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Abstract: Coffee processing generates a large amount of organic waste, which has the potential for
energy use through biogas production. Although Brazil dominates world coffee production, treating
its residue with biogas technology is not a practice, especially due to this product’s seasonality,
which hampers continuous digester operation. The implementation of biogas production from
coffee residues in a concept of industrial symbiosis could overcome this. This work evaluates
the biogas energy potential from the main liquid residues of coffee processing (i.e., mucilage and
wash water) and their integration with glycerin and cattle manure. Around 2773 m3 biogas day−1

would be produced (75% CH4), used as biomethane (734 thousand m3 year−1), or thermal energy
(23,000,000 MJ year−1), or electricity (2718 MWh year−1), which could supply, respectively, all the
liquefied petroleum gas (LPG) and diesel demands of the farm, all the thermal energy demands of
the grain drying process, as well as electricity for 30 residences. Considering the short coffee season,
the results have a broader context for the application of biogas production on coffee processing
farms, envisaging that the Agroindustrial Eco-Park concept has the potential to integrate various
agroindustrial sectors for energy production, residue exchange, and water recirculation.

Keywords: biogas; biomethane; Agroindustrial Eco-Park; industrial symbiosis; co-digestion

1. Introduction

The coffee market is globally significant, with an average annual consumption of
5.9 million tons, making coffee one of the top-selling beverages [1–3]. It ranks second only
to oil as the most valuable commodity on the world market and is among the leading
products in the agricultural sector, alongside sugarcane. Brazil is the largest coffee producer
in the world (63.08 million bags in 2020) [4,5], with the largest production concentrated in
the state of Minas Gerais, with approximately 70% of the total [6]. During coffee processing,
less than 3% of the biomass generated is used in the production of the beverage, with
the remaining 97% remaining as residue in the form of pulp, husk, and mucilage, among
others [7].

The process of transforming cherry coffee (ripe coffee) into green coffee (processed
coffee) is known as beneficiation, which can be done either dry or wet [8,9]. In this process,
one of the problems faced by producers is the large amount of husk and pulp generated.
For every 1 kg of green coffee, it is necessary to process 6 kg of cherry coffee [10]. On the
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other hand, in wet processing, a large amount of water is used for washing, pulping, and
mucilage removal processes, carrying a high concentration of organic material at the end
of these steps [11]. Generally, the processing water goes through a filtration phase, with
a part being recirculated for the process, another used in the fields for irrigation, and the
remaining volume discarded in the rivers. The organic load generated in the post-harvest
processing of coffee produced by wet means reaches values of up to 20,000 mgO2 L−1 (in
terms of biochemical oxygen demand) [12] and values between 15,000 and 25,000 mgO2 L−1

(in terms of chemical oxygen demand) [13].
Figure 1 illustrates a flowchart of the wet processing process, emphasizing the residue

produced at different stages of the process (such as pulp, mucilage, washing water, and
parchment). The quantity of water involved can vary depending on the equipment used
because, in certain instances, grain separation is achieved by exploiting the differences
in grain density within the water. The most abundant residues generated during this
process are pulp, mucilage, and washing water, with the latter accounting for the majority
of the water used throughout the process and containing a significant amount of organic
matter [14,15].
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Coffee processing residues can be treated through anaerobic digestion (AD) processes,
reducing their polluting potential and using biogas to generate energy [16]. Among the
advantages of anaerobic treatment are the high efficiency in the removal of organic matter,
low energy consumption in the process, straightforward construction, production of gas
(biogas) with high calorific value (methane—CH4), and the use of the resulting digestate
as a valuable fertilizer. In this case, the use of digestate has proven to be an effective
mechanism for recycling nutrients within farms [17,18]. Fertilizer expenses have accounted
for approximately 19% of overall operational costs in the coffee production sector in recent
years [19]. Incorporating digestate into coffee plantations is a promising strategy for
alleviating the financial burdens associated with farm agricultural operations.

The aforementioned benefits make biogas an appealing alternative for various agroin-
dustrial sectors, particularly those that generate substantial waste volumes, such as the
coffee industry [20]. The literature has documented the utilization of coffee production
residues in biogas production. According to Corro et al. [21], when coffee pulp is mixed
with cow manure in adequate proportions, it can generate biogas with a high CH4 content
(52%). According to Espinosa [22], biogas generation from coffee pulp in a Plug Flow
Reactor (PFR) is an interesting process due to the amount of biogas obtained: 93.83 L of
biogas per kg of coffee pulp, with 61% CH4 content. Sossa [23] evaluated the production of
biogas through semi-continuous AD of three residues from coffee processing (mucilage,
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pulp, and washing water) using a mixture of 90%, 3%, and 7%, respectively, and obtained
biogas productivity of 0.81 m3 kgVS−1 with high CH4 content (68%). Baêta et al. [24]
reported yields between 90.89 and 127.52 NmL-CH4 gCOD−1 from coffee husk AD. Kivaisi
and Rubindamayugi [25] obtained laboratory-scale CH4 yields of 650 m3 tonVS−1 from
coffee solid waste. Chala et al. [26] reported CH4 yields from pulp and mucilage coffee
of 244.7 and 294.5 L kgVS−1, respectively. Nonetheless, additional research is required
to gain a deeper understanding of biogas energy potential within coffee farms and its
potential applications for fuel and energy generation. However, one of the major challenges
in biogas production using coffee production residues is the off-season period, which
lasts approximately six months in most of the Brazilian regions [27], resulting in a lack of
substrates to feed the reactor for half the year. To maintain continuous biogas production
on farms, integration with another waste stream through the anaerobic co-digestion process
is necessary, enabling consistent biogas operation and energy generation. Among the
potential waste streams that could be integrated, glycerin and even animal manure stand
out, as both are liquid residues, simplifying the operation.

Glycerin is a byproduct from biodiesel production generated in a 1:1 ratio and is
easily digestible. It can be stored for extended periods without compositional changes.
These advantages make glycerin an ideal co-substrate for the AD process. The increased
biogas production resulting from glycerin supplementation can contribute to a higher
yield of valuable biofuel, all while utilizing a waste product that may require minimal
modifications, potentially enhancing biogas production efficiency [28]. The literature
demonstrates, for example, that the co-digestion of sewage sludge with glycerin achieved
an 85 ± 5% reduction in volatile fatty acids (VFAs) and a methane (CH4) production yield
of approximately 0.8 L CH4 per day [29].

Animal manure is rich in nitrogen, which can promote the nutritional balance of the
reactor. It also contains microbiota from the animals’ digestive tract that can contribute
to enriching the anaerobic microbial community and provide the necessary buffering
capacity [30]. In Aboudi et al.’s study [30], they achieved a CH4 production of 9.91 L
CH4 per liter of reactor in the co-digestion of pig manure and dried sugar beet pellets
(50:50 w/w).

Considering the energy potential that coffee waste can offer and keeping the biogas
plant operating during the coffee off-season, this work evaluates the CH4 production
potential from mucilage and washing water of coffee in co-digestion with cattle manure
and glycerin. The present study conducts a technical–economic evaluation of three different
scenarios, taking into account the integration of coffee production residues with other
residues (glycerin and animal manure). Scenario (S1): the thermal energy generated from
the biogas burning; Scenario (S2): considers the electricity generation; and Scenario (S3):
considers the replacement of LPG and diesel with biomethane.

2. Materials and Methods
2.1. Residue Characterization

Mucilage and washing water were collected from a farm located in the city of São
Sebastião da Grama, state of São Paulo, Brazil. The farm beneficiation process is conducted
mechanically using the wet method, with a recirculation system to reduce water consump-
tion. Residue characterization was based on the chemical oxygen demand (COD) and
solids series, including total solids (TS), total volatile solids (TVS), and inorganic ash [31].
The theoretical biogas potential was estimated from the residues generated from the coffee
farm during the season based on their compositional characterization. The characterization
of mucilage and washing water was, respectively, 35.7 kg COD m−3 and 12.5 kg COD m−3;
28 kg TS m−3 and 5.3 kg TS m−3; 25.3 kg TVS m−3 and 4.6 kg TVS m−3; pH of 3.89 and 3.82.
The input data for this investigation are summarized in Table 1, referring to data sourced
from the literature. Because glycerol and manure were considered as alternative substrates,
no field characterizations were carried out.
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Table 1. Input data for the biogas potential estimation from the residues.

Parameter Value Unit Reference

Farm

Farm Area 257 ha Santa Alina Farm
Productivity 19.45 Bags ha−1 Santa Alina Farm

Harvest residue

Mucilage/kg green coffee 540 mL Dias et al. [32]
Wash water/kg green coffee 40 L Sousa e Silva et al. [33]

Off-season residue

COD glycerin 1.22 g COD g−1 Theoretical value
COD cattle manure 0.135 g COD g−1 Garcia et al. [34]

N cattle manure 0.017 g N g−1 Duan et al. [35]

2.2. Biogas Production Calculations

The calculations for biogas production prospecting were conducted using data from
the literature. A structured fixed bed reactor with a hydraulic retention time (HRT) of 24 h
and an organic loading rate (OLR) of 15 kg COD m−3 d−1 were considered [36]. The reactor
was designed (Equation (1)) to manage the total coffee residues generated in the season,
and a 20% headspace was assumed.

Vr =
Q·S
OLR

(1)

where Vr is the useful volume of the reactor (m3), Q is the volumetric flow rate fed to the
reactor (m3 d−1), S is the concentration of substrate (kg COD m−3), and OLR is the organic
loading rate (kg COD m−3 d−1).

The CH4 production (BMP) from the AD reactor was calculated from the stoichiometry of
the CH4 formation reaction from 1 g of COD (0.35 NLCH4 gCOD−1) [37,38], also considering
an average COD removal efficiency of 85%, represented by the biochemical methane potential
(BMP). The operating temperature was set at 20 ◦C, consistent with the ambient temperature
of the study region. The residues were assumed to be diluted with water at the entrance of
the reactor, water that would be recycled during the entire reactor operation.

