewater have been produced yearly,
and the emission of wastewater in the world is increasing. Recovering the chemical
energy of wastewater is meaningful, and the demand for new and efficient technology in
wastewater treatment has become urgent [11,12]. Freshwater availability is predicted to
decrease by 40% in the next decades [13].

Among several types of hydrogen production methods, bio-electrochemical sys-
tems (BECs), such as MECs, are a promising technology for wastewater treatment and
hydrogen production simultaneously [14]. MECs consist of a microbial anode and
conventional cathode electrodes, substrates, ion exchange membranes, and microor-
ganisms [15]. Microorganisms exist in an anode chamber, and they need the culture
medium necessary for their growth and forming the biofilm at the anode surface area,
which is the main part of the MECs to degrade carbon substrates and electrons transfer-
ring. In an anode chamber, organic matters oxidize and release protons and electrons
that transfer to the cathode side through an external circuit. Protons penetrate via a
membrane to the cathode chamber [16]. Moreover, anaerobic conditions and external
voltage are needed in the cathode chamber to reduce protons for hydrogen produc-
tion [17]. There are two types of MECs, including SMEC and DMEC. In DMEC, a proton
exchange membrane (PEM) prevents the wastewater solution from transferring the
anode to the cathode chambers and reduces the hydrogen diffusion from the cathode
to the anode resulting in increased pure hydrogen. Although some researchers [18–20]
observed the pilot scale of MECs and calculated main objectives such as organic load,
applied voltage, temperature, inoculum, and pH experimentally, the other ones [21–24]
prioritized analytical solutions to optimize operational conditions including physi-
cal, chemical, and biological properties for increasing hydrogen production rate and
improving wastewater treatment process. In this regard, Pinto et al. [21] conducted
a mathematical model for a continuous operation MEC reactor fed with synthetic
wastewater where acetate was the primary substrate in the dilution. The model was
dynamic, and multi-population microbial growth, including three different microbial
populations, was considered in their assumption. Their critical research point was
the effect of voltage and organic load ratio on hydrogen production. The final output
agreed with the experimental data, and the maximum hydrogen production rate and
desired chemical oxygen demand (COD) level were achieved. A MATLAB-based MEC
model simulated by Gonzalez et al. [24] investigated different parameters such as mi-
crobial growth and competition on acetate consumption in wastewater flow, electrical
current generation, and hydrogen production. Two primary control approaches were
used, including dilution rate and applied potential assumed in the mathematical model
to optimize and improve the hydrogen generation rate. The measured results showed
that both control laws respond adequately and efficiently to the disturbances and reach
the reference value they were subjected to. The authors used control inputs, includ-
ing applied potential and dilution rate, to increase the generation of hydrogen and
indicated that the former and latter were feasible for a short and long period of time,
respectively. Furthermore, Estrella et al. [23] proposed a dynamic mathematical model
resulting from the mass balance of continuous flow MECD. According to the author’s
investigation, the ordinary differential equations (ODEs) introduced the model, and
steady-state analysis determination concluded that only one of the three possible steady
states was stable. Moreover, they compared two microbial populations and proved that
their concentration substantially impacted hydrogen and methane production rates,
especially during the initial stages of the MEC. Process optimization presented in the
proposed model applies to off-line processes and real-time process control.
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This study has conducted mathematical modeling of SMEC and DMEC to treat wastew-
ater and energy recovery on urban scales. As shown in Figure 1, decentralized energy
systems running on renewable sources would be the advanced pathway to treat domestic
wastewater and energy production simultaneously. The proposed innovative cycle includes
microbial electrochemical reactors, pre- and post-treatment systems, sustainable energy
sources, and fuel cells. Since organic matter is supplied by domestic wastewater, after
collecting generated wastewater and conducting pre-treatment, the influent injects into the
reactors, producing pure hydrogen. Then, hydrogen is converted to electrical energy via
fuel cells. At the same time, post-treatment will apply to treated water to meet the water
quality standard for urban area purposes. Therefore, generated power could compensate
for a proportion of the electricity demands in urban areas. In addition, treated water could
be reused for different purposes, like cleaning and toilet flushing irrigation, decreasing
pressure on freshwater resources and water treatment plants.
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Figure 1. Advanced wastewater treatment and energy recovery cycle.

