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Abstract: This paper presents a case study conducted at a food supply centre in a shopping centre
in Sao Paulo city, Brazil. A waste digester was developed based on specifications provided by GE
for the generator, and the cost of electricity production from food waste generated in the region was
subsequently assessed. Results show that 1,368,750 m3 biogas was produced for the year, which
provided a reduction of 14% of electricity consumption and is equivalent to USD 854 thousand per
year. The amount of carbon credits is equivalent to 10,775 metric tons of CO, and 51,840 tons of
organic waste humus per year. The energy produced by biogas from food waste had a unit cost of
0.10 USD/kWh. At the end of the project, a profit of USD 3.087 million was achieved, which is
equivalent to an ROI of 433%. There is a reduction in energy costs by USD 854 thousand per year and
a payback of 1.01 years. These indicate that biogas production from food waste is economically viable.

Keywords: ecologic cost accounting; renewable energy; biogas; sustainable development; greenhouse
gas mitigation

1. Introduction

The significance of energy within society is indisputable, and its utilization facilitates
the production of goods and the delivery of services that sustain the prevailing quality of life
and foster technological advancement [1]. As environmental awareness has risen alongside
the increasing demand for energy, there has been a prioritization of developing novel
renewable sources for power generation [2]. The push for decarbonization in the global
electricity grid has elevated the importance of renewable energy sources in diminishing
reliance on fossil fuel-based generation [3]. The use of waste for cogeneration enhances
energy efficiency, promotes a circular economy, and reduces environmental footprint [4].

Organic waste as a resource for energy generation has been explored in the litera-
ture and has proven to be an environmentally friendly alternative. Pereira and Silva [5]
investigated the energetic valorisation of the biowaste fraction from municipal waste to
produce biogas from an anaerobic digestion process and electricity. The results indicated
a production of 272,221 m? of biogas for use as fuel in a cogeneration unit to transform
chemical energy into electrical and thermal energy. Furthermore, the self-consumption of
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the cogeneration unit is 25% of the total electricity produced and 29% of the total thermal
energy produced. Drofenik et al. [6] presented the conceptual design of a technological so-
lution for efficiently converting food waste into heat and power. The study found that more
than half of food waste originates from homes. A compact plant was devised to transform
this waste into biogas, combined with a combined heat and power (CHP) unit and heat
pump to double heat output. At micro-CHP capacity, 3330 households could contribute,
replacing 5% of natural gas for water heating, with a 7.2-year payback at 80 EUR/MWh.
Municipalities with over 40,000 residents see payback in under three years, with the heat
cost at approximately 25 EUR/MWh with subsidies. Sidek et al. [7] developed an integrated
anaerobic digestion model for biogas production from food waste, predicting the heat and
power produced.

Shimako et al. [8] conducted a study to evaluate the environmental impacts of various
energy production systems, encompassing both conventional and novel sources. Their
findings indicate that heat generated from biogas stands out as the sole product exhibiting
satisfactory environmental performance compared to conventional production methods.
These findings align with the research conducted by Tufvesson et al. [9], which demon-
strated that biogas derived from a range of sources, including cultivated crops, industrial
residues, and various types of waste, leads to a reduction in greenhouse gas emissions when
compared to fossil fuels. Moreover, Fusi et al. [10] conducted life cycle analyses, revealing
that electricity generated from biogas is environmentally superior to grid electricity in
seven out of eleven assessed impact categories.

While the current utilization of renewable energy remains limited, there exists a politi-
cal impetus to augment its utilization in forthcoming years through the advancement of so-
lar and wind energies, as well as the enhancement of electricity production from biogas, par-
ticularly notable in Germany and Italy [11]. Riva et al. [12] conducted a multiple case study
in Italy to assess the feasibility of utilizing various organic matrices—energy crops (EC),
manure, agro-industrial, and organic fractions of municipal solid waste (OFMSW)—for
biogas production. They scrutinized the costs associated with biogas production and the
energy output in each scenario, arriving at the following conclusions: (1) depending on the
source material for biogas production, expenses such as the maintenance of production fa-
cilities (in the case of OFMSW), depreciation costs of facilities (in the case of agro-industrial
residues), or supply costs (in the case of EC) could escalate the overall energy production
costs; (2) The breakeven point for electric energy tariffs, calculated across various scenarios,
ranged from 120 to 170 EUR per MWh.

