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Abstract

This study conducted energy and economic analysis for biogas production from an Upflow Anaerobic Sludge Blanket (UASB)
and activated sludge from the Copasa and Fania® Wastewater Treatment Plants (WWTP), both of which are located in the
city of Itajub4, Minas Gerais, Brazil. The methodology adopted for the research study included Physicochemical laboratory
analyses of sludge samples. Furthermore, an experimental prototype of a sludge anaerobic digester (AD) that measured the
characteristics of biogas and methane discharge was constructed and monitored. Lastly, economic viability analysis for using
biogas energy was studied. The results show that the substrate, following processing using an AD, had reductions in all of the
physiochemical parameters evaluated. Furthermore, CH, yield in relation to volatile solids (VS) was 0.0046 Nm>*CH,/kgSV
(4.6 Nm>CH,/tSV), 32.89% VS for UASB sludge, 0.0019 Nm*CH,/kgSV (1.9 Nm*CH,/tSV), and 50.45% VS for activated
sludge. UASB sludge samples had the best results, which were 1014.46 kWh/year of electrical energy generated at the Copasa
WWTP. Economic feasibility analysis considered a project lifespan of 15 years for continuous power generation. The results
showed a NPV of negative USD$-226,255.28, a LCOE of 1.40 USD/kWh, and an unfeasible Internal Rate of Return (IRR).
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Statement of Novelty

This study sought to analyze self-sufficient energy projects
for Wastewater Treatment Systems by analyzing laboratory
biogas production from sludge obtained in anaerobic pro-
cesses (UASB) and from activated sludge. Both processes
are based on Resolutions set forth by the Brazilian National
Agency of Electric Energy and micro and mini electricity
generation.

Introduction

One sustainable way of using waste generated daily in towns
and cities includes new alternative technologies, which aid
in processing solid waste (SW) with no pollution to the
environment. Wastewater is rich in nutrients like nitrogen,
phosphorus, potassium, calcium, and magnesium, which are
essential for the development of certain cultures [1-4]. Fur-
thermore, fertilizer and biogas can be generated using suit-
able treatment practices that generate effluent in launching
patterns that are in accordance with current legislation, and
water can also be reused for other purposes.

According to the World Bank [5], approximately one bil-
lion people lack access to clean drinking water, and nearly
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two billion people lack access to safe sanitation systems
around the world. The Human Development Report [6]
estimated that in 2025 more than three billion people will
be living in countries with water problems, and this number
will increase to over five billion by 2050.

Water is essential for a wide array of activities in devel-
oped societies. Many countries have tried to reduce water
consumption to address this problem by using new alterna-
tive technologies, like sewage treatment.

Wastewater is often improperly disposed of in natural
bodies of water, and pollutes waterways [7]. Wastewater
Treatment Plants (WWTP) that have primary and second-
ary sedimentation processes are essential if this problem
is to be abated. Most of the sewage sludge generated at
WWTPs constitutes a significant fraction of the total
organic matter and energy not recovered in the treatment
process [2—4, 8].

Figure 1 shows the steps of two basic models (anaerobic
and aerobic systems) for WWTPs as described by the Min-
istry of Labor and Employment (MLE) [9].

Fonseca [10] concluded that most sewage comes from
domestic, industrial, agricultural, and hospital wastewater,
and corresponds to 80% of the total volume of drinking
water consumed. According to the Ministry of Labor and
Employment (MTE) [9], infectious diarrhea and both hepatic
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and respiratory diseases are some of the diseases that can be
spread in polluted water supplies. Examples of chronic dis-
eases may include bronchial asthma and allergic alveolitis.

Figure 2 shows other types of sewerage sources, the
levels of treatments used today, the main problems arising
from bad sewage conditions, e.g. environmental (aesthetic
and odors), social, or public health problems brought about
by waterborne diseases. It also shows the water treatment
costs. Additionally, sewage is divided according to whether
it can be treated in a three-phase process. This is because
solid fractions (sludge), liquid (water), gas (biogas) and the
byproducts obtained from treatment must be separated. This
is intended to minimize the pollutant load.

The term sludge has been used to designate solid WWTP
byproducts [1]. The quantity and composition of sludge
greatly varies depending on the origin of the sewage and
treatment type applied to it. Sludge is composed mainly of
organic materials (volatile solids, VS) and minerals (fixed
solids, FS), in addition to water [11, 12]. Sludge is rich in
organic matter (cellulose, hemicellulose, and lignin), is com-
parable to plant tissue, and is also a biomass [13, 14]. Sludge

- Mechanical railing (removal of waste)
- Desander (separation of inorganic material)

- Primary decanter (removal of solids)

-

- Aeration tank (biological reactor)
- Secondary decanter (sludge is sedimented by

gravity)
- Sludge recirculation lifting station

- Sludge filler.

- Elevated sludge.

- Dehumidifying press - dewatering of sludge (to
dehydrate the sludge)

- Liming system (disinfection of pressed sludge)
- Drying ponds and sludge storage.

- Final effluent discharge channel.

- Flow meter (Parshall trough)

- Laboratory of analyzes for pH tests, fixed and volatile
solids series, fixed and volatile suspended solids,
dissolved solids, biochemical oxygen demand test (BODS)
and chemical oxygen demand (COD). These tests are

Crude sewage pump @
with screw type pumps 3
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must be adequately treated using anaerobic digesters (AD)
for example. Sludge must be treated not only to reduce pol-
lution but also to produce renewable energy from waste in
the form of biogas, electricity, and/or agricultural fertilizer
[15-17].

Biogas is a clean and renewable source of energy that can
be used as a substitute for other fuels in order to save energy
in rural areas [18]. Biogas can also be used to reduce CO,
emissions and mitigate global warming [2—4, 19-23].

According to Aquino and Chernicharo [24], anaerobic
digestion comprises complex metabolic processes, which
take place in sequential steps and depend on the activity of
at least three distinct groups of microorganisms: (i) fermen-
tative (or acidogenic) bacteria, (ii) syntrophic (or acetogenic)
bacteria; and (iii) methanogenic microorganisms. Table 1
show the main reactions during anaerobic digestion.

Table 2 shows the energy equivalence between various
fuels and methane, which is determined using the lower
calorific value (LCV) for each fuel.

Biogas is a mixture of gases resulting from biochemi-
cal reactions of the anaerobic decomposition of organic

. Anaerobic System

>

- Composed of grids (removal of larger solid
waste and sanders)

- Primary decanters (drag the sludge with
automated control)

- Anaerobic digesters (exhalation of gases that
form in the methane process)

- Secondary digesters (open tanks)

- Dehydration Sector (dehydrating the sludge)

- Landfill of mud.

- Analytical laboratory (pH tests, total and fixed
volatile solids series, fixed and volatile suspended
solids, dissolved solids, biochemical oxygen
demand test (BOD5) and chemical oxygen
demand (COD).

performed in each of the
Process Steps.

Fig. 1 Schematic representation of the basic systems of the WWTP. Source Author
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Fig.2 Schematic representation of sewer types, problems and destinations. Source Author

matter present in wastewater [25-27]. Biogas composi-
tion is: CH, (50 to 80%), CO, (20 to 40%), H,O (1 to 2%),
0, (0.1 to 1%), H,S (1 to 2%), N, (0.5 to 2.5%) and CO (0
t0 0.1%) [2, 4, 12, 13, 16, 25, 28-31].

Additionally, sludge after AD may be utilized in agri-
cultural applications because it can improve the physical
characteristics of soil and increase soil permeability, keeping

water and nutrients in soils, allowing for higher concentra-
tions of essential nutrients [32].

Fytili and Zabaniotou [15] conducted a review of methods
used in Europe for sludge treatment, focusing on thermal
processes (pyrolysis, gasification, and wet oxidation) and
cement manufacturing (as fuel in the process).

