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Abstract: This study evaluates three scenarios’ technical and economic viability for implementing a
microgeneration power plant using biogas derived from the anaerobic digestion of food waste. The
case study focuses on the Federal University of Pernambuco (UFPE) campus in Recife, northeastern
(NE) Brazil, targeting the organic fraction of solid waste from food units (restaurants, canteens, and
kiosks). The analysis was based on field data, the chemical composition of the waste, and the electric
energy consumption. Biogas production of 166 m?/day from 1 ton/day of food waste was estimated
using an anaerobic reactor of 126 m3. This amount of biogas could generate about 360 kWh/day of
electricity if the plant operates at peak hours using a generator set with an alternative internal
combustion engine of 120 kW, with a consumption of 66 m%h and fuel efficiency of 30%. The system
could generate 390 kWh/day of electrical energy using a microturbine, with a consumption of 78
m3/h and 30% efficiency. The scenario utilizing a tubular reactor and an internal combustion engine
demonstrated the best economic viability. While this study focuses on financial aspects, the findings
suggest significant potential contributions to sustainability, including reducing greenhouse gas
(GHG) emissions and advancing renewable energy solutions. This model can be adapted for small

NE Brazil municipalities, offering economic and environmental benefits.

Keywords: biogas microgeneration; economic feasibility; anaerobic digestion; internal combustion
engine; sustainable cities; food waste management

1. Introduction

Waste management has become one of the main problems of modern society due to
a growing urban population and changing household consumption patterns. The total
municipal solid waste (MSW) generated worldwide is around 2 billion tons annually [1].
Much of this waste has an inadequate destination, contributing to environmental
degradation and the emission of greenhouse gasses. It is estimated that 1 ton of urban
solid waste with 60% organic matter and 40% humidity, disposed of in landfills, can
theoretically generate 200 Nm? of methane [2]. According to the National Solid Waste
Survey in Brazil, in 2017, the generation of MSW was approximately 78.4 million tons, a
growth of 1.0% compared to 2016. Of this total, 71.6 million tons were collected, but only
59.1% was allocated adequately in landfills. The remaining 40.9% was disposed of
inadequately on non-controlled sites [3].
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Similarly, Brazil faces significant challenges in this area. There are still substantial
challenges regarding waste management in Brazil, ranging from environmental
education, generation reduction, segregation, and transportation logistics to developing
technologies adapted to each location’s scales and socioeconomic conditions. The
National Solid Waste Policy (PNRS) (Law 12.305/2010) outlines the guidelines for the
proper management of MSW in Brazil. Among other things, the law stipulates the energy
recovery requirement of organic waste.

In this context, public educational institutions, such as the Federal University of
Pernambuco (UFPE), decided to implement a waste management system on the campus
in Recife, where more than 30 thousand people circulate daily. The idea is to create a
“Model City” in the theme, which will serve as a focal point to demonstrate and stimulate
the adequate management of MSW in the cities of the northeastern region of Brazil. The
main types of waste produced on the campus of the UFPE (as in most municipalities in
Brazil) are the residual biomass from sweeping, weeding, and pruning services of parks
and gardens, as well as the organic fraction of solid waste (OFMSW) from buildings,
mainly food waste from the restaurants, which is the focus of the present paper. Other
types of waste, such as recyclable (paper, cardboard, plastic, metal, glass, and various
other materials) and non-organic waste (construction waste, electro-electronic waste, and
unserviceable furniture), will not be discussed in the present paper.

One of the most feasible technologies to process food waste is anaerobic digestion
(AD), where the organic matter is decomposed by the action of microorganisms in the
absence of oxygen, generating biogas. This mixture includes CHs and CO:z and traces of
other gasses such as hydrogen, hydrogen sulfide, and water vapor. The liquid effluent
generated during the digestion process is rich in nutrients, such as N, P, K, and Ca, and
serves as high-quality organic fertilizer [4].

Biogas has been used for a long time in many parts of the world for thermal and
electrical energy generation. The most widely used systems for generating electricity from
biogas are based on primary switches with electrical efficiency between 22 and 33%, such
as microturbines and internal combustion engines [5]. Also noteworthy are combined
electric power generation and thermal energy systems for small and medium installed
capacities [6]. However, technical and economic feasibility studies still need to be made
available for electricity generation from food waste in the context of residual biomass
management in Brazil and other developing countries.

Su et al. [7] conducted a techno-economic analysis of an industrial composting plant
for food waste, which did not include biogas production. Oliveira et al. [8] analyzed
energy generation from a biogas plant, carrying out stochastic economic analyses for a
single technology and for organic waste from cassava processing.

Focusing on biogas generation and food waste, Nketiah et al. [9] analyzed the
potential for energy generation and greenhouse gas (GHG) mitigation using data from a
Chinese province. Still, only one biodigester model was observed, and the economic
analysis was simplified. Hossain et al. [10] focused on generating heat and electricity with
a more robust financial analysis, but only one biodigestion technology was considered. In
turn, the study by Cudjoe et al. [11], carried out using data from Ghana, was similar to the
proposal in this study, as it looked at the economic viability of producing electricity from
biogas. The authors used classic financial evaluation metrics and presented a sensitivity
analysis but did not consider different technologies in the biodigestion process, which
should be explored.