Biogas production from solid waste is gaining traction in Europe [11]. It can be
derived from agricultural waste, including animal and human dung [13], microalgae [8],
or anaerobic waste from water treatment plants [14]. In the case of biogas production
from microalgae, Cardefia et al. [15] observed a significant increase in methane production
when ozone was applied to the microalgae culture, attributed to the detrimental effect
of O3 on algal cell wall structure and integrity, thereby enhancing CH, fermentation.
Additionally, Santos et al. [14] noted that cities with populations exceeding 300,000 could
potentially harness energy equivalent to nearly 0.25% of the residual fuels utilized for
energy generation within these urban areas.

Castrillon et al. [16] investigated biogas production from manure and determined that
a blend of manure and crude glycerin could yield a greater volume of gas compared to
the mixtures of manure with fruit and vegetable waste or pure manure. This blend was
further enriched through ultrasound application in a pre-treatment process to enhance
methane yields. Viewing manure as a resource rather than waste prompts the need for
more experimental data to offer precise recommendations regarding the suitability of horse
manure for anaerobic digestion [17]. However, not all researchers tout the benefits of
anaerobic processes for energy generation; Insam et al. [18] caution that the residues from
this process may have adverse climate effects, albeit inconclusive. Bougnom et al. [19]
highlight that these residues can exert a dual positive effect on selected soil chemical
parameters as well as total forage yield.
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Akbulut et al. [20] developed a family-sized anaerobic digestion biogas plant, which
proved both technically and economically viable. Investigating the anaerobic digestion
of dairy cow manure, sheep dung, and energy maize using a 15 m> anaerobic digester
installed on a farm, they demonstrated a lower payback time of 4.0 years, with the potential
for further reduction with higher biogas volumes. This strategy reduces electricity costs on
rural properties and enhances cattle-raising competitiveness while concurrently mitigating
pollution and decreasing natural resource utilization [21,22].

Jonge et al. [23] assert that anaerobic digestion of food waste is an increasingly
favoured technology within waste management and energy recovery. With food waste
constituting the organic fraction of municipal solid waste (OFMSW)), its biodegradable na-
ture and high nitrogen content render it suitable for anaerobic digestion to produce energy
and stabilize the waste for subsequent use as fertilizer. Notably, the global production of
municipal solid waste, which reached 2.01 billion tons in 2016, with an organic fraction
ranging from 32 to 50%, is projected to escalate to 3.4 billion tons by 2050 [24].

Oliveira and Rosa [25] suggest that proper treatment of the 20 million tons of solid
waste generated in Brazilian cities could yield almost 50 TWh of electricity, akin to incinera-
tion. Barros et al. [26] indicate that in cities with populations exceeding 200,000, initiatives
utilizing landfill gas plants for energy generation become economically attractive. Minas
Gerais, one of Brazil’s leading dairy cow and cheese producers, has explored biogas produc-
tion through the anaerobic digestion of whey [27]. Nevertheless, such endeavours remain
limited in Brazil, primarily due to the absence of supportive public policies favouring
the development of gas-powered generators over conventional engine adaptations, which
yield low energy generation and render the process inefficient and unviable [28].

Therefore, waste-to-energy strategies have been explored for organic waste disposal, of-
fering partial substitution of fossil resources and mitigating environmental impact. Among
these strategies, anaerobic digestion stands out as an eco-friendly technology for converting
solid or liquid organic wastes into biogas, which can be converted into useful energy such
as electricity or heat [29]. Small-scale digesters deployed in rural households and farms
across various Asian, African, and Latin American countries have demonstrated several
environmental benefits, notably reducing air emissions from traditional fuel combustion for
cooking, such as liquefied petroleum gas and firewood, and diminishing synthetic fertilizer
usage [30-32].

A commercial generator tailored for biogas has facilitated the transformation of biolog-
ical waste into electrical energy. With their high specificity and efficiency in gas-to-energy
conversion, these generators hold promise for addressing energy shortages in Brazilian
rural regions, enhancing farm economic viability, and mitigating environmental impacts
from waste [33].

This paper presents a case study conducted in a food supply centre in Sao Paulo, where
the volume of waste generated is substantial and contributes significantly to environmental
damage, mainly through emissions from food waste. As advocated by some researchers,
an environmentally sound solution for this waste lies in biogas generation and subsequent
energy conversion. Thus, this study demonstrates the economic viability of electricity
generation from food waste employing a commercial biogas-adapted generator. The case
study was developed in one of the shopping centres of Latin America’s largest shopping
centre chain. These shopping malls generate a lot of organic food waste; thus, this study
served as a model for the network’s other shopping centres.