Table 1 Energy comparison of some common reactions in anaerobic digestion. Source Aquino e Chernicharo [24]

Stage Chemical reaction AGo’ Equation
Acidogenesis (I) C¢H,,04 + 2H,0 - 2CH,;COO™ + 2CO, + 2H* + 4H, — 206 kj/reaction (1)
glucose acetate
C¢H,,04 + 2H, — 2CH,CH,CO0™ + 2H,0 + 2H* — 358 kj/reation )
glucose propionate
C¢H,,0, — CH,CH,CH,COO™ + 2CO, + H* + 2H, — 255 kj/reaction 3)
glucose butirate
Acetogenesis (II) CH;CH,COO™ + 3H,0 — CH;COO™ + HCO; + H* + 3H, + 76,1 kj/reaction “)
Propionate i acetate
CH;CH,COO™ + 2HCO; — CH,COO™ + H* + 3HCOO™ + 72.2 kj/reaction 5)
propionate : acetate
CH,CH,CH,COO™ + 2H,0 — 2CH,CO0™ + H* + 2H, + 48.1 kj/reaction (6)
butirate acetate
Metanogenesis (III) CH;COO™ + H,0 — CH, + HCO; — 31 kj/reaction )
acetate methane
H, + /4 HCO; + /4H" - 1/4CH, + 3 H,0 — 33.9 kj/reaction 8)
hydrogen methane
HCOO™ + /4 H,0 + 14 H' — 1/;CH, + 33 HCO; — 32.6 kj/reaction ©)

formate

methane

CH;CH,CO0™ + 3H,0 — CH;COO™ + HCO; + H* + 3H, AG0 = + 76.1

(propionate) (acetate) ( 1 O)
CH;COO™ + H,0 —» CH, + HCO;  AGO
(acetate) (methane) (1 1)
3H, + 0.75HCO; + 0.75 H* - 0.75CH, + 2.25H,0 AGo' = - 339(x3) = —101.7
(hydrogen) (methane) ( 1 2)
CH;CH,COO0™ + 1.75H,0 — 1.75 CH, + 1.25 HCO; + 0.25 H* AGo' = — 56.6 kj/reaction

(propionate) (methane)

13)

@ Springer
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Tablg 2 1 rp3 equivalent value Fuel References

of biogas with other fuels.

Source author’s production A B C D E F
Anhydrous alcohol (L) - - 1.10 - - -
Fuel alcohol (L) - 0.79 - 0.79 - -
Hydrated alcohol (L) - - 1.14 - - 1.3
Cane bagasse (kg) - - 3.00 - - -
Butane (m®) 0.20 - - - - 0.20
Mineral coal (kg) - - 1.40 - - -
Charcoal (kg) - - 0.90 - - 1.4
Electricity (kWh) 6.5 1.43 - 1.428 - 6.5
Ethanol (L) - - - - 1,7 -
Gasoline (L) - 0.61 0.70 0.61 L 1.1 0.8
Gas oil (L) 0.6 - - - - -
Liquefied petroleum gas (m®) - 0.45 0.20 0.45 - -
Natural gas (m?) 0.6 - 0.64 - 0.97 -
Firewood (kg) 1.6 1.54 1.50 1.538 - 1,6
Diesel oil (L) - 0.55 0.60 0.55 - -
Propane (m?) 0.26 - - - - 0.25
Kerosene (L) - 0.58 - 0.57 - -

Researches carried out with the following characteristics: *biogas (65% de CH,), 'biogas (60% de CH,)

ACCE [3]

Barrera [57]

“Lima [11] e Figueiredo [19]
dpecora [27]

®Neves et al. [26]

fSouza [23]

In Brazil, 98 million inhabitants within urban popu-
lations had access to sewage networks in 2015. The vol-
ume of treated sewage increased from 3.764 billion m® in
2014 to 3.805 billion m* in 2015, corresponding to a 1.1%
increase. Average water consumption in Brazil is 154.0 L
per capita per day, a decrease of 4.9% when compared to
2014 [16]. However, Santos et al. [28, 33] stated that WWTP
potential could reach a Power of 19.69 MW for anaerobic
reactors, and 18.44 MW for activated sludge. These values
may increase in the future because this study considered
only existing WWTPs in Brazil. There were 897 WWTPs
with UASB reactors for treatment, and 241 WWTPs with
activated sludge treatment facilities in Brazil [34].

Law N°11,445/2007 [35] outlines the Brazilian national
guidelines for basic sanitation. In Article 2, Paragraph XV,
appropriate technologies are defined by considering user
payment capacity, and by adopting both gradual and pro-
gressive solutions. Similarly, the National Agency of Petro-
leum, Natural Gas and Biofuels (ANP) established the rules
for approving quality controls and specifying biomethane
in landfills and sewage treatment plants in Resolution ANP
N°685/2017 [36]. Article 5, Section IV, states that biometh-
ane producers must analyze the siloxane and halogen con-
tent using laboratory analysis, and that this should be done

monthly if the previous tests show levels between 0 and 75%
of the limit value.

This study seeks to propose an energy sufficient domestic
sewage treatment system (DSTS) in Brazil for improving
environmental sustainability, using laboratory analyses of
biogas production from activated sludge and sludge obtained
from anaerobic processes (Upflow Anaerobic Sludge Blan-
ket) at the Copasa and Fania® wastewater treatment plants
(WWTPs). Both plants are located in Itajuba, MG, Brazil.
This study can serve as a starting point for developing future
studies that also seek to use clean technologies to minimize
environmental impacts.

Materials and Methods
Definition of Case-Study Site

Itajuba is located in the southern region of the state of
Minas Gerais, Brazil. The study area is shown in Fig. 3,
with details as to the location of the Copasa and Fania®
plants. The city is located 856 m above sea level, has an
annual average temperature of 19.5 °C [38], and atmospheric
pressure of 0.89 atm. According to a statistical forecast from

@ Springer
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the Brazilian Institute of Geography and Statistics [17], the
city population was 97,000 inhabitants in 2017. The experi-
ments conducted in this study were performed between
August 15th 2016 and April 15th 2017 at the Solid Waste,
Hydrogeology and Water Quality Laboratory (LABRES, in
Portuguese). The Total Organic Carbon (TOC) analysis, was
developed at the Laboratory of Studies in Environmental
Quality Center (CEQUAM, in Portuguese). Both laborato-
ries are located at the Federal University of Itajuba (UNIFEI,
in Portuguese). The organic material and reductions in the
organic matter content were analyzed, characterized, and
quantified before and after anaerobic digestion.
Excess-sludge from the Fania® WWTP activated sludge
system was collected shortly after it was generated in the
secondary settler and disposed of in the drying bed. At the
Copasa WWTP, sludge was collected from an excess-sludge
outlet at the UASB before being placed in the drying bed. 50
L were collected from each sample, and these were stored in

50L polyethylene bags in a freezer at — 10 °C. The Sample
bags were cleaned before sampling.

The analysis was performed according to the Standard
Methods for Examining Water and Wastewater (APHA
[39]), based on Ribeiro et al. [29] and Felca et al. [4]:

e biochemical oxygen demand (BODs), method 5210 B
(incubator at 20°C for 5 days);

e chemical oxygen demand (COD), 5220 D method (closed
reflux digestion and spectrophotometric reading);

e temperature, method 2559 B (mercury thermometer);

e total solids (TS), method 2540 B (stove at 103—-105 °C);

o total fixed solids (TFS);

e total volatile solids (TSV), method 2540 E (muffle at 550
“O);

e pH, 4500-H+-B method (potentiometric);

e total nitrogen (TN), method 4500-Norg-C (Kjeldahl

method); and
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Fig.3 The study area and locations of the Copasa and Fania® plants. Source Author via Google Maps® [37]
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e total organic carbon (TOC), method 5310 B (high tem-
perature combustion).

Heavy metal analysis was conducted using Scanning
Electron Microscopy (SEM) equipment and scattered X-Ray
Energy Spectra Spectroscopy (EDS) microanalysis, at the
Structural Characterization Laboratory (LCE, in Portu-
guese), of the Federal University of Itajuba (UNIFEI).