Asnoted, several factors may affect the feasibility of a system for the microgeneration
of electricity from food waste. For instance, there are different types of reactors, other
conditions for operation (e.g., the volume of solids, organic loading rate, hydraulic
retention time, temperature, pH, etc.), and other technologies for electricity generation
(e.g., microturbine, internal combustion engine) [1]. The success in adopting a
combination of these variables will change by location and period. So, a detailed study is
needed to guide these decisions. Furthermore, it is important to highlight that less than
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1.0% of Brazil’s electricity demand is currently met with biogas production technology
from urban solid waste [12], demonstrating immense growth potential.

Thus, the present study aims to evaluate the feasibility of implementing a micro-
generation plant using biogas from food waste by addressing the technical and economic
aspects of a case study on the campus of the UFPE in Recife, northeast Brazil. Three
scenarios were chosen based on the different technologies of anaerobic digesters and the
power generation equipment available on a small scale. The scenarios evaluated were: (1)
a Chinese-type digester (fiberglass tank) and a generator set with an internal combustion
engine, (2) a tubular digester and a generator with an internal combustion engine, and (3)
a tubular digester and a gas microturbine. Finally, the economic analysis of the project
was developed to determine the most appropriate setting.

In addition to presenting unpublished data for the Brazilian scenario, this article
includes economic analysis for more than one biogas production and electricity
generation technology. A sensitivity analysis was also used to consider different tariffs,
operation during peak and off-peak hours, and operation only during off-peak hours.

Implementing biogas-based microgeneration systems aligns with global efforts to
achieve sustainability by addressing critical challenges such as waste management,
energy security, and climate change mitigation. By converting organic waste into
renewable energy, such systems reduce reliance on fossil fuels, decrease greenhouse gas
(GHG) emissions, and promote circular economy principles. Furthermore, they contribute
to the United Nations’ Sustainable Development Goals (SDGs), particularly Goal 7
(Affordable and Clean Energy), Goal 11 (Sustainable Cities and Communities), and Goal
13 (Climate Action). This study highlights the economic feasibility of these technologies
and their potential to foster sustainable development in resource-constrained regions like
northeastern Brazil.

2. Materials and Method
2.1. Waste Generation and Energy Use Characteristics at the UFPE Campus

This study focused on the organic fraction of solid waste from buildings, specifically
those from the food units (restaurants, canteens, and kiosks) installed in the Federal
University of Pernambuco-Recife campus. The university is located in northeastern Brazil,
8°04'03" S, 34°55'0" W, and at an average altitude of four meters above sea level. The
campus serves about 30,000 people, including students, faculty, and staff.

On campus, 13 food service units with contracts managed by the University
Environmental Management Unit were identified. These units vary significantly
regarding the type and quantity of food products sold daily. The main food waste
generator is the University Restaurant, which serves over 3000 meals per day. In each of
the food units, a waste separation system was established, dividing it into “recyclables”,
“waste”, and “organic”. All residues were weighed daily during the study period, and the
University Environmental Management Unit collected and analyzed the data. The food
waste, the object of this study, had an average of nearly 1 ton/day over the four months
evaluated. Currently, the waste is being deposited in landfills at an average cost of
transportation and final disposal of USD 54.62 per ton [13]. When extrapolated to one year,
there is an annual cost of transportation and final disposal of USD 17,042.86 (considering
312 working days per year).

The proposed biogas digester will be installed at the Nuclear Energy Department
(DEN), and the electricity generated will be provided to the university’s facilities. The
energy consumption of the whole area of the campus of UFPE averaged about 27,000
MWh/year during the five years previous to the date of the current research [13].
Moreover, the average annual consumption of DEN was about 481 MWh in the same
period.

To better understand the proposed system’s potential financial impact, the DEN
energy costs were analyzed in detail. The university’s Budget and Finance Department
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provided the university’s energy bill data for nine months. In more detail, the energy
consumption is divided into peak consumption (17:30 h to 20:30 h) and off-peak
consumption (20:30 h to 17:30 h). On average, the cost of energy at peak hours is USD 0.64,
while in the off-peak hours, it is USD 0.13. Like many regions in the world, this pricing
system was established to discourage consumption at peak hours because it increases the
complexity and cost of the operation of the electrical system. Based on the above, we
observed that the average monthly consumption of DEN at peak hours, between 17:30 h
and 20:30 h, was 2753 kWh, implying an average annual cost of USD 13,888.85. In the off-
peak hours, the Department had an average of 35,840 kWh, corresponding to an average
yearly cost of USD 29,955.76.

2.2. Design and Technical Criteria of the Electrical Energy Microgeneration System

Within the design process of the electrical energy microgeneration system, the
following essential criteria were defined: characteristics and conditions of the region,
operating parameters of the digester, and operating parameters of the equipment for
power generation.

