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Abstract: This study aimed to obtain the energy recovery potential of the biogas produced from
anaerobic digestion (AD) of the sludge from a wastewater treatment plant (WWTP), including
the use of biochar as an additive for substrate co-digestion and catalyst for methane production.
We carried out the following steps: chemical–physical laboratory analyses of sludge samples; the
building, operation, and monitoring of an experimental prototype of a batch bioreactor of 2.5 L
for the AD of the sludge (with and without the addition of charcoal); qualitative measurements of
biogas; the study of charcoal morphology; and the projection of useful energy generation from the
AD sludge after treatment. A study on the economic viability and avoided greenhouse gas (GHG)
emissions was performed based on the experimental results. The substrate showed alterations in all
the physicochemical parameters evaluated after AD, such as a reduction of 35% in the biochemical
oxygen demand (BOD) analysis; the experiment carried out using biochar showed positive results
regarding the speed of CH4 production and a greater potential for energy recovery. Enterprises from
2000 kW onwards would present an internal rate of return (IRR) equal to or higher than the minimum
attractiveness rate (MAR) of 15%. The USD 95.28/MWh tariff presented economic feasibility for the
studied scenarios. WWTPs that produce enough sludge to generate power of 2000 kW would need
to process the waste of 117,200 inhabitants with charcoal addition and 136,000 without charcoal. It
would be possible to avoid the emission of 2307.97 tCO2/year (2000 kW). According to the results
obtained, this study revealed that using alternative energies based on anaerobic digestion and biochar
can generate positive results regarding methane production, and its application as an energy source
in a WWTP proved to be economically viable at a specific level of power production.

Keywords: biogas; sewage sludge; charcoal; renewable energy

1. Introduction

In Brazil, according to the Brazilian Institute of Geography and Statistics (IBGE),
Research Directorate, Department of Population and Social Indicators, National Survey of
Basic Sanitation 2008—PNSB 2008, and data released by the Trata Brasil Institute [1], only
52.36% of the population has sewage collection, of which only 46% is treated. On 15 July
2020, the New Sanitation Framework was sanctioned through Law No. 14,026/2020 [2],
which should bring and promote advances and attract new investments to universalize
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and qualify the provision of services in this sector. According to the National Water Agency
(ANA), 27% of people do not have collection or treatment (without a sanitary collection
service) [3]. The federal government aims to achieve universal access by 2033, ensuring that
99% of the Brazilian population has access to drinking water and 90% to sewage treatment
and collection.

An alternative solution to the sanitation problem is anaerobic digestion (AD), an
attractive process for treating organic waste that can control pollution and generate energy.
Many agricultural and industrial wastes, including municipal solid waste (MSW) [4–6], are
ideal for this process because they contain biodegradable materials. Anaerobic digestion
can transform these wastes into renewable energy and products such as biopesticides,
fertilizers, and bioplastics [6], reducing dependence on fossil fuels and greenhouse gas
emissions [7,8].

The biogas produced by this process can generate electricity [9]. Furthermore, using
carbon-based materials, such as charcoal, improves operational stability and increases
biogas production by facilitating the transfer of electrons between bacteria, a process known
as direct interspecies electron transfer (DIET) [10–13]. Charcoal has excellent porosity and
a high adsorption capacity [10] and can be used as an additive for biomass co-digestion
and to inhibit the production of acid gas H2S [12–15] (Hansen et al., 1999; Lü et al., 2016;
Luo et al., 2015; Mumme et al., 2014), consequently increasing methane production and the
potential for electricity generation [11,12,16–18].

The novelty of this study is the performance of experiments in batch reactors (2.5L) with
sewage sludge supplied by the FANIA industry’s wastewater treatment plant (WWTP) in
Itajubá (Minas Gerais). In addition, this research investigated the use of co-digestion with
biochar, based on a study by Shen et al. [16], to generate clean energy from biogas from the
anaerobic digestion of sewage sludge. This study contributes to the UN Sustainable Devel-
opment Goals (SDGs), specifically SDG 6 (Clean Water and Sanitation), SDG 7 (Affordable
and Clean Energy), and SDG 11 (Sustainable Cities and Communities), by seeking to promote
better sanitation conditions, affordable energy, and sustainability in cities.

Anaerobic Digestion

In general, organic matter is composed of particulates and water-insoluble polymers.
The complex organic matter in the sludge used in biodigesters is a mass of biochemical
compounds, such as carbohydrates, lipids, and proteins, that serve as a substrate for the
metabolism of several microorganisms [19,20]. The genera of the most diverse bacteria are
defined according to the degradation stages found in AD: hydrolytic, fermentative, aceto-
genic, methanogenic archaea, and sulfate-reducing bacteria (SRB) [20–22]. In the hydrolysis
stage, hydrolytic enzymes are released by appropriate strains of hydrolytic bacteria which
reduce complex compounds into simple molecules and dimeric substrates such as sugars,
amino acids, and soluble fatty acids. Bacteria cause the breakdown of insoluble polymers
into soluble monomers and oligomers [20]. This transforms carbohydrates into sugars,
and lipids and proteins are converted to long-chain fatty acids and amino acids [20–23].
In the acidogenesis phase, bacteria consume these products and produce, among others,
acetic acid, H2, and mainly alcohol and CO2 [20]. According to the authors, the acids
produced are primarily acetic acid (CH3COOH), propionic acid (CH3CH2COOH), and
ethanol (C2H5OH). During acetogenesis, proton-reducing agents oxidize the longer volatile
fatty acids (VFAs) and alcohols to acetic acid and hydrogen [20,24].

Consequently, the acetogenic and methanogenic stages depend on the products gener-
ated in the other stages. These develop a symbiotic system in which acetogenic bacteria
produce hydrogen in their metabolism and methanogenic bacteria consume it, producing
methane as the main final product [21–23]. In this context, hydrogenotrophic and acetoclas-
tic methanogens are formed by reducing CO2 with H2 or cleaning cleaved acetic acid from
the last-stage products: H2, CO2, and acetic acid [20].

A wide variety of inhibitory substances have been reported in anaerobic digestion.
These substances are often also pointed out as the leading cause of failure in this process
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since they are present in substantial concentrations in sewage sludge (Kroeker et al. apud
Chen et al. [4]).

The acetogenesis phase releases H2 in large quantities and imposes toxic effects on
the anaerobic microbes necessary for this process. Further, the high partial pressure of H2
made the thermodynamic process unfeasible [25]. According to the authors [25], some
efficient electron transmissions between acetogens and methanogens can use H2 as an
electron carrier, improving organic biodegradation and CH4 yield. During methanogenesis,
DIET revealed a greater electron transfer efficiency than interspecies hydrogen transfer
(IHT) and interspecies format transfer (IFT) [25].

There is a competition between methane-producing archaea and sulfate-reducing
bacteria (SRB) for the common substrates (H2 and acetate) during AD of sulfate-rich
wastewater [18]. In anaerobic reactors, sulfate is reduced to sulfide by the action of
SRB [22,26–28]. Ammonia rates (NH4

+) were evaluated by Lü et al. [13] at up to 7 g-N/L as
an inhibitor in the biodigestion process by controlling the pH of the sample and the test to
obtain total Kjeldahl nitrogen. The authors also studied this process by assessing hydrogen
sulfide (H2S) production and its concentrations through gas measurements. The authors
concluded that improved methanogenesis was followed by the colonization of the biochar
closely bound fractions by Methanosarcina, and the selection of suitable biochar particle
sizes was imperative in enabling the initial colonization of microbial cells.

Biogas is a by-product of AD composed of 50 to 80% methane (CH4) and CO2, which
can also contain H2S, H2O(g), H2, N2, and O2. Thus, it comprises different gases, but the
most significant are methane and carbon dioxide [29].

According to the Intergovernmental Panel on Climate Change Report—IPCC, methane
(CH4) is a highly potent greenhouse gas (GHG) contributing significantly to climate change.
Over 100 years, 1 ton of CH4 will induce a warming effect equivalent to 25 tons of CO2 [30].
The global average atmospheric carbon dioxide was 409.8 parts per million (ppm for
short) 2019 [31]. Estimated anthropogenic global warming increases per decade by 0.2 ◦C
(likely between 0.1◦C and 0.3◦C) because of past and ongoing emissions [32]. According
to Fonseca [33], biogas’ lower heating value (LHV) can vary from 5000 to 7000 kcal/m3,
reaching 12,000 kcal/m3 if all carbon dioxide is eliminated from the mixture.

On the other hand, charcoal is a forest by-product resulting from the pyrolysis of wood,
also known as the carbonization or dry distillation of wood. It is a destructive production
method. In the carbonization process, the wood is heated in a closed environment, in the
absence or with controlled amounts of oxygen, at temperatures above 300 ◦C, giving off
water vapor, organic liquids, and non-condensable gases and leaving coal as a product [34].

Activated carbon is called “activated” because it is produced at high temperatures
(ranging from 700–1200 ◦C) and is a substance with a high degree of porosity and selectiv-
ity for collecting impurities; it is usually used to promote methane production in waste.
Swine, due to inhibitory sulfide uptake [12,14], like other toxic compounds, improves
buffering capacity and supports the immobilization of anaerobic microflora [25,35], re-
ducing the impact of organic shock load or accelerating methanogenesis in the onset of
CD [8]. Activated carbon can also facilitate the electron transfer of interspecies microor-
ganisms [36] present in sludge, as it is highly conductive [37], which can be beneficial for
methanogenic systems [38]. Unfortunately, using activated carbon as a filler is challenging
due to its high added value. However, biochar, a carbonaceous material similar to activated
carbon with a greater surface area and lower cost, since it is produced at lower tempera-
tures (<700 ◦C), is porous and biostable and can be an alternative for application as the
substrate [8–32,34–40]. In other words, the gasifier’s product resembles coal, which has
properties similar to activated carbon [41].

Many studies have been carried out on carbon-based additives for wastewater degra-
dation in AD. However, the degradation of the activated sludge system’s sludge from a
wastewater treatment plant (WWTP) is difficult. The novelty of this research lies in the
study of the effects of adding bio-based carbons in improved DIET mechanisms on the
performance of the AD of sludge, despite its difficulty, from a real WWTP. In this study,
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charcoal was used and evaluated as an additive in AD due to its similarity to those products,
ease of purchase, and low cost for improving the AD of sludge from a WWTP of Fânia
Industry, Itajubá, Brazil.