Flowchart of Study

Figure 4 shows the methodology applied in this study.
Four anaerobic digesters were assembled for each type of
sample assessed. These were distributed in different experi-
mental units (EUs) based on the study of Ribeiro et al. [29].
Anaerobic sludge experimental units were called LUASB1
LUASB2 LUASB3 LUASB4 because sludge came from
an UASB WWTP. Aerobic sludge experimental units were
called LA1, LA2, LA3, and LA4 since sludge came from an
aerobic WWTP. The total volume of each mini-digester was
3.5 L with a useful substrate area of 2.63 L and an internal
gasometer to store 0.875 L of biogas. Each apparatus oper-
ates as a batch reactor. An inlet cap is used to add substrate,
and biodigesters were manually shaken to homogenize the
substrate and stimulate microbial activity between two and
three times a day. Figure 5 shows the dimensions of the

biodigester (or experimental unit, EU), the substrate, the
components, and the biogas generation.

Pressure and Volume Measurements

To calculate pressure and volume generated in the EU, a
“U” pressure gauge was used, and results were corrected to
standard temperature and pressure (STP) conditions. Digest-
ers with samples were placed in a tank with water heated
to 35°C using 75 W aquarium resistance and a thermostat
equation for the hydraulic retention time (HRT), for 25 days
for the AD. Table 3 shows STP and HRT equations used in
this study.

Composition of Biogas (Equipment of GEM 5000)

A GEM 5000® (Series Number 501944) Gas Extraction
Monitor®, produced by the LandTec® company was used to
analyze the biogas composition, providing percentage vol-
umes for methane (CH,) carbon dioxide (CO,), and oxygen
gas (O,), in parts per million (ppm) for carbon monoxide
(CO) and hydrogen sulfide (H,S). A gas outlet valve on the
biodigester was closed and coupled to a gasometer purge/
valve connected to the measuring analyzer port to take the
measurements.

—

ENERGY AND ECONOMIC EVALUATION OF BIOGAS
PRODUCTION GENERATED BY UASB AND ACTIVATED SLUDGE
IN THE MUNICIPALITY OF ITAJUBA, MINAS GERAIS, BRAZIL

o

<«— Methane Potential Assessment

Construction, operation and
[ monitoring of the experimental
unit (sludge biodigestion)

Laboratory tests, such as: physical-
chemical analysis of the sludge
> evaluated, before and after the e

biodigestion period (pH, BOD, COD, w

TS, FTS, SV, NT and TOC) =

Measure the values of pressure,
— volume, temperature and the
composition of the biogas generated

—> Analysis of laboratory results

>

Fig.4 Flow diagram of the methodology applied in the present study. Source Author

Economic Feasibility Analysis

Biogas production
potential

Electric power
generation
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of 75 W, with

thermostat (35 °C)

Fig. 5 a Dimensions of biodigester (EU), in cm. b EU with substrate,
and c the biodigester components

Available Biogas, Power, and Energy

It is possible to calculate the electrical energy that biogas
can generate from the thermal energy, according to Cher-
nicharo [41] and Lima and Passamani [11]. This can be veri-
fied in Table 4. According to CENBIO [21], Santos et al.
[42], Lora and Venturini [43] and Barros [25], a 35% average
engine efficiency value can be adopted (micro-turbine, gas

@ Springer

turbine, or internal combustion engine, ICE) because the
efficiencies are very similar one to another. Variation of the
biogas lower calorific values (LCV) is given as function of
methane concentration (CH,), according to Iannicelli ([44],
apud Avellar [45]). The LCV of biogas is estimated between
465.43 and 11661.02 kcal/m®. Methane (CH,) generated in
the anaerobic digestion is rapidly separated from the liquid
phase due to its low water solubility, leaving the reactor in
the gaseous phase. Carbon dioxide (CO,) is much more solu-
ble in water, leaving the reactor partly in a gaseous phase
and partly dissolved in the effluent [40]. According to Von
Sperling [46], carbon dioxide can never serve as an energy
source because its carbon is in the highest oxidation state
possible. On the other hand, methane is the most reduced
form of organic material, and there may be a subsequent
combustion process for energy use. Table 4 presents equa-
tions for the thermal and electrical energy calculations.

As mentioned above, anaerobic digestion biogas is basi-
cally composed of methane, carbon dioxide, and other gases
in smaller quantities. The LCV is calculated considering the
volumetric percentage of the product gas components and
the combustion enthalpy of these gases [47]. Since meth-
ane (CH,) is the energy constituent of biogas, the LCV of
biogas is directly proportional to the amount of CH, present
in this biogas [30, 48, 49]. Therefore, values for the LCFV
of biogas were obtained according to methane concentration
(percentage) from the laboratory experiments carried out in
this study (Eq. 23, [50]). Furthermore, engine operation was
set to 16 h/day with a 0.60 ICE capacity factor [50].

LCV = 8.530%cy, - (23)

Economic Feasibility

This study also evaluated the economic feasibility of produc-
ing electric energy by burning biogas derived from UASB
sludge processed in ADs. It is necessary to estimate popu-
lation projections in order to design UASB reactors and to
assess their energy potential. We verified from a per capita
sludge production index [30, 48] and from previously cal-
culated biogas estimations that 5 kW of minimum available
electrical power can be derived from biogas for use in ICEs
from a population of 970 thousand inhabitants.

UASB reactors were sized by considering maximum
wastewater discharge (Eq. 24) which, when multiplied by
the hydraulic decanting time in reactors, results in the total
reactor volume (Eq. 25). The area needed for the system can
be calculated in Eq. 26.

Qmax= (QPCkl kz)/IOOO (24)
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Table 3 Equations of STP and HRT. Source Laws of Boyle and Gay-Lussac as presented in UPME [40]

Equation

Parameters

Standard temperature and pressure (STP) conditions

% _ Pyasometer P riajubn)Vgasomerer Taoe ¢
corrected —
T veactory Prarm (14)

Hydraulic retention time (HRT)

TRH = —51.227 In(T) +206.72 (15)

TRH = hydraulic retention time (days); and T =

3. — i
Vcorrected = corrected volume (m’); T, o = biogas corrected tempera-

ture to 20 °C, equal to 293.15 (in Kelvin, K); P, or\; = biogas cor-
rected pressure to 1 atm, equal to 101.325; (in Pa); Vy,eomeger = VOI-
ume of biogas in the gasometer, calculated from the displacement on
the gauge multiplied by the area (m®); Pyasometer + Priajubs = b10gas
pressure in the time of measurement (gasometer) added to pressure
of Itajubd (in Pa); and T,.,,,, = temperature of the biogas reactor

(resistance) to 35 °C, equal to 308.15 K

temperature [°C]

Table 4 Equations for thermal and electrical energy calculation

Equation Parameters

The volume of biogas (m*/day)®

DQO,
Qcs = 257 (16)

Qcy, = volumetric yield of methane (m*/day); DQOCH = Load of COD removed in the reactor and
converted into methane, in (ngQOCH day™!

K(t)= correction factor for the temperature of operation of the reactor, in (gDQO/L).