2.2.1. Operating Parameters of the Anaerobic Digester

The first step was to estimate the hydraulic retention time (HRT). Based on the
information in the literature, the stable anaerobic digestion (AD) of food waste (FW) was
usually attained for HRT ranging between 16 and 40 days [1]. Fiore et al. [14] and Wang
et al. [15] carried out studies with food-processing industrial wastes and vegetable and
kitchen wastes using 20 and 30 days as HRT and organic loading rates between 0.5 and
4.0 kg of volatile solid amount (VS)/m3.d. Therefore, an HRT of 30 days was chosen in this
work.

To estimate the digester volume, the HRT can be defined (HRT = V&/Fs) according to
Equation (1):

Vg=FsxHRT @

where Vr is the working volume of the digester (m?3); Fs is the volume of daily load (waste
+ water) (m®/day); and HRT is hydraulic retention time (day).

To define the dilution ratio of the organic material to water, different findings have
been observed in the literature. Evaluating organic waste digestion studies [16-18], a 40
m? stirred tubular digester with a 1:1 dilution ratio was adopted for this study.

Furthermore, it is essential to note that during the start-up of the digester, there is a
need to add a certain amount of inoculum to accelerate the stabilization time of the organic
material and to improve biogas production [19,20]. According to the literature, an ideal
proportion of inoculum to substrate is a widely studied variable, and there is no concern
about it. The ratio chosen in the present study was 15% of inoculum in total dry matter.
Among the main types of inoculum that could be used are manure, sewage sludge, and
gray water. In the present study, we chose cattle manure as the inoculum since it was
easier to obtain at the study site.

The next step was the estimation of the methane production potential. The procedure
was based on the methodology of Diaz et al. [21]. First, it requires a known volatile solid
amount (VS) in the food waste that is charged daily. Subsequently, the average value of
the potential methane yield (METvs) from food waste is estimated. Then, a production
potential (P) from all the food waste generated on the campus of the UFPE is obtained
according to Equation (2).

Numerous studies measure the methane yield from food waste. Differences in the
chemical composition of the feedstock, particle size, temperature, type of mixing tool, and
reactor configuration can explain such large ranges [22].

P = MASSVS X METVS (2)
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where P is methane production daily (m3/day); MASSys is volatile solids mass of substrate
(kgVS/day); and METys is methane yield (m3kgVS).

2.2.2. Operating Parameters of the Power Generation Equipment

The power value of the electric power generation equipment can be estimated from
the maximum load power consumption connected to it. For this, the maximum
consumption presented at the DEN was observed according to the period the equipment
will operate. Thus, according to the biogas potential, it was decided that the engine would
run during peak hours (17:30 h to 20:30 h). Although the Department determines the
maximum power consumption, it is essential to note that the engine generator must be
sized with a 10% higher capacity of its power due to voltage fluctuations.

It is essential to know the fuel consumption to determine the efficiency with which
the engine turns chemical energy into practical work [23]. Thus, with data on fuel
consumption and engine power, the specific fuel consumption (SFC) can be calculated
with the following equation:

CR,

where SFC is specific fuel consumption (m?*kWh); CRB is the biogas consumption rate
(m3/h); P is active power (kW).

To estimate the biogas conversion efficiency in electrical energy, the following
equation was used [23]:

P
=GR, OV, @

where n is engine—generator efficiency; P is active power (kW); CRB is biogas consumption
rate (m3/h); and LCVR is biogas lower calorific value (kWh/m?3).

2.3. Financial Analysis of the Project

For the financial evaluation of the project, some scenarios had previously been
defined, mainly based on different types of reactors and different choices of electric
generation equipment. The proposed scenarios were as follows:

e  Scenario 1: Chinese-type digester (fiberglass tank) and a generator set with an
internal combustion engine;

e Scenario 2: tubular digester and a generator with an internal combustion engine;

e  Scenario 3: tubular digester and a gas microturbine.

To determine the general monetary values and the electricity tariffs over time, as well
as the estimation of the profitability ratios, the time horizon, and three constant
parameters were defined: the consumer price index (CPI), a growth rate for the electricity
tariff, and a specific discount rate for the type of project that will be developed.

To estimate the cash flow, the values related to expenses and revenue of the project
had been raised previously, transforming those values to future value as the determined
horizon and according to the value of the CPI and the growth rate set for the electricity
rates, as appropriate. A time horizon of 15 years was adopted. The following constant
parameters were established (Table 1) to estimate the monetary values over time and the
estimation of profitability ratios: the current CPI value for Brazil of 6.5%, a growth rate for
electricity tariff of 13%, according to the average value of the annual electricity bill
adjustments of the Energy Company of Pernambuco (CELPE), which occurred between
2001 and 2008 [24]. We also considered a discount rate of 12%, based on the current rate
of the SELIC (Special System of Clearance and Custody), plus an additional 2% for the
risks inherent in the project. Usually, in the Brazilian energy sector, this is the required
return rate for the capital investment in new small-scale projects [24].

Regarding the base costs, the monthly average tariffs adopted for the electricity cost
calculations were USD 0.64/kWh for peak hours and USD 0.13/kWh for off-peak hours,
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including an increase in the electricity tariff of 30%, according to the predictions of experts
[25]; this value was adopted for year zero, and in the subsequent years, it was considered
the average increase defined previously for the electricity tariff (13%).