2. Materials and Method

The samples used in the AD process were collected from the Fânia Industry WWTP
(reactor 1 of the activated sludge system) in Itajubá (Minas Gerais, Brazil). After collecting
samples, they were stored in a refrigerated container and taken to a freezer. Experimental
prototypes (biodigesters) were built according to Ribeiro et al. [39], Pin et al. [42], and
Cañote et al. [43]. The samples were thawed and submitted in batches to a constant
temperature of 35 ◦C (as done by Ribeiro et al. [39]) for the AD process.

The sludge collected from Fânia’s WWTP comes from the activated sludge system for
biological treatment by prolonged aeration in batches (mean treated flow of 58 m3/day)
of the effluents from the bathrooms and kitchen (internal restaurant) for approximately
250 employees of the industry. The restaurant can serve 600 employees per day.

2.1. Experimental Prototypes

For this work, six biodigesters were built on a laboratory scale based on Ribeiro
et al. [39]. Two triplicates of the AD system were made, one containing charcoal for the
support process. The acronyms E1 and E2 describe experiments 1 and 2, without and
with charcoal added to the digesters, respectively. The acronym EU represents the term
experimental unit. EU1, EU2, and EU3 are triplicates of E1, which had no added charcoal.
Therefore, EU4, EU5, and EU6 are triplicates of E2, which had charcoal added to the samples
for co-digestion.

RefPET bottles of 2.5 L (refillable PET or reusable PET) were used to build the ex-
perimental prototypes, as they are more resistant than typical bottles (Figure 1a). Using
the same proportions as the study carried out by Ribeiro et al. [39], three-quarters of the
reactor’s total volume (1.875 L) was used, leaving one-quarter of the container for gas
storage (gasometer).

After being filled with the substrate, the six bottles were put in a plastic box im-
mersed in water, with a thermostat and a 60 W automatic heater set at 35 ◦C to control the
temperature (Figure 1b).

Gas leakage from a biodigester is an undesirable factor. To reinforce the insulation,
all regions that could allow the gas to leak were glued with commercial epoxy glue, thus
ensuring that the reactor remained sealed.

2.2. Physicochemical Analyses

This study comprised experimental research on sludge based on the studies by Cañote
et al. [43], Ribeiro et al. [39], and Pin et al. [42]. The analyses were performed according to
the Standard Methods for Examination of Water and Wastewater (APHA) [44], namely the
biochemical oxygen demand (BOD5,20)—5210 B; chemical oxygen demand (COD)—5220 D;
temperature—2559 B; total solids (TS)—2540 B; total fixed solids (TFS)—2540 E; total volatile
solids (TVS)—2540 E; pH—4500-H + -B; total Kjeldahl nitrogen (TKN)—4500-Norg-C; and
electrical conductivity (EC)—D1125-14.

The analysis and characterization of the substrate aimed to quantify the content of
solids (total, volatile, and fixed), organic material, and the reductions in organic matter
before and after AD.
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2.3. Volume and Pressure Analyses

The measurements and volume corrections of the biogas produced followed the laws
of Boyle and Gay-Lussac. A standard temperature and pressure (STP) of 1 atm and 20 ◦C
were adopted to normalize the data. The pressure and meteorological conditions of the
region of Itajubá (Minas Gerais—MG, Brazil) from April to June 2018 measured by the
Meteorological Station of UNIFEI were considered, with a pressure of 0.92 atm and a mean
temperature of 19.2 ◦C. The biogas temperature in the gasometer at the reading time was
considered 35 ◦C. This value was the same temperature at which the experimental units
were kept. The volume obtained was normalized by combining Boyle’s and Gay-Lussac’s
laws. Equation (1) presents the phase equation of state. According to the STP, its unit is
Nm3/kg of CH4 of volatile solid (VS).

Vo Po
To

=
V1 P1

T1
(1)

where
Vo = corrected volume (m3);
Po = corrected biogas pressure for 1 atm—1013.25 hPa;
To = corrected biogas temperature for 20 ◦C—293.15 K;
V1 = biogas volume in the gasometer (m3);
P1 = pressure of the biogas plants at the time of measurement (hPa);
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T1 = biogas temperature at the time of measurement in Kelvin (K).

2.4. Hydraulic Retention Time

Experimental data from biogas plants under different temperatures and hydraulic
retention time (HRT) conditions were considered [45,46] to determine the HRT. Thus, at
35 ◦C, the ideal HRT was 25 days.

2.5. Biogas Measuring Equipment

Measurements were carried out using a gas analyzer (Landtec GEM5000—501944 series)
with percentage measurements of CH4, CO2, O2, H2S, and CO gases available, in addition
to the internal pressure of the reactor. For each measurement, the biogas outlet valve of the
biodigester was closed and coupled to the gasometer sample/purge valve, which was later
connected to the analyzer measurement port.

2.6. Available Power and Energy

Equations presented via software made available by the Environmental Sanitation
Technology Company of the State of São Paulo [47] were used to determine the theoretical
electrical power generation: Biogas® v. 1.0. The software Biogas® generation and energy
use—effluents, version 1.0 is part of the products developed due to two agreements between
the government of the State of São Paulo, through the Secretary of State for Environment and
the Environmental Sanitation Technology Company (CETESB), and the Brazilian Federal
Government, through the Ministry of Science and Technology: subsidies for the recovery
and energy use of biogas generated in anaerobic wastewater treatment plants—ETAE
(no 01.0053.00/2001); and subsidies for the recovery and energy use of biogas generated at
sites of solid waste disposal—LDRS (no. 01.0054.00/2001).

The software models power and energy generation and analyzes the required invest-
ment, considering biogas production in the EUs’ reactor under the STP for each indicator
of organic matter present in the analyzed substrate. This study considered the production
value of methane and biogas in volume (in m3) per mass (kg) of the total solids (TS) of
the sample. Values were calculated based on the measurements previously described.
Equation (2) presents the power calculated from the biogas production.

Pu =
Qbgd·PCICH4 ·E·η·30

t
(2)

where
Pu = power, in kW;
PCICH4 = the lower heating value of purified biogas in MJ/m3 CH4. (35.53 × 106 J/m3CH4;

CETESB [47]);
E = methane system losses assumed to be 25%;
η = system efficiency (a Internal Combustion Engine, ICE), which was assigned a value

of 33% (Bove and Lunghi [48]);
30 = assumption that a month has 30 days;
t = time that the system operated in a year (in seconds);
Qbgd = amount of biogas produced in m3/d, given by Equation (3). The values were

multiplied by 30 days.

Qbgd =
30· ∑ Bp·Conci·Qti·Mtbi

VE
(3)

where
Qbgd = methane discharge (m3/month);
30 = 30 days per month (day/month);
VE = specific volume of biogas (m3);
Bp = biogas production (kgbiogas/kgorganic matter);
Conci = methane concentration in percentage (kgmethane/kgbiogas);
Qti = number of effluents generating units;
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Mt = total matter (kg).
Equation (4) is the basis for the supplied energy calculation, following Ribeiro et al. [39].

E = Pu·CF·8760 (4)

where
E = energy (MWh);
Pu = net power (MW);
CF = capacity factor (%) as 60% according to Ribeiro et al. [39];
8760 = number of hours in one year (24 h × 365 days), and is used to convert

MW-year to MWh.
To be used in the Biogas® generation and energy use calculations in the CETESB

software [47], the value was converted to kg of biogas per kg of TS, taking into account the
biogas density, which is 5.70 kg/m3, according to the website Portal do Biogás.

2.7. Structural Analyses of Charcoal

This study used commercial charcoal derived from reforested eucalyptus carbonized
by pyrolysis. Mechanical grinding/spraying of the charcoal was carried out using a
porcelain pistil to be used in the reactors. Qualitative, physicochemical, and structural
analyses, such as scanning electron microscopy (SEM) using the Shimadzu brand device
model SS-550 available at the Microscopy Laboratory of the Institute of Biomaterials
(IFQ—UNIFEI), were carried out. SEM images of the sample relief were obtained using
secondary-electron beams, which, among other features, showed porosity and topography.
The amount of charcoal used in the triplicate followed what was proposed in the study
by Shen et al. [16] concerning using biochar as an additive. The authors used 2.20 g of
biochar for each gram of TS present in the substrate. Studies carried out using different
types of charcoal with varying substrates in AD processes pointed out benefits such as the
adsorption of inhibitory sulfide (H2S) [12] and the acceleration of methanogenesis at the
beginning of the activities of the biodigester [8]. This fact is possible due to the porosity
of the coal, which has a relatively high surface area, thus allowing for the adhesion of
methanogenic colonies [49].

2.8. Economic Studies

The economic and financial evaluation models used in this study are essential tools
for assessing the economic viability of an enterprise. Among the several indexes, the Net
Present Value Index (NPV), payback, and the Internal Rate of Return (IRR) can be used as
the decision index, as it was considered in the present study. These models not only assess
viability but also highlight potential economic benefits, providing an optimistic outlook on
the study’s implications.

Net Present Value (NPV)

To calculate the NPV, the results of the energy calculations and respective investment
for electricity generation, such as revenues, by the sale of electricity (Equation (5)) and
electricity generation were used. Equation (7) presents the calculation of the NPV based on
a function f (x) described by Equation (6). Finally, the NPV values were evaluated for the
enterprise’s first 20 years of implementation for each scenario.

Recannual =
(
Eyear ∗ Vs

)
− O&M (5)

f (x) =
1[

(1 + i)n] (6)

EVPL = FC0 + [FC ∗ f (x)acum] (7)

where
Recannual : annual revenue from the sale of energy (USD/kWh);
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Eyear: energy generated in one year (kWh/year);
Vs: Value of energy sold, with an assumed value of USD 95.28/kWh (BRL 509.74/kWh)

de Silva et al. [50] and USD 72.91/kWh (BRL 390.00/MWh), according to the Brazilian
Ministry of Mines and Energy (MME) ordinance no. 65/2018, as cited by UNICA [51]. The
dollar value was consulted on the website of the Brazilian Central Bank [52]. This value is
related to the day 27 November 2020, at BRL 5.3488 for each USD 1.00;

i: interest rate assumed to be 12% per year;
n: year evaluated;
f(x)Acum: accumulated values of f (x);
FC0: Initial Cash Flow for electricity generation (USD);
FC : Expected cash flow over the years following the initial investment;
HR: total annual revenue (BRL);
O&M: Operation and Maintenance is considered to be 5% of the investment, according

to Brazil/Probiogas [53].
In addition, the attractiveness of the venture was analyzed. In the case of the non-

financial viability of the project, a study was performed aiming to achieve the minimum
population value that could become NPV positive, with a payback time inside a time of
venture operation and Internal Rate of Return (IRR) exceeding or at least equal to the Mini-
mum Attractiveness Rate (MAR) of 15.0%, as considered in Silva et al. [50]. Furthermore,
the Internal Rate of Return (IRR) was also calculated based on relation to the NPV, i.e.,
when the NPV is null. The Equation (8) presents this relation.

