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A B S T R A C T   

Anaerobic digestion has been widely applied for waste treatment, renewable energy generation and biofertilizer 
production. The biogas potential in Brazil is sizable, but the state of Rio de Janeiro is largely dependent on fossil 
fuels, and there is a lack of biogas potential assessments in the state. Thus, this study evaluated biomethane, 
electricity and biofertilizer potentials in the region. Three different scenarios of biomass supply were considered 
for four major biowaste streams: sewage sludge; cattle manure; sugarcane processing waste; and food waste. 
Biomethane generation from the assessed sources could reach 0.6–1.3 billion Nm3 year− 1, corresponding to 
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E-mail address: alex.enrich.prast@liu.se (A. Enrich-Prast).  

Contents lists available at ScienceDirect 

Renewable Energy 

journal homepage: www.elsevier.com/locate/renene 

https://doi.org/10.1016/j.renene.2023.119751 
Received 18 January 2023; Received in revised form 29 October 2023; Accepted 25 November 2023   

mailto:alex.enrich.prast@liu.se
www.sciencedirect.com/science/journal/09601481
https://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2023.119751
https://doi.org/10.1016/j.renene.2023.119751
https://doi.org/10.1016/j.renene.2023.119751
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2023.119751&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Renewable Energy 221 (2024) 119751

2

1,768–3,961 GWh year− 1 of electricity and 1.6–3.3 million Mg year− 1 of biofertilizer. Cattle manure was 
responsible for 73–84% of the projected biomethane production, presenting an opportunity to reduce the sig
nificant emissions from livestock farming. The estimated biofertilizer production could meet the demands of the 
state, and the produced electricity could offset up to 10% of the demand. The gas grid could facilitate the dis
tribution of upgraded biomethane, and 10–22% of the natural gas demand could be met. The findings of this 
work highlight the high potential for biogas generation in Rio de Janeiro, which is up to seven times larger than 
the current production.   

1. Introduction 

To meet the rise in energy consumption and the Sustainable Devel
opment Goals of the United Nations 2030 Agenda (SDG), a significant 
effort should be made to increase renewable energy production. Bio
based residues have been increasingly used to produce fuels, electricity 
and heat worldwide, increasing the valorization of organic wastes and 
demonstrating the concept of a circular biobased economy [1]. The 
conversion of biowaste into valuable products such as biogas and bio
fertilizers via anaerobic digestion (AD) represents a strategic circular 
biotechnology contributing to the offset of a fossil fuel-based economy. 
AD is applied to several organic substrates, e.g., animal manure, 
agricultural-based residues, food waste, and sewage sludge, to produce 
biogas, which is mainly composed of methane (CH4) and carbon dioxide 
(CO2) [2]. 

Biogas can be directly converted into energy and heat or upgraded to 
biomethane and injected into a natural gas grid, providing a renewable 
and clean energy source [3]. Furthermore, the residue from AD pro
cesses, called digestate, is commonly applied as biofertilizer, since it is 
usually rich in several nutrients, including nitrogen, potassium, and 
phosphorus [4,5]. Biofertilizers can reduce the use of NPK mineral fer
tilizers by 50%, resulting in better conditions for plant growth and 
decreased energy consumption [6,7]. Therefore, it is imperative that 
countries with agricultural production and low mineral fertilizer pro
duction, such as Brazil, implement sustainable solutions to ensure the 
supply of nutrients necessary for agriculture. 

Denmark, Sweden and Germany are examples of European countries 
that successfully apply AD processes for waste treatment and energy 
generation, with strategic investments and policies that encourage 
biogas production and use [8,9]. In 2020, 18 billion m3 of biogas was 

produced in Europe, and the aim is to reach 35 billion m3 by 2030 [10]. 
Although developing countries have large potential for the imple
mentation of biogas solutions, they have a much lower biogas produc
tion rate, which is only 2.35 billion m3 year− 1 in Brazil, for example 
[11]. 

During the 21st Conference of the Parties (COP 21) of the United 
Nations Framework Convention on Climate Change (UNFCCC), held in 
2015, Brazil presented its Intended Nationally Determined Contribution 
to reduce greenhouse gas (GHG) emissions by 43% until 2030 compared 
to 2005 levels [12]. The state of Rio de Janeiro (RJ) has the third largest 
population in Brazil, with over 17 million inhabitants living in a densely 
populated area [13], and accounts for 10% of the Brazilian gross do
mestic product [14]. Although it is one of the most developed states in 
Brazil, RJ relies heavily on nonrenewable fossil-based energy sources 
[15]. Furthermore, it exhibits high discharges of urban sewage [16] and 
biomass from rural areas [17], in addition to organic urban waste 
landfilling [18], which are important sources of soil, air and water 
degradation. 

Therefore, the aim of this study is to assess the potential for bio
methane and biofertilizer production associated with electrical power 
generation from major biowaste sources in RJ. Considering the lack of 
similar assessments in the region, this work could contribute to the 
promotion of biogas technology as a sustainable pathway to replace the 
current predominant fossil fuel-based economy and as a model for 
developing countries. 