It was confirmed that the current electricity consumption of the UFPE during the
January-September period had an average monthly value of will have an average annual
value of USD 21,247.51. Likewise, at off-peak hours, the monthly average value was
35,840.92 kWh, and the average annual value was USD 55,959.80. With these values, the
average yearly costs of peak and off-peak hours could be determined, and finally, the total
base energy cost was calculated, with a resulting value of USD 77,207.31. On the other
hand, the annual cost for the transportation of food waste to landfill, according to the cost
per ton and the potential daily waste, was USD 17,042.86. Thus, the total value of the base
costs was USD 94,250.17, as detailed in Table 1.

Table 1. Base costs associated with the implementation of an anaerobic digestion unit to process
food waste and generate electrical energy.

Base Costs

Electricity Tariff (Average)—Peak Hours USD 0.64
Electrical Energy Consumption (Average) 2753.17 kWh
Electricity tariff (Average) —Off-Peak Hours USD 0.13
Electrical Energy Consumption (Average)—kWh 35,840.92 kWh
Total Base Costs—Energy USD 77,207.31
Total Base Costs—Food Waste Transportation to Landfill USD 17,042.86
Total Base Costs USD 94,250.17

Regarding expenses, the initial investment was defined by checking the market cost
of equipment that could be integrated into the system, either in published studies or
directly with manufacturers and suppliers. These values included costs, fees, and
transportation. The labor and civil work costs were also estimated for the initial
implementation.

Besides that, other base costs that the UFPE assumes were also included, such as
those current costs related to electricity consumption in buildings of DEN and the cost of
transporting the food waste and disposing of it in landfills.

After that, the costs after the project implementation and commissioning were
defined and included. Amongst them are electricity costs because of the discount on the
electrical energy consumption costs of the plant’s equipment and the monetary values of
the energy generated by the plant compared to the energy base costs. Other remaining
expenses, such as the costs of operation and maintenance, were also estimated, including
operators’ wages, inputs, equipment maintenance, and depreciation costs. Equipment
depreciation was calculated based on the useful life of the assets [26,27] and the cost of
each, using Equation (5) as the straight-line depreciation method.

active cost

®)

Depreciation = Teeful life

The operating revenue was interpreted as the savings on the electricity rates after the
project implementation, especially at peak hours when the cost is higher. In addition, the
savings relative to the transportation costs of food waste to the landfill were considered,
since these will be used as feedstock for the system. Likewise, the biofertilizer, the liquid
effluent produced could be used in the parks and gardens of the UFPE campus, and the
UFPE saves the money needed to purchase fertilizers. The cost of storing the biofertilizer
was considered, disregarding other treatment costs and sales revenue. In the context of
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UFPE, where there is a biorefinery (for more, see [28]), biofertilizers are used without pre-
treatment to optimize the composting process carried out in the same space.

It is important to note that the electrical energy microgeneration system proposed
and developed in this work is not intended to have an acquisition of financial assets. It
was designed to find an environmentally sound and viable economic solution to food
waste management at the university restaurants, serving as a tangible example to small
cities in Brazil.

When using a deterministic method, the calculations of the net present value (NPV),
internal rate of return (IRR), capital recovery factor (discounted payback period —DPBP),
and benefit—cost ratio (B/C) were conducted with the annual values obtained in the cash
flow, according to the discount rate of 14%, and applying the formulas using a Microsoft
Excel spreadsheet.

NPV uses the cash flows, composed of investment costs, operating costs and possible
revenues linked to a given investment. These flows are discounted in time using a
discount rate [29,30]. The NPV metric was calculated using Equation (6) [31]:

S FC
NPV = Zm — FC, ©)
t=1

where FC: is the expected cash inflow or outflow value for each time interval ¢; FCo is the
cash flow verified at the initial moment; 7 is the total number of periods—project horizon;
t is the period in which the value occurs; and i is the discount rate [32].

The IRR metric, which is the discount rate that makes the revenue and expense
amounts of a cash flow equivalent in present value (i.e., makes the NPV equal to 0), was
calculated using Equation (7) [31,33]:

NPV = Zn i FC,=0 7
~ Lu—1 (1 +IRR)! o )

where FCt is the expected cash inflow or outflow value for each time interval ¢; FCo is the
cash flow verified at the initial moment; n is the total number of periods—project horizon;
t is the period in which the value occurs; and IRR is the discount rate that equals outflows
with inflows.

The DPBP was calculated using Equations (8) and (9). The first step in this method is
to calculate all the present values of the cash inflows using the following equation [31,34]:

= FC,
PV = ; Ao @®)

where FC: is expected cash inflow or outflow value for each time interval £; n is the total
number of periods—project horizon; ¢ the period in which the value occurs; and i the
discount rate.