Energy from Biogas

The exploration of alternative energy sources dates back to at least the 1990s. However,
recent focus on this subject has intensified, notably due to the implementation of the
Kyoto Protocol [34,35]. The Kyoto Protocol introduced “Clean Development Mechanisms”
that obligate member nations to quantify and mitigate the emissions of greenhouse gases
contributing to global warming [36].
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Biogas, a naturally occurring gas derived from the anaerobic fermentation of organic
materials such as animal waste, crop residues, and various industrial and residential
wastes, has gained attention. Biogas typically consists of 27 to 45% carbon dioxide and 55
to 70% methane [37], although exact compositions vary depending on the specific waste
being decomposed. Table 1 presents examples of concentration ranges for different biogas
constituents [2,38].

Anaerobic digestion stands out as a prominent waste-to-energy technology, converting
biodegradable waste into energy-rich biogas. Recent investigations highlight the significant
potential of kitchen waste as a feedstock for energy production, with anaerobic digestion
emerging as a promising technique compared to alternatives such as incineration, pyrolysis,
gasification, landfilling, and composting [39].

The process of transforming waste into biogas through anaerobic digestion occurs
within an enclosed environment where bacteria convert organic matter into hydrocarbon
gas [40]. This environment, known as a digester, can be categorized into two main types:
batch and continuous systems.

Table 1. Values of greenhouse gas concentrations in the biogas.

Gas Symbol Biogas Concentration (%)
Methane CH, 50-80
Carbon dioxide CO, 20-40
Hydrogen H, 1.0-3.0
Nitrogen N, 0.5-3.0
Sulphide and others H,S, CO, NH; 1.0-5.0
Biogas energy conversion (kWh) 1.43

Source: Adapted from Chaves et al. [38] and Souza et al. [41].

The batch digester is a straightforward digester system with minimal operational
requirements. It consists of a fermentation chamber constructed of masonry and a portable
gas tank fabricated from sheet metal. To produce biogas, the chamber is filled with waste,
which undergoes fermentation for a period of fifteen to twenty days. Biogas production
continues for at least twenty days, after which the digester needs to be emptied and
cleaned [42].

The continuous digester operates uninterruptedly, with waste being introduced
through vessels or pumps at predetermined intervals to facilitate movement and pre-
vent blockage of the inlet hose. There are various models of continuous digesters, with the
“Indian” and “Chinese” types being the most commonly used [42]. This study adopted an
Indian continuous biodigester because the Chinese biodigester is recommended for smaller
volumes. The Indian digester model was originated in Mumbai, India, around 1900. Indian
digesters are characterized by a cylindrical fermentation chamber divided into two halves,
allowing waste to undergo two stages of fermentation. Additionally, these digesters feature
a worker responsible for operating a gas-meter bell, as well as access points for feeding and
waste removal [28].

Anaerobic fermentation is inherently intricate, involving the decomposition and trans-
formation of various organic substrates (e.g., carbohydrates, proteins, and lipids) found in
raw materials through diverse pathways and at different rates, yielding a broad spectrum
of intermediates and end products [43-45]. The digester can receive diverse organic wastes;
however, the biogas production yield varies depending on the materials utilized and other
factors, such as process temperature, moisture content, and aeration [2,46]. Biogas, besides
being a renewable energy source, is recognized as a potential economic asset, as it utilizes
agricultural waste from a region to produce energy. Moreover, the byproducts of biogas
fermentation can serve as valuable fertilizer [47]. Furthermore, biogas can be harnessed to
generate alternative forms of energy, thus, substituting conventional sources [2].

Economic development has spurred a significant demand for energy; however, the
depletion of natural resources has prompted society to explore alternative avenues for
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generating renewable energy. Renewable sources enhance energy efficiency and mitigate
environmental harm, exemplified by the production of biogas from organic waste. Recog-
nizing the imperative for renewable energy, General Electric (GE) has engineered a biogas-
adapted generator capable of converting waste into energy. This commercially available
biogas generator offers a cost-effective solution for sustainable energy production. Its effi-
cacy has been demonstrated across various countries, including India, Austria, and China.
Brazil, with its vast and varied climate, is a fitting candidate for showcasing the economic
feasibility of generating electricity from food waste using the aforementioned generator.

2. Methods
2.1. Plant Installation Design

This study falls within the realm of exploratory research, as defined by Sahu [43],
aimed at developing a deeper understanding of a specific issue. Employing a methodologi-
cal approach grounded in case study analysis allows for an in-depth examination of the
subject matter [48]. Source materials for this study were gathered from various scholarly
journals, brochures, and technical information accessible on websites.

The research was conducted in a shopping centre located in Sao Paulo, which is the
largest shopping mall in Brazil and Latin America and the third largest globally, with an
area of 423,000 m?, and owns the shopping centre chain in Brazil. The impetus for this
project stemmed from the necessity to address the substantial organic waste generated
daily, approximately 150 tons, from food spoilage at the Sao Paulo supply centre.