The thermodynamic modeling of the onsite hybrid system is developed in Python as
a high-level programming language, and the Radaue method is applied as a numerical
solution to solve the ordinary differential equations (ODE), which is different from previous
studies. Both types of MECs have been modeled in this investigation to compare their
efficiency as wastewater and energy recovery methods.

A real case study with six residential building complexes and 10,000 inhabitants
located in Lachine East, Montreal, Canada was used to apply the models to an ur-
ban setting (see Figure 2). Based on the Montreal data sets, the water consumption
for each person is about 300 L/day [25]. Therefore, a total daily wastewater flow of
(3,000,000 L/day) has been assumed to examine the potential of decentralized wastew-
ater treatment in urban areas. Then, the HPR is compared between two types of MECs.
In addition, the energy consumption and HPR by MECs have been compared to CWTPs
and WE, respectively.
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Figure 2. Location of the considered eco-district case study in Lachine East, Montreal, Canada.

2. Materials and Methods
2.1. Model Description of Microbial Electrolysis Cells (MECs)

The proposed model for SMEC and DMEC in this study has been adapted from Gon-
zalez et al. [24]. The presented model is a continuous system considering the activities of
three microbial populations, including anodophilic, methanogenic, and hydrogenotrophic
bacteria. The anodophilic degrades the acetate as the main carbon source with the amount
of 550 mg/L of wastewater (Lw) to release the electrons, protons, and CO2. Moreover,
methanogenic bacteria use acetate to form methane and CO2. Hydrogentrophic, as unde-
sired bacteria, reacts with mineralized carbon (CO2) and hydrogen to shape the methane,
and they decrease the level of HPR. Figure 3 depicts a general schema of SMEC and DMEC
regarding the interaction between microorganisms and substrates in wastewater solution.
Furthermore, intracellular and extracellular mediators are assumed to transfer electrons
from anodophilic bacteria to the anode surface and from the anode to the cathode elec-
trode through the external circuit, respectively. Some essential indicators, including pH,
temperature, and pressure, are constant during the chemical processes in both types of
MECs. In existing BECs, where substrate gradient in the biofilm is neglected, the uniform
distribution of microbial populations and ideal mixing is assumed in the anode part.
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2.2. Equations for Modeling of SMEC and DMEC

In this section, all mathematical equations for modeling two MEC configurations
(single and dual) are categorized. The mathematical modeling of SMEC and DMEC is
implemented in Python. Initial value problems for stiff ordinary differential equations
(SODEs) occur very frequently in different situations such as biology and chemical pro-
cesses [26]. Since the Radau IIA as a numerical method is reliable, accurate, and stable,
the mentioned approach is applied in the present research to solve proposed SODEs in
the Mass Balance Section. The Radau method is one of the kinds of implicit Runge-Kutta
schemes, and it has been successfully applied to SODEs because of its strong algorithm [27].

2.2.1. Chemical Reactions at Electrodes

• SMEC

Anode chamber

C2H4O2 + 2H2O + 4Mo → 4Mr + 2CO2 (1)

4Mr → 4Mo + 8e− + 8H+ (2)

CO2 + HCO−3 + 8e− + 8H+ → CH3COO− (3)

Cathode chamber
C2H4O2 → 4CH4 + CO2 (4)

CO2 + 4H2 → CH4 + 2H2 (5)

2H2O + 2e− → 2OH− + H2 (6)

• DMEC

Anode chamber

C2H4O2 + 2H2O + 4Mo → 4Mr + 2CO2 (7)

4Mr → 4Mo + 8e− + 8H+ (8)

C2H4O2 → 4CH4 + CO2 (9)

Cathode chamber
2H2O + 2e− → 2OH− + H2 (10)

2.2.2. Mass Balance Equations

In this study, acetate is considered the primary substrate in wastewater solutions.
The mass balance equations for the continuous reactors of both SMEC and DMEC are
described as follows, where S (mg S/L) is defined as the acetate concentration. Moreover,
the concentration of anodophilic and methanogenic microorganisms are represented as
Xa and Xm, respectively (mg X/L). D stands for dilution rate which is equal to 1 (1/d) in
this work.

dS
dt

= D(S0 − S)− qaXa − qmXm (11)

dXa

dt
= µaXa − Kd,aXa − α1DXa (12)
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dXm

dt
= µmXm − Kd,mXm − α1DXm (13)

All the above equations are applied for both types of MECs, but in SMEC, because of
the existence of hydrogenotrophic microorganisms, one more equation should be added
to the Mass Balance Section shown below. α1 and α2 are dimensionless biofilm retention
constants, and the assumed value for them are 0.5410 and 0.4894, respectively.

dXh
dt

= µhXh − Kd,hXh − α2DXh (14)

2.2.3. Hydrogen Production Rate

The hydrogenotrophic microorganism in the anode chamber is the only difference
between SMEC and DMEC models. Therefore, their presence at SMEC leads to two different
hydrogen production rates, as appears below.