2. Material and methods 

2.1. Study design and data compilation 

Biogas potential was estimated for the five regions of RJ: Rio de 
Janeiro (RJA), Volta Redonda-Barra Mansa (VRB), Petrópolis (PET), 
Campos dos Goytacazes (CAM), and Macaé-Rio das Ostras-Cabo Frio 
(MRC). RJA is the most populous region; it is highly urbanized and 
houses the state’s capital. CAM is the largest region, characterized by 
significant livestock and agricultural production, which is also seen to a 
lesser extent in PET. VRB also has some livestock production, while MRC 
is responsible for 13% of the state’s crop production. 

Based on their availability in RJ, four sources of biowaste were 
considered for AD: sewage sludge (SS), cattle manure, sugarcane pro
cessing waste, and food waste (FW). FW and SS are two major waste 
streams in highly populated and urban areas [19], which is the case for 
RJ [13]. Nearly 500 million m3 year− 1 of sewage is treated in the 371 
treatment plants in RJ [20,21]. Although agricultural production in the 
state is less expressive than in other areas of Brazil, the sugarcane pro
duction of 2.4 million Mg year− 1 comprises almost 61% of the crop 
production in RJ [22]. With 2.6 million animals [23], cattle are the 
largest livestock source in the state and represents the largest contri
bution of RJ to Brazilian animal production [24]. 

A dataset was compiled from trusted public and private sources, as 
specified in the following sections. Three scenarios for potential biogas 
production were considered: minimum, medium and maximum, defined 
by different assumptions of substrate availability (Table 1). As a pro
spective approach to support the implementation of AD in developing 
countries, the potential for biomethane, electricity and biofertilizer 
production in the different regions of RJ was estimated by applying 
conversion values from the literature for each available biowaste 

Abbreviations 

AD Anaerobic Digestion 
ANP National Agency for Petroleum, Natural Gas and 

Biofuels 
CAM Campos dos Goytacazes 
COD Chemical Oxygen Demand 
CHP Combined Heat and Power 
DM Dry Mass 
FW Food Waste 
GHG Greenhouse Gases 
LPG Liquefied Petroleum Gas 
MRC Macaé-Rio das Ostras-Cabo Frio 
MSW Municipal Solid Waste 
OFMSW Organic Fraction of Municipal Solid Waste 
PET Petrópolis 
RJA Rio de Janeiro 
SS Sewage Sludge 
RJ State of Rio de Janeiro 
VS Volatile Solids 
VRB Volta Redonda-Barra Mansa  
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(Table 2). 

2.2. Waste and biomethane production estimation 

2.2.1. Sewage sludge 
The data on the amount of collected and treated sewage were ob

tained from the Water and Sewage Services Diagnosis of 2019, released 
by the Brazilian National System of Information on Water and Sanitation 
[20]. The minimum and medium potential scenarios considered only 
treated sewage for the estimation of SS availability for biogas produc
tion, while the maximum potential was based on all collected sewage. 
The biomethane production potential was calculated assuming a solid 
sludge generation of 350 g m− 3 of treated sewage [25], a volatile solids 
(VS) content of 77.5% of dry mass (DM) [26] and an average bio
methane yield for a mixture of primary and secondary sludge of 249.3 
Nm3 Mg− 1 VS [27–29]. 

2.2.2. Cattle manure 
The amount of cattle manure was estimated based on the total 

number of cows in RJ [23] and the percentage of feedlot beef cattle was 
obtained from the agricultural census [36]. The scenarios for the esti
mation of biogas and biofertilizer potential were designed according to 
the ease of manure collection, with the minimum potential scenario 
considering only feedlot cattle and the maximum potential scenario 
taking manure from all cattle into account. Manure production, VS 
content and biomethane yield were estimated according to Mito et al. 
[30]. For beef and dairy cattle, the daily manure production per animal 
was 43.9 and 93.7 L d− 1, the VS content was 80.19 and 68.59 g L− 1, and 
the biomethane yield was 230 and 210 Nm3 Mg− 1 VS, respectively. For 
biofertilizer estimation, DM was calculated considering a VS/DM con
tent of 83.7% and 85.3% in beef and dairy manure, respectively [37]. 

2.2.3. Sugarcane processing waste 
Quantification of sugarcane processing waste was conducted based 

on the ethanol production in the 2021/2022 harvesting season, ac
cording to the National Supply Company [33] or the ethanol production 
capacities of plants in RJ, as obtained from the National Agency for 
Petroleum, Natural Gas and Biofuels (ANP) database for biofuel pro
ducers [38]. The minimum potential scenario considered the ethanol 
production in RJ, while the medium and maximum scenarios considered 
50% and 100% of the ethanol plants capacities, respectively. An average 
vinasse production of 13 L L− 1 

ethanol [31] and an ethanol production of 
72.4 L Mg− 1

sugarcane [33] were considered. The amounts of sugarcane 
straw and filter cake were 140 kg Mg− 1

sugarcane and 35 kg Mg− 1 
sugarcane, 

respectively [34]. While all vinasse and filter cake generated were 
considered for AD, only 50% of the sugarcane straw was assumed to be 
available, as half of it is usually left in the field [39,40]. The chemical 
oxygen demand (COD), DM and VS contents of sugarcane processing 

Table 1 
Minimum, medium and maximum scenarios considered for the estimation of the 
biogas potential in the state of Rio de Janeiro.  