IRR => NPV = FC0 +

[
FC ∗ 1[

(1 + i)n]
]
= 0 (8)

Investment values were consulted, taking into account the investment results of Silva
et al. [50] in Figure 2 and Tolmasquim [54], both under Resolutions of the Brazilian National
Electric Energy Agency (ANEEL) 482/2012 [55] and 687/2015 [56]. Equation (9) was
extracted from the graph of Figure 2 and used in the present study.

Cost (USD) = 2431.90 ∗ P + 158, 074 (9)
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According to studies conducted by the Energy Research Company (EPE, in Por-
tuguese), the investment cost for electrical generation from anaerobic biodigesters with
motor generators (internal combustion engines + generator set) is about USD 2402/kW [54]
(Tolmasquim, 2016). The value of 5% per year of the investment cost can also be used
for O&M regarding the anaerobic biodigestion plant with a motor-generator, according to
Brazil/Probiogás [53] (2015) and also mentioned in Tolmasquim [54].

We used Silva et al. [50]’s value of BRL 509.74/kWh under ANEEL Resolutions
482/2012 [55] and 687/2015 [56]. Additionally, as mentioned, we considered MME ordi-
nance no 65/2018, as cited in UNICA [51], in which the new Specific Annual Reference
Values (VRES, in Portuguese) were established for Distributed Generation Systems under
Law no 10,848/2004 [57].

Brazilian Law No. 13,203/2015 [58] established VREs. They represent the maximum
amount distributors can pay for distributed generation and pass on to final consumers.
VREs do not represent the final value to be passed on to the consumer, but the distributors
organize the public call’s ceiling price [59]. The authors mentioned that the price at which
each distributor will effectively contract the distributed generation would result from
this competitive process of public calls made by them. According to the EPE (undated),
the distributed generation to which the VREs apply should not be confused with the dis-
tributed micro- and mini-generation regulated by the ANEEL mentioned above, Resolution
no 482/2012 [55]. The net energy metering system is currently applied in this modality, not
involving the purchase and sale or VREs [59].

According to MME ordinance no 65/2018 cited by UNICA [51], biomass and biogas
have the following VRES (effective as of 1 March 2018):

• Residual Biomass—USD 65.24/MWh (BRL 349.00/MWh);
• Biogas—USD 72.91/MWh (BRL 390.00/MWh);
• Dedicated Biomass—USD 100.38/MWh (BRL 537.00/MWh).

Therefore, the economic viability was also simulated for the VRES value of USD
72.91/kWh (BRL 390.00/MWh), according to MME Resolution no 65/2018 as cited by
UNICA [51], four scenarios were produced, as follows:

• Scenario 1: A tariff of USD 95.28/MWh (BRL 509.74/MWh), according to Silva
et al. [50], and investment according to Equation (9).

• Scenario 2: A tariff of USD 95.28/MWh (BRL 509.74/MWh), according to Silva
et al. [50], and investment of USD 2 402/kW [54].

• Scenario 3: A VRES of USD 72.91/MWh (BRL 390.00/MWh), according to MME
ordinance no 65/2018 cited by UNICA [51], and investment according to Equation (9).

• Scenario 4: A VRES of USD 72.91/MWh (BRL 390.00/MWh), according to MME
ordinance no 65/2018 cited by UNICA [51] and investment of USD 2402/kW [54].

Economic feasibility values were calculated for various population sizes, ranging from
800 to 49,800 inhabitants. According to Tchobanoglous et al. [60], the volume of sludge
produced per inhabitant was considered to be 0.6 (L/hab day).

2.9. GHG Emissions Avoided

Equation (10) calculates the annual GHG reductions (in tCO2eq) using the methodology
presented in Barros and Tiago Filho [61].

GHGavoided =
(

E f actorNIS
·Egeneratyedsystem

)
−
(

E f actorbiogas
·Egeneratyedsystem

) (10)

where
GHGavoided: the annual reduction of GHG emissions from using an LFG/biodigester

system (tCO2eq/year);
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E f actorNIS
: the baseline tCO2 emission factor for the energy sector in 2019 (tCO2eq/MWh),

equal to 0.5181 tCO2eq/MWh in 2019, according to the Brazilian Ministry of Science and
Technology Brazil/MCT [62–64] (2020a; 2020b);

Egeneratyedsystem
: the energy provided by the LFG/biodigester system per year (MWh/year);

E f actorbiogas
: the tCO2 emission factor (tCO2eq/MWh), equal to 0.2986 tCO2eq/MWh in

2019, according to Nielsen et al. [65].
We used the average emissions value (in tCO2eq) to calculate the reduced GHG emis-

sions as a function of generated electricity. According to the Brazilian Ministry of Science
and Technology, the average value for electricity generation in the Brazilian National
Interconnected System (NIS) was 0.5181 tCO2eq/MWh in 2019 [62–64].

3. Results and Discussion
3.1. Biogas Composition in Reactors

This study performed ten readings (five for each experiment) using a GEM 5000 device.
As shown in Table 1, data were obtained from each triplicate and their average values. The
data measured by GEM 5000 were the percentages of CH4, CO2, O2, CO ppm, and H2S.

Table 1. Results of physicochemical analyses.

Parameter Unit Inlet

Outlet E1

Variation E1

Outlet E2

Variation E2
Mean Standard

Deviation Mean Standard
Deviation

pH - 6.3 8.6 0.1 37% 8.1 0.1 29%
Total solids (TS) g/L 8.85 3.96 0.53 −55% 7.82 0.9 −12%
Fixed solids (FS) g/L 3.26 1.26 0.18 −61% 2.91 0.26 −11%

Volatile solids (VS) g/L 5.59 2.7 0.34 −52% 4.91 0.64 −12%
BOD mg/L 2999 755.38 104.73 −75% 1071.45 92.52 −64%
COD mg/L 1984.3 1168 6 −41% 1874.67 312.44 −6%

Total nitrogen mg N-Nkt/L 112 438.47 30.62 291% 665.87 75.96 495%
Electrical conductivity µs/cm 1276 1702.33 33.56 33% 1858.33 2.22 46%

COD/BOD adimensional 0.66 1.55 134% 1.75 164%

One factor that should be considered when analyzing errors is the instability of
working with microorganisms that behave differently, since simple environmental changes
can significantly destabilize production. This fact can be observed well in each triplicate’s
values, which show standard deviation values close to each experiment’s average, as
indicated in Table 1. Figure 3 shows biogas production by the number of days of operation
of the EUs.

It was noticed that the maximum production of CH4 gas was anticipated and inten-
sified at the beginning of the AD with the addition of charcoal when compared with the
production without the additive. This result is similar to those obtained by Torri and
Fabbri [18] and Zhao et al. [17]. This fact may be related to the buffering capacity of biochar.
According to Chiappero et al. [66], the buffering capacity of biochar depends mainly on
two factors:

A. Functional groups: During the anaerobic digestion (AD) process, volatile fatty acids
(VFAs) rapidly accumulate, resulting in a medium with a low pH value. Some functional
groups of biochar, such as amine, adsorb H+ and accept electrons, mitigating the sudden
drop in pH.

B. Inorganic materials: The ash portion of biochar contains inorganic materials such as
Ca, K, Mg, Na, Al, Fe, Si, and S. Alkali and alkaline earth metals (AAEMs) are responsible
for biochar’s alkalinity.



Methane 2024, 3 605

Methane 2024, 3, FOR PEER REVIEW 11 
 

Table 1. Results of physicochemical analyses. 

Parameter Unit Inlet 
Outlet E1 

Variation E1 
Outlet E2 

Variation E2 
Mean 

Standard 
Deviation Mean 

Standard 
Deviation 

pH - 6.3 8.6 0.1 37% 8.1 0.1 29% 
Total solids (TS) g/l 8.85 3.96 0.53 −55% 7.82 0.9 −12% 
Fixed solids (FS) g/l 3.26 1.26 0.18 −61% 2.91 0.26 −11% 

Volatile solids (VS) g/l 5.59 2.7 0.34 −52% 4.91 0.64 −12% 
BOD mg/l 2999 755.38 104.73 −75% 1071.45 92.52 −64% 
COD mg/l 1984.3 1168 6 −41% 1874.67 312.44 −6% 

Total nitrogen mg N-Nkt/L 112 438.47 30.62 291% 665.87 75.96 495% 
Electrical conductivity µs/cm 1276 1702.33 33.56 33% 1858.33 2.22 46% 

COD/BOD adimensional 0.66 1.55  134% 1.75  164% 

 
Figure 3. Comparative plot of the production of CH4. 

It was noticed that the maximum production of CH4 gas was anticipated and inten-
sified at the beginning of the AD with the addition of charcoal when compared with the 
production without the additive. This result is similar to those obtained by Torri and Fab-
bri [18] and Zhao et al. [17]. This fact may be related to the buffering capacity of biochar. 
According to Chiappero et al. [66], the buffering capacity of biochar depends mainly on 
two factors: 

A. Functional groups: During the anaerobic digestion (AD) process, volatile fatty ac-
ids (VFAs) rapidly accumulate, resulting in a medium with a low pH value. Some func-
tional groups of biochar, such as amine, adsorb H+ and accept electrons, mitigating the 
sudden drop in pH. 

B. Inorganic materials: The ash portion of biochar contains inorganic materials such 
as Ca, K, Mg, Na, Al, Fe, Si, and S. Alkali and alkaline earth metals (AAEMs) are respon-
sible for biochar’s alkalinity. 

Figure 3. Comparative plot of the production of CH4.