Subsequently, the sum of the project’s future cash flows is observed until it ceases to
be negative. Thus, the DPBP can finally be calculated using the following equation [31]:

|PVt*|

FCpiq ] 9
1+ 0)F+H

DPBP =t* +

where t" is the last period with a negative discounted cumulative cash flow (an integer in
years); PV is the value of discounted cumulative cash flow at the end of the period t;
FCe is the cash flow during the period after ; and i is the discount rate.
The B/C indicator can be calculated using Equation (10) [33,35]:
PVg

B/C =5y (10)

where PVs is the present value of benefits and PVc is the present value of costs.
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Finally, when using a non-deterministic method, the sensitivity analysis was carried
out by changing the plant operating hours since this variable affects the system’s
profitability most because of the different electricity costs between peak and non-peak
hours.

3. Results and Discussion
3.1. Design and Technical Criteria of the Electric Power Microgeneration System

The digester size was calculated based on the daily substrate amount added and the
previously defined HRT (Table 2).

Table 2. Operating parameters of the anaerobic reactor to be implemented for the biodigestion of
food waste.

Operating Parameters

Volume of digester 126 m?
Feed rate 2 ton/day
Hydraulic retention time 42 days
Operating temperature 30 °C
pH 6.8

Thus, the following data were obtained: (1) the daily potential of food waste, as
established by the daily weighing on the campus of the UFPE, reaches nearly 1000 kg/day,
and (2) the daily amount of water needed for the process, assuming the food waste is
already crushed. It will be diluted in water in a ratio of 1:1 (w/w), with the density of water
considered to be equal to 995.65 kg/m? [36] and a density of food waste considered to be
equal to 897 kg/m?3 [37,38], and the daily loading will be 1004 m? of water and a 1115 m? of
food waste. Therefore, with a loading volume (Fs) of 2.119 m3/day and an HRT of 30 days
[14], according to Equation (1), the minimum working volume required for the digester
will be 63.6 m®.

Moreover, as already mentioned, during the startup of the digester, an amount of
inoculum equivalent to 15% of the dry mass of the substrate will be added. Therefore, the
initial amount of inoculum will be 300 kg. It is important to note that, in the case of food
waste, it was not necessary to add chemical reagents in the pre-treatment stage [39], and
only a physical treatment process was used. During the operation, there was also no
acidification of the process, so no addition of reagents was necessary.

The estimation of the biogas production potential was determined based on a
previous study run at a university, where the fresh food waste was characterized. An
average food waste moisture content of 70.8% and a ratio between total and volatile solids
(VS/TS) of 92.5% were found [40,41]. Thus, an average daily production of 1000 kg of waste
has a TS amount of 292.0 kg and 270.1 kg of vs. per ton of fresh food waste.

Moreover, Kuczman et al. [42] studied the anaerobic digestion of food waste from a
restaurant in Brazil, performed in a semi-continuous feeding system. According to these
results, we chose the 0.44 m?kg VS value as the methane yield (METvs) from food waste
in this study. Thus, the potential of the methane production (P) considered in this study,
according to Equation (2), reaches 118.8 m¥/day. It is worth noting that Zhang et al. [43]
confirmed that the methane content corresponds to 50-60% of the total content of biogas.

The power of the generation equipment was calculated based on data from DEN'’s
electricity bill. It has been observed that DEN has two electricity meters, and with the data
from each of their bills, we followed the total consumption and energy cost. The highest
consumption at peak hours occurred in August, with a value of 3057.35 kWh. Thus, it was
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determined that the average amount of power consumed during peak hours that month
was 139 kWh, assuming 21 working days.

According to the ANEEL Normative Resolution 482/2012 [44], focused on micro- and
mini-distributed generation in Brazil, “when the generation is greater than consumption,
the surplus of energy can be used to decrease the consumption rate elsewhere” in the
UFPE or the subsequent monthly bill.

According to the above, equipment with higher power and fuel consumption must
be chosen to take advantage of the full potential of power generation at peak hours. Thus,
the selected engine generator set was a Fockink SG-150B model, with a rated power of 120
kW and consumption of 66 m3/h. Regarding the gas microturbine, the manufacturer
catalog has two units of the C65 model device with a power of 65 kW and a total
consumption of 78 m3/h. Still, this amount exceeds the threshold value of the contracted
demand (165 kW) by the UFPE, so it could not be selected. Even so, it was considered in
the following estimations and the economic analysis since it may be helpful in scenarios
in small cities in Brazil.

Equation (4) calculated the specific fuel consumption, obtaining a 0.55 m3kWh!
value. In the case of the microturbine, the specific fuel consumption was 0.6 m3>-kWh-'. The
conversion efficiency of biogas into electrical energy was calculated with Equation (5),
obtaining a value of 30% for the engine generator and 30% for the microturbine.

3.2. Economic Analysis of the Project

The economic analysis of the project was conducted according to each scenario
selected, which considers the costs associated with each type of technology adopted and
the time of operation. For each scenario, cash flows and profitability ratios were estimated
to determine the viability of the proposed options.

To determine the value of the expenses, we defined the initial investment, the current
base costs that assume the UFPE, and the remaining costs after the system
implementation. Equipment costs were estimated according to the prices submitted by
suppliers (Tables 3 and 4). The temperature control and agitation systems were not
included in the estimation of the initial investment since they are not offered in the quote
prices of the suppliers.