A COD/N ratio of 200/1 was assumed at the reactor inlet in order to prevent inhibition
of the AD process by excess ammonia [38]. Thus, the amounts of substrates fed to the
reactor during the coffee off-season (glycerin and cattle manure) were determined according
to Equations (2) and (3).

CODr = CODs1 + CODs2 (2)
.

mi = Si·Q (3)

where CODr is the chemical oxygen demand of the reactor, CODs1 is the chemical oxygen
demand of substrate 1, and CODs2 is the chemical oxygen demand of substrate 2;

.
mi is the

mass flow rate for each substrate (kg d−1), Si is the mass concentration of each substrate
(kg m−3), and Q is the volumetric flow rate at the reactor inlet (m3 d−1).

2.3. Energetic Assessment Scenarios

Three scenarios of biogas (75% CH4) uses were assessed based on the estimated CH4
production per year (in the season, coffee residues—mucilage and wash water—were utilized,
while during the off-season, glycerin and manure were employed) from the coffee farm biogas
plant: thermal energy (S1), electricity (S2), and biomethane (S3). The input data are shown in
Table 2. In all scenarios, the use of digestate to replace synthetic fertilizer was considered.

• Scenario (S1): based on the replacement of eucalyptus firewood—which is currently
used for the grain drying stage—by the thermal energy (Equation (4)) generated from
the biogas burning.
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TE = Qbiogas·LHVbiogas·ηTE (4)

where TE is the thermal energy (MJ year−1), Qbiogas is the volumetric flow of biogas
(m3 year−1), LHVbiogas is the lower heating value of biogas, and ηTE is the conversion
efficiency for thermal energy.

• Scenario (S2): considered the electricity generation (Equation (5)) to supply household
consumption and the coffee processing process by using an Internal Combustion
Engine (ICE).

EE = Qbiogas·LHVbiogas·ηEE (5)

where EE is the electric energy (kWh year−1) and ηEE is the conversion efficiency for
internal combustion engines.

• Scenario (S3): considered the replacement of LPG and diesel used in the coffee process-
ing process and the agricultural operations in the farm by biomethane (Equation (6))
(purified biogas).

PCH4 = BMP·CODrem·ηrem (6)

where PCH4 is the biomethane production (m3 d−1), BMP is the theoretical biomethane
potential (m3 CH4 kg COD−1), CODrem is the removal of COD (kg COD d−1) and ηrem is
the removal efficiency. Figure 2 shows the coffee farm biogas plant scheme, indicating
the substrates fed to the reactor in the coffee season and off-season, respectively, as
well as the three scenarios related to the biogas applications. For all scenarios, cleaning
the biogas to remove moisture and sulfur should be considered, mainly to prevent
damaging the equipment used in energy conversion, whether thermal or electric.

Table 2. Input data for the scenarios assessment considering thermal and electric energy and
biomethane production in the coffee farm biogas plant.

Parameter Value Unit Reference

Methane LHV 35.9 MJ m−3 Henríquez [39]
Methane density 1.2 kg m−3 Al Seadi et al. [40]

Biogas LHV (75% CH4) 28 MJ m−3 IEA [41]
Firewood LHV 13.0 MJ kg−1 Cardoso Sobrinho et al. [42]

TE conversion efficiency 82.5 % Hakawati et al. [43]
ICE Efficiency 35 % Hakawati et al. [43]

Diesel LHV 42.5 MJ kg−1 Ying et al. [44]
LPG LHV 46.44 MJ kg−1 ANP [45]

LHV: lower heating value; TE: thermal energy; ICE: internal combustion engine; LPG: liquefied petroleum gas.
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2.4. Economic Assessment Scenarios

The economic assessment was carried out for the three proposed scenarios in order to
verify the project feasibility according to the biogas uses. The equipment investment values
for the biogas plant implementation are shown in Table 3. The values were updated for the
reference period of June/2023 using the Consumer Price Index (CPI) (Equation (7)) with a
conversion rate of USD 0.20 per Brazilian Real (BRL).

Valuet = Value0·
CPIt

CPI0
(7)

Table 3. Input values for the implementation of the coffee biogas plant.

Phase Equipment Detail Units Value (USD) * Reference

Biogas Generation
(S1, S2, S3)

Feed tank HDPE material (435 m3) 1 12,525 Daniel [46]
Structured

fixed-bed reactor
Reinforced concrete

material (579 m3) 1 339,291 Fuess et al. [47]

Support material Polyurethane 23.1 m3 5388 Fuess et al. [47]
Digestate tank HDPE material (1 m3) 1 280 Daniel [46]

Pump Centrifugal 2 3884 Souza [48]
Pump Dosing 1 1509 Fuess et al. [47]
Valves Guillotine 7 663 Daniel [46]

Gasometer
(biogas tank) PVC material (2800 m3) 1 37,246 Daniel [46]

Water seal Stainless steel material 1 2415 Fuess et al. [47]
Gas meter - 1 137 Daniel [46]

Biogas cleaning (S1,
S2, S3)

Dehumidifier +
Desulfurizer Molecular sieve 1 580 Daniel [46]

EE Generation (S2)

Compressor 10 bar 1 405 Daniel [46]
Internal

Combustion
Engine—ICE

Efficiency between 25
and 35% 1 4801 Daniel [46]

Biogas purification
(S3) PSA purification Compression, PSA

purification, and supply 1 76,330 Daniel [46]

* Values were taken from Daniel [46], Fuess et al. [47], and Souza [48] and recalculated considering a scale factor
of 0.65 [49]. The values were updated for the reference period of June 2023 with a conversion rate of USD 0.20
per BRL.

Table 4 presents the parameters and assumptions applied for the economic indicators
calculation: net present value (NPV), internal rate of return (IRR), and discounted payback.
Moreover, Table 4 presents the percentages of sales tax, income tax, and social contributions
(IRPJ and CSLL in Portuguese). To obtain the NPV, IRR, and discounted payback, the free
and discounted cash flows were calculated based on the parameters described in Table 4.

Table 4. Parameters considered in the economic evaluation.

Parameter Value Unit Reference

Plant lifespan 25 year Fuess et al. [47]
Investment in civil works and equipment 20 a % Assumed value

Working capital 10 b % Fuess et al. [47]
Minimum acceptable rate of return (MARR) 14 % Souza [48]

Operation and maintenance 3 c % Fuess et al. [47]
sales tax 18 % Assumed value

IRPJ + CSLL 34 d % Dias et al. [50]
Depreciation rate (linear, 10 years) 10 % Fuess et al. [47]

a Additional investment costs for civil works and equipment (percentage of the initial investment in equipment).
b Percentage of fixed investment. c Annual operation and maintenance cost (percentage of the fixed investment,
including transport logistics). d Percentage of net income. IRPJ: Imposto de Renda de Pessoa Jurídica (Corporate
income tax); CSLL: Contribuição Social sobre o Lucro Líquido (Social Contribution on Net Income).

Table 5 presents the specific saved costs in each scenario, according to the biogas
uses. The energy surplus of each scenario was assumed to be sold either as electricity or
biomethane. It is important to note that biomethane has not yet been priced, being valued
by allocation according to the price of the replaced fuel.
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Table 5. Input values adopted for the saved costs calculation according to the scenarios.

Scenario Item Value Unit Reference

S1—Thermal
energy generation

Firewood to be replaced 11.20 USD/m3 Simioni et al. [51]
EE for sale (surplus) 0.08 USD/kWh MME [52]

S2—Electricity
generation

Network EE (household
economy) 0.16 USD/kWh MME [53]

Network EE (process
economy) 0.14 USD/kWh MME [53]

EE for sale (surplus) 0.08 USD/kWh MME [52]

S3—Biomethane

LPG to be replaced 1.20 USD/kg MME [53]
Diesel to be replaced 0.75 USD/L MME [53]

CNG for sale (surplus) 0.67 USD/m3 ANP [54]
CBio * 6.47 USD/CBio ANP [55]

All scenarios Synthetic fertilizer to be
replaced 20,64 USD/bag CONAB [56]

* CBio: decarbonization credits traded on the stock exchange in accordance with the Biofuels National Policy,
RenovaBio [57]. EE: electric energy; LPG: liquefied petroleum gas; CNG: compressed natural gas.

For each scenario, a sensitivity analysis of NPV, IRR, and discounted payback was
carried out concerning the variation of investment costs, EE prices for consumption and
sale, prices of fuels such as diesel, LPG, and CNG, and Cbio prices. The analysis was
performed considering variation levels of 20% for each case.

3. Results

Considering the management of 100% of mucilage and washing water during the
coffee season, the CH4 production would reach 2080 m3 d−1 (Table 6), corresponding
to 297 L-CH4 kg−1-CODrem. The difference in the substrate flow rate was due to the
higher amounts of washing water used in the coffee bean processing. The washing wa-
ter AD treatment from coffee processing was reported by Selvamurugan et al. [58] and
Puebla et al. [59] as 261 L-CH4 kg−1-CODremoved and 146 L-CH4 kg−1-CODrem, respectively,
lower values than those estimated in this work. The substrate’s co-digestion (washing
water and mucilage) adopted in the current work resulted in the highest CH4 productivity.

Table 6. Substrate feeding flows and CH4 production in season and in the off-season.