Therefore, the author summarizes that adding biochar can help to counteract the
inhibition of VFA in the case of high loads of easily degradable wastes such as primary
sludge. The alkaline nature of biochar, which determines its pH buffering capacity, may
help to prevent VFA inhibition, and the ash fraction of biochar contains AAEMs, which
may contribute to its acid buffering capacity, and the trace elements that are important
for microorganisms [66,67]. In addition, porous biochar can support biofilm growth and
protection for microorganisms, promoting the activity of microbial partners. This can
enhance the degradation of syntrophic VFAs and methane production under high organic
loads [66]. Furthermore, the biochar addition enhanced the cooperative oxidation of
butyrate under high H2 partial pressure [67].

Biochar can also reduce ammonia inhibition, leading to shorter lag phases and in-
creased methane production compared to control reactors [66]. Therefore, biochar can help
mitigate ammonia through direct means, such as cation exchange capacity, adsorption, and
surface functionality, and indirect means, like DIET (Direct Interspecies Electron Transfer)
and the immobilization of microorganisms. The specific impact of biochar depends on
its characteristics, the digested substrate’s properties, and the AD process’s operational
conditions, such as pH and temperature. According to Shao et al. [68], biochar may affect
microorganisms through alternative pathways other than the DIET mechanism.

In a study by Cañote et al. [43], the most significant concentrations of methane (CH4) in
the biogas from the AD of ASS were 27.6% (in 8.56 × 10−4 m3) and 41.9% (in 8.56 × 10−4 m3).
These results are not in compliance with those established by Resolution No 685/2017 of the
Brazilian Agency of Petroleum, Natural Gas and Biofuels [69], which determines the maximum
concentration specifications for biomethane at 10 mg/m3 H2S (maximum); 3% CO2 (maxi-
mum); 0.8% O2 (maximum); 90% CH4 (minimum); and 10% N2 + O2 + CO2 (maximum).

Furthermore, as shown in Figure 4, the production of H2S was reduced in both E1 and
E2, while a reduction in hydrogen sulfide was seen only in E1.
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This control observed in the production of H2S agrees with the studies of Lü et al. [13],
Luo et al. [14], and Mumme et al. [15], in which the authors used co-digesters, such as
biochar, to inhibit the production of H2S. According to Xu et al. [70], the high alkalinity
and abundant minerals in biochar are crucial for its strong H2S sorption capacity and
conversion of sulfur species. The authors preconized that it is noteworthy that the biochars
produced are naturally alkaline and very effective in adsorbing H2S without the need for
alkaline pretreatments, which are typically used to boost the sorption capacity of activated
carbons for H2S.

Another factor observed is the presence of oxygen in the readings in all measurements,
a gas that inhibits the action of methanogenesis, which occurs in anaerobic environments.
However, this factor did not significantly interfere with the results obtained.

3.2. Physicochemical Results

Table 2 presents the results of the analyses carried out on the sludge before and after AD.

Table 2. Composition of the biogas produced.

Reading Date Experiment/Experimental Unit CH4
(%)

Mean
CH4
(%)

CO2
(%)

Mean
CO2
(%)

O2
(%)

Mean
O2
(%)

CO
(ppm)

Mean
CO

(ppm)

H2S
(ppm)

Mean
H2S

(ppm)

19 April 2018

E2

EU1 15.4

23.3

14.8

21.1

12.5

9.5

2

13

113

310EU2 39.4 35.9 0.4 30 612

EU3 15.2 12.5 15.7 7 204

E1

EU4 8

6.4

6.8

6.4

17.4

17.8

4

10.3

223

99EU5 4.1 5.3 18.7 8 41

EU6 7.1 7.2 17.3 19 33
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Table 2. Cont.

Reading Date Experiment/Experimental Unit CH4
(%)

Mean
CH4
(%)

CO2
(%)

Mean
CO2
(%)

O2
(%)

Mean
O2
(%)

CO
(ppm)

Mean
CO

(ppm)

H2S
(ppm)

Mean
H2S

(ppm)

25 April 2018

E2

EU1 34.7

38

6.9

20.8

17.3

14.5

2

5.3

307

289EU2 49.4 23.3 11.9 6 267

EU3 30.03 32.1 14.4 8 294

E1

EU4 57.5

51.9

23.1

26.3

14.6

6.9

5

13.7

142

126EU5 43.2 24.5 5.7 13 102

EU6 55 31.3 0.5 23 134

4 May 2018

E2

EU1 43.5

50.8

24.7

29.1

11.8

10.1

0

1.7

116

267EU2 59.1 31.4 9.5 2 197

EU3 49.9 31.2 9 3 488

E1

EU4 45.1

44.2

20.8

19.2

12

14

2

2.7

132

111EU5 38.8 7.1 17.7 1 48

EU6 48.7 29.7 12.3 5 153

15 May 2018

E2

EU1 58

62.2

30.4

24.7

3.2

10.2

3

2

178

234EU2 64.2 22.8 8.4 3 149

EU3 64.4 21 19 0 374

E1

EU4 24.3

29.1

3.2

15.8

20.6

18.7

0

1.3

41

72EU5 32.4 26.6 15.6 1 149

EU6 30.6 17.5 19.8 3 25

21 May 2018

E2
EU1 16.6

34.5

11

19.7

19.3

13.7

0

1

321

192EU2 51.3 26.6 2.1 3 190

EU3 35.7 21.4 19.7 0 65

E1

EU4 7.2

8.9

5.7

6.4

17.6

18.5

0

0

105

61EU5 13.9 9.1 18.7 0 72

EU6 5.6 4.5 19.2 0 5

It can be observed that the pH variation was lower in E2 (37%) than in E1 (29%), both
having their most alkaline values after the experiment; respectively, 8.1 and 8.6. According
to Chernicharo [71], the pH range between 6.0 and 8.0 is favorable for the growth of
methane-producing microorganisms. Therefore, the environment of E2 would be more
profitable for microbial development. Cañote et al. [43], when studying the AD of sludge
from an activated sludge system (ASS), obtained variations of 7% (from 6.94 to 7.4) and 5%
(from 6.80 to 7.12) in the pH values.

Moreover, the reduction in available organic matter was noteworthy. Regarding the
VS parameter, the variation was −52% for E1 and −12% for E2. According to Johnravindar
et al. [36], achieving improved methane production and a high VS removal efficiency
is possible. The fixed solids (FS) in the digestate varied from 3.26 to 1.26 mg/L for E1
(a decrease of 61%) and from 3.26 to 2.91 mg/L for E2 (a reduction of 11%). The total solids
(TS) showed variation in the digestate, ranging from 8.85 to 3.96 mg/L for E1 (a decrease
of 61%) and from 8.85 to 7.82 mg/L for E2 (a reduction of 11%). According to Wang
et al. [68], minerals and organic fractions are considered the fundamental components for
constructing the buffer system. The authors performed a study in which TS (%) values
were 88.7 ± 0.91 (vermicompost), 96.9 ± 1.03 (vermicompost biochar), 24.6 ± 0.93 (chicken
manure), and 12.7 ± 0.70 (inoculum). The maximum daily biogas yield occurred during the
first two days after inoculation, which was 22.6 and 29.1 mL/gST added for chicken manure
digestion with vermicompost and chicken manure digestion with vermicompost biochar,
respectively; however, CO2 was the majority fraction. Wang et al. [68] described that the
second biogas peak appeared on the 8th and 10th day for chicken manure digestion with
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vermicompost biochar and chicken manure digestion with vermicompost, respectively, and
their corresponding CH4 yields were 12.4 mL/gTS added and 7.98 mL/gTS added, with CH4
content greater than 60%. Considering the BOD parameter, it was lower in E2 (−64%, from
2999 to 1071.45 mg/L) when compared to E1 (−75%, from 2999 to 755.38 mg/l). Cañote
et al. [43] obtained a variation of −59% (from 41.66 to 17.26 mg/l) and −19% (from 24.61 to
20.02 mg/L) for the BOD value, as well as −21% (from 85.67 to 68.00 mg/L) and −73% (from
198.00 to 48.00 mg/L) for the COD value. Factoring the COD parameter, the reduction in E1
was −41% (from 1984.3 to 1168.00 mg/L), while E2 was −6% (from 1984.3 to 1874.67 mg/L).
The reduction in organic content presented by Felca et al. [72], who studied the AD of
WWTP sludge, showed values similar to those given by Chernicharo [71] regarding COD
and BOD, 40% and 70%, respectively. The values obtained by Felca et al. [72] demonstrated
44% to 75% reductions regarding TS, FS, and VS content. The initial COD/BOD ratio of
0.66 increased to 1.55 in E1 and 1.75 in E2.

The value found for total Kjeldahl nitrogen (TKN) increased 191% for E1 (from 112.0 to
438.47 mg/L) and 495% (from 112.0 to 665.87 mg/L) for E2. Cañote et al. [43] found that
the TKN value increased by 25%, from 6.72 to 8.4mgN-Nkt/L. Johnravindar et al. [36]
also investigated the soluble nitrogen released from protein degradation during AD by
measuring the concentration of NH4

+-N. The authors described that higher concentra-
tions of NH4

+-N were obtained from granular activated carbon (GAC) addition groups
compared to the GAC-free group. Meanwhile, the maximum concentration of NH4

+-N
for all digestions was observed by Johnravindar et al. [36] in the first eight days (2020).
The authors attributed this mainly to the highly degradable components in food waste
studied by Johnravindar et al. [36]. Johnravindar et al. [36] related that more ammonia
was produced in the GAC addition groups because of the relatively higher hydrolysis and
acidification rates. Proteins were easily hydrolyzed under neutral pH conditions, leading
to higher concentrations of NH4

+ -N.

3.3. Biogas Production Using Charcoal
3.3.1. Charcoal Analyses

As suggested by Britto [34], qualitative analyses were carried out. When observing
the noise of coal in contact with a surface, a metallic noise was observed, which means that
the coal was hard, heavy, and of high density, factors that give it good quality and reflect
an adequate manufacturing process.

Moreover, the charcoal was analyzed using a scanning electron microscope (SEM),
Shimadzu model SS-550, so that the porosity of its structure could be seen. Figure 5a
approximates the porous surface of the coal used in the reactors. Figure 5b approximates
the surface inside the yellow rectangle in Figure 5a. Figure 6 shows the SEM detail of the
charcoal porosity.