In addressing this issue, the project proposed the implementation of a continuous
Indian biodigester with a 4000 m? capacity for the digestion of food waste to subsequently
utilize the resultant biogas in a generator to sustain continuous energy production. A
commercial generator equipped with biogas, specifically the ]920 motor manufactured
by General Electric (New York, NY, USA), was selected for its capacity to achieve high
levels of electrical efficiency, capable of delivering up to 9.5 MW per unit [49]. The project’s
impact is 1% on the shopping centre area, which is considered minimal and within Brazilian
environmental standards.

The deployment of the commercial generator adapted for biogas (see Figure 1) has been
observed across numerous countries, totalling approximately 560 systems. Collectively,
these systems possess a power generation capacity of around 2.8 million megawatt-hours
of electricity per year, sufficient to meet the needs of 800,000 European households [49]. The
process of energy cogeneration with the commercial generator adapted for biogas involves
several sequential steps, as illustrated in Figure 2.

Generator

Electricity
4 ]

Shopping center restaurants

Food waste

Flow

Food

Mill

Biogas

Sale for
) -  —
Mixer/ ) agricultural
sterilization application

Bioreactor

Figure 1. Scheme of the biogas production process from food waste.
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Figure 2. Biogas cogeneration process. Source: General Electric [49].

Initially, organic waste undergoes collection and storage in the primary pit. Subse-
quently, these wastes undergo sterilization to inhibit the proliferation of harmful microor-
ganisms. The organic material undergoes fermentation within the digester, yielding biogas,
which is then stored in a gas meter to ensure a continuous gas supply to the commercial
biogas generator. Mechanical energy from the engine is harnessed to drive a generator,
facilitating electricity production [49].

The selection of the biodigester’s location is pivotal for the feasibility of the bioenergy
plant installation project. By considering the location, biomass transport costs can be
minimized while simultaneously addressing environmental concerns and complying with
legal requirements [50].

The food waste was derived from leftovers from the shopping centre’s in-house restau-
rants, which were crushed and mixed with inorganic nutrients and water. A proportion of
30% of total solids was used on a wet basis and 9% on a dry basis diluted in chlorinated
water. Inorganic nutrients were added at the concentrations of 1 g/L of NH4H;PO4 and
0.1 g/L of MgSOy, and the pH was corrected from 6.5 to 7.0 with Nap,COj3. All fermen-
tative musts were sterilized by heating at 60 °C for 15 min before being inserted into the
bioreactor [34]. Microorganisms selected from a sewage treatment plant were inserted into
the bioreactor and fermented anaerobically until the waste was completely degraded. Gas
emissions, temperature and pH were monitored to determine the optimal conditions for
biogas production. The solid and liquid residues after fermentation were sold as humus
for agricultural applications [29]. The biogas was stored and loaded to a power genera-
tor. Figure 2 shows a simplified scheme of biogas production in an anaerobic bioreactor
installed in a shopping centre.

2.2. Economic and Environmental Assessment

The economic evaluation of electricity generation through biogas was performed
by employing an adaptation of the approach outlined in the studies of Calza et al. [28],
Benvenga et al. [34], Jyothilakshmi and Praskash [51], Passarini et al. [52], and Souza
et al. [41]. This method encompasses factors such as capital investment, maintenance
expenses, and other pertinent variables. Activity-based costing (ABC costing method) was
the accounting method used in this work. The allocation of activity costs to products is
carried out using a specific apportionment criterion for each activity (cost drivers) [34,52].
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A structured procedure was used to assess the feasibility of investments based on the
cash flow (CF) method. That makes an accounting balance in each period of the project,
allowing the profits to be obtained by subtracting the costs and expenses of the revenues
associated with the products. The ABC strategies were used to develop the balance sheets,
considering that the prices of products were motivated by the costs associated with the
production and the profit desired by the company (Miranda et al., 2018; Silva Filho et al.,
2018) [53,54]. Computational techniques (Excel Solver for Windows) were used to simulate
the cash flow of the biogas production project for a period of 10 years. Then, all the
sensitivity analysis was carried out to determine the return on investment (ROI), net
present value (NPV), and payback. It was also used to determine the amount of carbon
credits [34,52].

The electricity cost derived from biogas is denoted as Ce [US$/kWh], as defined by
Equation (1):

(ACMG + OME) 1
EP (

ACMG is the annual cost of investment in the motor-generator and biodigester set
[USD/year]; OME is the operation and maintenance expenses per year [USD/year]; and
EP is the electricity production from the biogas plant [kWh/year].