Parameter Value Unit

Reactor

Total volume 579 m3

Operating time 360 day
Methane production 2080 m3 d−1

Season flows

Mucilage 1.8 m3 d−1

Washing water 133 m3 d−1

Off-season flows

Cattle manure 1950 kg d−1

Glycerin 5123 kg d−1

Based on the reactor sizing during the coffee season, the same reactor volume was set
up for the off-season, resulting in the mass flow of glycerin and cattle manure, as depicted
in Table 6. These values ensure the operation of the reactor throughout the year. Given the
calculated size and daily methane flow, and combining season and off-season production,
it is possible to generate 250 thousand m3 of biogas per year.
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It is important to note that only the reactor mass balance was considered, disregarding
the substrate’s rheology. This would require a deeper study to assess the substrate’s
viscosity, especially glycerin, which could present some problems such as clogging or
difficulties in agitation. According to Yang et al. [60], it is feasible to use an anaerobic
fixed bed reactor for the CH4 production under thermophilic conditions with a yield of
450 L-CH4 kg−1-glycerin using an OLR at 0.7 kg COD m−3 d−1.

Figure 3 shows the energy balance of the coffee farm biogas plant for the assessed
scenarios, based on the CH4 potential from the AD reactor operating during the year
(coffee season and off-season) and considering the respective biogas applications. Table 7
presents the results of each economic indicator analyzed, initial investment, NPV, IRR,
and discounted payback, for each proposed scenario. Figure 4 shows the investment
cost for each component in all scenarios. Figure 5 presents a sensitivity analysis for
NPV, considering that fluctuations in certain costs could potentially render the scenarios
economically better or not. Figure 6 presents the same sensitivity analysis as in Figure 5,
but this time for the IRR indicator.
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costs and EE sale; (b) S2: variation of investment costs, EE consumption, EE sale; (c) S3: variation of
investment costs, consumption prices, Diesel, LPG, and CNG prices, CBio prices.
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Table 7. Economic performance of scenarios.

Economic Indicator S1 S2 S3

Initial investment USD 525,093 USD 531,861 USD 624,322
NPV USD 395,014 USD 626,577 USD 1,950,517
IRR 25% 32% 60%

Discounted payback 6 years and 2 months 4 years and 6 months 2 years and 1 month
NPV: net present value; IRR: internal rate of return.

4. Discussion
4.1. Energy Assessment

The results showed (Figure 3) that the total energy provided by the biogas uses would
far exceed the specific energy demand for all the scenarios. For S1, the thermal energy
generated by the biogas burning could supply the dryers used in the last stage of coffee
processing during the season: 3.2 MJ kg−1-green coffee is demanded for this process [61],
resulting in the demand of 960,000 MJ per year for the grain drying stage in the current
study. This value represents only 4% of the total thermal energy generated from biogas, and
thus, a surplus of 22,099,755 MJ would be available for other uses. In practical terms, the
energy generated could supply a farm’s production chain with a capacity that is roughly
23 times larger than the one under study. Apart from the considerable biogas production
amount, the energy equivalence between the boiler’s furnace fuels (in terms of LHV)
indicated that the grains drying stage could be more efficient with biogas: LHVbiogas is
2.3-fold higher than LHVfirewood. Additionally, the replacement of eucalyptus firewood
with biogas could contribute to preventing deforestation [62] on occasions when logging
may occur illegally.

In the case of S2, the electric energy generated from biogas could annually supply
30 residences in the coffee farm workers’ colony, considering the average energy consump-
tion in Brazilian households (reference year: 2020) of 173 kWh month−1 [63]. Additionally,
the coffee farm’s beneficiation process’s electrical requirements could also be fully met.
Similar to S1, a surplus electricity of 96% could still be sold in order to generate additional
revenue in the current scenario. Compared with other agroindustrial sectors, Ferraz Junior
et al. [64] reported average values for electricity generated from biogas in a sugarcane plant,
reaching 0.015 MWh per sugarcane ton, being lower than the value obtained in this study
with 0.6 MWh per green coffee ton.

Scenario S3 showed that the potential exists to refine the produced biogas into
biomethane, which can serve as a domestic cooking gas in the colony’s residences or
as a fuel source for the farm’s fleet of harvesters and trucks, thereby addressing the third
scenario encompassing LPG and diesel replacement. The average fuel consumption at the
coffee farm stands at 16.25 kg LPG Household−1 Month−1 [65], with the total demand
required by the 30 households being 271,674 MJ year−1. With the results of the present
study, it is possible to generate 47,266 kg LPG Month−1, sufficient to supply approximately
2908 households, if the gas was solely used to supply households. Diesel consumption
arises from the operation of agricultural machinery and transportation activities during the
coffee harvest, amounting to 0.094 kg per kilogram of green coffee [66], equivalent to a total
demand of 1,198,500 MJ year−1. As depicted in Figure 3, the biomethane generated through
this process could meet the diesel demand (1,198,500 MJ annually), resulting in a surplus
that can meet the energy needs of the 30 households annually. Taking into account both the
use of gas for households and the fleet’s needs, a total of 1,470,174 MJ per year would be
utilized, yielding a surplus of 24,870,355 MJ per year (94% biomethane energy surplus) that
can be injected into the natural gas grid. Comparing the LHV of different fuels is crucial
for assessing their energy efficiency. The LHV of LPG and diesel are 46.4 MJ kg−1 and
42.2 MJ kg−1 [45], respectively, being higher than the LHV of biomethane which has a value
of 30 MJ kg−1. This suggests that biomethane is not as energy efficient, but it generates a
lower environmental impact by compensating for this energy difference. Moraes et al. [67]
indicated the potential to replace 40% of the diesel used in agricultural machinery in the
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sugarcane agroindustry and, according to Ferraz Junior et al. [64], the potential for biogas
production by sugarcane plants and landfills in the State of São Paulo can replace up to
half of the diesel consumed in the state. These data corroborate the importance of replacing
fossil fuels such as diesel in Brazil with biomethane.

Considering all the scenarios, it is apparent that the farm’s total energy demand could
be met with surplus energy to be traded. This opens up the possibility of integrated
simultaneous generation of thermal energy, electric energy, or biomethane tailored to
the primary requirements of the coffee processing and the farm itself. Although the
energy assessments were considered for the entire year, it should be noted that S1 and
S3 hold particular appeal during the harvest period when coffee beans are being dried
and machinery consumes more diesel. S2, on the other hand, remains attractive year-
round, as electricity consumption in the colony’s households is constant. In all scenarios, a
valuable byproduct produced is the digestate. It is worthwhile to contemplate substituting
synthetic fertilizers with the digestate obtained from the AD process during the off-season,
particularly because this period corresponds to the primary fertilization season. Coffee farm
soil needs 250 kg ha−1 year−1 of N [68], and crop needs depend on productivity during
the season, with some crops requiring a higher nitrogen addition compared to others. For
the calculations, the value of nitrogen generated during the entire off-season period was
considered, supplying approximately 4% of the demand for synthetic fertilizers. It is worth
mentioning that along with N, the digestate has several other important nutrients for the
soil that can be used.

The importance of biogas and its energy versatility in all scenarios is highlighted,
especially when purifying biogas to obtain biomethane. There is an additional process that
requires an investment, but that makes the biofuel acceptable according to the regulations
required in Brazil, and that can have a greater return on its sale.

4.2. Economic Assessment

According to the results (Table 7), all scenarios presented a positive NPV and IRR
higher than the minimum acceptable rate of return MARR 14%, which makes scenarios
feasible for this work. S3, despite having the highest initial investment due to the added
biogas purification step compared to the other scenarios, exhibited a positive NPV and
IRR of 60%, signifying the project’s feasibility as well. It is crucial to underscore that the
viability of the third scenario hinges solely on biomethane sales, with the study factoring in
the installation of a biomethane microstation for distribution.

When examining the allocation of resources within the initial investment for each scenario
(as depicted in Figure 4), it becomes evident that the anaerobic digestion plant represents
the largest share in all scenarios. This can be attributed to the reactor type selected and the
prevailing technology costs. Brazil’s heavy reliance on imported technologies contributes to
these elevated expenses, which may render certain projects financially unviable.

For S1 and S2 (Figure 5), it is evident that variations in initial investment, mainly
the biodigester installations, and in the electricity price had a huge impact on economic
viability. For instance, in S1, if the electricity price is 40% lower than initially proposed, the
NPV turns negative. In the case of S3, if the prices of CBIo, diesel, and LPG change, few
alterations will be observed in relation to the NPV. However, CNG has a significant impact
on the NPV if its value is reduced, probably resulting in a negative NPV. This suggests
that in this scenario, it may not be as viable to use biomethane and instead opt for CNG,
particularly when its consumption cost is lower. In the case of CBio, there are interesting
incentives for renewable energy projects, but in this work, such credits did not greatly
influence the economic results.

The same logic observed for NPV applies to IRR as well (Figure 6). In S1, it is evident
that an increase in the value of EE sales leads to an increase in IRR, and when the initial
investment costs decrease, IRR also increases. This pattern is repeated in S2, and it is
notable in S3 that IRR increases with a reduction in initial investment values, which include
the reactor price. The third scenario shows a lower sensitivity to changes in CNG prices
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and almost nothing to changes in diesel, LPG, and CBio prices. Comparing the two
sensitivity analyses confirms the importance of the costs of the technology for AD, being
the main factor contributing to the viability of projects that seek energy self-sustainability
and promote the decarbonization goals in Brazil.

4.3. Brazil’s Biogas Potential: Investment Opportunities and Growth Prospects

It was demonstrated through sensitivity analyses that if certain factors are varied,
particularly related to the initial investment in biogas plant construction and, more signifi-
cantly, the value of the reactors, these scenarios become more economically attractive, with
a strong emphasis on the application of gas as biomethane or LPG (always emphasizing
the consideration of the distance from the anaerobic digestion plant to the gas pipeline).
In this context, Brazil has been working with various political and economic incentives
to enhance the structural quality of biogas plants, leading to pricing structuring possibili-
ties and consequent economic viability. Brazil is stimulating the implementation of new
projects for biogas and biomethane. According to ABIOGAS [69], the target for 2030 is
the production of 30 million m3 CH4 with an investment of USD 950 million per year,
considering a reduction of at least 30% of CH4 emissions in Brazil signed at COP26. The
Climate Fund (Fundo Clima), linked to the Ministry of the Environment (MMA), is cur-
rently the main tool that BNDES has to finance the biogas sector, most of which are for
electricity distribution with a minimum financing amount of USD 1.9 million, reaching a
maximum of USD 15.2 million [69]. MMA also launched in March 2022 the Zero Methane
Program, which focuses on energy use and fuel from waste or organic products as sources
of biogas and biomethane [70]. Small and big rural and urban projects are pushed through
the program, allowing rural producers and landfill managers to become suppliers of fuel
and renewable energy, among other excellent environmentally strategic prospects. Specific
lines of credit and financing from public and private financial agents can provide good
chances for the growth of actions and activities, including, for instance, biogas production
in coffee processing farms.