Biowaste Scenario 

Minimum Medium Maximum 

Sewage 
sludge 

Sludge from 50% of 
treated sewage 

Sludge from 100% 
of treated sewage 

Sludge from 100% 
of collected 
sewage 

Cattle manure Dairy cattle and 
feedlot beef cattle 
manure 

Dairy cattle and 
50% beef cattle 
manure 

Dairy cattle and 
100% of beef cattle 
manure 

Sugarcane 
processing 
waste 

Waste from ethanol 
production 
(2021–2022 harvest 
season) 

Waste from 
operation with 
50% capacity in 
ethanol plants 

Waste from 
operation with 
100% capacity in 
ethanol plants 

Food waste 25% of the generated 
food waste 

50% of the 
generated food 
waste 

100% of the 
generated food 
waste  

Table 2 
Equations used to calculate the biomethane potential of different biowaste 
sources.  

Equations Variables 

(1) SSt =
SG × Sewage

106  
• SSt : sewage sludge (Mg DM year− 1)  
• SG: solid sludge generation (350 g DM 

m− 3) [25]  
• Sewage: volume of sewage (m3 year− 1) 

[20] 
(2) BMPSS = SSt × SSVS × YSS  • BMPSS: sewage sludge biomethane 

potential (Nm3 year− 1)  
• SSVS: sewage sludge volatile solids (77.5% 

DM) [26]  
• YSS: sewage sludge biomethane yield 

(249.3 Nm3 Mg− 1 VS) [27–29] 
(3) BMPDairy =

MDairy × VSDairy

106 × YDairy ×

365  

• BMPDairy: dairy cattle manure biomethane 
potential (Nm3 year− 1)  

• MDairy: dairy cattle daily manure 
production (93.7 L d− 1) [30]  

• VSDairy: dairy manure VS content (68.59 g 
L− 1)  

• YDairy: dairy cattle manure biomethane 
yield (210 Nm3 Mg− 1 VS) [30] 

(4) BMPBeef =
MBeef × VSBeef

106 ×

YBeef × 365  

• BMPBeef : beef cattle manure biomethane 
potential (Nm3 year− 1)  

• MBeef : beef cattle daily manure production 
(43.9 L d− 1) [30]  

• VSBeef : cattle manure VS content (80.19 g 
L− 1)  

• YBeef : beef cattle manure biomethane yield 
(230 Nm3 Mg− 1 VS) [30] 

(5) BMPCM = BMPDairy +

BMPBeef  

• BMPCM: cattle manure biomethane 
potential (Nm3 year− 1) 

(6) BMPVin = E× SPVin ×

CODVin

1000
× YVin  

• BMPVin: sugarcane vinasse biomethane 
potential (Nm3 year− 1)  

• E: ethanol production (m3 year− 1)  
• SPVin: vinasse specific production (13 m3 

m− 3
ethanol) [31]  

• CODVin: sugarcane vinasse COD (27.25 g 
L− 1) [32]  

• YVin: vinasse biomethane yield (274 Nm3 

Mg− 1 COD) [32] 
(7) SC =

E
SPE

× 1000  • SC: sugarcane used for ethanol production 
(Mg year− 1)  

• SPE: ethanol specific production (72.4 L 
Mg− 1

sugarcane) [33] 
(8) 

BMPStr/FC =
SC × SPStr/FC

1000
×

YStr/FC  

• BMPStr/FC: sugarcane straw or filter cake 
biomethane potential (Nm3 year− 1)  

• SPStr/FC: sugarcane straw or filter cake 
specific production yield (140 kg 
Mg− 1

sugarcane and 35 kg Mg− 1
sugarcane, 

respectively) [34]  
• YStr/FC: sugarcane straw or filter cake 

biomethane yield (129 Nm3 Mg− 1 and 54 
Nm3 Mg− 1, respectively) [32] 

(9) BMPSW = BMPVinasse +

BMPStr

2
+ BMPFC  

• BMPSW: sugarcane processing waste 
biomethane potential (Nm3 year− 1) 

(10) MSWt = 365×
∑

i
MSWi ×

Popi  

• MSWt : Municipal solid waste (Mg year− 1)  
• MSWi: per capita municipal solid waste 

generation of each municipality (Mg 
inhab− 1 d− 1) [25]  

• Popi: population of each municipality [13, 
25] 

(11) FW = MSWt × %OFMSW×

%FW  
• FW: food waste (Mg year− 1)  
• %OFMSW: organic fraction of municipal 

solid waste (53%) [25]  
• %FW: food waste fraction of OFMSW 

(73%) [35] 
(12) BMPFW = FW× VSFW × YFW  • BMPFW: food waste biomethane potential 

(Nm3 year− 1)  
• VSFW: food waste volatile solids content 

(%) [35] 
•YFW: food waste biomethane yield (341 Nm3 

Mg− 1VS) [35]  
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wastes were estimated according to Janke et al. [32]. The biomethane 
potentials for vinasse, straw and filter cake were 274 Nm3 Mg− 1

COD, 129 
Nm3 Mg− 1 and 54 Nm3 Mg− 1, respectively [32]. 