DQOcy, = Quyer-[(So = S) = (Yopy # S5)] DQOcy, = daily production of CH, (kgDQOcy day™); Q,

wer: average discharge tributary (m*/day);

17 S, = concentration of COD tributary (mg/L)
S = COD concentration of effluent (mg/L)

Y, = coefficient of solids production, in terms of COD <0.13

P = atmospheric pressure, equal to 1 atm
K = COD corresponding to 1 mol of CH,, equal to 64 g DQO/mol; R = universal constant of gases,

— pxK
K@= Rx(273.15+1) (18

kg CODsludge
CODappiled

equal to 0.08206 atm L/mol K; and
T = temperature of reactor operation, in °C

0, = Qeny Qpiogas = Volumetric discharge of biogas (m*/day); Qcp, = volumetric methane production (m*/day);
biogas ™ Con, 19) and C¢y, = concentration of methane in biogas (70-80%)
Available energy of biogas generated in the UASB reactor”
E; = Qpiggas * LCV pipgas (20) E, = thermal energy available in biogas (kcal/day); Qyjq,.s = volumetric discharge of biogas (m?/
day) and LCV,q.,, = lower calorific values of biogas (kcal/m®)
PEipeus = _Er“"18:6'12(0?”(%, 1) PEjioeqs = €lectrical power of biogas [kW]; 4.1848 = conversion factor of “kcal” to “kJ” (kJ/kcal);

1,00 efficiency of conversion technology (turbine, microturbine or ICE)

Neerador- €fficiency of the generator; and 86,400 = conversion factor from days to seconds (day/s)

E, = PEy, - T, - CF (22)

operation

T,

Ee = electric energy generated (kWh/year); PE,;,,,; = electrlcal power of biogas (kW);
=Time of engine operation [16 h (day 365)~']; and CF = capacity factor (%)

operatlon
4Chernicharo [41]
Lima and Passamani [11]
thalR = Qmax - HRT (25)
Vv

Ap=—

R= (26)
where Q,,,, is the maximum discharge of wastewater sludge

(m3/day); Q is the volume of sludge produced = 0.6 (L/hab
day) [48]; P is the population of the city, adopting 970 thou-
sand inhabitants; C is the Coefficient of population attended,
equal to 95%; k,, k, is the coefficients equal respectively

to 1.2 and 1.5 (according to the Brazilian Association of
Technical Standard—NBR 9649 [51]); V.. r 1S the total
volume of the reactors; HRT is the hydraulic retention time,
adopted as 8 h; and h is the height of the reactors calculated
by the product between the HRT and the maximum speed
in the reactor, 0.7 (m/h); and Ay, is the area of the reactors.
In the flowchart (Fig. 6) the steps taken in the generation
of electrical energy may be observed in a simplified form.
Biogas generation in the anaerobic digester must
be routed through a piping system to a gasometer. The
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gasometer accumulates and regulates the discharge of
biogas generated while avoiding losses. It was not an
exclusive hydrogen sulfide (H,S) removal system (desul-
phurizer) because this gas was not detected in the biogas
measurements. Sequentially, the biogas entered into the
compressor to ensure an adequate entry discharge in the
moto-generator system. The biogas flowed through the com-
pressor for economic calculations since generated energy is
small. Therefore, the maximum possible quantity of gas is
taken into the engine. We adopted an alternative gas gen-
erator for the internal combustion of biogas into electrical
energy because of the 5-200 kW microgeneration power
range [43]. These values matched the results obtained in
our study. Next, a technical-economic model was drawn up
using the equations in Table 5. Information on exchange
rates from The Brazilian Central Bank [52, 53] was used in
the calculations.

Economic viability calculations were performed for
anaerobic and aerobic sludge samples taken from the
UASB COPASA and Fania WWTPs, respectively., The
minimum number of people contributing to WWTPs was
calculated in the case of activated sludge systems (aerobic
sludge) and UASB (anaerobic sludge) to calculate the eco-
nomic viability of generating power from sludge biogas at
WWTPs. We also calculated the minimum tariff values for
the project to be viable. 2.0 L/inhab year was considered

—

Digester UASB

Gasometer

for dense mixed aerobic sludge, and 0.50 L/inhab year
for UASB discarded mixed anaerobic sludge, as recom-
mended by Cassini [54].

Results and Discussion
Sludge Characterization

The results of physicochemical analysis of the affluence
and effluence of AD experiment 1 (E1) and experiment 2
(E2) are presented in Tables 6 and 7, respectively. Also, the
reduction of the organic load after HRT of AD are shown
in both tables.

Measured values of the hydrogenionic potential (pH) in
the substrate before and after the anaerobic digestion for
El and E2 were in the range of 6.75 to 7.5. According to
the study of Chernicharo [41], a pH range between 6.0
and 8.0 is favorable for the growth of methane-producing
microorganisms.

In E1, the value of substrate effluence TOC before AD
was 40.49 mg/L, and the carbon/nitrogen ratio (C/N) was
2.13. These values are acceptable compared to an ideal range
of C:N 20-30 [25]. But, TOC analysis of E1 (effluence), and
E2 (affluence and effluence) was not performed because the
CEQUAM Laboratory was not available during the testing

Compressor

-~

Electricity Generation

Generator Motor

Fig.6 Simplified schematic drawing of the generation of electric energy from biogas. Source Author
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Table 5 Equations of economic viability
Equation Parameters
Cost of investment

Ly = Z costofequipment Lioal initial = initial investment (USD);

ot Creator = Cost of anaerobic reactor (USD); C,;, = Cost of collection piping or
I votal = CRMC or Cpip + Cbiagas + Ccom7 + CTeC pipeline for the biogas transport (USD); CbiogaS = Cost of gasometer (USD);
Ceomp = Cost of compressor (USD); and CTec = Cost of energy conversion com-

27
Cost of operation and maintenance (O&M), and labor

CO&M,labvr =5% * Linicia (28)

Annual revenue of energy generated
AR.Energy = Egen - T(29)

Net present value (NPV)
_ FC, FCG, , ., FC,
(1;/5))‘/ =FCy+ a1+ (142 (1+i)"

Internal rate of return (IRR)
— — “ [:CH
NPV =0=FCy+ El CiRRY (31

LCOE-levelized cost of electricity
Tio maw

LCOE = 2220
Iho i (32)

ponent, the moto-generator (USD).

Cosmtabor = Cost of O&M and labor (USD); 10% = adopted valor between 5 to
10%*; and Iy, = initial investment (USD).

AR Energy = annual revenues of energy generated (USD/year); and E,, = energy
generated by AD (kW/year);
T= energy sale tariff of the Energetic Company of Minas Gerais

(CEMIG), between 0.5 and 0.6 (USD/kWh).

NPV= net present value (USD);
FC, = 9-month cash flow year (USD); I = Interest Rate (years), as 0.08; and n =
useful life of the project (years).

FC,, = Cash Flow of the initial year (initial investment) (USD); FC, = cash flow
for the umpteenth year (USD); IRR = Internal Rate of Return (%); and n = use-
ful life of the project (years).

LCOE = Levelized Cost Of Electricity (USD/kWh); n = useful life of the project
(years); Cn = Cost for each year (USD); E,, = energy each year (kWh); and I =
Interest Rate (years), as 0.08.

2Source: Felca et al. [4], Bernal et al. [2], and Santos et al. [28]

Table 6 E1 parameters before

Parameters Experiment E1
and after the AD

Aerobic (LUASB) Anaerobic (LA)

Affluent  Effluent  Variation (%)  Affluent Effluent Variation (%)
pH 6.75 7.5 11 6.94 74 7
COD (mg/L) 624.67 35133 —-44 85.67 68.0 -21
BOD (mg/L) 316.24 51.16 -84 41.66 1726 -59
Total nitrogen (mg/L) 19.04 14.5 —24 6.72 8.4 25
Total solids (mg/L) 71800.0 18040.0 —-75 76460.0  4750.0 —94
Total fixed solids (mg/L)  38910.0 21900 —-94 26010.0 2110.0 -92
Volatile solids (mg/L) 32890.0 15850.0 —52 50450.0  2640.0 -95
TOC (mg/L) 4049 - - 79.23 - -
COD: BOD ratio 1.98 6.87 247 2.06 3.94 91
C:N ratio 213 - - 11.79 - -

period. Thus, the carbon/nitrogen ratio (C/N) could not be

measured due to the lack of substrate carbon content data.
TS concentrations for E1 and E2 effluence were smaller

than DA affluence because microorganisms degraded an

85% and 79%, since the fraction corresponds to the organic
part of solids present in the sample. In conclusion, the results
obtained from substrate, after AD, showed a significant reduc-
tion of BOD organic load (or organic pollution).

amount of organic matter in digestion. E1 resulted in a reduc-
tion of 52% and 95%, and in E2 resulted in a reduction of
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Pressure, Volume, and HRT

Anaerobic sludge samples (LUASB) were deposited in EU
LUASBI1, LUASB2, LUASB3, and LUASB4 for E1 and
E2. Activated sludge samples (LA) were placed in EU LA1,
LA2, LA3, and LA4. Equations for normal STP conditions
were applied for all EU results. The results of E1 and E2 are
shown in Tables 8 and 9, respectively.