Currently, Brazilian companies are increasing their proposals with renewable energy
to enter the Brazilian Emission Reduction Market (MBRE), determined to invest in the
biogas or biomethane market. This market showed a 15%-growth in the last year, with
45 plants connected to the grid; in addition, ethanol can replace 48% of the gasoline
consumed in the country. Cities such as São Paulo and Rio de Janeiro currently lead
the production of biomethane in Brazil, with installed production capacities close to
200,000 m3 day−1 [69].

Among some examples in operation in Brazil is the attractive biogas plant for renewable
energy located in Guariba, São Paulo. The project had an investment of USD 29.07 million and
153,100 m2 of built area. The plant treats more than 5 million tons of sugarcane per year.
Vinasse is used as a substrate for the harvest period and the filter cake for the off-season,
producing biogas on a commercial scale of 138,000 MWh per year, of which 96,000 MWh
were traded in a bioenergy auction in 2016 [71].

On the other hand, the replacement of diesel with biomethane for use in buses in a
pilot scale began with the initiative of the Haacke poultry farm in the state of Paraná. The
farm produces large amounts of manure, generating a total of 960 m3 of biomethane per
day, capable of supplying a bus with a capacity of 120 passengers [72].

According to studies by EPE [73], taking as a reference a biomethane plant with a
production of 25,000 Nm3 day−1, the estimated investment, operating, and maintenance
costs between 2020 and 2030 (Capex) and considering the processing to obtain biomethane
will be USD 3.61 billion, while the Opex will reach USD 2.66 billion. This means that later
projects, such as the one proposed in this work, may be of interest to some companies
associated with the sector, bringing investment and public–private partnerships, continuing
to focus on clean energies, thus contributing to the reduction of dependence on fossil fuels.

Integrating the coffee sector through cooperatives that can divide the investment cost
so that all residues from the farms can be processed together is another option to reduce
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implementation costs. Among the main advantages is the shared investment for the projects
and the use of all the energy produced.

4.4. Coffee Farms Integration with Agroindustrial Eco-Park

The energy use assessment of biogas in coffee farms revealed the challenges in develop-
ing biogas plants with continuous and profitable production due to the short harvest period
of the culture. This leads to seasonal waste generation, which can cause interruptions in the
anaerobic reactor, resulting in low efficiency or perhaps rendering the process technically
impractical. This analysis can be the starting point for a wider agroindustrial integration,
emphasizing the importance of the application of agroenergy, which provides the possi-
bility of the absolute use of biomass, adds value, reduces environmental liabilities, and
increases social benefits [74,75]. This integration model consists of an industrial symbiosis
focused on the Brazilian context: an Agroindustrial Eco-Park.

This innovative integration model comes from a more traditional and comprehensive
concept known as an Eco-Industrial Park (EIP), which consists of delimited regions where
groups of companies cooperate with local communities, sharing resources to reduce waste
and pollution and increase environmental quality and economic gains, to stimulate sustain-
able development. This concept was first outlined in 1989 by Frosch and Gallopoulos [76],
who envisioned an industrial ecosystem to optimize the flow of resources by the reuse of
waste from one process as a raw material for another process. According to the United
Nations Industrial Development Organization (UNIDO), the definition of EIPs was given as
“a tract of land that is developed and subdivided into plots according to a comprehensive
plan that makes provision for roads, transport and public utilities for the use of a group of
firms and industrial business-oriented activities carried out in the park”. EIPs are in the area
of industrial ecology, based on the symbiosis between industries that traditionally would
operate separately, but they engage in collectivity in this approach, aiming at a competitive
advantage through the exchange of materials, energy, residues, and/or byproducts [77].
The key to industrial symbiosis lies in the collaboration and possibilities of synergism
offered by geographical proximity [78].

Other successful examples of EIPs that have emerged are concentrated in developed
countries such as Puerto Rico, USA [79], Rotterdam Harbor and Industrial Complex,
The Netherlands [80], United Kingdom [81], Kwinana and Gladstone, Australia [82] and
Guigang, China [83]. Although the Kalundborg prototype has encouraged the creation of
more EIPs around the world, several challenges regarding the identification, evaluation,
and implementation of potential symbioses have been confronted by many national EIP
programs that could easily be overcome by adopting innovative strategies and working in
collaboration [84].

Considering the Brazilian scenario, the extension of the EIP to the perspective of
Agroindustrial Eco-Parks makes sense, as the agroindustry plays an important role in the
country, accounting for ca. 28% of the Gross Domestic Product (GDP), more than 20% of all
employment and almost 50% of exports, with China (37%) and the European Union (15%)
as the major importers [85,86]. The importance of Brazilian agribusiness was felt during the
period of the COVID-19 pandemic, with the country’s economic growth (5.2%) close to the
world growth forecast by the International Monetary Fund (IMF) for 2021 (5.9%) [86,87].
While several sectors of the Brazilian economy retracted, the “agrosector” grew by 0.6%
in 2020 [86]. Brazil is a strategic global player, exporter, and producer of key agribusiness
value chains such as sugarcane and ethanol, oilseed and grains complex, coffee, orange
juice, and animal protein, which is the first or highly ranked in the international market.
The leading role in the efficiency of this sector was due to investment in technology in
the field, modernization of companies, governance gains, best ESG (environmental, social,
and governance) practices, and, finally, better access to third-party capital. According
to the latest agricultural census, agricultural establishments occupy 41% of the national
territory: 72 million hectares from small producers and 52 million hectares from big
agro-establishments [88]. The favorable environmental conditions and the availability
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of cultivable land allow Brazil to have a natural vocation for this sector, although some
challenges still need to be overcome to reach full exploitation, such as infrastructure
and logistics, deficient management skills, greenhouse gas (GHG) emissions, and energy
efficiency of the system. Great opportunities can be seen in the biotechnology field to
leverage growth shortly, following the adopted model of agricultural development based
on science: a worldwide tendency to be valued as leading technology.

Bringing this concept to the present work, Figure 7 illustrates the potential exchange
of residue, energy, and the recirculation of water by the most common industries around
the coffee farm (in a radius of 30 km). In addition to the waste considered in this study,
alternative waste integration options are also presented, taking into account the proximity
of other agricultural activities in the vicinity of the coffee farm area under investigation. For
this, an analysis of agricultural activities was carried out based on the study performed by
the Secretary of State for Agriculture, Livestock and Supply of Minas Gerais (SEAPA) [89].
The agroindustrial sector that most moves the region is of animal origin (beef, swine,
and poultry). Therefore, these agroindustries that present large amounts of residue were
placed in the hypothetical Agroindustrial Eco-Park. Several residues are generated from
poultry farming, with an annual slaughter of 104,300 birds in the region. Swine farming
contributed around 1700 animals, and cattle farming has a maximum of 683,000 animals.
The inadequate form of disposal of generated residues by these industries allows the
presence of a high load of polluting nutrients in the environment [90].
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In addition, in the study area, a dairy factory was found around the farm, which could
supply residues such as anaerobic sludge and whey for energy generation: these residues
are attractive due to their organic load and amount produced. According to the Ministry
of Agriculture, Livestock and Supply, Brazil has the largest production of whey, with
2.7 million tons per year, and this substrate could be processed through AD [91]. On
the other hand, the production of sugarcane is distributed throughout the Minas Gerais
territory and is one of the main crops in the country with the greatest opportunities for
the generation of renewable energy. This industry could exchange residues within the
Agroindustrial Eco-Park, such as filter cake and vinasse, to speed up the biodigester process,
taking advantage of the high processing of 64.8 thousand tons of sugarcane for the Minas
Gerais sector [92]. Around 5860 million m3 of biogas per year could be generated from the
integration of these residues (Table 8), meaning an energy gain of 5859 million m3 of biogas
compared to the scenario proposed in this study (coffee, cattle manure, and glycerin).
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Table 8. Biogas potential in the proposed Eco-Park.

Agroindustrial
Sector

Biogas Production
Factor * Unit Estimated

Biogas [m3]

Poultry 0.00194 m3 animal−1 202
Swine 1.52 m3 animal−1 2584
Cattle 8.73 m3 animal−1 5,962,590
Whey 0.8 m3 m−3-processed milk 76,000

Sugarcane—vinasse 17.68 m3 m−3-processed sugarcane 1,013,861,947
Sugarcane—filter cake 84.41 m3 ton−1-crushed sugarcane 4,840,502,655

* The biogas production factor values were taken from Instituto 17 [93].

Within the concept of the Agroindustrial Eco-Park and concerning the current study,
the main idea proposed is to integrate the coffee farm with the soybean farm, which
produces biodiesel, and cattle farms for the utilization of manure. However, since these
regions are favorable for agroindustries, other agricultural sectors can be integrated into this
business model. Furthermore, within this concept and considering new sector integrations
to make scenarios S1 and S2 more favorable, the implementation of new waste materials
such as vinasse, filter cake, and waste from wine and poultry could help increase CH4
production, consequently offsetting the CAPEX expenses related to the construction of
the biogas plant. This allows for the integration of different sectors through the treatment
of their waste materials, generating value-added products for all to benefit from, such as
electricity, biomethane, thermal energy, and digestate as fertilizer.