2.2.4. Food waste 
FW generation was estimated based on municipal solid waste (MSW) 

production, with 53% of the total MSW produced annually considered as 
the organic fraction of MSW (OFMSW) [25], while FW content was 
assumed to be 73% of OFMSW [35]. MSW production was based on the 
population [13] and per capita MSW generation index of the munici
palities, provided by the State’s Solid Waste Plan [25]. The minimum 
and medium potential scenarios considered that 25% and 50% of MSW 
would be destined for AD, which are the mid- and long-term goals of 
energy recovery from waste in the state [25]. The maximum scenario 
estimated the biogas potential from 100% of the FW generated in RJ. A 
biomethane potential of 341 Nm3 CH4 Mg− 1 VS was considered for FW, 
assuming that all components of the OFMSW contribute equally to the 
mass of VS, so the average DM and VS contents for FW are 229.5 kg 
Mg− 1 and 200.5 kg Mg− 1, respectively [35]. 

2.3. Biofertilizer potential 

The potential for biofertilizer production (in DM) from the digestate 
generated in the biogas process of each biowaste stream considered in 
this study was calculated according to Eq. (13) [41]. The estimated DM 
and VS contents of the different biomasses were obtained from previous 
studies, as detailed in Sections 2.2.1-2.2.5 [26,30,37,32,35]. 

Biofertilizer = DM–VS + 0.4 × VS (13)  

where DM is the dry mass and VS is the volatile solids of the biowaste 
(Mg). 

2.4. Electricity production from biomethane 

The potential electricity generation from the biomethane produced 
from each biowaste source was calculated using Eq. (14). 

P = VCH4 × LHV × η (14)  

where P is the potential electricity generated from biomethane (kWh 
year− 1), VCH4 is the volume of biomethane produced (Nm3 year− 1), LHV 
is the lower heating value of methane (9.97 kWh Nm− 3 CH4) and η is the 
engine’s conversion efficiency (30%) [35]. 

2.5. Greenhouse gases avoided emissions 

The avoidance of GHG emissions by the implementation of AD to 
generate electricity and biomethane was calculated based on the emis
sions from conventional energy sources that would be replaced [35]. Net 
electricity generation from AD was calculated considering the difference 
between electricity produced from biomethane and electricity 
consumed in the AD process, which was 67.9 kWh Mg− 1 DM of waste 
[42]. Avoided emissions were then calculated considering the net elec
tricity generation and the current emissions of the Brazilian electricity 
mix (78.8 kg CO2eq MWh− 1) [43]. For biomethane application as vehicle 
fuel, only the replacement of fossil fuels by biomethane in passenger cars 
was considered for the estimation of avoided emissions. Emission factors 
for gasoline and natural gas of 164 and 124 g CO2eq km− 1, respectively 
[44], and a biomethane consumption yield of 2.02 km Nm− 3 [35] were 
applied in the calculations. 

3. Results and discussion 

A total annual production of up to 1324 million Nm3 of CH4, 3961 
GWh of electricity and 3.3 million Mg of biofertilizer could be obtained 
in RJ with the implementation of AD for treating the biowaste streams 

assessed in this study (Table 3). The total potential from the medium and 
maximum scenarios was approximately 1.5 and 2.2 times higher than 
that from the minimum scenario. Cattle manure had by far the highest 
potential, being responsible for 73–84% of the total projected bio
methane and electricity production and 78–87% of the biofertilizer 
production, while sewage sludge had the lowest potential (3–5%). Brazil 
is one of the largest cattle producers in the world; therefore, cattle 
manure management and its AD potential are important in the country 
[45]. 

3.1. Biomethane potential 

Even the lowest estimated biomethane potential of 591 million Nm3 

year− 1 is considerably larger than the current biogas production in RJ of 
327 million m3 year− 1 [11]. Assuming a CH4 content in biogas of 60% 
[46,47], the biomethane potentials calculated in the minimum and 
maximum scenarios were, respectively, 3.0 and 6.7 times larger than the 
current methane production in RJ. Among the different regions of RJ, 
the estimated potentials were much higher than the current production, 
except in RJA (Fig. 1). In this region, which is responsible for 88% of the 
state’s biogas production, the minimum potential did not surpass the 
current production. This may be due to an underestimation of the po
tential in the minimum scenario, in addition to the presence of biogas 
production from industrial residues in RJA [11], which were not 
considered in this study. Furthermore, it is noteworthy that the region 
with the largest potential, CAM, is also the one with the least amount of 
biogas currently produced, since most of the production in the state 
comes from MSW and sewage treatment and is concentrated in the 
metropolitan area of the capital [11]. 