Table 3. Maintenance costs of the engine-generator set of an anaerobic digestion unit to process
food waste and generate electrical energy.

Components Interval Quantity Unit Cost Total Cost Annual Cost
Spark plug 300 h 6 USD 7.43 USD 44.61 USD 112.42
Spark plug cords 1000 h 6 USS511.15 USD 66.91 USD 50.59
Lubricant oil 400 h 18 USD 6.69 USD 120.45 USD 227.64
Oil filter 400 h 1 USD 26.02 USD 26.02 USD 49.18
Engine overhaul 5000 h 1 USD 1858.74 USD 1858.74 USD 281.04
Total cost uUsD 720.87

Table 4. Costs of preventive maintenance of the microturbine of an anaerobic digestion unit to
process food waste and generate electrical energy.

Components Interval Total Cost Annual Cost
Air filter 8000 h USD 202.30 USD 19.12
Fuel inlet filter (internal gas system) 20,000 h USD 1927.30 USD 72.85

Fuel inlet filter (external) 8000 h USD 1963.46 USD 185.55
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Igniter (gas system) 20,000 h USD 623.08 USD 23.55
Set of injectors (gas system) 20,000 h USD 1921.15 USD 72.62
TET thermocouple (gas system) 20,000 h USD 470.38 USD 17.78
Total cost USD 391.45

Regarding the generator set, the Fockink supplier offers the power generation

system

and other devices included in the quoted prices, such as the compressor, interconnection
hoses, washing and decanting filter, and biogas reservoir. Furthermore, the labor costs for
installation and the cost of using a backhoe were supplied by the administration of UFPE.

Then, the remaining costs after the implementation and commissioning of the

project

were defined, including the remaining costs of energy, the costs of O&M, and the costs of
equipment depreciation. The remaining electrical energy costs were estimated by

discounting the energy consumption costs by the equipment and the price of
generated by the plant from the previously defined energy base costs.

energy

The annual electricity consumption by the food waste crusher and the pump for
extraction and agitation equipment were added to the calculation, assuming that the
crusher would operate at peak hours and the compressor in the off-peak hours. Thus, the
consumption in scenarios 1 and 2 was 2828.75 kW. However, in the case of scenario 3, the

consumption was 7690.55 kW because the compressor for the microturbine will

have a

higher power. Therefore, the energy consumption costs of the plant were USD 348.38 for

scenarios 1 and 2 and USD 3872.73 for scenario 3.

Concerning the energy generated by the project, in the case of the internal
combustion engine, 124,830 kW per year could be generated, which implies a monetary
value of USD 90,490.15. Moreover, 135,780 kW could be generated using the microturbine
with an economic value of USD 98,427.88. Finally, the remaining energy costs for scenarios
1 and 2 were estimated to be USD 14,229.59 and USD 18,642.97 for scenario 3. It may be
noted that the Department of Nuclear Energy’s energy costs would be covered entirely by

the energy generated by biogas.

Moreover, we also estimated the operating costs, the costs of staff salaries, and the

cost of water and inoculum acquisition. The system operation would need the pres
two operators. The first is a handyman, responsible for the reception of food waste,

ence of
mixing

and preparing the substrate, loading the digester, and the overall cleanliness of the facility.
The second is a technician, responsible for operating the generators (engine or

microturbine) and monitoring the optimal conditions of the digester and other equi

pment.

With the help of the UFPE administration, it was possible to obtain the monthly salaries

of the staff responsible for system operation.
The daily volume of water to be used will be 1 m?, and, considering the cost of
meter at USD 3.72, the annual cost was calculated to be USD 1356.88. It is worth

a cubic
noting

that using rainwater caught from rooftops could reduce this cost significantly. According
to the quotes, the manure acquisition cost in farms near UFPE would be about USD 18.59
per 250 kg. Thus, the value of the annual operational costs would be USD 14,988.85.
Maintenance costs were obtained from some published studies, and their values were

adjusted to the present value according to the inflation rate set (6.5%).
For scenarios 1 and 2, the maintenance costs were defined according to the p

eriodic

maintenance of the engine—generator set, which is the most valuable piece of equipment
and the most expensive system, and it will operate three hours daily as defined. The
maintenance costs of the engine-generator set are presented in Table 4. The maintenance

costs for scenario 3 were explicitly described according to the preventive mainten

ance of

the microturbine with a daily operation of 3 h. The microturbine maintenance costs are

shown in Table 4.
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Annual depreciation costs of equipment for the three scenarios are presented in detail
in Table 5, and the values of the remaining costs for the three scenarios obtained are shown
in Table 6.

Table 5. Depreciation costs of equipment of an anaerobic digestion unit to process food waste and
generate electrical energy.