According to Wang et al. [49], charcoal (biochar) porosity is responsible for allocating
methanogenic microorganisms, making them more stable and helping in biogas production.
In the study of Johnravindar et al. [36], there was no microbial community on the GAC’s
porous carbon surface before anaerobic digestion, and the porous structure and irregular
shape of the GAC surface provided spaces for the growth of microbial communities, which
were dominant in biofilms. Johnravindar et al. [36] described that microbes were firmly
attached to the GAC’s surface as expected if the electrical connection was established
between the cells and the GAC. The authors preconized that GAC’s addition positively
influenced volatile fatty acid (VFA) degradation and biofilm formation. This fact favors the
essential syntrophic interaction for the degradation of acetate and propionate and bacteria
growth [16,17,36]. Johnravindar et al. [36] justified that the electron shuttle (H2 or formate)
is no longer formed during acetogenesis. DIET exhibits more efficient electron transfer with
conductive materials in the AD system than IHT [25]. Therefore, according to Johnravindar
et al. [36], DIET could take advantage of its efficient electron transfer mechanism compared
to mediated interspecies electron transfer. Such porosity can be observed in the charcoal
structure used in our study, as shown in Figures 5b and 6. On the other hand, biochar
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in the digestate can be utilized as a fertilizer. Biochar-based fertilizers, which combine
traditional fertilizers with biochar as a nutrient carrier, show promise in agronomy [73].
Biochar typically contains a small amount of essential nutrients, so it would be necessary
to add substantial amounts of biochar to the soil, ranging from 10 to 50 tons per hectare,
depending on the soil and biochar properties [73].
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3.3.2. Biogas Production Process Analysis

After the volume at STP and gas composition were tested in the laboratory, the
methane yield from the substrate used on a laboratory scale was evaluated, which was
1.875 L. Table 3 shows the volume values in liters of biogas produced per day, liters of
methane produced per liter of the substrate (sludge), and the volume (in Nm3) of methane
per m3 of the substrate, in addition to presenting the methane yield (Nm3 CH4) concerning
other essential parameters.
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Table 3. Qualitative analyses of the biogas.

Sample Qbiogas (L/day) LCH4/Lsludge m3
CH4/m3

sludge m3
CH4/kg substrate

E1 39.5617284 0.00023057 0.00000023 0.000000226

E2 38.19753083 0.00019877 0.0000002 0.000000195

Sample m3
CH4/kg COD m3

CH4/kg BOD m3
CH4/kg TS m3

CH4/kg VS

E1 0.0002825 0.0001028 0.0000472 0.0000798

E2 0.0018131 0.0001031 0.000193 0.0002923

The calculations were made using the results of the physicochemical analyses (vari-
ations) in both experiments. E2 demonstrated results from the physicochemical point
of view due to its smaller reduction in these parameters (2923 × 10−4 Nm3/kg of VS
of CH4). Conversely, E1 yielded more favorable results in production and enhanced ef-
fluent treatment due to reduced organic pollution (7.98 × 10−5 Nm3/kg of VS of CH4.
The reduction values of the physicochemical parameters can be seen in Table 3. Cañote
et al. [43] obtained from the ASS sludge samples yields of 1.9 × 10−3 Nm3/kg of VS of
CH4 (1.9 Nm3/t of VS of CH4) with 50.45% VS and 9.7 × 10−3 Nm3/kg of VS of CH4
(9.7 Nm3/t of VS of CH4) with 17.57% of VS. Felca et al. [72] found values of 0.34 × 10−3

Nm3/kg of VS of CH4; 0.37 × 10−3 Nm3/kg of VS of CH4; 0.76 × 10−3 Nm3/kg of VS of
CH4; and 17.31 × 10−3 Nm3/kg of VS of CH4.

3.4. Economic Study

Figure 7a–d present the NPV values regarding the three scenarios studied.
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According to Figure 7a,b, it is possible to verify that Scenarios 1 and 2 present economic
feasibility. Regarding the power of 100 kW and 200 kW, there is no payback for Scenario
1. This scenario shows the payback for projects starting at 500 kW (in the 21st year). In
Scenario 1, and enterprises with power of 1000 kW, the payback occurs in the 16th year,
for 2000 kW in the 15th year, and for 5000 kW and 10,000 kW, both happen in the 14th

year. As Scenario 2 was based on a cost of USD 2420.00/kWh, e.g., a constant incremental
value for each energy unit, the payback value presented mathematically the same value
for all the power values studied. The payback for all these amounts resulted in the 13th

year. Scenarios 3 and 4 did not show economic viability. Figure 8 shows the IRR regarding
Scenario 1 and Scenario 2 related to the minimum attractiveness rate.
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tion time were only Scenarios 1 and 2. Scenario 1 presented an IRR of 6% (100 kW), 10%
(200 kW), 13% (500 kW), 14% (1000 kW), and 15% for 2000 kW, 5000 kW, and 10,000 kW.
Enterprises from 2000 kW onwards would have an IRR equal to or higher than the mini-
mum attractiveness rate of 15%. Scenario 2 presented the same IRR values (10%) for all the
studied power values.

3.5. Power, Energy, and Avoided GHG Emissions

Figure 9a presents the population versus Scenarios 1 and 2, and Figure 9b shows the
energy generated and avoided GHG emissions for these scenarios.

Figure 9a shows the population contributing to WWTP that produces an amount of
sludge at the end of the treatment, which results in the economic viability of the enterprises
to generate electricity from biogas from the anaerobic digestion of this sludge. Enterprises
from 2000 kW onwards had a payback within the plant’s operation time and with an IRR
value greater than or equal to the minimum attractiveness rate of 15%. In Figure 9a, it is
possible to verify that the population contributing to the WWTP that produces enough
sludge to generate 2000 kW of power is 117,200 inhabitants (with charcoal addition) and
136,000 (without charcoal). From an energy capacity of 10,000 MWh/year, considering
the charcoal addition, it is possible to avoid the emission of 2307.97 tCO2/year, as can be
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observed in Figure 9b, with incremental values of annual energy obtained and avoided
emissions per year, according to power values addition.

Methane 2024, 3, FOR PEER REVIEW 18 
 

 
Figure 8. IRR regarding Scenario 1 and Scenario 2 related to minimum attractiveness rate. 

According to Figure 8, the enterprises that showed payback within the studied oper-
ation time were only Scenarios 1 and 2. Scenario 1 presented an IRR of 6% (100 kW), 10% 
(200 kW), 13% (500 kW), 14% (1000 kW), and 15% for 2000 kW, 5000 kW, and 10,000 kW. 
Enterprises from 2000 kW onwards would have an IRR equal to or higher than the mini-
mum attractiveness rate of 15%. Scenario 2 presented the same IRR values (10%) for all 
the studied power values. 

3.5. Power, Energy, and Avoided GHG Emissions 
Figure 9a presents the population versus Scenarios 1 and 2, and Figure 9b shows the 

energy generated and avoided GHG emissions for these scenarios. 

  

(a) (b) 

Figure 9. Population: (a) versus Scenario 1 and Scenario 2 (right); (b) energy generated and avoided 
GHG emissions versus Scenario 1 and Scenario 2 related to minimum attractiveness rate. 

Figure 9. Population: (a) versus Scenario 1 and Scenario 2 (right); (b) energy generated and avoided
GHG emissions versus Scenario 1 and Scenario 2 related to minimum attractiveness rate.

4. Conclusions

This study demonstrated the importance of public policies that encourage alternative
forms of energy, such as the generation of biogas from sewage sludge using anaerobic
biodigestion. An experimental reactor was built and successfully operated, allowing the
monitoring of biogas production and the estimation of energy convertible into electricity.
The addition of charcoal proved beneficial in improving the performance of anaerobic diges-
tion (AD), increasing the removal of organic matter (COD) and the production of biogas.

The main results include the following:

• The pH variation was smaller in E2 (37%) than in E1 (29%), both reaching alkaline
values (8.6 for E1 and 8.1 for E2).

• There was a reduction in organic matter: E1 presented a −75% reduction in BOD,
while E2 reduced −64%. E1 obtained a −41% reduction for COD, and E2 −6%.

• The production of CH4 was faster with the addition of charcoal, and the production of
H2S was interrupted in E1.

• Although the industrial results were low (0.19 kW and 0.79 kW for E1 and E2), E2
showed more significant potential for energy recovery.

• In the economic scenario, companies with power above 2000 kW had a positive return
(IRR of 15% in Scenario 1 and 10% in Scenario 2).

• With the addition of coal, the emission of 2307.97 tCO2/year can be avoided for plants
generating 2000 kW.

Author Contributions: Conceptualization, R.M.B., G.L.T.F. and E.E.S.L.; methodology, R.M.B., G.L.T.F.
and E.E.S.L.; software, R.M.B. and I.F.S.d.S.; validation, C.R.G., M.D.V.H., M.E.H.C. and H.L.d.C.e.S.;
formal analysis, R.M.B. and J.V.R.d.F.; investigation, M.D.V.H., M.E.H.C. and H.L.d.C.e.S. and
J.V.R.d.F.; resources, R.M.B. and C.R.G.; data curation, C.R.G. and M.D.V.H.; writing—original draft
preparation, R.M.B. and C.R.G.; writing—review and editing, R.M.B., A.M.d.C.C. and A.J.M.d.O.P.; vi-
sualization, A.M.d.C.C. and A.J.M.d.O.P.; supervision, R.M.B.; project administration, R.M.B.; funding
acquisition, R.M.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Minas Gerais State Research Support Foundation (Fun-
dação de Amparo a Pesquisa do Estado de Minas Gerais—FAPEMIG) by granting a Scientific Initiation
scholarship to Cornélio Ribeiro Garcia.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.



Methane 2024, 3 613

Acknowledgments: We thank the Coordination for the Improvement of Higher Education Personnel
(CAPES) for the support given by the doctoral scholarship granted to Ivan Felipe Silva dos Santos
and master’s scholarships to Hellen Luisa de Castro e Silva and Maxi Estefany Huamán Córdoba.
The authors would like to thank the National Council for Scientific and Technological Development
(CNPq) for granting a productivity in research scholarship to Regina Mambeli Barros (P1D Process
Number 303036/2021-4), to Geraldo Lúcio Tiago Filho, and Electo Eduardo Silva Lora (P1A). We
would also like to thank the Minas Gerais State Agency for Research and Development (FAPEMIG)
for granting the scientific initiation scholarship to Cornélio Ribeiro Garcia and for granting financial
support for the “Improvement of biogas energy potential from anaerobic (co)digestion of solid
organic waste as an incentive to renewable energy sources: substrate pre-treatment and co(digestion)
aiming at Hydrogen use” (Process N.: APQ-00568-21) and for project RED-00090-21, “Theoretical-
experimental evaluation of the production and use of green hydrogen in Minas Gerais.” We thank
FAPEMIG for granting the Doctorate scholarship (finance code I) to Adriele Maria de Cássia Crispim
and the Master of Science scholarship to Aylla Joani Mendonça de Oliveira Pontes by FAPEMIG.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Instituto Trata Brasil; Estudo Trata Brasil. Ociosidade das Redes de Esgoto—2015. Instituto Trata Brasil: Sao Paulo, Brazil.