The geographical distribution of biomethane potential in RJ was 
different among the biowaste streams (Fig. 2). This is directly related to 
the different biowaste generation rates across the regions of the state 
(Table S1). 

SS production from treatment plants in RJ was estimated to be 
174,641 Mg DM year− 1, resulting in a potential biomethane production 
of 17–54 million Nm3 year− 1. RJA contains more than 3/4 of the total 
state population and presents by far the largest potential (83%) for 
biomethane production (Fig. 2A). Although it has the third largest 
population, VRB has the lowest methane potential (2% of the SS po
tential) in the minimum and medium scenarios, as less than 30% of the 
sludge is treated; in the maximum scenario, which considers the po
tential production if all collected sewage was treated, the contribution of 
this region increased to 5%. Conversely, the MRC region has one of the 
highest collected sewage treatment indices (85.8%), being responsible 
for a potential biomethane production of 2.5 million Nm3 year− 1 in the 
medium scenario. 

Table 3 
Potential biomethane, electricity and biofertilizer production from different 
biowaste sources in the state of Rio de Janeiro.   

Scenario Biomethane 
(106 Nm3 

year− 1) 

Electricity 
(GWh 
year− 1) 

Biofertilizer 
(103 Mg 
year− 1) 

Sewage 
sludge 

Minimum 16.9 50.5 46.7 
Medium 33.7 100.9 93.4 
Maximum 54.2 162.2 150.1 

Cattle manure Minimum 498.0 1489.6 1356.8 
Medium 733.6 2194.2 1966.0 
Maximum 972.6 2909.1 2584.0 

Sugarcane 
processing 
waste 

Minimum 30.6 91.5 74.3 
Medium 57.5 171.8 139.6 
Maximum 114.9 343.7 279.2 

Food waste Minimum 45.6 136.5 72.9 
Medium 91.3 272.9 145.8 
Maximum 182.5 545.9 291.5 

Total Minimum 591.1 1768.1 1550.7 
Medium 916.1 2739.8 2344.8 
Maximum 1324.3 3960.9 3304.8  
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When sludge from all collected sewage was considered (maximum 
scenario), the biomethane potential from SS increased by 61% in com
parison with the scenario in which only sludge from treated sewage was 
considered for biogas production (medium scenario). Moreover, the 
potential for biomethane production from sewage that is neither 
collected nor treated also exists. In RJ, only 64% of the population has 
access to sanitation, 63% of the collected sewage is treated [20], and the 
development of sewage collection and treatment infrastructure would 
be needed for AD. The possibility for biogas production could become an 
additional motivation to develop more extensive sanitation programs. 

According to the State’s Solid Waste Plan [25], the generated sludge 
is placed in sanitary landfills throughout RJ. Therefore, the application 
of AD to treat this waste would allow for the recycling of nutrients and a 

reduction in operating costs due to energy generation. 
There are 2.6 million cattle heads in RJ, with 1.6 million beef cattle 

and 1.0 million dairy cattle. As most of the cattle in the state come from 
CAM, this region has the highest potential for biomethane production 
(42%) from cattle manure (Fig. 2B). The other regions each account for 
9%–20 % of the potential CH4 generation, with the lowest potential in 
RJA, a highly urbanized area. 

The cattle industry is responsible for 80% of the emissions from 
agricultural activities in RJ, with manure management alone contrib
uting to the emission of 232 Gg CO2eq in 2015 [48]. Worldwide, less than 
9% of the generated manure is treated, with most of it being left in the 
fields [49]. According to the World Biogas Association, livestock manure 
is one of the main sources of energy generation through AD [50] and is 

Fig. 1. Comparison of estimated biomethane potential with current production [11] considering a methane content of 60% in biogas. CAM: Campos dos Goytacazes; 
MRC: Macaé-Rio das Ostras-Cabo Frio; PET: Petrópolis; RJA: Rio de Janeiro; VRB: Volta Redonda-Barra Mansa. 

Fig. 2. Potential production of biomethane (million Nm3 year− 1) in the medium scenario from sewage sludge (A), cattle manure (B), sugarcane processing waste (C), 
and food waste (D) in the regions of the state of Rio de Janeiro. RJA: Rio de Janeiro; VRB: Volta Redonda-Barra Mansa; PET: Petrópolis; CAM: Campos dos Goy
tacazes. MRC: Macaé-Rio das Ostras-Cabo Frio. 
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expected to play a crucial role in most countries in future years, 
achieving up to 1900 million Nm3 of methane every day [51]. Even if 
livestock farming is not the main economic activity of a region, this 
study shows that biogas production from livestock residues could be of 
extremely high value. Legislation to enforce and encourage manure 
treatment via AD and to stimulate its energetic use are needed to realize 
the global potential for biogas generation from manure [50]. 