The experimental unit LA2 in E1, containing an aerobic
sample had a greater hose displacement with higher vol-
umes (9.14 x 10~ m®) and pressure (Pa) 100138.75. This
result was expected after analyzing the obtained values
for VS, which were higher with respect to the anaerobic
samples. Data from experimental unit LUASB2 were not
considered since no pressure was detected and no displace-
ment was observed on the “U” manometer. This likely
occurred because of the air intake, possibly due to leak-
age, and as a consequence of lost biogas. It is possible to
verify higher efficiencies of biogas generation for aerobic

sludge. However, in the second experiment, the experimental
unit LUASB4 containing an anaerobic sample, had higher
volume (9.041 x 10~ m?) and pressure (Pa) 100760.36.
Although these values were only slightly smaller, they are
representative of an experiment conducted at a laboratory-
scale, with only 2.63 L of sludge. It is worth mentioning that
that difference would be considerably greater on a larger
scale.

The hydraulic retention time was obtained using 75 W
aquarium resistance, and applying Eq. 2. Twenty-five (25)
days were considered for both experiments, since the temper-
ature used in both experiments was 35 °C. It is also impor-
tant to remember that the HRT value must be greater in
places with lower average annual temperatures, because the
time is inversely proportional to the temperature. According
to Jorddo and Pessoa [55], any deviation of temperature or
digestion may result in unsatisfactory performance.

Table 7 E2 parameters before

Parameters Experiment E2
and after the AD
Aerobic (LUASB) Anaerobic (LA)
Affluent  Effluent  Variation (%) Affluent Effluent Variation (%)
pH 7.42 735 -1 6.80 7.12 5
COD (mg/L) 679.67 40733  —40 198.00  48.00 -73
BOD (mg/L) 162.00 15669 -3 24.61 20.02 - 19
Total nitrogen (mg/L) 47.60 10.80 -77 21.00 5.60 127.71
Total solids (mg/L) 150100 13400  —90.76 241700 59100 —73
Total fixed solids (mg/L) ~ 7550.0  380.0 -95 6600.0 27900  —58
Volatile solids (mg/L) 7460.0 11000 -85 175700 36100 —79
TOC (mg/L) - - - - - -
COD: BOD ratio 6.87 2.60 - 62 3.94 2.40 -39
C:N ratio - - - - - -
Zigfjrifn e essure, | EY Vsometer M) Pragun + Possometer P Tagee O Toror CK) Pyaryg (PR Vegrreeeq (M)
and volume at STP conditions LUASBI 9.135x 10™*  100141.99 293.15 308.15 101325 8.59 x 10~
LUASB2 ND ND ND ND ND ND
LAl 9.132x 10™*  99838.85 293.15 308.15 101325 8.56 x 107*
LA2 9.143x 10™*  100138.75 293.15 308.15 101325 8.60 x 107*
ND not detected
Z:E:eeri?n el?]f:soufltsofi?;n}i% pressure EU Vigasometer (m’) Piigjubs + Prasometer P2)  Tagoe OK) - Tregetor °K) - Py arm (P2) - Vegrrectea (m?)
at STP conditions LUASB3 8.964 x 107*  101152.41 293.15 308.15 101325 8.51x 107*
LUASB4 9.041 x 10™*  100760.36 293.15 308.15 101325 8.55x 107*
LA3 8.950 x 107*  101152.41 293.15 308.15 101325 8.50 x 107*
LA4 8.960 X 10 100087.42 293.15 308.15 101325 842 % 107*
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Composition of Biogas

In El1, 12 readings (06 measurements for each type of sam-
ple) were taken, and in E2, 20 readings (10 measurements
for each type of sample) were taken. These are presented in
Table 10. A continuous analyzer was used in E1 for reading
both substrates. All other measurements were taken using a
GEM® 5000. CH,, CO,, O,, ppm of CO, and H,S, percent-
ages were measured using a GEM 5000, in addition to pres-
sure inside the gasometer and barometric pressure.

The most significant quantities of methane according to
concentration (CH,) in E1 and E2 for UASB and in activated
sludge were 24.1% (in 8.59 x 107 m?, Table 8), 27.6% (in
8.56 x 10~ m?, Table 8), 75.0% (in 8.59 x 10~ m?, Table 9),
and 41.9% (in 8.56 x 10~% m?, Table 9), respectively. Carbon

dioxide (CO,) values were in the range of 0.2-38.6%, result-
ing in a 19.4% average CO, value for total biogas generated
(in 8.75 X 107% m3). In general, these results, are outside the
scope established by Resolution N°685/2017 from the National
Petroleum Agency [36], which sets maximum concentration
specifications for biomethane at 10 mg/m® H,S (maximum);
3% CO, (maximum), 0.8% O, (maximum); 90% CH, (mini-
mum); and 10% N, + O, + CO, (maximum).

Figure 7 shows the biogas volume generated under STP
conditions evaluated in test treatments with all L biogas val-
ues in concentrations of methane (CH,). Activated sludge
in E1 had the highest volume of biogas, but a low meth-
ane (CH,) concentration (27.6%) or 8.56 X 107% m? in this
study., UASB sludge samples in E2 showed high concentra-
tions (75.0%) of methane (CH,) or 8.59 x 107% m3.

Table 10 E1 and E2 results

Sludge Date Reading CH, (%) CO, (%) 0O,(%) CO (ppm) H2S (ppm) BAL (%)
from the measurements of
biogas generated by EU UASBE1 25/11/2016 LUASB1 24.1 - 1154 0.4 - -

25/11/2016 LUASB2 23.3 - 10.2 0.3 - -
01/26/2017 LUASB1 6.7 11.5 0.3 - 55 81.5
01/26/2017 LUASB2 04 8.7 0.3 - 37 90.5
20/03/2017 LUASB1 3.5 10.3 0.5 - - 85.7
20/03/2017 LUASB2 - 8.4 0.4 - - 91.2

LA E1 25/11/2016 LAl 1.8 - 4.23 13.82 - -
25/11/2016 LA2 1.5 - 3.82 12.5 - -
01/26/2017 LA1 27.6 15.3 0.3 1515 300 56.8
01/26/2017 LA2 0.2 7.1 12.7 - 71 80
20/03/2017 LAl 13 14.9 0.3 3 - 71.8
20/03/2017 LA2 - 1.8 19.5 - - 78.7

UASB E2 06/04/2017 LUASB3 20.1 38.6 0.6 16 3192 40.7
06/04/2017 LUASB4 9.7 31.2 0.5 79 2850 58.5
20/04/2017 LUASB3 75 27.3 0.4 17 1275 0.9
20/04/2017 LUASB4 59.1 25.5 0.4 20 1231 15
18/05/2017 LUASB3 69.6 18.3 4.9 3 375 7.2
18/05/2017 LUASB4 34.7 16.7 33 8 357 453
14/06/2017 LUASB3 48.7 17.6 3.6 0 30 30.1
14/06/2017 LUASB4 25.2 15.1 3.6 2 250 56.1
04/07/2017 LUASB3 46.6 17.5 5 0 320 30.8
04/07/2017 LUASB4 16 15 10.9 0 258 58.1