Available online: https://tratabrasil.org.br/categoria/saneamento-basico/ (accessed on 23 January 2019).
2. Brazil. Law no 14,026, of 15 July 2020. Updates the Legal Framework for Basic Sanitation and Amends Law no 9,984, of 17 July

2000, to Give the National Water and Basic Sanitation Agency (ANA) the Power to Edit Standards Reference on the Sanitation
Service, Law no 10,768, of 19 November 2003, to Change the Name and Attributions of the Position of Specialist in Water
Resources, Law no 11,107, of 6 April 2005, to Prohibit the Provision by Public Service Program Contract Referred to in Art. 175
of the Federal Constitution, Law no 11,445, of 5 January 2007, to Improve the Structural Conditions of Basic Sanitation in the
Country, Law no 12,305, of 2 August 2010, to Deal with the Deadlines for the Environmentally Appropriate Final Disposition of
Tailings, Law no 13,089, of 12 January 2015 (Statute of the Metropolis), to Extend Its Scope to Micro-regions, and Law no 13,529, of
4 December 2017, to Authorize the Union to Participate in the Fund for the Exclusive Purpose of Financing Specialized Technical
Services. Federal Official Gazette. 16 July 2020. Available online: https://www2.camara.leg.br/legin/fed/lei/2020/lei-14026-15
-julho-2020-790419-publicacaooriginal-161096-pl.html (accessed on 30 September 2020).

3. National Water Agency—ANA (Agência Nacional de Águas). Sewerage Atlas; Watershed Pollution Control: Brasília, Brazil; ANA:
Brasilia, Brazil, 2010.

4. Chen, Y.; Cheng, J.J.; Creamer, K.S. Inhibition of anaerobic digestion process: A review. Bioresour. Technol. 2008, 10, 4044–4064.
[CrossRef] [PubMed]

5. Aghbashlo, M.; Tabatabaei, M.; Soltanian, S.; Ghanavati, H.; Dadak, A. Comprehensive exergoeconomic analysis of a municipal
solid waste digestion plant equipped with a biogas genset. Waste Manag. 2019, 87, 485–498. [CrossRef] [PubMed]

6. Usmani, Z.; Sharma, M.; Karpichev, Y.; Pandey, A.; Kuhad, R.C.; Bhat, R.; Punia, R.; Aghbashlo, M.; Tabatabaei, M.; Gupta, M.V.
Advancement in valorization technologies to improve utilization of bio-based waste in bioeconomy context. Renew. Sustain.
Energy Rev. 2020, 131, 109965. [CrossRef]

7. Brunner, P.H.; Rechberger, H. Waste to Energy—Key element for sustainable waste management. Waste Manag. 2015, 37, 3–12.
[CrossRef]

8. Aktas, O.; Çeçen, F. Bioregeneration of activated carbon: A review. Int. Biodeterior. Biodegrad. 2007, 59, 257–272. [CrossRef]
9. SNIS. Diagnóstico dos Serviços de Água e Esgotos—2007; MCIDADES.SNSA: Brasilia, Brazil, 2007.
10. Sánchez-Sánchez, C.; González-González, A.; Cuadros-Salcedo, F.; Cuadros-Blázquez, F. Using low-cost porous materials to

increase biogas production: A case study in Extremadura (Spain). J. Clean. Prod. 2018, 198, 1165–1172. [CrossRef]
11. Arif, S.; Liaquat, R.; Adil, M. Applications of materials as additives in anaerobic digestion technology. Renew. Sustain. Energy Rev.

2018, 97, 354–366. [CrossRef]
12. Hansen, K.H.; Angelidaki, I.; Ahring, B.K. Improving thermophilic anaerobic digestion of swine manure. Water Res. 1999, 33,

1805–1810. [CrossRef]
13. Lü, F.; Luo, C.; Shao, L.; He, P. Biochar alleviates combined stress of ammonium and acids by firstly enriching Methanosaeta and

Methanosarcina. Water Res. 2016, 90, 34–43. [CrossRef]
14. Luo, C.; Lu, F.; Shao, L.; He, P. Application of eco-compatible biochar in anaerobic digestion to relieve acid stress and promote the

selective colonization of functional microbes. Water Res. 2015, 68, 710–718. [CrossRef]
15. Mumme, J.; Srocke, F.; Heeg, K.; Werner, M. Use of biochars in anaerobic digestion. Bioresour. Technol. 2014, 164, 189–197.

[CrossRef] [PubMed]
16. Shen, Y.; Linville, J.L.; Urgun-Demirtas, M.; Schoene, R.P.; Leon, P.A. Towards a sustainable paradigm of waste-to-energy process:

Enhanced anaerobic digestion of sludge with woody biochar. J. Clean. Prod. 2016, 135, 1054–1064. [CrossRef]
17. Zhao, Z.; Zhang, Y.; Woodard, T.L.; Nevin, K.P.; Lovley, D.R. Enhancing syntrophic metabolism in up-flow anaerobic sludge

blanket reactors with conductive carbon materials. Bioresour. Technol. 2015, 191, 140–145. [CrossRef] [PubMed]

https://tratabrasil.org.br/categoria/saneamento-basico/
https://www2.camara.leg.br/legin/fed/lei/2020/lei-14026-15-julho-2020-790419-publicacaooriginal-161096-pl.html
https://www2.camara.leg.br/legin/fed/lei/2020/lei-14026-15-julho-2020-790419-publicacaooriginal-161096-pl.html
https://doi.org/10.1016/j.biortech.2007.01.057
https://www.ncbi.nlm.nih.gov/pubmed/17399981
https://doi.org/10.1016/j.wasman.2019.02.029
https://www.ncbi.nlm.nih.gov/pubmed/31109549
https://doi.org/10.1016/j.rser.2020.109965
https://doi.org/10.1016/j.wasman.2014.02.003
https://doi.org/10.1016/j.ibiod.2007.01.003
https://doi.org/10.1016/j.jclepro.2018.07.079
https://doi.org/10.1016/j.rser.2018.08.039
https://doi.org/10.1016/S0043-1354(98)00410-2
https://doi.org/10.1016/j.watres.2015.12.029
https://doi.org/10.1016/j.watres.2014.10.052
https://doi.org/10.1016/j.biortech.2014.05.008
https://www.ncbi.nlm.nih.gov/pubmed/24859210
https://doi.org/10.1016/j.jclepro.2016.06.144
https://doi.org/10.1016/j.biortech.2015.05.007
https://www.ncbi.nlm.nih.gov/pubmed/25989089


Methane 2024, 3 614

18. Torri, C.; Fabbri, D. Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass. Bioresour.
Technol. 2014, 172, 335–341. [CrossRef]

19. Li, Y.; Parki, S.Y.; Zhu, J. Solid state anaerobic digestion for methane production from organic waste. Renew. Sustain. Energy Rev.
2011, 15, 821–826. [CrossRef]

20. Mahmudul, H.M.; Rasul, M.G.; Akbar, D.; Narayanan, R.; Mofijur, M. A comprehensive review of the recent development and
challenges of a solar-assisted biodigester system. Sci. Total Environ. 2021, 753, 141920. [CrossRef]

21. Veeken, A.; Hamelers, B. Effect of temperature on hydrolysis rates of selected biowaste componentes. Bioresour. Technol. 1999, 69,
249–254. [CrossRef]

22. Barros, R.M. Tratado Sobre Resíduos Sólidos: Gestão, Uso e Sustentabilidade; Interciência; Minas Gerais: Rio de Janeiro, Brazil; Acta:
Rio de Janeiro, Brazil, 2012; ISBN 9788571932951.

23. Dahiya, S.; Sarkar, S.O.; Swamy, Y.V.; Venkata Mohan, S. Acidogenic fermentation of food waste for volatile fatty acid production
with co-generation of biohydrogen. Bioresour. Technol. 2015, 182, 103–113. [CrossRef]

24. Zinder, S.H. Conversion of acetic acid to methane by thermophiles. FEMS Microbiol. Lett. 1990, 75, 125–137. [CrossRef]
25. Abbas, Y.; Yun, S.; Wang, Z.; Zhang, Y.; Zhang, X.; Wang, K. Recent advances in bio-based carbon materials for anaerobic digestion:

A review. Renew. Sustain. Energy Rev. 2021, 135, 110378. [CrossRef]
26. Paepatung, N.; Songkasiri, W.; Yasui, H.; Phalakornkule, C. Enhancing methanogenesis in fed-batch anaerobic digestion of

high-strength sulfate-rich wastewater using zero valent scrap iron. J. Environ. Chem. Eng. 2020, 8, 104508. [CrossRef]
27. Koster, I.W.; Lettinga, G. Anaerobic digestion at extreme ammonia concentrations. Biol. Wastes 1988, 25, 51–59. [CrossRef]
28. Oliveira, F.R.; Surendra, K.C.; Jaisi, D.P.; Lu, H.; Unal-Tosun, G.; Sung, S.; Khanal, S.K. Alleviating sulfide toxicity using biochar

during anaerobic treatment of sulfate-laden wastewater. Bioresour. Technol. 2020, 301, 122711. [CrossRef] [PubMed]
29. Pecora, V. Implementação de Uma Unidade Demonstrativa de Geração de Energia Elétrica a Partir do Biogás de Tratamento do

Esgoto Residencial da USP: Estudo de Caso. Master’s Thesis, Universidade de São Paulo, São Paulo, Brazil, 2006.
30. Forster, P.V.; Ramaswamy, P.; Artaxo, T.; Berntsen, R.; Betts, D.W.; Fahey, J.; Haywood, J.; Lean, D.C.; Lowe, G.; Myhre, J.; et al.

Changes in Atmospheric Constituents and in Radiative Forcing. In Climate Change 2007: The Physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change; Solomon, S., Qin, D., Manning,
M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M., Miller, H.L., Eds.; Cambridge University Press: Cambridge, UK; New York,
NY, USA, 2007; Available online: https://www.ipcc.ch/site/assets/uploads/2018/02/ar4-wg1-chapter2-1.pdf (accessed on 27
November 2020).