Description Total Useful Life (years) Depreciation
Digestion system and accessories
Geomembrane liner USD 9386.21 15 USD 625.75
Geomembrane cover USD 9386.21 15 USD 625.75
Pipe, valves USD 185.87 25 UusD 7.73
Digestion system and accessories
Fiberglass water tank (x2) USD 39,515.95 25 USD 1580.64
Pipe, valves USD 185.87 25 usD 7.73
Electrical equipment and accessories
Crusher with engine USD 5204.46 15 USD 346.96
Pump USD 557.62 10 USD 55.76
Pipe, valves, cables USD 557.62 25 UusD 7.73
Engine—generator set Fockink (5G-150B Model) USD 80,297.40 20 USD 4014.87
Capstone microturbine (CR-65 Model), two units USD 182,000.00 30 USD 6066.67
Compression system USD 1301.12 10 USD 130.11
Auxiliary systems and accessories
Tank for the mixture of the substrate USD 1301.12 25 USD 52.04
Pipe, valves (filter) USD 557.62 25 USD 22.30
Tank for the biofertilizer USD 2602.23 20 USD 130.11
Pressure meter USD 111.52 1 USD 111.52
Flow meter USD 185.87 1 USD 185.87
Shed for the generator set USD 2788.10 30 UsD 92.94
Total Depreciation Costs —Scenario 1 USD 8116.00
Total Depreciation Costs —Scenario 2 USD 8087.19
Total Depreciation Costs—Scenario 3 USD 10,213.33

Table 6. Remaining costs of an anaerobic digestion unit to process food waste and generate electrical
energy.

Remaining Costs Scenario 11 Scenario 2 2 Scenario 3 3

Electricity tariff (average) —peak hours USD 0.64 UsD 0.64 USD 0.64
Electricity tariff (average) — off-peak hours USD 0.13 USD 0.13 uUSsD 0.13

Energy consumption of the equipment of the plant (average)—

2828.75 2828.75 7690.55
kW
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Total Energy Consumption Costs of The Plant USD 311.32 USD 311.32 USD 2267.70
Electricity tariff (average) —peak hours USD 0.64 USD 0.64 USD 0.64
Electrical energy generated by the plant—kW 124.830 124.830 135.780
Total Price of the Electricity Generated USD 58,344.09 USD 58,344.09 USD 63,206.10
Total Remaining Costs of Energy USD -21,033.28 USD -21,033.28 USD -16,268.92
Operating Costs USD 14,988.85  USD 14,988.85  USD 14,988.85

Maintenance Costs

Total O&M Costs

USD 720.87 USD 720.87 USD 391.47
USD 15,709.72  USD 15,709.72  USD 15,380.62

Total Depreciation Costs

Total Remaining Costs

USD 8116.00 USD 8087.19 USD 10,213.33
USD 43,000.27  USD 42,971.45  USD 41,862.57

! Chinese-type digester (fiberglass tank) and a generator set with an internal combustion engine; 2
tubular digesters and a generator set with an internal combustion engine; 3 tubular digesters and a
gas microturbine.

Revenues were set into two groups: those related to the savings in energy and the
savings in the transportation of food waste to landfills.

Revenue from electricity can be understood as the value achieved with the savings
and the reduction in expenses in the energy bill of the UFPE due to system installation.
Thus, it was possible to obtain an annual savings of 100% (USD 67,153.08) in DEN’s energy
bill at peak hours for the three scenarios proposed. It is important to note that when the
system is also operated during off-peak hours, the savings will decrease since the tariff
during peak hours is lower, and O&M costs would significantly increase, so profitability
and economic viability would be affected.

Regarding the transportation costs of food waste to landfills, they would be saved
entirely and included as project revenue. Therefore, UFPE would have savings of USD
17,042.86, as defined above. Moreover, the resulting biofertilizer will depend on the
percentage of volatile solids degradation of the substrate during digestion. According to
Zhang et al. [45], the process achieves an approximate degradation of 80% of volatile
solids. Thus, for an annual vs. amount of 101,835 kg, an estimation of 20,367 kg will be
produced, which could be used in the parks and gardens of the UFPE. Finally, after
defining the revenues and expenses of the project, the cash flow was estimated.

3.3. Calculation of Profitability Indicators
3.3.1. Deterministic Methods

The deterministic economic metrics of each proposed scenario were calculated based
on the previously estimated cash flow. Table 7 shows the resulting profitability indicators.

Table 7. Economic metrics for the proposed scenarios of an anaerobic digestion unit to process food
waste and generate electrical energy.

Scenarios NPV B/C (Unitless) IRR DPBP (Years)
Scenario 11 USD 588,138.00 3.76 49.07% 4.17
Scenario 2 2 USD 609,172.14 4.16 54.60% 3.76
Scenario 33 USD 540,339.93 2.88 37.87% 5.47

! Chinese-type digester (fiberglass tank) and a generator set with an internal combustion engine; 2
tubular digester and a generator set with an internal combustion engine; 3 tubular digester and a
gas microturbine.
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Based on the economic analysis and profitability ratios obtained, it can be concluded
that the proposed three scenarios are economically viable. For scenarios 1 and 2, the
investment would be recovered in the fourth year of operation, and for scenario 3, the
return would happen at the beginning of the sixth year. The values of the NPVs were
positive in the three scenarios with very high values, confirming economic solvency.