Cattle for milk production are usually placed in a confined space 
twice a day; therefore, a significant amount of manure could be 
concentrated in these locations, which facilitates manure management. 
On the other hand, beef cattle are more dispersed, which makes manure 
management more difficult and expensive. As a result, 64% of dairy 
manure is treated in some way, while only 1% of beef cattle manure is 
adequately managed [49]. In RJ, most of the cattle production farms 
have relatively small pasture areas (<20 ha), especially in RJA, where 
57% of the establishments have less than 10 ha of pasture, which could 
facilitate manure management [36]. There is a need to encourage the 
appropriate management of manure, especially that from beef cattle, to 
achieve a more sustainable production process. 

Family farming is the basis for the cattle industry in RJ [22], with the 
average number of heads per producer being between 74 (PET) and 142 
(VRB) [36]. Solutions for small producers depend on collaboration 
among farmers, who must gather enough raw material to enable biogas 
production. Most local milk producers are associated with cooperatives, 
and more than 65% of them use collective cooling tanks [52]. This in
dicates an existing relationship among farmers that could facilitate the 
development of joint AD facilities to collectively treat wastes and allow 
for an increase in scale. Another possibility is the establishment of 
centralized AD facilities near large producers, which would allow for 
high-capacity biogas plants, decreasing specific capital and operational 
costs of production [53]. 

There are four large sugar-ethanol processing plants in RJ, three of 
which are in CAM and one in MRC [38]. Altogether, they have the ca
pacity to produce 1270 m3

ethanol d− 1, which would generate 6 million m3 

year− 1 of vinasse, 896 thousand Mg year− 1 of straw (with only half being 
considered for AD), and 224 thousand Mg year− 1 of filter cake. This 
capacity is much higher than the actual ethanol production, which was 
reported to be only 123,400 m3

ethanol year− 1 in the 2021/2022 harvest 
season. The biomethane potential would increase 276% if the full ca
pacity was utilized (maximum scenario) in comparison to the current 
ethanol production (minimum scenario), presenting the potential to 
improve both bioethanol and biogas production in RJ. CAM is respon
sible for 79% of the biomethane production potential (Fig. 2C). 

Vinasse and filter cake are generally used as fertilizers, but this 
practice might affect soil structure and cause contamination, saliniza
tion and acidification of soil, and surface and groundwaters [54,55]. 
Therefore, AD of these wastes could help to reduce the environmental 
impacts of ethanol production and allow for the recovery of energy and 
nutrients. However, low pH, low C:N ratio, and macro- and micro
nutrient deficiency [56] could hamper biogas production from vinasse. 
Vinasse also contains high concentrations of sulfur, leading to the for
mation of H2S, which can impair biogas production and decrease biogas 
quality, requiring a desulfurization step [56]. 

RJA, where the state capital is located, has the highest population 
density [13] and per capita MSW generation index in the state (1.19 kg 
inhabitant− 1 d− 1) [25] and thus has the highest potential for bio
methane production from the AD of FW (82%) (Fig. 2D). 

Source-segregated organic waste is preferable for AD since it facili
tates reactor maintenance and digestate processing, allowing the 
digestate to meet the criteria needed to be used in food production [57]. 
In RJ, there is no collection of source-separated organic waste, but some 
municipalities have specific legislation [25] for the separate collection 
of organic residues from large waste generators, such as restaurants and 
supermarkets. 

Although this residue is usually disposed in sanitary landfills, which 
wastes opportunities for resource recovery and energy generation, 

organic waste from large generators is currently being used in a pilot 
plant in Rio de Janeiro City for the production of biomethane [35]. 
According to the National Solid Residue Plan [58], this is the only fa
cility in RJ where AD technology is applied to OFMSW, of which 73% is 
FW [35], and the facility can treat up to 30 Mg d− 1, producing 1000 Nm3 

d− 1 of biomethane. This plant also produces digestate, which is used by 
the municipality in reforestation programs [59]. However, the treatment 
capacity of this facility corresponds to only 0.4% of the FW production 
in RJ, showing the need for the implementation of policies to increase 
sustainable organic waste management. 

Solid waste management measures in Brazil are focused on elimi
nating improper waste disposal, so the implementation of source- 
segregation could be difficult, requiring a change in societal behavior 
and the enforcement and promotion of new public policies. Thus, post- 
separation technologies would be essential at present for separating FW 
from MSW. 

3.2. Application of biogas to offset electricity and fossil-fuel demands in 
the state of Rio de Janeiro 

The produced biogas could be used as a substitute for cooking gas. 
The application of biogas from small-scale plants for cooking has envi
ronmental, economic, and social benefits for rural and low-income areas 
[60,61]. This could help offset the effects of the rising liquefied petro
leum gas (LPG) prices in RJ. In 2020, 3.2 million tons of LPG were used 
in the whole Southeast region of Brazil [62], which is equivalent to 
nearly 41,464 GWh [63], which could be offset by 14–32% by the en
ergetic potential of methane estimated in this study. 