LA E2 06/04/2017 LA3 - - - - - -
06/04/2017 LA4 - - - - - -
20/04/2017 LA3 0.3 2.3 16 25 32 81.4
20/04/2017 LA4 0.5 0.2 19.4 38 18 79.9
18/05/2017 LA3 2.6 8.5 4.6 7 15 84.3
18/05/2017 LA4 13.9 11.9 4.3 7 13 69.9
14/06/2017 LA3 0 10.8 6.8 1 2 82.4
14/06/2017 LA4 31.4 14.7 7.4 2 0 46.5
04/07/2017 LA3 0 104 6.5 3 1 80.2
04/07/2017 LA4 41.9 15.6 104 5 20 32.1

Values in bold were utilized for furthers calculations in this paper because they were the bigger %CH4 for
each sludge (UASB E1, LA E1, UASB E2, LA E2)
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Available Biogas, Power, and Energy Calculation
Laboratory Scale

After performing laboratory tests on the volume of gas gen-
erated at STP conditions, we measured biogas and electricity
generation from the substrate (2.63 L of sludge). Tables 11
and 12 presented volume of biogas generated per day; vol-
ume (L) of methane generated per each liter of substrate
(sludge) used, and volume of methane (in m?) per volume
of substrate (in m?). This table also shows the methane
yield (Nm*CH,) under other important parameters (kg of
substrate, COD, BOD, TS, and VS). Sludge density was
1030 kg/m? [56]. All values were used to perform WWTP

scale projections (COPASA and Fania® WWTPs) and to
carry out economic feasibility studies.

Calculations were based on results of physicochemical
parameters (variations) performed in both experiments. It
was observed that E2 had the best results for both samples.
The relationship of methane yield (Nm>CH,) with mass
(in kg COD and kg BOD) was high in E1 activated sludge
samples because it had small reductions in COD and BOD
parameters, e.g., 21% and 59%, respectively. The relation-
ship between methane production (NmSCH4) and mass (in
kg BOD) was also high in E2 for both samples (LUASB and
LA), since the decrease in this parameter was negligible,
e.g., 3% and 19%, respectively. UASB sludge samples had
a methane yield of 0.0046 Nm>*CH,/kgSV (4.6 Nm*CH,/

Fig.7 Volume of biogas gener- — 0.862 80%
ated versus concentration of g
methane = 0.860 70%
b (@)
g 0.858 60% T
=) 0
= 0.856
S 50% 3
T 0854 i
£ 40% =
s 0.852 2
9 o
§ 0.850 30% 2
o 0848 20% &
8 ;
-§ 0.846 10%
o
@ 0844 LUASB _E LUASB_E 0%
= LA_E1 = LA_E2
1 2
Biogas Volume (Liters)  0.8589 0.8596 0.8553 0.8499
——CH4 Concentration (%) 24.1% 27.6% 75.0% 41.9%
Treatments
Table 11 Volume of methane generated at E1
Sample Pilot Scale Nm? CH, per kg of substrate, COD, BOD, TS, and SV
Qbiogas (L/day) LCH,/LI M3CH,/m? Nm’CH/kg  Nm’CHykg Nm’CHy/kg  Nm’CHy/kg  NmPCHykg VS
sludge sludge substrate COD BOD TS
LUASB 8359x107!  7.87x1072 7.87 x 107 7.72 %107 2.88 x 107! 2.97 x 107! 146 x 1073 4.62x 1073
LA 8.60x 107" 8.92x107? 8.92 x 107 8.75x 107 50.5 x 10~ 36.6 x 107! 1.24 %1073 1.87x 1073
Table 12 Volume of methane generated at E2
Sample Pilot Scale Nm? CH, per kg of substrate, COD, BOD, TS and SV
Qbiogas (L/day) LCH,/LI M3CH,/m’ Nm’CH/kg  Nm®CHykg Nm’CH/kg  Nm’CHykg  Nm’CH,/kg VS
sludge sludge substrate COD BOD TS
LUASB 855x 107" 244 x 107! 244 x 1074 237 x 1074 8.96 x 107! 4.59 x 10! 1.78x 1072 3.84x 1072
LA 8.50 x 107! 1.35x 107! 1.35x 107* 131 x 107* 9.03 x 107! 2.95 x 10! 7.42 %1073 9.70 x 1073

@ Springer



Waste and Biomass Valorization (2021) 12:947-969

%61

tVS) with 32.89% of SV In El, and activated sludge sam-
ples had yields of 0.0019 Nm*>CH,/kgSV (1.9 Nm*CH,/tVS)
with 50.45% of VS. In E2, UASB sludge samples had a high
methane yield of 0.0384 Nm>CH,/kgVS (38.4 Nm>CH,/tVS)
because they had little reduction in VS (with 7.46% of VS).
With respect to the activated sludge samples in E2, this value
was 0.0097 Nm*CH,/kgVS (9.7 Nm*CH,/tVS), with 17.57%
of VS (Figs. 7, 8).

Energy Potential of Biogas Production at the Copasa
and Fania® WWTPs

Theoretical methane production calculations per gram or
kilogram of COD were based on the Chernicharo [41] meth-
odology, also presented by Lima and Passamani [11]. The
following values were obtained using information provided
from WWTPs and data obtained from a physical-chemical
analysis of COD affluent and the effluent in this study, and by
considering the regional weather conditions at Itajuba, MG:

e UASB Sludge in E1 and E2:

In E1, the COD affluent (mg/L) was equal to
624.67 mg/L = 0.62467 kg/m>; COD effluence (mg/L) =
351.33 mg/L = 0.35133 kg/m?; and E2 a COD affluence
(mg/L) = 679.67 mg/L equal to 0.67967 kg/m?>; COD efflu-
ence (mg/L) = 407.33 mg/L = 0.40733 kg/m>. According

to Tchobanoglous et al. [48], the volume of sludge produced
by a treatment system using UASB reactors (treatment sys-
tem at the COPASA WWTP) is 0.4 L/hab day. This treat-
ment corresponds to 80% of a population, or 97,000 inhab-
itants, resulting in an average discharge of sewage sludge
of 31.04 m>/day, generating biogas with methane concen-
trations from 24.1% in 8.59 x 10~ m? (E1) to 75.0% in
8.59 x 107 m? (E2) of 0.000879 m>.

e Activated sludge in E1 and E2:

In E1, the COD tributary affluence (mg/L) was equal
to 85.67 mg/L = 0.08567 kg/m>, COD effluence (mg/L)
= 68.0 mg/L = 0.068 kg/m?, and E2 had a COD affluence
(mg/L) = 198.0 mg/L = 0.198 kg/m3, COD effluence (mg/L)
= 48 mg/L = 0.048 kg/m>. According to Tchobanoglous
et al. [30, 48], sludge volumes produced by conventional
activated sludge with extended aeration (the treatments sys-
tem at Fania) is 5.05 L/hab day. Fania has 250 employees,
and an average sewage sludge discharge of 1.26 m?/day,
generating biogas with a methane concentration of 27.6% in
8.56 x 107 m? (E1) and 41.9% in 8.56 x 10~ m? (E2).

Tables 13 and 14 present values obtained in E1 and E2,
respectively. The results are shown according to the method-
ology proposed by Chernicharo [41]. Theoretical electrical
energy calculation tables are also given for treatment meth-
ods evaluated in this study.