Finally, the prospects of an Agroindustrial Eco-Park with energy purposes would
be viable to mitigate environmental degradation and improve the treatment of the large
amount of residue generated. In addition, obtaining energy for use in some processing
stages of each industry and the recirculation of water always aim at optimizing the use of
resources. It is worth mentioning that other factors that interfere, such as the supply and
demand of each product of interest, the logistics of collection and transport, and current
environmental legislation, among others, should be evaluated, but that would be an option
at a macro level to contribute to cost reduction and environmental sustainability.

5. Conclusions

This work highlights that producing biogas from coffee residues is highly advanta-
geous for farms, as it can meet all energy demands. The utilization of residues from other
agricultural activities, such as glycerin and animal manure, gave all scenarios proposed in
this study both energy and economic advantages, signifying the potential for industrial
symbiosis through biogas utilization and energy harnessing. The factor to highlight is the
strong dependence on the electric energy price variation to bring economic feasibility. It
is noteworthy that biomethane could bring profitability by selling it and contribute to the
replacement of fossil fuels such as diesel and LPG. Finally, the Agroindustrial Eco-Park
(AEP) proposal might be promising in the context of coffee farms as it would allow the
integration of other surrounding agroindustries to exchange energy, residues (substrates),
and water recirculation, applying the concept of a circular bioeconomy. Considering the
hypothetical AEP proposed, a 5859 million m3 per year increase in bioenergy production
could be achieved with the integrated use of waste to biogas beyond the border of coffee,
livestock, and biodiesel production units.

Author Contributions: Conceptualization, L.T.A., R.P.R. and B.d.S.M.; methodology, L.T.A., I.R.M.
and L.T.F.; formal analysis, L.T.F., R.P.R., M.P.C.V. and B.d.S.M.; investigation, L.T.A. and I.R.M.;
data curation, L.T.A., I.R.M., L.T.F. and M.P.C.V.; writing—original draft preparation, L.T.A. and
I.R.M.; writing—review and editing, L.T.F., R.P.R., M.P.C.V. and B.d.S.M.; supervision, R.P.R. and
B.d.S.M.; funding acquisition, B.d.S.M. All authors have read and agreed to the published version of
the manuscript.



Resources 2024, 13, 21 16 of 19

Funding: This research was funded by the National Council for Scientific and Technological Develop-
ment (CNPq), grant number 140368/2019-1 and National Council for Scientific and Technological
Development: 404494/2021-8.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors are grateful for the support of the Biotechnology Applied to Bioen-
ergy and Environment Laboratory (BIOMA) at the School of Agricultural Engineering, University of
Campinas (FEAGRI/UNICAMP), and the Center for Energy Planning (NIPE/UNICAMP).

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

References
1. Chen, R.; Wen, W.; Jiang, H.; Lei, Z.; Li, M.; Li, Y.Y. Energy Recovery Potential of Thermophilic High-Solids Co-Digestion of

Coffee Processing Wastewater and Waste Activated Sludge by Anaerobic Membrane Bioreactor. Bioresour. Technol. 2019, 274,
127–133. [CrossRef] [PubMed]

2. Fragoso, R.; Carvalho, A.; Duarte, E. Enhancement of Sewage Sludge Bioconversion to Methane by the Addition of Exhausted
Coffee Biowaste Liquid Fraction. Waste Biomass Valorization 2020, 11, 1125–1130. [CrossRef]

3. Lee, M.; Yang, M.; Choi, S.; Shin, J.; Park, C.; Cho, S.-K.; Kim, Y.M. Sequential Production of Lignin, Fatty Acid Methyl Esters and
Biogas from Spent Coffee Grounds via an Integrated Physicochemical and Biological Process. Energies 2019, 12, 2360. [CrossRef]

4. Battista, F.; Fino, D.; Mancini, G. Optimization of Biogas Production from Coffee Production Waste. Bioresour. Technol. 2016, 200,
884–890. [CrossRef]

5. Campos, R.C.; Pinto, V.R.A.; Melo, L.F.; da Rocha, S.J.S.S.; Coimbra, J.S. New Sustainable Perspectives for “Coffee Wastewater”
and Other by-Products: A Critical Review. Future Foods 2021, 4, 100058. [CrossRef]

6. da Rosa Pin, B.V.; Barros, R.M.; Lora, E.E.S.; del Olmo, O.A.; Santos, I.F.S.D.; Ribeiro, E.M.; de Freitas Rocha, J.V. Energetic Use of
Biogas from the Anaerobic Digestion of Coffee Wastewater in Southern Minas Gerais, Brazil. Renew. Energy 2020, 146, 2084–2094.
[CrossRef]

7. Rotta, N.M.; Curry, S.; Han, J.; Reconco, R.; Spang, E.; Ristenpart, W.; Donis-González, I.R. A Comprehensive Analysis of
Operations and Mass Flows in Postharvest Processing of Washed Coffee. Resour. Conserv. Recycl. 2021, 170, 105554. [CrossRef]

8. Chala, B.; Oechsner, H.; Müller, J. Introducing Temperature as Variable Parameter into Kinetic Models for Anaerobic Fermentation
of Coffee Husk, Pulp and Mucilage. Appl. Sci. 2019, 9, 412. [CrossRef]

9. Rojas-Sossa, J.P.; Murillo-Roos, M.; Uribe, L.; Uribe-Lorio, L.; Marsh, T.; Larsen, N.; Chen, R.; Miranda, A.; Solís, K.; Rodriguez, W.;
et al. Effects of Coffee Processing Residues on Anaerobic Microorganisms and Corresponding Digestion Performance. Bioresour.
Technol. 2017, 245, 714–723. [CrossRef] [PubMed]

10. Chapagain, A.K.; Hoekstra, A.Y. The Water Footprint of Coffee and Tea Consumption in the Netherlands. Ecol. Econ. 2007, 64,
109–118. [CrossRef]

11. Hernández-Sarabia, M.; Sierra-Silva, J.; Delgadillo-Mirquez, L.; Ávila-Navarro, J.; Carranza, L. The Potential of the Biodigester as
a Useful Tool in Coffee Farms. Appl. Sci. 2021, 11, 6884. [CrossRef]

12. Silva, J.F. Monitoramento de Um Sistema Piloto No Tratamento Da Água Residuária Do Café Produzido Por via Úmida. Master’s
Thesis, UFLA, Lavras, Brazil, 2007.

13. Rattan, S.; Parande, A.K.; Nagaraju, V.D.; Ghiwari, G.K. A Comprehensive Review on Utilization of Wastewater from Coffee
Processing. Environ. Sci. Pollut. Res. 2015, 22, 6461–6472. [CrossRef] [PubMed]

14. Gómez-Salcedo, Y.; Baquerizo-Crespo, R.J.; da Silva, A.J.; Oliva-Merencio, D.; Pereda-Reyes, I. Digestión anaerobia de residuales
sólidos del beneficio húmedo del café. Rev. Int. Contam. Ambient. 2021, 37, 281–292. [CrossRef]

15. Gonzalez-Piedra, S.; Hernández-García, H.; Perez-Morales, J.M.; Acosta-Domínguez, L.; Bastidas-Oyanedel, J.-R.; Hernandez-
Martinez, E. A Study on the Feasibility of Anaerobic Co-Digestion of Raw Cheese Whey with Coffee Pulp Residues. Energies 2021,
14, 3611. [CrossRef]

16. Kim, D.; Choi, H.; Lee, C. Pretreatment of Spent Coffee Grounds with Alkaline Soju Bottle-Washing Wastewater for Enhanced
Biomethanation. Biomass Convers. Biorefin 2022, 12, 803–808. [CrossRef]

17. Neves, L.; Ribeiro, R.; Oliveira, R.; Alves, M.M. Enhancement of Methane Production from Barley Waste. Biomass Bioenergy 2006,
30, 599–603. [CrossRef]

18. Tang, Y.; Luo, L.; Carswell, A.; Misselbrook, T.; Shen, J.; Han, J. Changes in Soil Organic Carbon Status and Microbial Community
Structure Following Biogas Slurry Application in a Wheat-Rice Rotation. Sci. Total Environ. 2021, 757, 143786. [CrossRef]
[PubMed]

19. CNA Custos Com Fertilizantes Na Produção de Coffea Arábica Aumentaram Expressivamente Nos Últimos 5 Anos. 2018. Avail-
able online: https://www.cnabrasil.org.br/publicacoes/custos-com-fertilizantes-na-producao-de-coffea-arabica-aumentaram-
expressivamente-nos-ultimos-5-anos (accessed on 24 June 2023).