Ce =

(ICMG x CRF + OME)

ACMG = 10

)

in which ICMG is the initial cost of the motor-generator plus biodigester set [USD] and the
investment time is ten years in Brazil (adopted by authors).
CREF is the capital recovery factor, which is obtained using Equation (3):

i(1+n)"

CRF = ———
(14n)"—1

)
In this case, i is the interest rate and # is the number of years needed to return the investment.
The investment was USD 7130 million, at a financial rate of 7.15% for ten years, acquired
from the National Economic Development Bank (BNDES).

OME is the operation and maintenance expenses during the year, calculated by Equation (4):

OME = ICMG x 4% (4)

The authors adopted 4%.
The variable EP in Equation (1) means the production of electricity by the biogas plant
and is calculated using Equation (5):

EP=PxT (5)

In this case, P is the rated plant power output [kW], and T is the operation time of the plant
[hours/year].
The payback can be calculated by Equation (6) as follows:

((ACMG + OME) x 10)
(EP X Pgnergy)

in which Peyergy is the sell price of produced energy = 0.2629 USD/kWh.

The calculation of byproduct saving considered the save from the sale of food waste
humus per year (SM), and the the save from the sale of carbon credits per year (CC), see
Equations (7) and (8), respectively:

Payback = (6)

SM = Food waste Weight x Sale Price (7)
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PGWE X Viethane X Density - 8)
1000
where PGWE is the warming potential of the greenhouse gas (unit less).

The conversion of the energy consumed (or surplus of energy) to carbon credits would
be performed using the Official Carbon Credits Calculator developed by the Brazilian GHG
Protocol certified by the LRQA Business Assurance [52].

The case study was conducted at a food supply centre in a shopping centre of Sao
Paulo city, boasting 423,000 square meters of constructed area and averaging 50 kWh/m?
in energy consumption, equivalent to 21.15 GWh per month. Food waste samples were
gathered from restaurants within the mall’s food courts. These samples were collected on
various dates, combined to preserve their proportions, and subsequently crushed using a
multiprocessor.

CC=

3. Results and Discussion

The temperatures during the biodigestion process were closely monitored and exhib-
ited variability, ranging from 18.5 °C to 26.8 °C, with an average of 21.4 °C. According to
Avaci et al. [55], methanogenic bacteria become active when the temperature inside the
biodigesters exceeds 10 °C. Optimal temperatures for accelerating anaerobic biodigestion
typically fall within the range of 35 °C to 40 °C.

Initially, from the first to the fifth day of the experiment, there was a thermal fluctuation
of 0.88 °C. Subsequently, between the 6th and 18th days, the fluctuation decreased to 0.73 °C.
In the final period, spanning from the 19th to the 22nd day, the thermal variation increased
to 3.37 °C. Notably, a temperature fluctuation of 3 °C is adequate for inducing mortality
in a significant portion of the digesting bacteria. Furthermore, if the daily temperature
fluctuation reaches 5 °C, it renders the biodigestion process unfeasible [56]. The temperature
within the biodigester and the daily thermal fluctuations are shown in Figure 3.

Thermal variation and
temperature of biodigesters

30.0 25

. 2.0
19
25.0 213
N /_// 15

20.0 L — T T——T 268 10
__—’_/

Q)

&)
Thermal Variation

Temperature(

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Days

= Average biodigestor temperatures Temperature variation

Figure 3. Internal temperature and thermal variation in biodigesters. Source: The author.

The mean temperature of the biodigesters was correlated with the average daily biogas
production across the assessed treatments. Experiments E1 and E2 yielded biogas. On
average, biogas production persisted for 13 days in E1, starting approximately 5 days after
the initiation of the experiment. In E2, the average duration of biogas production was
11 days, with production starting around 5 days after the experiment’s commencement.
Biogas production data in experiments E1 and E2 are shown in Figure 4.
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Figure 4. Biogas production and temperature in E1 and E2. Source: The author.

Gyalpo [57] was found in an experiment involving the anaerobic digestion of pig-
derived residual solid organic matter, where biogas production persisted for 68 days at
a temperature of 25 °C. However, the biogas production extended to 131 days after the
temperature was set at 45 °C. The average temperature of the biodigesters in experiments
E1 and E2 was initially 18.3 °C. This deviation from the temperatures reported in relevant
literature suggests a delayed onset of anaerobic digestion, resulting in a reduced duration of
biogas production. Figure 5 depicts the average daily biogas production growth curve for
the assessed treatments (E1 and E2). Following the onset of fermentation, biogas production
remained consistent. Continuous biomass supply to the biodigester would sustain biogas
production at rates of 20,333 mL and 12,500 mL, respectively, for the two treatments.