Fig.8 Yield of methane in 0.045 60%
evaluated treatments S
2 0040
2 50%
< 0035
5
w0030 \ 40%
2 0025 *
0 30% <
£ 0020 \
3
3
£ 0.015 20%
§ 0010 /
g § 10%
0.005 N
0.000 EREN \ 0%
LUASB_E1 LUASB_E2 LA_E1 LA_E2
Nm3 CH4/kg SV 0.0046 0.0019 0.0384 0.0097
—& % volatile solids 32.89% 50.45% 7.46% 17.57%
Treatments
Table 13 Electrical energy (kWh/year) generated at E1
Sample  K(1) (€DQO/L)  CODgy, (kg CODgyy,day™") Qcu, (MY/day)  Qpiogys (m*/day)  Et (keal/day)  PByiqp (kW) Ee (kWhiyear)
LUASB 243 5.96 2.46 10.25 4769.27 0.07 246.42
LA 2.43 0.0091 0.0037 0.01 5.74 0.0001 0.2963
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Table 14 Electrical energy (kWh/year) generated at E2

Sample K(® CODCH4 (kg CODCI_I4 day_I ) QCH4 (rn3day_I ) Qbiogas (m3/day) Et (kcal/day)  PEy;,.,, (kW) Ee (kWh/year)
(gDQO/L)

LUASB 243 5.71 2.35 3.14 19,633.87 0.29 1014.46

LA 243 0.16 0.1 0.15 360.34 0.005 18.618

UASB sludge treatment samples showed better results in
both experiments because the average sewage sludge dis-
charge at Copasa is higher than Fania®. In E2 LUASB sam-
ples showed a considerable amount of electrical energy gen-
erated (1014.46 kWh/year), equivalent to 1.014 MWh/year.
This could be generated by Copasa. Despite having high
amounts of biogas in E1, LUASB samples generated lower
amounts of electricity due to a low methane concentration
(24.1% CH,). Greater biogas discharge is needed for higher
energy generation given the low percentage of methane. In
E2, the opposite happened for the LUASB samples, which
had larger percentages of methane (75% CH,). This is shown
in Table 11. In both activated sludge experiments electrical
energy production was low at Fania® because average sew-
age sludge discharge is lower than at Copasa.

Economic Feasibility
Activated Sludge (LA) Economic Feasibility

Fania® generates small amounts of biogas. It cannot reach
the minimum engine power (5 kW) requirements. Therefore,
economic feasibility analysis was conducted for a compari-
son between biogas and Liquefied Petroleum Gas (LPG)
with a 0.05 m® LPG total volume. According to Barrera [57]
and Pecora [27], 1 m® of biogas has an energy value equiva-
lent of 0.45 m® of LPG. Fania® can generate 0.15 m? of
biogas per day, the equivalent of 4.5 m*/month. Using data
from the aforementioned authors, the quantity of the biogas
generated monthly at Fania® is equal to 2.025 m? of LPG
or 43 standard residential canisters. The price of a standard
residential LPG canister in Brazil is 50.00 USD according
to the Liquigas® Distributor. [31]. This would translate to a
monthly savings of USD 2162.43 for Fania®.

UASB Sludge (LUASB) Economic Viability
The economic feasibility of using AD for producing biogas

to generate electricity from UASB biodigesters was also
evaluated in this study.

Table 15 Electrical power for a 5 kW motor

Production of Biogas and Energy Calculations The dis-
charge of biogas and energy were calculated for a popula-
tion of 970 thousand inhabitants, and 95% of the population
had access to these treatment facilities. According to Lora
and Venturini [43] 5 kW is the minimum power supply for
engines. Table 15 shows the results of the electrical energy
generated for this estimated population.

Electric power generated from biogas is equal to 5.39 kW
for the proposed model when applying the Equations in
Table 4. This is equivalent to 18870.84 kWh/ano (18.87
MWh/ano) of electric power. UASB reactors, compres-
sors, gasometers, engines, and generators, along with their
respective investment costs, e.g. piping, and O&M were all
considered in the analysis. Distributed microgeneration was
the system analyzed. This distribution system is outlined by
the Brazilian National Electric Agency (ANEEL) in Norma-
tive Resolution n°® 482/2012 [58] revised by Resolution n°
687/2015 [59]. Power installations with more than 75 kW
and less than or equal to 5 MW are considered mico distri-
bution units.

ANEEL [60] adopted rules to regulate Law n°.
12,111/2009 [61] and Decree no. 7246/10 [62] with respect
to the costs of electrical energy produced in isolated sys-
tems (IS), and established procedures for calculating fuel
consumption. According to these new resolutions, refunds
for total expenses will be calculated by selling the energy
produced in the IS. These costs include fuel, the power
generation cost itself, and charges and taxes not taken by
distributors. Before the changes only the cost of fuel was
calculated for reimbursement.

All generated energy to be used in the WWTP processes
was considered in this study. In so doing, we were able to
avoid the fees and tariff costs from CEMIG [63] (a local
electricity distributor).

Sizing the UASB Reactor Table 16 shows the results of siz-
ing the UASB reactors for AD sewage sludge digesters in
order to calculate the energy balance and economic viability.

Sample

K(t) (zCOD/L) DQOy;, (kg CODy, day™") QCH4<m3 dayfl) Qbiogas (m’/day)  Et (kcal/day) PE; 05 (kW)  E, (kWh/year)

LUASB 243 106.23 43.81

58.41 365,226.22 5.39 18,870.84

@ Springer



Waste and Biomass Valorization (2021) 12:947-969

963

Mass and Energy Balances The main modeling results are
shown in Fig. 9. Figure 10 shows the mass and energy bal-
ance, the conversion of (UASB) sludge organic matter into
biogas and, subsequently, into electricity using a Sankey
diagram.

Mass balance resulted in an average daily UASB sewage
sludge discharge of 552.90 m?/day with a digested sludge
discharge of 82.935 m?® per batch. This is equivalent to 15%
of the initial discharge for processed sludge, which is 95% of
the sewage collected from homes in Itajuba. Sewage sludge

Table 16 Results obtained from UASB reactor dimensioning

Parameter Value

663.48 (m*/day)
184.3 (500 m?)

Maximum flow of sewage sludge (Q,,,,)

The total volume of the reactors (V,)

The reactors height (H) 5.6 (m)

The reactor area (A) 89.23 m? (1000)

Dimension of each reactor 15X 15X 5.6 (mXm
X m)

Number of reactors (n) 1

MUNICIPALITY OF THE PROPOSED MODEL, BRAZIL
Estimated population of 970,000

:ORK
coRNET"
SHBHBHBSBS
\ \ y . SEWAUE

~N

Z o GASOMETER

at entry was 624.67 mgCOD/L and 316.24 mgBOD/L with
an output reduction of 44% and 84%, respectively. These val-
ues were suitable for medium-sized cities like those studied
in Tchobanoglous et al. [30], Von Sperling [46], and Jorddo
and Pessoa [55]. Biogas production using the Chernicharo
[41] model resulted in a biogas discharge of 58.41 Nm*/day,
and 43.81 Nm?/day of methane with a concentration of 75%
CH. Electrical power that could be produced in MTG would
be 5.39 kW, generating 77.55 kWh/day, the equivalent of
28.31 MWh/year.

Investment Costs of the Main Equipment in the Biogas
Line Table 17 shows the acquisition costs of the equipment
proposed in the biogas line for a population of 970 thousand
inhabitants with a sewage sludge discharge of 552.9 m’.
Cost data was obtained from CETESB [64], and equipment
costs (USD/kW) were achieved from calculating installed
power.

Table 18 shows the results of the initial investment, the
O&M and labor costs, in addition to the technical and eco-
nomic aspects for the population considered in this study.

~wAGE
aRY SEV as

5 S:‘\l"'l

Motor-Internal Combustion
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. BIOGAS
[}
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Power input
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SLUDGE SLUDGE
DRYING ROOT DIGESTED
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: 1 Reactor UASB
1 V= 1843 m’
! Height of the reactors = 5.6m
: Area of the reactors = 89,23m2
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N
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Fig.9 Representation of direct and indirect results achieved in modeling
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Power = 5,39 kiV
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cob
Organic Pollution

(316,24 mgLY)
(624,67 mgL)

SLUDGE UASB
552,90 m3.day?
(100% Qin)

coD BOD Digested sludge
Reduction 44% Reduction 84% Secondary
(351,33 mgl?) (51,16 mgL1) {15% Qin)

87% Efficiency
77,55 kWh.day!
(28.31 MWh.year-!)