20. Fonseca, Y.A.; Silva, N.C.; Fernandes, A.R.; Faria, M.V.; Adarme, O.F.; Passos, F.; Baêta, B. EL Steam Explosion Pretreatment of
Coffee Husks: A Strategy towards Decarbonization in a Biorefinery Approach. J. Chem. Technol. Biotechnol. 2022, 97, 1567–1574.
[CrossRef]

https://doi.org/10.1016/j.biortech.2018.11.080
https://www.ncbi.nlm.nih.gov/pubmed/30502603
https://doi.org/10.1007/s12649-018-0486-4
https://doi.org/10.3390/en12122360
https://doi.org/10.1016/j.biortech.2015.11.020
https://doi.org/10.1016/j.fufo.2021.100058
https://doi.org/10.1016/j.renene.2019.08.004
https://doi.org/10.1016/j.resconrec.2021.105554
https://doi.org/10.3390/app9030412
https://doi.org/10.1016/j.biortech.2017.08.098
https://www.ncbi.nlm.nih.gov/pubmed/28917107
https://doi.org/10.1016/j.ecolecon.2007.02.022
https://doi.org/10.3390/app11156884
https://doi.org/10.1007/s11356-015-4079-5
https://www.ncbi.nlm.nih.gov/pubmed/25598156
https://doi.org/10.20937/RICA.53753
https://doi.org/10.3390/en14123611
https://doi.org/10.1007/s13399-020-01171-5
https://doi.org/10.1016/j.biombioe.2005.12.003
https://doi.org/10.1016/j.scitotenv.2020.143786
https://www.ncbi.nlm.nih.gov/pubmed/33223165
https://www.cnabrasil.org.br/publicacoes/custos-com-fertilizantes-na-producao-de-coffea-arabica-aumentaram-expressivamente-nos-ultimos-5-anos
https://www.cnabrasil.org.br/publicacoes/custos-com-fertilizantes-na-producao-de-coffea-arabica-aumentaram-expressivamente-nos-ultimos-5-anos
https://doi.org/10.1002/jctb.6956


Resources 2024, 13, 21 17 of 19

21. Corro, G.; Pal, U.; Bañuelos, F.; Rosas, M. Generation of Biogas from Coffee-Pulp and Cow-Dung Co-Digestion: Infrared Studies
of Postcombustion Emissions. Energy Convers. Manag. 2013, 74, 471–481. [CrossRef]

22. Espinosa, H. Aprovechamiento de Pulpa de Café Para La Producción de Biogás En Un Reactor Flujo Pistón. Master’s Thesis,
Universidad Pontificia Bolivariana, Medellín, Colombia, 2017.

23. Sossa, J.P.R. Evaluación de La Producción de Biogás Por Medio de La Biodigestión Anaerobia Semicontinua Utilizando Residuos
Del Beneficiado Del Café Como Substrato. Ph.D. Thesis, Universidad de Costa Rica, San Pedro, Costa Rica, 2015.

24. Baêta, B.E.L.; de Cordeiro, P.H.M.; Passos, F.; Gurgel, L.V.A.; de Aquino, S.F.; Fdz-Polanco, F. Steam Explosion Pretreatment
Improved the Biomethanization of Coffee Husks. Bioresour. Technol. 2017, 245, 66–72. [CrossRef]

25. Kivaisi, A.K.; Rubindamayugi, M.S.T. The Potential of Agro-Industrial Residues for Production of Biogas and Electricity in
Tanzania. Renew. Energy 1996, 9, 917–921. [CrossRef]

26. Chala, B.; Oechsner, H.; Latif, S.; Müller, J. Biogas Potential of Coffee Processing Waste in Ethiopia. Sustainability 2018, 10, 2678.
[CrossRef]

27. Sera, G.H.; de Carvalho, C.H.S.; de Abrahão, J.C.R.; Pozza, E.A.; Matiello, J.B.; de Almeida, S.R.; Bartelega, L.; Botelho, D.M.D.S.
Coffee Leaf Rust in Brazil: Historical Events, Current Situation, and Control Measures. Agronomy 2022, 12, 496. [CrossRef]

28. Lobato, A.; Cuetos, M.J.; Gómez, X.; Morán, A. Improvement of Biogas Production by Co-Digestion of Swine Manure and
Residual Glycerine. Biofuels 2010, 1, 59–68. [CrossRef]

29. Zahedi, S.; Rivero, M.; Solera, R.; Perez, M. Mesophilic Anaerobic Co-Digestion of Sewage Sludge with Glycerine: Effect of Solids
Retention Time. Fuel 2018, 215, 285–289. [CrossRef]

30. Aboudi, K.; Álvarez-Gallego, C.J.; Romero-García, L.I. Semi-Continuous Anaerobic Co-Digestion of Sugar Beet Byproduct and
Pig Manure: Effect of the Organic Loading Rate (OLR) on Process Performance. Bioresour. Technol. 2015, 194, 283–290. [CrossRef]

31. APHA. APHA Standard Methods for the Examination of Water and Wastewater 2012, 22nd ed.; APHA: Washington, DC, USA, 2012.
32. Dias, D.R.; Valencia, N.R.; Franco, D.A.Z.; López-Núñez, J.C. Management and Utilization of Wastes from Coffee Process-

ing. In Cocoa and Coffee Fermentations; Schwan, R.F., Fleet, G.H., Eds.; CRC Press: Boca Raton, FL, USA, 2014; pp. 545–575;
ISBN 9780429062926.

33. De Sousa e Silva, J.; Moreli, A.P.; Donzeles, S.M.L.; Soares, S.F.; Vitor, D.G. Harvesting, Drying and Storage of Coffee. In
Quality Determinants in Coffee Prodctions; Pereira, L.L., Moreira, T.R., Eds.; Springer: Cham, Switzerland, 2021; pp. 1–64;
ISBN 978-3-030-54437-9.

34. Garcia, N.H.; Mattioli, A.; Gil, A.; Frison, N.; Battista, F.; Bolzonella, D. Evaluation of the Methane Potential of Different
Agricultural and Food Processing Substrates for Improved Biogas Production in Rural Areas. Renew. Sustain. Energy Rev. 2019,
112, 1–10. [CrossRef]

35. Duan, M.; Zhang, Y.; Zhou, B.; Wang, Q.; Gu, J.; Liu, G.; Qin, Z.; Li, Z. Changes in Antibiotic Resistance Genes and Mobile
Genetic Elements during Cattle Manure Composting after Inoculation with Bacillus Subtilis. Bioresour. Technol. 2019, 292, 122011.
[CrossRef] [PubMed]

36. Fuess, L.T.; Zaiat, M.; Nascimento, C.A.O.D. Thermophilic Biodigestion of Fermented Sugarcane Molasses in High-Rate Structured-
Bed Reactors: Alkalinization Strategies Define the Operating Limits. Energy Convers. Manag. 2021, 239, 114203. [CrossRef]

37. de Oliveira, J.F.; Fia, R.; de Melo, A.F.S.R.; Fia, F.R.L.; Rodrigues, F.N.; Siniscalchi, L.A.B.; de Matos, M.P. Organic Stabilization and
Methane Production under Different Organic Loading Rates in UASB Treating Swine Wastewater. Biodegradation 2023, 35, 1–17.
[CrossRef]

38. de Lemos Chernicharo, C.A. Anaerobic Reactors; IWA Publishing: London, UK, 2007; Volume 4, ISBN 1-84339-164-3.
39. Henríquez, A.I.M. Análise de Ciclo de Vida (ACV) de Sistemas Integrados de Tratamento e Disposição Final de Resíduos Sólidos

Urbanos Para Cidades de Médio Porte. Master’s Thesis, Universidade Federal de Itajubá, Itajubá, Brazil, 2016.
40. Al Seadi, T.; Rutz, D.; Prassl, H.; Köttner, M.; Finsterwalder, T.; Volk, S.; Janssen, R. Biogas Handbook, University of Southern

Denmark, Esbjerg. 2008. Available online: https://www.lemvigbiogas.com/BiogasHandbook.pdf (accessed on 24 June 2023).
41. IEA Outlook for Biogas and Biomethane: Prospects for Organic Growth World Energy Outlook Special Report Biomethane. 2020.

Available online: https://www.iea.org/reports/outlook-for-biogas-and-biomethane-prospects-for-organic-growth (accessed on
24 June 2023).

42. Cardoso, S.J.; da Nogueira, S.J.; de Flauzino, L.A.; de Sousa, E.S.J. Custos Comparativos de Secagem de Café Usando-Se Lenha de
Eucalipto e Gás Liquefeito de Petróleo. In Proceedings of the Simpósio de Pesquisa dos Cafés do Brasil, Poços de Caldas, MG,
Brazil, 26–29 September 2000; pp. 1132–1137.

43. Hakawati, R.; Smyth, B.M.; McCullough, G.; de Rosa, F.; Rooney, D. What Is the Most Energy Efficient Route for Biogas Utilization:
Heat, Electricity or Transport? Appl. Energy 2017, 206, 1076–1087. [CrossRef]

44. Ying, W.; Longbao, Z.; Hewu, W. Diesel Emission Improvements by the Use of Oxygenated DME/Diesel Blend Fuels. Atmos.
Environ. 2006, 40, 2313–2320. [CrossRef]

45. ANP Fatores de Conversão, Densidade e Poderes Caloríficos Inferiores; Brasil. 2020. Available online: https://www.pbeedifica.
com.br/sites/default/files/Relatorio-atualizado-fatores_energia-primaria_CO2_28_11_2020.pdf (accessed on 24 June 2023).

46. Daniel, S.H. Potencial de Aproveitamento Energético Dos Resíduos Alimentares Gerados No Restaurante Universitário Da
UNICAMP. Master’s Thesis, Universidade Estadual de Campinas, Campinas, Brazil, 2021.

https://doi.org/10.1016/j.enconman.2013.07.017
https://doi.org/10.1016/j.biortech.2017.08.110
https://doi.org/10.1016/0960-1481(96)88429-1
https://doi.org/10.3390/su10082678
https://doi.org/10.3390/agronomy12020496
https://doi.org/10.4155/bfs.09.2
https://doi.org/10.1016/j.fuel.2017.11.007
https://doi.org/10.1016/j.biortech.2015.07.031
https://doi.org/10.1016/j.rser.2019.05.040
https://doi.org/10.1016/j.biortech.2019.122011
https://www.ncbi.nlm.nih.gov/pubmed/31442833
https://doi.org/10.1016/j.enconman.2021.114203
https://doi.org/10.1007/s10532-023-10060-3
https://www.lemvigbiogas.com/BiogasHandbook.pdf
https://www.iea.org/reports/outlook-for-biogas-and-biomethane-prospects-for-organic-growth
https://doi.org/10.1016/j.apenergy.2017.08.068
https://doi.org/10.1016/j.atmosenv.2005.12.016
https://www.pbeedifica.com.br/sites/default/files/Relatorio-atualizado-fatores_energia-primaria_CO2_28_11_2020.pdf
https://www.pbeedifica.com.br/sites/default/files/Relatorio-atualizado-fatores_energia-primaria_CO2_28_11_2020.pdf


Resources 2024, 13, 21 18 of 19

47. Fuess, L.T.; de Araújo Júnior, M.M.; Garcia, M.L.; Zaiat, M. Designing Full-Scale Biodigestion Plants for the Treatment of Vinasse
in Sugarcane Biorefineries: How Phase Separation and Alkalinization Impact Biogas and Electricity Production Costs? Chem. Eng.
Res. Des. 2017, 119, 209–220. [CrossRef]

48. Souza, L.M.G. Aproveitamento Energético de Subprodutos Das Indústrias de Etanol e Biodiesel Para a Produção de Metano e
Hidrogênio Em Sistema de Duas Etapas. Master’s Thesis, Universidade Estadual de Campinas, Campinas, Brazil, 2020.