• SMEC

QH2 = YH2

IMEC
mF1

RT
P
−YhµhXhVr (15)

• DMEC

QH2 = YH2

IMEC
mF1

RT
P

(16)

2.2.4. Intracellular Mass Balance

For each electrogenic microorganism, the balance equation should be written as below,
and the total mediating fraction (Mtotal) is about 1000 (mg M/mg X).

Mtotal = Mr + Mo (17)

dMo

dt
=

γ

VrXa

IMEC
mF1

−YMqa (18)

Mr and Mo are the concentration of reduced and oxidized forms of the intracellular
mediator (mg M/mg X).

2.2.5. Microbial Kinetic

µa and µm are the growth rate of anodophilic microorganisms and acetoclastic methanogenic
microorganisms, respectively. qa and qm are the anodophilic microorganisms and acetoclas-
tic methanogenic substrate consumption.

µa = µmax,a
S

Ks,a + S
Mo

KMEC + Mo
(19)

µm = µmax,m
S

Ks,m + S
(20)

qa = qmax,a
S

Ks,a + S
Mo

KMEC + Mo
(21)

qm = qmax,m
S

Ks,m + S
(22)

The maximum value of µa, µm, µh, qa and qm are the constant numbers as they are
mentioned below:
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µmax,a = 1.97 (1/d); µmax,m = 0.3 (1/d); µmax,h = 0.5 (1/d); qmax,a = 13.14 (mg S/mg X d);
qmax,m = 14.12 (mg S/mg X d).

Due to the absence of a membrane in SMEC, µh is referring to the growth rate of
hydrogenotrophic microorganisms.

µh = µmax,h
[H2]

Kh + [H2]
(23)

2.2.6. Electrochemical Equations

The external voltage Eapp needed to run the MECs can be calculated via the below
equation, where ECEF is the value of electrode potential. The assumed numbers for Eapp
and ECEF are about 0.6 (V) and −0.35 (V), respectively.

Eapp = ECEF − ηohm − ηconc − ηact (24)

The ohmic (ηohm), concentration ( ηconc), and activation ( ηact) losses at the anode
chamber are calculated by use of the below equations.

ηohm = Rint IMEC (25)

ηconc =
R1TMEC

mF
ln(

MT
Mr

) (26)

ηact =
R1TMEC

βmF
sinh−1(

IMEC
SAi0

) (27)

The MECs current is calculated as follows:

IMEC = ECEF + Eapp −
R1TMEC[ln

(
MT
Mr

)
+ 1

β sinh−1( IMEC
SAi0

)]

Rint
(28)

In the below equation, internal resistance, which is liked to electrogenic, can be calcu-
lated, and the dedicated numbers for RMIN and RMAX are 2 (Ω) and 200 (Ω), respectively.

Rint = RMIN + (RMAX − RMIN)e−kRXa (29)

2.3. Desing Parameters

All parameters that are needed for simulation are shown in Table 1. The mentioned
parameters are extracted from the works of Estrella et al. [23] and Gonzalez et al. [24].

Table 1. Modeling parameters for two types of MECs.

Parameters Description Value and Units

[H2] Dissolved hydrogen saturated concentration 1.5 (mg/L)
Kh Half–rate constant for hydrogenotrophic microorganisms 0.001 (mg/L)
KR Constant, which determines the slope of the curve in the equation 0.024 (L/mg X)
Kd,a The decomposition rate of anodophilic microorganisms 0.04 (1/d)
Kd,h The decomposition rate of hydrogenotrophic microorganisms 0.01 (1/d)
Kd,m The decomposition rate of methanogenic microorganisms 0.01 (1/d)
KS,a Half–rate (Monod) constant for anodophilic microorganisms 20 (mg S/L)
KS,m Half–rate (Monod) constant for methanogenic microorganisms 80 (mg S/L)
KMEC Half–rate constant for the oxidized intracellular mediator 0.01 (mg M/L)

Yh
The yield rate for hydrogen-consuming methanogenic
microorganisms 0.05 (ml H2/mg X)