[}

5,000

20,000
20,000

10,000

Biogas production (ml)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Days
=—E 0]l =—EO02

Figure 5. Average Biogas Growth Curve of E1 and E2. Source: The Author.

20,333

21 22

Comparison between the average production volumes of experiments E1 and E2
yielded 20,333 mL and 12,500 mL, respectively. These findings were juxtaposed with the
work of Alkanok et al. [58], considering identical substrates (fruit, vegetable, and flower
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waste) and mixed waste for biogas production. While the production yields of Alkanok
et al. [58] were slightly lower, at 6000 mL and 6800 mL, their biogas generation commenced
more rapidly than in experiments E1 and E2, as depicted in Figure 6.

25000

20,333

20000

S 15000 B
= 12,500
g 10000 6,800 6,000
o
80
& 5000 —
0 cunnill I I
0 - P T :\ [ | l | |
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Days
mm Mixed waste 1 Fruit, vegetables, and flower waste
EO1: Rice, and beans E02: Rice, beet, lettuce, and beans

Figure 6. Variation in biogas production into bioreactors.

In a similar study, Kuczman et al. [59] evaluated the energy recovery potential from
food wastes and proposed a method to establish anaerobic digestion processes using solely
food waste. This was achieved using a prototype anaerobic digester with a total volume of
408 L, comprising 15% total solids, maintained at a temperature of 29.4 °C, and equipped
with an agitation system. Operating under steady-state conditions for 51 days with a
hydraulic retention time of 103 days, the system achieved a 90% reduction in volatile
solids and an 82% reduction in chemical oxygen demand. Methane production rates were
observed at 0.51 L.g~! CODc and 0.44 L.g~! VSc, and a volumetric yield of 0.32 L.L~1rd—!,
representing 59% of the biogas composition.

In another study, Granzotto et al. [60] investigated the treatment of organic residues
from a university restaurant. Employing a 200-L semi-pilot scale anaerobic digester moni-
tored over 240 days, the system operated at mesophilic temperatures with varying hydraulic
retention times (30 and 60 days). Substrate and digestate pH levels ranged from 4.8 to
6.3 and 6.2 to 7.3, respectively. The study observed average removal rates of 95% for
chemical oxygen demand, 95% for biochemical oxygen demand, 53% for total solids, 93%
for sedimentable solids, and 77% for volatile solids. The biogas yield was determined
at 0.22 m3-kg~! vs. or 0.067 m3-kg ! of the substrate, with an average methane content
of 60%.

Table 2 presents the results of the two experiments, displaying the following parame-
ters: the total biogas production in millilitres from 500 g of biomass in each experiment,
yielding 20,333 mL and 12,500 mL, respectively, or 40,666 mL/kg (0.136 m3/kg dry matter)
and 25,000 mL/kg (0.083 m3/kg dry matter). Additionally, it includes the average duration
of biogas production in days, the average daily rate of biogas production in mL/day, the
minimum and maximum amounts of biogas produced in a single day, the standard devi-
ation indicating the dispersion of the dataset, and the projected total productivity if the
experiments were conducted with 1000 g of biomass. Based on this data, it is calculated that
333.33 metric tons of food waste over 20 days would sustain the daily production of 1 cubic
meter of biogas. The produced biogas had 60% methane. Food waste has been proven to
generate more biogas per mass and has a shorter residence time than organic animal or
vegetable waste. This makes these wastes much more viable for biogas production than
others and is an abundant option in large cities.
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Table 2. Results obtained from the experiments carried out.

Description El E2 Units

Total average 20,333 12,500 mL/day
Average time 13 12 day

Average production rate 1564 1042 mL/day
Average minimum rate 333 500 mL/day
Maximum average rate 2667 2000 mL/day
Standard deviation mean 809 552 mL/day
Total average productivity 40,666 25,000 mL/kg
Daily average productivity 3128 2083 mL/kg

The experiments experienced a loss in total mass, as shown in Table 3. Additionally,
the production of biogas and pH levels at the onset and conclusion of the experiments are
noteworthy. Experiment E2 exhibited an average mass loss of 15.40 kg (10.26%), whereas E1
demonstrated a greater reduction with an average loss of 22.30 kg (14.86%). Consequently,
E1 yielded a smaller quantity of biofertilizer compared to E2. This discrepancy can be
attributed to E2’s more efficient conversion of organic matter into biogas, resulting in a
more pronounced reduction in mass.

Table 3. Loss of matter and pH.