49. Saur, G.; Jalalzadeh-Azar, A. H2A Biomethane Model Documentation and a Case Study for Biogas from Dairy Farms; National Renewable
Energy Lab.: Golden, CO, USA, 2010.

50. Dias, M.O.S.; Junqueira, T.L.; Cavalett, O.; Cunha, M.P.; Jesus, C.D.F.; Rossell, C.E.V.; Maciel Filho, R.; Bonomi, A. Integrated
versus Stand-Alone Second Generation Ethanol Production from Sugarcane Bagasse and Trash. Bioresour. Technol. 2012, 103,
152–161. [CrossRef] [PubMed]

51. Simioni, F.J.; de Almeida Buschinelli, C.C.; Deboni, T.L.; Passos, B.M. dos Cadeia Produtiva de Energia de Biomassa Florestal: O
Caso Da Lenha de Eucalipto No Polo Produtivo de Itapeva—SP. Cienc. Florest. 2018, 28, 310–323. [CrossRef]

52. MME. Portaria N◦ 65; Ministério de Minas e Energia: Brasilia, Brazil, 2018. Available online: https://www.gov.br/mme/
pt-br/acesso-a-informacao/legislacao/portarias/2023/portaria-normativa-n-65-gm-mme-2023.pdf/view (accessed on 19
November 2023).

53. MME. Boletim Mensal de Energia; MME: Brasilia, Brazil, 2021. Available online: https://www.gov.br/mme/pt-br/assuntos/
secretarias/sntep/publicacoes/boletins-mensais-de-energia/2021/portugues/12-boletim-mensal-de-energia-dezembro-2021
(accessed on 24 June 2023).

54. ANP Sistema de Levantamento de Preços. Available online: https://csa.anp.gov.br/ (accessed on 8 November 2021).
55. ANP Painel Dinâmico Do RenovaBio: Comercialização de Cbios. Available online: https://www.gov.br/anp/pt-br/centrais-de-

conteudo/paineis-dinamicos-da-anp/paineis-dinamicos-do-renovabio (accessed on 23 November 2021).
56. CONAB Custos de Produção. Available online: https://www.conab.gov.br/info-agro/custos-de-producao (accessed on 26

October 2021).
57. MME RenovaBio. Available online: https://www.gov.br/mme/pt-br/assuntos/secretarias/petroleo-gas-natural-e-

biocombustiveis/renovabio-1 (accessed on 21 January 2023).
58. Selvamurugan, M.; Doraisamy, P.; Maheswari, M. An Integrated Treatment System for Coffee Processing Wastewater Using

Anaerobic and Aerobic Process. Ecol. Eng. 2010, 36, 1686–1690. [CrossRef]
59. Puebla, Y.G.; Pérez, S.R.; Hernández, J.J.; Girón, V.S. Performance of a UASB Reactor Treating Coffee Wet Wastewater. Rev. Cienc.

Técnicas Agropecu. 2014, 23, 50–56.
60. Yang, Y.; Tsukahara, K.; Sawayama, S. Biodegradation and Methane Production from Glycerol-Containing Synthetic Wastes with

Fixed-Bed Bioreactor under Mesophilic and Thermophilic Anaerobic Conditions. Process Biochem. 2008, 43, 362–367. [CrossRef]
61. Silva, J.N.; Cardoso Sobrinho, J. Análise Energética Da Secagem de Café Em Secadores Horizontal e Vertical de Fluxos Cruzados.

In Proceedings of the II Simpósio de Pesquisa dos Cafés do Brasil, Vitória, Spain, 24–27 September 2001; pp. 717–723.
62. Beyene, A.; Yemane, D.; Addis, T.; Assayie, A.A.; Triest, L. Experimental Evaluation of Anaerobic Digestion for Coffee Wastewater

Treatment and Its Biomethane Recovery Potential. Int. J. Environ. Sci. Technol. 2014, 11, 1881–1886. [CrossRef]
63. EPE Anuário Estatístico de Energia Elétrica. 2021. Available online: https://www.epe.gov.br/sites-pt/publicacoes-dados-

abertos/publicacoes/PublicacoesArquivos/publicacao-160/topico-168/Anu%C3%A1rio_2021.pdf (accessed on 24 June 2023).
64. Ferraz Júnior, A.D.N.; Machado, P.G.; Jalil-Vega, F.; Coelho, S.T.; Woods, J. Liquefied Biomethane from Sugarcane Vinasse and

Municipal Solid Waste: Sustainable Fuel for a Green-Gas Heavy Duty Road Freight Transport Corridor in Sao Paulo State.
J. Clean. Prod. 2022, 335, 130281. [CrossRef]

65. De Oliveira Júnior, G.G.; Da Silva, A.B.; Mantovani, J.R.; Miranda, J.M.; Florentino, L.A. Levantamento de Emissão de Gases de
Efeito Estufa Pela Metodologia Do Carbono Equivalente Na Cultura Do Cafeeiro. Coffee Sci. 2015, 10, 412–419.

66. Coltro, L.; Mourad, A.L.; Oliveira, P.A.P.L.V.; Baddini, J.P.O.A.; Kletecke, R.M. Environmental Profile of Brazilian Green Coffee.
Int. J. Life Cycle Assess. 2006, 11, 16–21. [CrossRef]

67. Moraes, B.S.; Junqueira, T.L.; Pavanello, L.G.; Cavalett, O.; Mantelatto, P.E.; Bonomi, A.; Zaiat, M. Anaerobic Digestion of Vinasse
from Sugarcane Biorefineries in Brazil from Energy, Environmental, and Economic Perspectives: Profit or Expense? Appl. Energy
2014, 113, 825–835. [CrossRef]

68. Mesquita, C.M.d.; Rezende, J.E.d.; Carvalho, J.S.; Fabri Júnior, M.A.; Moraes, N.C.; Dias, P.T.; Carvalho, R.M.d.; Araújo, W.G.d.
Manual Do Café: Manejo de Cafezais Em Produção; EMATER-MG: Belo Horizonte, Brazil, 2016; pp. 1–52.

69. ABIOGAS Oitava Edição Do Fórum Do Biogás Destaca as Razoes Para Investir No Energético e Apresenta Soluções Para
Destravar o Desenvolvimento Do Projeto. Available online: https://abiogas.org.br/abiogasnews-dezembro-2021/ (accessed on 7
December 2021).

70. MME. Programa Metano Zero; Ministério do Meio Ambiente: Brasília, Brazil, 2022.
71. RAÍZEN Raízen Inaugura Planta de Biogás e Consolida Portfólio de Energias Renováveis. Available online: https://api.mziq.

com/mzfilemanager/v2/d/6aa68515-2422-4cc4-bafa-8870ccdfedb0/3282cb62-6937-9b79-ac34-aa85af290d5e?origin=1 (accessed
on 7 December 2021).

72. EPE Impactos Da Participação Do Biogás e Do Biometano Na Matriz Brasileira: IV Fórum de Biogás. Available online: https:
//www.epe.gov.br/ (accessed on 10 December 2021).

73. EPE. EPE Investimentos e Custos Operacionais e de Manutenção No Setor de Biocombustíveis: 2020–2030; EPE: Rio de Janeiro, Brazil, 2019.

https://doi.org/10.1016/j.cherd.2017.01.023
https://doi.org/10.1016/j.biortech.2011.09.120
https://www.ncbi.nlm.nih.gov/pubmed/22019267
https://doi.org/10.5902/1980509831602
https://www.gov.br/mme/pt-br/acesso-a-informacao/legislacao/portarias/2023/portaria-normativa-n-65-gm-mme-2023.pdf/view
https://www.gov.br/mme/pt-br/acesso-a-informacao/legislacao/portarias/2023/portaria-normativa-n-65-gm-mme-2023.pdf/view
https://www.gov.br/mme/pt-br/assuntos/secretarias/sntep/publicacoes/boletins-mensais-de-energia/2021/portugues/12-boletim-mensal-de-energia-dezembro-2021
https://www.gov.br/mme/pt-br/assuntos/secretarias/sntep/publicacoes/boletins-mensais-de-energia/2021/portugues/12-boletim-mensal-de-energia-dezembro-2021
https://csa.anp.gov.br/
https://www.gov.br/anp/pt-br/centrais-de-conteudo/paineis-dinamicos-da-anp/paineis-dinamicos-do-renovabio
https://www.gov.br/anp/pt-br/centrais-de-conteudo/paineis-dinamicos-da-anp/paineis-dinamicos-do-renovabio
https://www.conab.gov.br/info-agro/custos-de-producao
https://www.gov.br/mme/pt-br/assuntos/secretarias/petroleo-gas-natural-e-biocombustiveis/renovabio-1
https://www.gov.br/mme/pt-br/assuntos/secretarias/petroleo-gas-natural-e-biocombustiveis/renovabio-1
https://doi.org/10.1016/j.ecoleng.2010.07.013
https://doi.org/10.1016/j.procbio.2007.12.015
https://doi.org/10.1007/s13762-013-0339-4
https://www.epe.gov.br/sites-pt/publicacoes-dados-abertos/publicacoes/PublicacoesArquivos/publicacao-160/topico-168/Anu%C3%A1rio_2021.pdf
https://www.epe.gov.br/sites-pt/publicacoes-dados-abertos/publicacoes/PublicacoesArquivos/publicacao-160/topico-168/Anu%C3%A1rio_2021.pdf
https://doi.org/10.1016/j.jclepro.2021.130281
https://doi.org/10.1065/lca2006.01.230
https://doi.org/10.1016/j.apenergy.2013.07.018
https://abiogas.org.br/abiogasnews-dezembro-2021/
https://api.mziq.com/mzfilemanager/v2/d/6aa68515-2422-4cc4-bafa-8870ccdfedb0/3282cb62-6937-9b79-ac34-aa85af290d5e?origin=1
https://api.mziq.com/mzfilemanager/v2/d/6aa68515-2422-4cc4-bafa-8870ccdfedb0/3282cb62-6937-9b79-ac34-aa85af290d5e?origin=1
https://www.epe.gov.br/
https://www.epe.gov.br/