YH2 Hydrogen yield 0.9
YM The yield rate for the oxidized mediator 3.3 (mg M/mg A)
β Oxidation transfer coefficient or reduction 0.5
γ Mediator molar mass 663,400 (mg M/mole M)
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3. Results and Discussion
3.1. Model Validation

The validation of a mathematical model of a dynamic structural system is another
crucial step that entails the comparison of predictions from the model to measured results
from experiments. Hence, the final calculated results compared with the work of Gonzalez
et al. [24]. According to Figures 4 and 5, at the anode side, the behaviour of methanogenic
(Xm) and hydrogenotrophic (Xh) microorganisms is fully validated. Both figures demon-
strated that at an earlier time when the process started, the existence of methanogenic and
hydrogenotrophic microorganisms was at the highest level, then by passing time, reduced
to reach a value of zero. In contrast, the activity of anodophilic (Xa) at the start point of the
process is zero, but it is raised fast before day ten and reaches the maximum value, which
leads to generating hydrogen, according to Figure 6. Generally, the mentioned figures show
that the competition is won by anodophilic microorganisms, which release protons and
electrons from the hydrogen. The remaining microorganisms are undesired bacteria, in-
cluding methanogens (Xm) and hydrogenotrophic (Xh). As the methanogens (Xm) consume
acetate to generate CO2 and methane, the hydrogenotrophic (Xh) use produced hydrogen
and CO2 to form methane, resulting in decreased hydrogen purity.
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3.2. HPR in DMEC vs. SMEC

In this study, the MECs models deliver the HPR within SMEC and DMEC, which
is approximately 0.52 L H2 gas/Lw day and 0.86 L H2 gas/Lw day, respectively. At the
SMEC, there is no membrane between the anode and cathode compartment, so it lets the
hydrogenotrophic microorganisms consume generated hydrogen, which leads to a decrease
in the level of HPR in SMEC. Nevertheless, at DMEC, the cathode side helps the system
have more hydrogen than SMEC, as illustrated in Figure 7. Hence, it could be concluded
that although SMEC reduces the cost of construction and operation and, in some cases,
needs less power than DMEC, it has a lower HPR.
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3.3. Sensitive Analysis

This part investigates the effect of the anode surface area and applied potential on
HPR. The impact of applied voltage and anode surface area on hydrogen production
rate are two key parameters. So, Figures 8 and 9 have been added to this research to
present the sensitivity analysis. Figure 8 depicts that more hydrogen could be produced
by expanding the anode surface area. Since biofilm covers the anode surface, and it is
the primary area of interaction between anodophilic bacteria and acetate, adding more
to that area concludes more chemical reactions and releases more electrons and protons
before generating the hydrogen. Moreover, Figure 9 demonstrates that by rising the applied
voltage, the hydrogen production rates are directly affected in both types of MECs.
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3.4. Case Study

For another goal of this study, the simulation codes have been used to calculate the
HPR by applying wastewater treatment technologies on the urban scale. Therefore, accord-
ing to the information provided in the Case Study Section, the 3000 m3/day of wastewater
flow is used as an input for both types of MECs, including dual and single chambers. Based
on the mathematical model, the DMEC and SMEC are able to generate 0.077 kg H2 and
0.046 kg H2 per cubic m3 of wastewater. Hence, 141 kg H2/day and 230 kg H2/day are the
average value of produced hydrogen from SMEC and DMEC individually in the location
of the mentioned case study.

Moreover, because Gibbs free energy on chemical reactions of MECs, those are not
thermodynamically favorable. So, external input energy is needed to proceed with the
chemical process prior to generating the hydrogen. Although the power consumption
in MECs is less compared to other technologies such as WE, optimization is still needed
to reach a cost-effective and reliable process. In this regard, pH is one of the key points
affecting power consumption in MECs. At a lower pH, power consumption can be reduced.
However, it should be noted that low pH has drawbacks for microbial activities, so finding
the optimal level for pH is one of the important milestones to reaching out to the conven-
tional MECs [18]. Since carbon neutral and green energies have been prominent in recent
years, the energy required by MECs can be covered by renewable resources such as wind
turbines and solar panels. Based on the hydrogen production values, the total required
electricity is predicted to be about 5160 kWh per day for both types of MECs. Although
SMEC and DMEC consume the same power, SMEC generates less hydrogen than DMEC,
which is the consequence of hydrogenotrophic bacteria activities.