Experiments  Initial Mass Final Mass Loss of Matter pH
[kgl [kg] [kg] Initial Final
E1l 500 477.70 22.30 6.6 6.8
E2 500 484.60 15.40 6.6 7.0

Regarding pH levels at the beginning and end of the experiments, all treatments
commenced with a pH of 6.6. Treatments E1 and E2 experienced an increase in pH by the
end. The optimal pH range, as per existing literature, typically falls between 6.0 and 8.0 [61].
The initial stages of anaerobic biodigestion can lead to the accumulation of organic acids,
causing a decrease in pH. However, methanogenic bacteria facilitate the conversion of acids
into gaseous byproducts, thereby restoring pH levels close to neutrality. This mechanism
ensures the smooth progression of the biodigestion process [62].

The biogas production in E1 reached 20,333 mL/kg (0136 m>/kg dry matter), while
in E2, it was 12,500 mL/kg (0.083 m3/kg dry matter). These findings underscore the
impact of temperature variation on methanogenic bacteria behaviour, directly affecting
biogas production outcomes. Notably, biogas productivity is contingent upon substrate,
co-substrate, and inoculum characteristics. Laboratory-scale testing proves crucial for
addressing operational challenges in full-scale plants, thereby enhancing system perfor-
mance, stability, and process control [63]. The experiments conducted on a laboratory scale
facilitated economic analyses to support a proposal for implementing a motor generator
for biogas electricity production.

3.1. Economic Analysis

The Sao Paulo supply centre consistently produces an average of 150 tons of organic
waste per day, totalling 4,500,000 kg of organic waste per month. Considering an experiment
where, on average, 0.025 m3/kg of biogas was generated, requiring 1 kg of biomass
over 30 days, and utilizing a daily waste capacity of 150,000 kg of organic waste, the
resultant biogas production amounts to 3750 m?® per day. Over 30 days, this capacity yields
approximately 112,500 m? of biogas per month.

The motor generator utilized in this study achieves an electrical power output of
1.8 MW, equivalent to roughly 109,091 kWh per month. According to Silva et al. [64],
one m? of biogas is equivalent to 4.95 kWh of energy. Thus, the motor generator’s biogas
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consumption reaches approximately 3636 m® per day. With an assumed consumption rate
of 364 m3/hour, the biogas digester must possess a daily volume of 4000 m®.

Silva et al. [64] determined the size and cost of the digester investment in this study:.
They propose a digester with dimensions of 20 x 20 x 10 m?, equating to a volume of
4000 m3, at an approximate cost of USD 23,809.52. Considering the motor generator’s
biogas consumption rate, the proposed digester volume sufficiently meets the demand
with an added safety margin.

The estimated value of the motor generator is approximately USD 674,171.00. Simulat-
ing equipment financing, with an interest rate of 7%, provided by the federal government
for agricultural activities and an amortization period of 5 years, yields a calculated Fixed
Repayment Charge of 0.142.

Operational and maintenance expenses throughout the year, estimated at around 4%
of the total investment, according to Souza et al. [41], amount to USD 269.67 annually.
Additionally, the annual cost of the motor generator (CAG) is USD 134,888.31. The yearly
cost of biogas (CAB) is USD 294.25. The electrical output achieved by the motor generator
is 1.8 MW. Assuming the plant operates for 3650 h annually, equivalent to 10 h per day for
365 days, the total annual electricity production (EP) is estimated to be 6,570,000 kWh. Sub-
stituting the values of CAG, CAB, and EP into the equation yields a cost of 0.10 USD/kWh.
The payback period is calculated to be within one year, with a return-on-investment rate
(ROI) of 433% in ten years. Refer to Table 4 for detailed calculations.

Table 4. Data and results of economic analysis results.

Description Unit Values
Generator cost estimation USD 674,171.00
Biodigester cost estimation USD 23,809.52
Maintenance cost USD 269.67
Electricity production kWh/y 6,570,000.00
Unitary energy cost USD/kWh 0.10
Biomass used kg/month 4,500,000
Investment USD 713,000.00
Financial rate %, a.y. 7.15
Instalments UsD/y 102,220.20
Net present value (NPV) USsD 3,087,820.53
Return on investiment (ROI) Y% 433%
Payback Year 1.01

The electricity price from the grid is USD 0.13 per kWh in Sao Paulo. The energy
unitary cost from the motor generation is USD 0.10 per kWh. The energy produced
by biogas from food waste had a unit cost of USD 0.10, which is 23% lower than the
amount charged in Brazil and 8.3% lower than in the European Union. Given that the
shopping centre has an annual average consumption of 45,583,852 kWh, and the motor
generator produces 6,570,000 kWh annually, this electricity production accounts for 14%
of the shopping centre’s total demand in this study. At the end of the project, a profit
of USD 3.087 million was achieved, which is equivalent to an ROI of 433%. There is
a reduction in energy costs by USD 854 thousand per year, and the project is paid in
1.01 years. These results indicate that the project is very viable and economically safe.