Regarding the IRR, the values are well above the discount rate used for the first two
scenarios, and scenario 1 presents greater attractiveness. Thus, the project with both
digestion technologies (Chinese or tubular digesters) and an internal combustion engine
will be very economically attractive. Likewise, the IRR in scenario 3 continues above the
discount rate established, which is also viable.

The B/C ratio of the first two scenarios also confirmed the viability since their values
were much higher than 1. In the case of scenario 3, the value of B/C was close to 1, so this
option remains viable even with lower attractiveness.

Overall, the project demonstrates high viability for scenarios that include either of
the two technologies proposed for digestion and power generation with an internal
combustion engine. Moreover, the choice of the microturbine as a power generation
equipment can also be considered; even through this option presented lower viability than
the other options, it remains attractive. Figure 1 illustrates scenario 2, which has the
greatest economic viability according to the NPV criterion.

Figure 1. Low-cost pilot plant developed for biogas and biofertilizer production from food waste on
experimental biorefinery of organic solid waste. TR-201: food grinding machine; TQ-201: feeding
tank; RT-201: pilot biodigester; TQ-202: storing biofertilizer tank; SV-210: safety valve; FL-201: flare;
EF-201: filter 1; EF-202: filter 2; EF-203: filter 3. Source: [28].

The conditions of the present study are very favorable when compared to scenarios
in other countries. For example, in a study conducted to assess the economic feasibility of
electricity generation from biogas in small pig farms with and without H2S removal using
an electric generator [46] under the reference scenario (i.e.,, 45% subsidy on digester
installation and fixed electricity price at 0.06 Euro/kWh) and based on the assumption that
the biogas was fully utilized for electricity generation in the system, the payback period
for the system without H25 removal was about four years. With H25 removal, the payback
period was within the economic life of the digester but almost twice that of the case
without HzS removal.

3.3.2. Sensibility Analysis
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After having conducted the scenarios and the economic analysis, it was essential to
evaluate the effect of modifying a vital variable, such as the operating hours of the plant,
which could cause significant changes affecting the economic viability of the project.

As for the first proposed case, the continuous operating time of the plant was
assumed to be 3 h for peak hours and 4 h for off-peak hours. These assumptions were
made based on the potential of biomass available and the consumption of the engine and
microturbine selected (60 kW and 65 kW, respectively).

Similarly, a second case was proposed for the operation of the plant only at off-peak
hours (3 h continuously), also by the potential of biomass and the consumption of the
engine and the microturbine selected. Thus, the profitability ratios for the sensibility
analysis were obtained, as shown in Table 8.

Table 8. Economic metrics for sensitivity analysis of an anaerobic digestion unit to process food
waste and generate electrical energy.

Scenarios NPV B/C (unitless) IRR DPBP (years)
Operation During Peak and Off-Peak Hours
Scenario 11 USD 237,018.96 3.37 41.06% 5.17
Scenario 2 2 USD 226,992.57 2.90 36.31% 5.88
Scenario 3 3 —USD 30,302.97 0.89 12.48% -

Operation Only During Off-Peak Hours

Scenario 11 USD 108,528.62 2.04 27.98% 7.63
Scenario 2 2 USD 86,337.92 1.70 23.64% 9.23
Scenario 33 —USD 356,838.66 0.25 —0.94% -

1 Chinese-type digester (fiberglass tank) and a generator set with an internal combustion engine; 2
tubular digester and a generator set with an internal combustion engine; 3 tubular digester and a
gas microturbine.

The sensitivity analysis confirmed that operating the plant over seven continuous
hours at peak and off-peak times would still be economically viable in scenarios 1 and 2.
However, under these conditions, the system is not feasible for scenario 3, since a return
on investment in the projected horizon will not happen. Moreover, if operating the plant
during off-peak hours, it was verified that the viability of scenarios 1 and 2 would be
within the limit, with a return on investment at the end of the projected horizon.

The economic analysis of this case study also aimed to confirm the viability of
installing similar systems in small municipalities. In this case, economic viability will be
an essential criterion for accepting proposals. Since the potential of food waste in these
communities is much higher, as well as energy consumption at peak hours, the proposal
to use a power microgeneration system will probably have greater economic viability. The
analyses of such systems would be critical in the northeast region of Brazil, where the
need for more government capital for investment and job opportunities could be
facilitated by implementing these microgeneration systems. In addition, it would lead to
less greenhouse gas house emissions associated with food waste disposal and an increase
in renewable energy generation.

4. Conclusions

Based on the conditions of the case study, the most economically viable scenario for
energy recovery from food waste through anaerobic digestion includes using a tubular
digester with the plant operating at peak hours with a generator set with an internal
combustion engine. Under these conditions, the investment in the system is recovered in
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over four years, which is very attractive. It may also be concluded that the operation of
the plant during off-peak hours strongly reduces the system’s economic viability and
makes it unviable when using a microturbine for electricity generation. This case study
establishes a model to be adapted for implementing microgeneration units in small
municipalities in the northeast region of Brazil, potentially benefiting over 30 million
people. These benefits could include decentralized opportunities for job and income
generation and positive environmental impacts, such as a more sustainable destination
for food waste, increased renewable energy generation, and decreased greenhouse gas
emissions from landfills.
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