RJ already has a natural gas distribution grid connecting its five 
regions, covering almost 60% of the municipalities (Fig. 3), that could be 
used for biomethane distribution. RJA has several municipalities con
nected to the grid, while CAM, which has the highest biomethane po
tential, has only one. However, the only two current biogas facilities that 
produce biomethane in the state do not inject it into the gas grid; 
instead, they sell it directly to the final consumer (e.g., gas stations and 
industrial clients) [46], which can be attributed to inconsistencies in the 
legislation for biomethane distribution (Section 3.5). 

The produced biomethane could be easily distributed to households 
and businesses connected to the natural gas distribution grid. According 
to the natural gas distributor in RJ, Naturgy, 16.6 million m3 of gas is 
distributed every day, which would be equivalent to a demand of nearly 
6.1 billion m3 every year [64,65]. The estimated biomethane production 
could provide between 10 and 22% of this demand, reducing de
pendency on fossil fuels and improving the contribution of renewable 
energy sources in the state. Biomethane is commonly applied in the 
vehicle fuel sector in countries such as Sweden [8]. Although the 
number of vehicles that use biomethane in RJ is quite low (286), more 
than 1.3 million vehicles run on natural gas (Fig. S1), highlighting an 
enormous market for biomethane. Almost 3.4 million m3 day− 1 of nat
ural gas is commercially used as vehicle fuel [64,65], and all this de
mand could be supplied by biogas production from the sources selected 
in this study. The development of biogas solutions in the state could 
encourage a shift in vehicle fuel consumption, along with government 
policies and incentives for the production and use of renewable energy. 

Despite economic advantages, the initial investments into biogas 
upgrading can be costly [66], and the produced biomethane would have 
to be competitive with natural gas. Alternatively, biogas could be used 
for heat and electricity production in a CHP system. The electricity could 
help supply the biogas plant and waste-generating activities (e.g., farms, 
sugar-ethanol plants, and wastewater treatment systems). For example, 
sewage treatment plants that use activated sludge systems have very 
high electricity demands associated with the aeration of reactors, and 
the integration of CHP is the most accepted option to increase energy 
recovery [67]. In RJ, the total electricity consumption in sewage systems 
is approximately 107 GWh year− 1 [20], of which 47% could be supplied 
by electricity generation from biogas from SS in the more conservative 
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scenario. With the expansion of sewage treatment and the AD of sewage 
sludge (maximum potential scenario), all electricity could be provided 
by biogas, and profits could be obtained from selling the excess energy. 

If the electricity is not used within the biogas plant, it could be 
distributed locally. A total of 39,244 GWh was consumed in RJ in 2019 
[68]; thus, the electricity potential estimated from all streams consid
ered in our study could offset 5–10% of the electricity from the power 
grid. Heat is also generated within the system, which could be utilized in 
other parts of the process, such as during pretreatment or for heating 
reactors. 

3.3. Digestate utilization: achieving a circular economy 

Digestate can help neutralize acid soils, since its pH usually ranges 
from 7 to 8.5, and enhance soil fertility, both as a source of nutrients 
[69] and by improving soil cation exchange capacity, which is crucial for 
RJ low fertility soils. It can also be used as a substrate for plant beds, 
especially for Atlantic Forest trees in RJ [70]. In summary, digestates 
from suitable feedstocks could act as secondary nutrient sources, pro
moting a circular biobased economy. 

CAM has the highest potential for biofertilizer production from AD of 

Fig. 3. Gas distribution in the state of Rio de Janeiro [64,65]. Compressed Natural Gas (CNG).  

Table 4 
Biofertilizer and nutrient production from digestate and demand in each region of the state of Rio de Janeiro. CAM: Campos dos Goytacazes; MRC: Macaé-Rio das 
Ostras-Cabo Frio; PET: Petrópolis; RJA: Rio de Janeiro; VRB: Volta Redonda-Barra Mansa.  

Region Scenario Biofertilizer (Mg year− 1) N (Mg year− 1) P (Mg year− 1) K (Mg year− 1) 

CAM Minimum 648,331 29,160 7,923 41,299 
Medium 947,999 41,580 11,297 60,582 
Maximum 1,314,190 54,696 14,841 84,604 

MRC Minimum 148,853 6,633 1,861 9,237 
Medium 271,945 12,091 3,404 16,832 
Maximum 413,827 17,691 4,941 25,811 

PET Minimum 304,847 14,918 4,096 18,968 
Medium 415,815 20,354 5,613 25,741 
Maximum 531,559 26,015 7,215 32,658 

RJA Minimum 238,257 11,947 4,052 10,840 
Medium 407,069 20,498 7,181 17,313 
Maximum 643,417 31,907 11,314 25,760 

VRB Minimum 210,423 10,283 2,822 13,071 
Medium 301,928 14,750 4,063 18,662 
Maximum 401,849 19,691 5,510 24,445 

Total Minimum 1,550,711 72,941 20,754 93,416 
Medium 2,344,756 109,274 31,557 139,130 
Maximum 3,304,842 150,000 43,820 193,279 

RJ Demanda - 52,802 8,976b 5,280b 7,920b  

a Source: NPCT [72]. 
b Considering the N–P–K composition of the southeast region of Brazil (17-10-15%). 
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the studied biowastes, with more than twice the potential of any other 
region, while MRC has the lowest potential (Table 4). The produced 
biofertilizer can be used in agricultural production, since CAM is 
responsible for 61% of the state’s production, mainly related to sugar
cane [22]. Alternatively, the biofertilizer could be used for the cultiva
tion of soybean and other grains, which has been encouraged and 
identified as one alternative to occupy the areas that were previously 
used by sugarcane in the North and Northwest of Rio de Janeiro [71]. 