4. CWTPs vs. MECs

The energy intensity of CWPT makes researchers transform the CWTP into an energy-
positive industry by applying advanced technologies for both treatment and energy pro-
duction. The energy consumption in CWTPs varies depending on several features such as
treatment methods and technologies, aeration systems, age and size of the plant, wastew-
ater flows, the composition of sludge and wastewater, and the weather condition has a
minor impact [28]. According to evidence, the average power consumption in CWTPs
in Canada is approximately 0.3 kWh/m3 [28]. Table 2 compared the energy required for
treating one cubic meter of wastewater through CWTPs, SMEC, and DMEC. It is shown
that by considering the advantages of energy production via MECs at the end of applying
MECs instead of CWTPs as wastewater treatment methods, less energy is needed to treat
the sewage. Moreover, in some cases, MECs generate more energy than they consume,
i.e., they can be considered as positive energy technologies for treating wastewater.
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Table 2. The comparison of electricity consumption by MECs vs. CWTPs.

Treatment Method Energy Requirement Energy Content Surplus Energy Outputs

CWTPs 0.3 kWh/m3 - -
DMEC 1.7 kWh/m3 2.58 kWh/m3 0.9 kWh/m3

SMEC 1.7 kWh/m3 1.56 kWh/m3 −0.14 kWh/m3

5. WE vs. MECs

WE is an electrochemical process that uses electrical power to split water molecules
into hydrogen and oxygen. No pollution or CO2 emissions are released during this process,
and it can be well-suited for small-scale and large-scale renewable hydrogen production.
In this section, a comparison regarding hydrogen production and power consumption
between both types of MECs and WE have been made. Table 3 reveals that WE needs
more energy to generate 1 kg H2, but the reactor capacity is less than MECs. As proof to
validate the below results, it should be mentioned that in MECs, the oxidation of organic
compounds is replaced by water oxidation in WE, leading to lower redox potential and
thermodynamic cell voltage of a MEC decrease according to the mentioned concept. So,
power consumption by MECs is less compared to WE in standard conditions. Moreover, it
should be noted that applying MECs is not only a hydrogen production method; they can
also treat the wastewater during the hydrogen production process, and then treated water
can be used in different applications such as toilet flushing, irrigation, and carwashes.

Table 3. One kilogram of hydrogen production in both types of MECs compared to WE.

Technology Energy Consumption
for 1 kg H2 Production

Pure Water
Requirement

Wastewater
Requirement

WE 51 kWh 0.009 m3 -
DMEC 24.5 kWh - 14.5 m3

SMEC 30 kWh - 23 m3

6. Conclusions

This study analyzed the performance of microbial electrolysis cells for the simul-
taneous treatment of wastewater and hydrogen generation. It successfully applied the
Radaue method for solving SODEs equation, and the mathematical modeling of SMEC
and DMEC shows a good agreement with the literature data. The comparison regarding
hydrogen production rate indicates DMEC generates more hydrogen than SMEC, and they
consume the same power due to the activity of the hydrogenotrophic bacteria. The figures
and analysis show that expanding the anode surface area or leveling the applied voltage
directly affects the hydrogen production rate.

Moreover, the results express that SMEC and DMEC consume less energy than conven-
tional wastewater treatment plants, and they can be considered a decentralized treatment
method in urban areas without the necessity of expensive piping and pumping systems.
However, it should be noted that the energy consumption in MECs is still high and should
be decreased by investigating how the parameters can be optimized to consume less en-
ergy. In addition, the comparison between water electrolysis and MECs technologies for
hydrogen production showed that WE needs more energy than MECs for the same amount
of hydrogen production. In future steps, cost analysis is necessary to be considered to
compare the viability of these technologies in comparison with CWTPs. Furthermore,
applying SMEC and DMEC as the main wastewater treatment pathway in urban areas
has some challenges that should be investigated in future works. For instance, the neces-
sity of pre-treatment and post-treatment systems and their energy consumption to reach
high-quality and cost-effective treated water is crucial.

In addition, integrating other potential sustainable energy resources such as wind
or sunlight by applying them in a wind turbine or solar panels can provide the required
energies to run the bio-electrochemical reactors, making those technologies more reliable
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and environmentally friendly. Moreover, adding a mathematical model to estimate the
exact population and wastewater flow of each district specifying the usage of buildings,
including residential and commercial, makes the results more accurate and practical.
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