Annual cost reduction = 6,570,000 x (0.13) = 854,100.00 USD/y

For context, a typical residence in Sao Paulo, consisting of two bedrooms, a living room,
a laundry area, a kitchen, and one bathroom, consumes approximately 150 kWh per month.
With an annual energy production of 6,570,000 kWh, this could power approximately
3650 homes annually. Furthermore, this production results in a reduced volume of methane
emissions, generating carbon credits (CC)
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3.2. Environmental Analysis

The environmental analysis considered the calculation of carbon credit and humus.
When methane gas undergoes combustion to produce CO,, the Potential Global Warm-
ing Equivalent (PGWE) value is determined by the difference between the initial PGWE
gas value (21) and the resulting PGWE value (1), yielding a PGWE of 20 [53]. Present
negotiations for carbon credit prices average at USD 10.00. Substituting these values into
Equation (9) and accounting for the fact that methane constitutes 60% of the methane
content in biogas, according to Miranda et al. [54], and assuming an annual biogas pro-
duction of 1,368,750 m3, the calculated methane equivalent is approximately 821,250 m?,
corresponding to an emission of 10,775 tons of CO; per year.

_ PGWE X Vethane X Density .- ©)
1000
20 x 821,250 x 0.656

CC = 1000 = 10,775

Considering the mean market value of carbon credits (CC) at USD 10.00 per unit [65],
with each CC equivalent to 10,775 metric tons of CO, a total gain of USD 107,748 can be
achieved, alongside an enhanced corporate image within the market.

Another environmental benefit was the humus generation from biodigester residues.
This study assumes the humus market price of 12.00 USD/ton, as reported by Farezin
et al. [66]. The disposal of organic waste is 150 tons daily, which means 54,000 tons annually.
Considering a 4% loss of organic matter within the biodigester, the annual organic waste
available for humus production decreases to 51,840 tons. Multiplying this quantity by
the humus price of 12.00 USD/ton yields an estimated yearly gain of approximately
USD 622,080. These sources of sustainable by-products can double the project’s revenue,
but as there are many uncertainties in their markets (possibility of sale, demand for products,
price variation, etc.), they are not considered in cost accounting.

With the implementation of biogas generator technology, the shopping centre gains
numerous advantages:

CC

- Mitigates organic waste accumulation (e.g., food waste) and waste disposal;

- Converts waste into renewable energy;

- Decreases greenhouse gas emissions;

- Recycles organic materials utilized into fertilizer, characterized by high quality and
minimal odour;

- Reduces its internal costs with energy.

Additionally, there are reductions in the generation of organic solid waste from the
shopping centre by 54,000 tons, in energy consumption by 6500 MWh, and in GHG emis-
sions of 54,000 t of CO; per year.

4. Conclusions

The company stopped generating 54 thousand tons of food waste to produce 1,368,750 m3
biogas and 51,840 tons of organic waste humus, and 10,775 metric tons of carbon credits per
year were produced, mitigating the generation of food waste and 14% of energy consumption.

The energy produced by biogas from food waste had a unit cost of 0.10 USD/kWh.
At the end of the project, a profit of USD 3.087 million was achieved, which is equivalent
to an ROI of 433%. There is a reduction in energy costs by USD 854 thousand per year
and a payback of 1.01 per year. These indicate that biogas production from food waste is
economically viable.

Furthermore, the adoption of this technology presents other advantages. The reuse of
thermal energy dissipated by the equipment and the utilization of humus as a protein-rich
fertilizer offers additional gains. These figures underscore the multifaceted benefits of
integrating the motor generator technology into waste management practices, highlighting
its potential as a sustainable energy solution.
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While this study demonstrates promising outcomes, it is important to acknowledge its
limitations and suggestions for future research. One limitation lies in the specificity of the
case study conducted in Sao Paulo, which may not be directly applicable to other regions
with different waste management infrastructures or energy demands. Future studies could
explore the scalability and adaptability of this technology in diverse geographical contexts,
as well as delve deeper into the environmental impacts and potential challenges associated
with large-scale implementation. Additionally, investigations into optimizing the efficiency
and cost-effectiveness of the biogas generation process, along with exploring innovative
methods for maximizing the utilization of by-products such as humus, can further enhance
this approach’s sustainability and economic viability.

Thus, this research lays a foundation for future endeavours aimed at harnessing the
potential of food waste as a renewable energy resource while emphasizing the need for
continuous innovation and exploration in this field. In addition, this model of waste reuse
can certainly be implemented on a large scale around the world, especially in regions with
clusters of restaurants.
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