31. Lindsey, R. Climate Change: Atmospheric Carbon Dioxide. NOAA. 14 August 2020. Available online: https://www.climate.gov/
news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide (accessed on 27 November 2020).

32. IPCC. Summary for Policymakers. In Global Warming of 1.5 ◦C; An IPCC Special Report on the Impacts of Global Warming of 1.5 ◦C
Above Pre-Industrial Levels and Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response
to the Threat of Climate Change, Sustainable Development, and Efforts to Eradicate Poverty; Masson-Delmotte, V., Zhai, P., Pörtner,
H.O., Roberts, D., Skea, J., Shukla, P.R., Pirani, A., Moufouma-Okia, W., Péan, C., Pidcock, R., et al., Eds.; World Meteorological
Organization: Geneva, Switzerland, 2019; p. 32. Available online: https://report.ipcc.ch/sr15/pdf/sr15_spm_final.pdf (accessed
on 27 November 2020).

33. Fonseca, A.R. Tecnologias Sociais e Ecológicas Aplicadas ao Tratamento de Esgotos no Brasil. Master’s Thesis, Escola Nacional de
Saúde Pública, São Paulo, Brazil, 2005. Cap.6. Rio de Janeiro. Brasil. 2008.

34. Britto, J.O. Tecnologia de Produção de Biomassa Energética; Carvão Vegetal: Natal, Brazil, 2002; p. 16, n. 24.
35. Fagbohungbe, M.O.; Herbert, B.M.J.; Hurst, L.; Ibeto, C.N.; Li, H.; Usmani, S.Q.; Semple, K.T. The challenges of anaerobic

digestion and the role of biochar in optimizing anaerobic digestion. Waste Manag. 2017, 61, 236–249. [CrossRef]
36. Johnravindar, D.; Liang, B.; Fu, R.; Luo, G.; Meruvu, H.; Yang, S.; Yuan, B.; Fei, Q. Supplementing granular activated carbon

for enhanced methane production in anaerobic co-digestion of post-consumer substrates. Biomass Bioenergy 2020, 136, 105543.
[CrossRef]

37. Liu, F.; Rotaru, A.E.; Shrestha, P.M.; Liu, F.; Shrestha, M.; Shrestha, D.; Embree, M.; Zengler, K.; Wardman, C.; Nevin, K.P.; et al. A
new model for electron flow during anaerobic digestion: Direct interspecies electron transfer to Methanosaeta for the reduction of
carbon dioxide to methane. Energy Environ. Sci. 2013, 7, 408–415. [CrossRef]

38. Morita, M.; Malvankar, N.S.; Franks, A.E.; Summers, Z.M.; Giloteaux, L.; Rotaru, A.E.; Rotaru, C.; Lovley, D.R. Potential for direct
interspecies electron transfer in methanogenic wastewater digester aggregates. mBio 2011, 2, e00159-11. [CrossRef] [PubMed]

39. Ribeiro, E.M.; Barros, R.M.; Tiago Filho, G.L.; Dos Santos, I.F.S.; Sampaio, L.C.; Dos Santos, T.V.; Da Silva, F.d.G.B.; Silva, A.P.M.;
De Freitas, J.V.R.d.F. Power generation potential in posture aviaries in Brazil in the context of a circular economy. Sustain. Energy
Technol. Assess. 2016, 18, 153–163. [CrossRef]

40. Schulz, H.; Glaser, B. Effects of biochar compared to organic and inorganic fertilizers on soil quality and plant growth in a
greenhouse experiment. J. Plant Nutr. Soil Sci. 2012, 175, 410–422. [CrossRef]

41. Sailer, G.; Eichermüller, J.; Poetsch, J.; Paczkowski, S.; Pelz, S.; Oechsner, H.; Müller, J. Optimizing anaerobic digestion of organic
fraction of municipal solid waste (OFMSW) by using biomass ashes as additives. Waste Manag. 2020, 109, 136–148. [CrossRef]

42. Pin, B.V.d.R.; Barros, R.M.; Lora, E.E.S.; del Olmo, O.A.; Dos Santos, I.F.S.; Ribeiro, E.M.R.; De Freitas, J.V. Energetic use of
biogas from the anaerobic digestion of coffee wastewater in southern Minas Gerais, Brazil. Renew. Energy 2020, 146, 2084–2094.
[CrossRef]

https://doi.org/10.1016/j.biortech.2014.09.021
https://doi.org/10.1016/j.rser.2010.07.042
https://doi.org/10.1016/j.scitotenv.2020.141920
https://doi.org/10.1016/S0960-8524(98)00188-6
https://doi.org/10.1016/j.biortech.2015.01.007
https://doi.org/10.1111/j.1574-6968.1990.tb04090.x
https://doi.org/10.1016/j.rser.2020.110378
https://doi.org/10.1016/j.jece.2020.104508
https://doi.org/10.1016/0269-7483(88)90127-9
https://doi.org/10.1016/j.biortech.2019.122711
https://www.ncbi.nlm.nih.gov/pubmed/31927459
https://www.ipcc.ch/site/assets/uploads/2018/02/ar4-wg1-chapter2-1.pdf
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://report.ipcc.ch/sr15/pdf/sr15_spm_final.pdf
https://doi.org/10.1016/j.wasman.2016.11.028
https://doi.org/10.1016/j.biombioe.2020.105543
https://doi.org/10.1039/C3EE42189A
https://doi.org/10.1128/mBio.00159-11
https://www.ncbi.nlm.nih.gov/pubmed/21862629
https://doi.org/10.1016/j.seta.2016.10.009
https://doi.org/10.1002/jpln.201100143
https://doi.org/10.1016/j.wasman.2020.04.047
https://doi.org/10.1016/j.renene.2019.08.004


Methane 2024, 3 615

43. Cañote, S.J.B.; Barros, R.M.; Lora, E.E.S.; Del Olmo, O.A.; Dos Santos, I.F.S.; Piñas, J.A.V.; Ribeiro, E.M.; De Freitas, J.V.R.; De
Castro e Silva, H.L. Energy and Economic Evaluation of the Production of Biogas from Anaerobic and Aerobic Sludge in Brazil.
Waste Biomass Valorization 2020, 12, 947–969. [CrossRef]

44. APHA/AWWA/WEF. Standard Methods for the Examination of Water and Wastewater; APHA/AWWA/WEF: Washington, DC, USA,
2012; p. 541, ISBN 9780875532356.

45. Van Haandel, A.; Gatze, L. Tratamento Anaeróbio de Esgotos: Um Manual para Regiões de Clima Quente; Epgraf: Campina Grand,
Brazil, 2004; p. 240.

46. Von Sperling, M. Introdução à Qualidade das Águas e ao Tratamento de Esgotos; Princípios do Tratamento Biológico de Águas
Residuárias, Volume 1; Departamento de Engenharia Sanitária e Ambiental, UFMG: Belo Horizonte, Brazil, 1995; 240p.

47. CETESB. Effluents; version 1.0; CETESB, the Brazilian Ministry of Science and Technology—Software and Manual; The Environ-
mental Company of the State of São Paulo: São Paulo, Brazil, 2006. Available online: http://www.cetesb.sp.gov.br/mudancas-
climaticas/biogas/Softwares/16-Softwares (accessed on 6 February 2014). (In Portuguese)

48. Bove, R.; Lunghi, P. Electric power generation from landfill gas using traditional and innovative technologies. Energy Convers.
Manag. 2006, 47, 1391–1401. [CrossRef]

49. Wang, C.; Yun, S.; Xu, H.; Wang, Z.; Han, F.; Zhang, Y.; Si, S.; Yiming, M. Dual functional application of pomelo peel-derived
bio-based carbon with controllable morphologies: An efficient catalyst for triiodide reduction and accelerant for anaerobic
digestion. Ceram. Int. 2020, 46, 3292–3303. [CrossRef]

50. Silva, T.R.; Barros, R.M.; Tiago Filho, G.L.; dos Santos, I.F.S. Methodology for the determination of optimum power of a Thermal
Power Plant (TPP) by biogas from sanitary landfill. Waste Manag. 2017, 65, 75–91. [CrossRef]

51. Union of the Sugarcane Industry—UNICA (União da Indústria de Cana-de-Açúcar). Balanço de Atividades 2012/2013 a 2018/2019;
Union of the Sugarcane Insutry: Wahington, DC, USA, 2019; p. 13. Available online: https://www.unica.com.br/wp-content/
uploads/2019/06/Relatorio-Atividades-201213-a-201819.pdf (accessed on 24 November 2020).

52. Brazilian Central Bank. Quotations. Available online: https://www.bcb.gov.br/ (accessed on 28 November 2020).
53. de Dornfeld Braga Colturato, L.F. Brazil. National Secretariat of Environmental Sanitation. Probiogas. In State of the Art Dry

Methanization (O Estado da Arte da Tecnologia de Metanização Seca)/Probiogas Technology; Organizers, Ministry of Cities, Deutsche
Gesellschaft für Internationale Zusammenarbeit GmbH (GIZ); Ministry of Cities: Brasília, DF, Brazil, 2015; p. 97. Available online:
https://www.giz.de/en/downloads/probiogas-metanizacao-rsu.pdf (accessed on 10 June 2020)ISBN 978-85-7958-040-6.

54. Tolmasquim, M.T. Energia Termelétrica: Gás Natural, Biomassa, Carvão, Nuclear; EPE: Rio de Janeiro, Brazil, 2016; 417p.
55. National Electricity Energy Agency—ANEEL: Normative Resolution nº 482, of 17 April 2012. Normative Resolution nº

482/2012—It Establishes the General Conditions for the Access of Microgeneration and Distributed Minigeration to the Systems
of Distribution of Electric Energy, the System of Compensation of Electric Energy, and Gives Other Measures. Available online:
http://www2.aneel.gov.br/cedoc/ren2012482.pdf (accessed on 16 October 2017).

56. National Electricity Energy Agency—ANEEL: Normative Resolution nº 687, of 24 November 2015. Normative Resolution No.
687/2015—Alters Normative Resolution No. 482 of 17 April 2012, and Modules 1 and 3 of the Distribution Procedures—PRODIST.
Available online: http://www2.aneel.gov.br/cedoc/ren2015687.pdf (accessed on 22 October 2017).