Resources 2024, 13, 21 19 of 19

74. Dias, M.E.; Oliveira, G.H.D.; Couto, P.T.; Dussán, K.J.; Zaiat, M.; Ribeiro, R.; Stablein, M.J.; Watson, J.T.; Zhang, Y.; Tommaso, G.
Anaerobic Digestion of Hydrothermal Liquefaction Wastewater from Spent Coffee Grounds. Biomass Bioenergy 2021, 148, 106030.
[CrossRef]

75. Santos, G.S.; Melo, S.W.C. A Ecologia Industrial e a Sua Aplicação Na Agroenergia; Embrapa Agroenergia: Brasilia, Brazil, 2014.
76. Frosch, R.A. Industrial Ecology: Adapting Technology for a Sustainable World. Environ. Sci. Policy Sustain. Dev. 1995, 37, 17–37.

[CrossRef]
77. Behera, S.K.; Kim, J.H.; Lee, S.Y.; Suh, S.; Park, H.S. Evolution of “designed” Industrial Symbiosis Networks in the Ulsan

Eco-Industrial Park: “Research and Development into Business” as the Enabling Framework. J. Clean. Prod. 2012, 29–30, 103–112.
[CrossRef]

78. Chertow, M.R. Industrial Symbiosis: Literature and Taxonomy. Annu. Rev. Energy Environ. 2000, 25, 313–337. [CrossRef]
79. Chertow, M.R.; Ashton, W.S.; Espinosa, J.C. Industrial Symbiosis in Puerto Rico: Environmentally Related Agglomeration

Economies. Reg. Stud. 2008, 42, 1299–1312. [CrossRef]
80. Baas, L.; Boons, F. Industrial Symbiosis in a Social Science Perspective; Yale School of the Environment Publications Series: Birming-

ham, UK, 2007.
81. Mirata, M. Experiences from Early Stages of a National Industrial Symbiosis Programme in the UK: Determinants and Coordina-

tion Challenges. J. Clean. Prod. 2004, 12, 967–983. [CrossRef]
82. Beers, D.; Bossilkov, A.; Corder, G.; Berkel, R. Industrial Symbiosis in the Australian Minerals Industry: The Cases of Kwinana

and Gladstone. J. Ind. Ecol. 2008, 11, 55–72. [CrossRef]
83. Zhu, Q.; Lowe, E.A.; Wei, Y.; Barnes, D. Industrial Symbiosis in China: A Case Study of the Guitang Group. J. Ind. Ecol. 2008, 11,

31–42. [CrossRef]
84. Liu, Z.; Geng, Y.; Ulgiati, S.; Park, H.-S.; Tsuyoshi, F.; Wang, H. Uncovering Key Factors Influencing One Industrial Park’s

Sustainability: A Combined Evaluation Method of Emergy Analysis and Index Decomposition Analysis. J. Clean. Prod. 2016, 114,
141–149. [CrossRef]

85. CEPEA Boletim PIB Do Agronegócio Brasileiro. 2018. Available online: https://www.cepea.esalq.usp.br/br/releases/pib-agro-
cepea-pib-do-agronegocio-fecha-2018-com-estabilidade.aspx (accessed on 24 June 2023).

86. CNA; CEPEA. PIB DO AGRONEGÓCIO. 2021. Available online: https://www.cepea.esalq.usp.br/br/releases/pib-agro-cepea-
apos-recordes-em-2020-e-2021-pib-do-agro-cai-4-22-em-2022.aspx (accessed on 24 June 2023).

87. Barros, G.S.C. PERSPECTIVAS PARA O AGRONEGÓCIO EM 2022. 2022. Available online: https://www.cepea.esalq.usp.br/br/
opiniao-cepea/perspectivas-para-o-agronegocio-em-2022.aspx (accessed on 24 June 2023).

88. IBGE Censo Agropecuário 2017; Rio de Janeiro. 2019. Available online: https://biblioteca.ibge.gov.br/index.php/biblioteca-
catalogo?view=detalhes&id=73096 (accessed on 24 June 2023).

89. SEAPA Projeções Do Agronegócio 2017–2027; Belo Horizonte. 2017. Available online: https://www.mg.gov.br/system/files/
media/agricultura/documento_detalhado/2023/publicacoes/projecoes-do-agronegocio/projecoes_2017_a_2027.pdf (accessed
on 24 June 2023).

90. IBGE Pesquisa Trimestral de Abate de Animais. 2021. Available online: https://www.ibge.gov.br/estatisticas/economicas/
agricultura-e-pecuaria/9203-pesquisas-trimestrais-do-abate-de-animais.html (accessed on 24 June 2023).

91. Pithan e Silva, R.O.; Bueno, C.R.F.; Sá, P.B.Z.R. Aspectos Relativos à Produção de Soro de Leite No Brasil, 2007–2016. 2017.
Available online: http://www.iea.sp.gov.br/ftpiea/ie/2017/tec1-0417.pdf (accessed on 24 June 2023).

92. CONAB Analise Mensal Cana-de-Açúcar. 2021. Available online: https://www.conab.gov.br/info-agro/analises-do-mercado-
agropecuario-e-extrativista/analises-do-mercado/historico-mensal-de-cana-de-acucar (accessed on 24 June 2023).

93. Instituto 17 BIOGÁS NO BRASIL Potencial Oferta a Curto Prazo. 2021. Available online: https://i17.eco.br/wp-content/
uploads/2022/11/RT02-2021.pdf (accessed on 24 June 2023).

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

https://doi.org/10.1016/j.biombioe.2021.106030
https://doi.org/10.1080/00139157.1995.9930966
https://doi.org/10.1016/j.jclepro.2012.02.009
https://doi.org/10.1146/annurev.energy.25.1.313
https://doi.org/10.1080/00343400701874123
https://doi.org/10.1016/j.jclepro.2004.02.031
https://doi.org/10.1162/jiec.2007.1161
https://doi.org/10.1162/jiec.2007.929
https://doi.org/10.1016/j.jclepro.2015.06.149
https://www.cepea.esalq.usp.br/br/releases/pib-agro-cepea-pib-do-agronegocio-fecha-2018-com-estabilidade.aspx
https://www.cepea.esalq.usp.br/br/releases/pib-agro-cepea-pib-do-agronegocio-fecha-2018-com-estabilidade.aspx
https://www.cepea.esalq.usp.br/br/releases/pib-agro-cepea-apos-recordes-em-2020-e-2021-pib-do-agro-cai-4-22-em-2022.aspx
https://www.cepea.esalq.usp.br/br/releases/pib-agro-cepea-apos-recordes-em-2020-e-2021-pib-do-agro-cai-4-22-em-2022.aspx
https://www.cepea.esalq.usp.br/br/opiniao-cepea/perspectivas-para-o-agronegocio-em-2022.aspx
https://www.cepea.esalq.usp.br/br/opiniao-cepea/perspectivas-para-o-agronegocio-em-2022.aspx
https://biblioteca.ibge.gov.br/index.php/biblioteca-catalogo?view=detalhes&id=73096
https://biblioteca.ibge.gov.br/index.php/biblioteca-catalogo?view=detalhes&id=73096
https://www.mg.gov.br/system/files/media/agricultura/documento_detalhado/2023/publicacoes/projecoes-do-agronegocio/projecoes_2017_a_2027.pdf
https://www.mg.gov.br/system/files/media/agricultura/documento_detalhado/2023/publicacoes/projecoes-do-agronegocio/projecoes_2017_a_2027.pdf
https://www.ibge.gov.br/estatisticas/economicas/agricultura-e-pecuaria/9203-pesquisas-trimestrais-do-abate-de-animais.html
https://www.ibge.gov.br/estatisticas/economicas/agricultura-e-pecuaria/9203-pesquisas-trimestrais-do-abate-de-animais.html
http://www.iea.sp.gov.br/ftpiea/ie/2017/tec1-0417.pdf
https://www.conab.gov.br/info-agro/analises-do-mercado-agropecuario-e-extrativista/analises-do-mercado/historico-mensal-de-cana-de-acucar
https://www.conab.gov.br/info-agro/analises-do-mercado-agropecuario-e-extrativista/analises-do-mercado/historico-mensal-de-cana-de-acucar
https://i17.eco.br/wp-content/uploads/2022/11/RT02-2021.pdf
https://i17.eco.br/wp-content/uploads/2022/11/RT02-2021.pdf

	Introduction 
	Materials and Methods 
	Residue Characterization 
	Biogas Production Calculations 
	Energetic Assessment Scenarios 
	Economic Assessment Scenarios 

	Results 
	Discussion 
	Energy Assessment 
	Economic Assessment 
	Brazil’s Biogas Potential: Investment Opportunities and Growth Prospects 
	Coffee Farms Integration with Agroindustrial Eco-Park 

	Conclusions 
	References