Fig. 10 Sankey diagram with the main parts of the energy transformation process

Tab!e 17 Cost of main . Equipment Unity Cost correct (2017)‘1l Estimated value of
equipment for a biogas line (USD) installation (USD)
UASB reactor (184.3 m%) 1/m? 214.495% 39531.541
Pipeline of transport/pickup tube 1/m 151.019° 75509.571
stainless steel (500 m)
Gasometer (10.1 m?) 1/m3 54.368° 551.102
Compressor (8 h) 1/m’h 302.042° 2416.332
Motor-generator (Otto Cycle, 35%  1/kWi,quaited 604.084°¢ 3020.416

electrical efficiency, to 5 kW)

A3SANEPAR
"CETESB [64]

“Garcilasso and Vescovo [65]
d

Table 18 Results of calculations of project investments

Parameters Value Unity
Initial investment (initial), I, 121028.96 uSDh
Cost of operation, maintenance (O&M) 12102.90 USD

and labor (labor)
Total 133131.86 USD
Interest rate (i) 8% Years
Tariff sales rate of Cemig (Tcgvig) 0.156 USD/kWh

Table 19 shows the results of the cash flow of the project
considered in this study.

Figure 11 shows the results of the cash flow of the project
considered in this study.

Table 20 shows results of NPV, LCOE, and IRR.

A 15-year scenario for a minimum commercial power
motor-generator group (5 kW) resulted in a cash flow pre-
sented in Table 20 and Fig. 10. The net cash flow results in
a—?226,255.28 USD NPV, a 1.40 USD/kWh LCOE, and an

@ Springer

corrected value for jan/2018 based on the citizen calculator of the Brazilian Central Bank [52]

unfeasible IRR. This was because the interest rate (i) for the
NPV was greater than zero. There is no Minimum Accept-
able Rate of Return (MARR) because the venture is not
attractive at any interest rate. An investor would find any
action impractical with a tariff rate at 0.156 USD/kWh, and
an interest rate at 8%. Unit operation replacement would be
needed in the 8th year. This cost was considered in the cash
flow of Fig. 10 only to conclude that this project, accord-
ing to the proposed conditions and model, is economically
unfeasible due to the negative NPV result.

Economic Viability of Thermal Power Plant from Biogas
Derived from WWTP Sludge The minimum number of peo-
ple contributing to a WWTP was calculated. This made it
possible to study the economic viability of the thermal power
plant using biogas derived from WWTP sludge (Fig. 12).
Results as to the LCOE, e.g. the minimum tariff values for
making the activated sludge system (aerobic sludge) and
UASB (anaerobic sludge) systems economically viable, are
presented in Fig. 13.
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Table 193 Cash Flow for Time (years) Cash flow (USD) Cn = Cost each year E_ = energy each year Revenue
552.9.rn of sewage sludge, (USD) (KWh) (USD/year)
submitted to the AD
0 —121028.96 121028.96 0 2937.41
1 —12102.90 11206.39 17473.00 2937.41
2 —12102.90 10376.28 16178.71 2937.41
3 —12102.90 9607.67 14980.28 2937.41
4 —12102.90 8895.99 13870.63 2937.41
5 —12102.90 8237.03 12843.18 2937.41
6 —12102.90 7626.88 11891.83 2937.41
7 —12102.90 7061.92 11010.95 2937.41
8 —15123.31 8170.65 10195.33 2937.41
9 —12102.90 6054.46 9440.12 2937.41
10 —12102.90 5605.98 8740.85 2937.41
11 —12102.90 5190.72 8093.38 2937.41
12 —12102.90 4806.23 7493.87 2937.41
13 —12102.90 4450.21 6938.77 2937.41
14 —12102.90 4120.56 6424.79 2937.41
15 —12102.90 3815.34 5948.88 2937.41
Fig. 11 Cash Flow for 552.9 m? 50000
of sewage sludge, submitted to
the AD 0 - i i
B0 dddygdddddld
-50000 -
-100000 +:
2 -150000 -
2 8
3 -200000
= %
< 5
® -250000 §
-300000
350000
-400000
-450000

Table 20 Results of the NPV and IRR, LCOE

Parameters Value Unity

Net present value (NPV) — 22625528 USD
Levelized cost of electricity (LCOE) 1.40 (USD/kWh)
Internal rate of return (IRR) Unviable (%)

Time (years)

HTime (years) ElCash flow (USD)

According to Fig. 12, NPV values are null, and then
begin to go positive with 4,992,559 inhabitants (Power
equal to 75.143 kW) and 1,248,109 inhabitants (P equal to
75.141 kW) respectively, for thermoelectric projects using

@ Springer
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Fig. 12 Minimum population $100,000
contributing to WWTPs that
made possible the economic
viability of the thermal power $50,000
plant from biogas from WWTP
sludge
$'
0
& $-50,000
[%)
=
>
o
Z $-100,000
$-150,000
$-200,000
$-250,000
Fig. 13 LCOE to be practiced to 4.00
make the venture economically
viable of the thermal power
plant from biogas from WWTP
sludge 3.00
T
S
&
*
té 2.00
w
@]
S
1.00
0.00
0 1000000

m Power of biogas from aerobic sludge

* Aerobic sludge

biogas sludge from UASB sludge, and activated sludge sys-
tems. Figure 13 shows that the LCOE values are very large
for both the UASB sludge and activated sludge projects.
UASB sludge biogas values start at 2.82 US$/kWh and go
t0 0.1271 US$/kWh for 4,796,250 inhabitants. By contrast,
these values start at 0.76 US$/kWh and go to 0.1271 US$/
kWh with 1,198,900 inhabitants for biogas from activated
sludge systems.
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Conclusions

Physicochemical parameters in this study were within the
permissible range mentioned in literature, and fit within
current Brazilian legislation. They also showed significant
reductions of pollution after the anaerobic process. For
instance, the carbon/nitrogen ratio (C/N) was 2.13, and
was acceptable when compared to the ideal range. Never-
theless, in both experiments E1 and E2, TS effluent con-
centrations were smaller than the affluence. This occurred
because microorganisms degraded a considerable amount
of the organic matter in the digester. There was a significant
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reduction of the organic load in the substrate (or organic
pollution) after AD treatment for BOD. Of the 32 biogas
measurements taken in this study, the highest concentra-
tion of methane (CH,) was in the UASB sludge samples
(75% CH, in 8.59 X 10~ m?), and minimum and maximum
values of carbon dioxide (CO,) were 0.2% in 8.56 x 107%
m? and 38.6% in 8.59 x 107" m?, respectively. Similar
results for the methane yield compared to those in litera-
ture were obtained in Experiment 1 (E1), where the UASB
sludge yield sample resulted in 0.0046 Nm>CH,/kgVS (4.6
Nm3CH4/tVS) with 32.89% of VS, and was 0.0019 Nm3CH4/
kgVS (1.9 Nm? CH,/tVS) with 50.45% of VS for activated
sludge samples. UASB sludge samples had the best results.

E2 had a result of 1014.46 kWh/year for electrical energy
generated at the WWTP, an equivalent of 1.014 MWh/year
for Copasa. All the values were low in the activated sludge
treatments for both experiments because Fania® does not
generate much sewage sludge.

It should be noted that for both samples (UASB and
activated sludge), subsequent biogas electrical power (kW)
resulted in smaller values. This means that it is not viable
to generate electric energy at either WWTP studied. It is
worth noting that there would be methane emission reduc-
tions that could help mitigate GHGs responsible for global
warming. A project using a minimum motor-generator
(5 kW) at a population of 970 thousand inhabitants would
be economically unfeasible due to negative NPV and IRR
values. In the case where NPV values are null and then go
positive, electricity could be generated from sludge biogas
with 1,248,109 inhabitants (power equal to 75.141 kW) for
the activated sludge system. For biogas from UASB sludge,
the population would be 4,992,559 inhabitants (Power equal
to 75.143 kW). The power from UASB sludge DA should be
considered in addition to the power generated using biogas
from the sewage treatment process itself. The population
contributing to the use of biogas from UASB sludge would
be impractical for only one WWTP, due to the extension of
the sewage collection network itself.
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