57. Brazil. Law No. 10,848, of 15 March 2004. Provides for the sale of electric energy, amends Laws No. 5,655, 20 May 1971,
8,631, of 4 March 1993, 9,074, of 7 July 1995, 9,427, of 26 December 1996, 9,478, of 6 August 1997, 9,648, 27 May 1998, 9,991,
of 24 July 2000, 10,438, of 26 April 2002, and other measures. In Official Federal Gazette; 16 March 2004. Available online:
http://www.planalto.gov.br/ccivil_03/_ato2004-2006/2004/lei/l10.848.htm (accessed on 28 November 2020).

58. Brazil. Law no 13,203, of 8 December 2015. Deals with the Renegotiation of the Hydrological Risk of Electricity Generation;
Institutes the Bonus for the Grant; and Amends Laws No. 12,783, of 11 January 2013, Which Provides for Electric Energy Conces-
sions, 9,427, of 26 December 1996, Which Governs the Regime for Public Electricity Service Concessions, 9,478, of 6 August 1997,
Establishing the National Energy Policy Council, 9,991, of 24 July 2000, Which Provides for Investments in Research and
Development and Energy Efficiency by Concessionaires, Licensees and Authorized Persons in the Energy Sector 10.438, of
26 April 2002, 10.848, of 15 March 2004, Which Provides for the Sale of Electric Energy, and 11.488, of 15 June 2007, Which Equates
the Consumer to Self-Producer Who Meets Requirements That Specific. In Official Federal Gazette; 9 December 2015. Available
online: http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2015/Lei/L13203.htm (accessed on 28 November 2020).

59. Energy Research Company—EPE. EPE Publishes Infographic on the Annual Specific Reference Value—VREs. Available on-
line: https://www.epe.gov.br/pt/imprensa/noticias/epe-publica-infografico-sobre-o-valor-anual-de-referencia-especifico-vres
(accessed on 28 November 2020).

60. Tchobanoglous, G.; Burton, F.; Stensel, D. Wastewater Engineering: Treatment and Reuse, 4th ed.; Metcalf & Eddy Inc.: Wakefield,
MA, USA; Mcgraw-Hill: New York, NY, USA, 2002; p. 1334.

61. Barros, R.M.; Tiago Filho, G.L. Small hydropower and carbon credits revenue for an SHP project in national isolated and
interconnected systems in Brazil. Renew. Energy 2012, 48, 27–34. [CrossRef]

https://doi.org/10.1007/s12649-020-01046-w
http://www.cetesb.sp.gov.br/mudancas-climaticas/biogas/Softwares/16-Softwares
http://www.cetesb.sp.gov.br/mudancas-climaticas/biogas/Softwares/16-Softwares
https://doi.org/10.1016/j.enconman.2005.08.017
https://doi.org/10.1016/j.ceramint.2019.10.035
https://doi.org/10.1016/j.wasman.2017.04.018
https://www.unica.com.br/wp-content/uploads/2019/06/Relatorio-Atividades-201213-a-201819.pdf
https://www.unica.com.br/wp-content/uploads/2019/06/Relatorio-Atividades-201213-a-201819.pdf
https://www.bcb.gov.br/
https://www.giz.de/en/downloads/probiogas-metanizacao-rsu.pdf
http://www2.aneel.gov.br/cedoc/ren2012482.pdf
http://www2.aneel.gov.br/cedoc/ren2015687.pdf
http://www.planalto.gov.br/ccivil_03/_ato2004-2006/2004/lei/l10.848.htm
http://www.planalto.gov.br/ccivil_03/_Ato2015-2018/2015/Lei/L13203.htm
https://www.epe.gov.br/pt/imprensa/noticias/epe-publica-infografico-sobre-o-valor-anual-de-referencia-especifico-vres
https://doi.org/10.1016/j.renene.2012.04.050


Methane 2024, 3 616

62. Brazil. The Brazilian Ministry of Science, Technology, Innovations and Communications. Dispatch Analysis Method: Op-
erating Margin Emission Factors by Dispatch Analysis Method: CO2 Emission Factors for Power Generation in the Brazil-
ian; The Brazilian Ministry of Science, Technology, Innovations and Communications: Brasil, Brazil, 2019. Avail-
able online: https://www.gov.br/mcti/pt-br/acompanhe-o-mcti/cgcl/paginas/metodo-da-analise-de-despacho#:~:
text=Os%20fatores%20de%20emiss%C3%A3o%20de,gere%20eletricidade%20para%20a%20rede (accessed on 5 June 2020).

63. Brazil. MCT. National Interconnected System—Base Year 2019. 2020. Available online: https://www.mctic.gov.br/mctic/
opencms/ciencia/SEPED/clima/textogeral/emissao_despacho.html (accessed on 29 May 2020). (In Portuguese)

64. Brazil. MCT. The Brazilian Ministry of Science and Technology. Climate—Dispatch Analysis Method—Operating Margin
Emission Factors Using the Dispatch Analysis Method. 2019. 2020. Available online: https://www.mctic.gov.br/mctic/opencms/
ciencia/SEPED/clima/arquivos/emissoes_co2/Despacho_2019_nov_dez.xlsx (accessed on 8 June 2020).

65. Nielsen, M.; Nielsen, O.-K.; Plejdrup, M. Danish Emission Inventories for Stationary Combustion Plants. Inventories Until 2011;
Aarhus University, DCE—Danish Centre for Environment and Energy: Roskilde, Denmark, 188 pp. Scientific Report from
DCE—Danish Centre for Environment and Energy No. 102; 2014; Available online: http://www.dce.au.dk/Pub/SR102.pdf
(accessed on 5 June 2020).

66. Chiappero, M.; Norouzi, O.; Hu, M.; Demichelis, F.; Berruti, F.; Di Maria, F.; Mašek, O.; Fiore, S. Review of biochar role as additive
in anaerobic digestion processes. Renew. Sustain. Energy Rev. 2020, 131, 110037. [CrossRef]

67. Wang, G.; Li, Q.; Gao, X.; Wang, X.C. Synergetic promotion of syntrophic methane production from anaerobic digestion of
complex organic wastes by biochar: Performance and associated mechanisms. Bioresour. Technol. 2018, 250, 812–820. [CrossRef]

68. Wang, D.; Ai, J.; Shen, F.; Yang, G.; Zhang, Y.; Deng, S.; Zhang, J.; Zeng, Y.; Song, C. Improving anaerobic digestion of easy-
acidification substrates by promoting buffering capacity using biochar derived from vermicompost. Bioresour. Technol. 2017,
227, 286–296. [CrossRef]

69. National Agency of Petroleum, Natural Gas and Biofuels—ANP. Resolution ANP N◦ 685 of 06/29/2017. It establishes the rules
for the approval of quality control and the specification of biomethane from landfills and sewage treatment plants for vehicular
use and residential, industrial, and commercial facilities to be marketed throughout the national territory. Official Journal of the
Union, 8 January 2007 and rectified in 11 January 2007. Available online: https://www.legisweb.com.br/legislacao/?id=345545
(accessed on 24 January 2018).

70. Xu, X.; Cao, X.; Zhao, L.; Sun, T. Comparison of sewage sludge- and pig manure-derived biochars for hydrogen sulfide removal.
Chemosphere 2014, 111, 296–303. [CrossRef]

71. Chernicharo, C.A.L. Reatores Anaeróbios; Princípios do tratamento biológico de águas residuárias, v. 5; DESA/UFMG: Belo
Horizonte, Brazil, 2005; 245p.

72. Felca, A.T.A.; Barros, R.M.; Tiago Filho, G.L.; Dos Santos, I.F.S.; Ribeiro, E.M. Analysis of biogas produced by the anaerobic
digestion of sludge generated at wastewater treatment plants in the South of Minas Gerais, Brazil as a potential energy source.
Sustain. Cities Soc. 2018, 41, 139–153. [CrossRef]

73. Osman, A.I.; Fawzy, S.; Farghali, M.; El-Azazy, M.; Elgarahy, A.M.; Fahim, R.A.; Maksoud, M.I.A.A.; Ajlan, A.A.; Yousry, M.;
Saleem, Y.; et al. Biochar for agronomy, animal farming, anaerobic digestion, composting, water treatment, soil remediation,
construction, energy storage, and carbon sequestration: A review. Environ. Chem. Lett. 2022, 20, 2385–2485. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.gov.br/mcti/pt-br/acompanhe-o-mcti/cgcl/paginas/metodo-da-analise-de-despacho#:~:text=Os%20fatores%20de%20emiss%C3%A3o%20de,gere%20eletricidade%20para%20a%20rede
https://www.gov.br/mcti/pt-br/acompanhe-o-mcti/cgcl/paginas/metodo-da-analise-de-despacho#:~:text=Os%20fatores%20de%20emiss%C3%A3o%20de,gere%20eletricidade%20para%20a%20rede
https://www.mctic.gov.br/mctic/opencms/ciencia/SEPED/clima/textogeral/emissao_despacho.html
https://www.mctic.gov.br/mctic/opencms/ciencia/SEPED/clima/textogeral/emissao_despacho.html
https://www.mctic.gov.br/mctic/opencms/ciencia/SEPED/clima/arquivos/emissoes_co2/Despacho_2019_nov_dez.xlsx
https://www.mctic.gov.br/mctic/opencms/ciencia/SEPED/clima/arquivos/emissoes_co2/Despacho_2019_nov_dez.xlsx
http://www.dce.au.dk/Pub/SR102.pdf
https://doi.org/10.1016/j.rser.2020.110037
https://doi.org/10.1016/j.biortech.2017.12.004
https://doi.org/10.1016/j.biortech.2016.12.060
https://www.legisweb.com.br/legislacao/?id=345545
https://doi.org/10.1016/j.chemosphere.2014.04.014
https://doi.org/10.1016/j.scs.2018.04.035
https://doi.org/10.1007/s10311-022-01424-x

	Introduction 
	Materials and Method 
	Experimental Prototypes 
	Physicochemical Analyses 
	Volume and Pressure Analyses 
	Hydraulic Retention Time 
	Biogas Measuring Equipment 
	Available Power and Energy 
	Structural Analyses of Charcoal 
	Economic Studies 
	GHG Emissions Avoided 

	Results and Discussion 
	Biogas Composition in Reactors 
	Physicochemical Results 
	Biogas Production Using Charcoal 
	Charcoal Analyses 
	Biogas Production Process Analysis 

	Economic Study 
	Power, Energy, and Avoided GHG Emissions 

	Conclusions 
	References