The biofertilizer production projected in this study could surpass the 
fertilizer demand in RJ, of 52,802 Mg year− 1 [72], providing at least 8, 4 
and 12 times the amount of N, P and K needed, respectively. In the 
maximum potential scenario, the application of AD to treat the studied 
wastes could provide up to 17, 8 and 24 times the needed N, P and K, 
respectively. The replacement of mineral fertilizers for biofertilizers 
usually results in a reduction in GHG emissions and energy consumption 
in fertilizer production, reducing the use of fossil fuels [7,73]. 

Digestate characteristics vary widely with feedstock. Digestate from 
FW has the highest nitrogen (N) content, while that from SS has the 
highest phosphorus (P) concentration, and those from cattle manure and 
sugarcane waste have the highest potassium (K) content (Table S2). 
Biosolids produced from sewage treatment stations in RJ after AD and 
drying are suitable for agricultural application, complying with the legal 
quality requirements [70,74], but sludge is landfilled due to the absence 
of a state sludge recycling program [25,70]. Cattle manure and 
OFMSW-based digestates can have pathogens, impurities and contami
nants, which negatively affect digestate processing and the possibility of 
land application [57,75,76]. 

Furthermore, for farmland application, the land should be located 
near the biogas plant, and for land that is farther away, volume reduc
tion and digestate treatment must be considered to reduce trans
portation costs [5,57]. For longer distances, ammonia stripping can 
result in cost reduction, and if a CHP system is used, excess heat can be 
used to increase stripping efficiency [5]. Additionally, pelletization of 
the end-product may improve its fertilization properties, reduce trans
portation costs and facilitate land application [75]. 

Since the calculated digestate potential is much higher than the 
fertilizer demand in RJ, alternative uses in addition to soil application 
should be considered. For example, co-combustion of digestate can be 
performed for power generation [57]. Thermal conversion technologies 
such as combustion, pyrolysis and gasification are usually applied for 
energy recovery from digestate while also producing biochar, which 
could be utilized as a soil amendment [75]. Gasification is commercially 
available for urban digestates, and several operating plants exist in the 
United States [75]. The produced gas could be used either in pretreat
ment steps, to heat the reactor or in the digestate drying process. 

3.4. Avoided greenhouse gas emissions 

Brazil has one of the most sustainable energy matrices mainly due to 
the contribution of sugarcane biomass (19%) and hydropower (13%), 
with 48% of the energy produced coming from renewable sources 
(Fig. S2A) in 2020, in comparison with 14% in the world [77]. However, 
in 2016 (the latest available data), RJ was strongly dependent on 
nonrenewable sources for energy (88%) and electricity (78%) produc
tion [15] (Fig. S2). 

Studies have noted that the energy produced from biogas contributes 
to lower GHG emissions compared to fossil fuels [78,79]; therefore, the 
implementation of AD technology can help improve the energetic status 
of RJ. Emissions of up to 439 thousand Mg CO2eq could be avoided if 
gasoline was replaced by the estimated biomethane produced from the 
studied biowaste streams as vehicle fuel. A total of 332 thousand Mg 
CO2eq would be avoided if natural gas was replaced. In this study, only 
passenger vehicles were considered, and further opportunities for GHG 
reduction exist if biomethane was used in heavy transportation. 

If biogas is used to generate electricity, the emission of 275 thousand 
Mg CO2eq could be avoided based on the Brazilian electricity mix. If the 

RJ electricity mix were to be considered, this impact would be even 
higher due to the higher dependency of the state on nonrenewable 
sources (Fig. S2B). However, it is important to emphasize that anaerobic 
digester energy and GHG emissions can differ depending on the input 
substrates and end-use applications [80], which could change the value 
of the calculated avoided emissions. 

Due to its higher biomethane potential, CAM is the region that could 
have the largest avoided GHG emissions, with 104, 167 and 126 thou
sand Mg CO2eq avoided when biomethane is used to substitute elec
tricity, gasoline, and natural gas, respectively (Fig. S3). Conversely, the 
MRC region has the lowest reduction potential, with less than 54 
thousand Mg CO2eq avoided for these applications. RJA, which is the 
most urbanized region, could achieve up to 99 thousand Mg CO2eq 
avoided. 

3.5. Current legal framework 

In Brazil, in addition to legislation regulating biogas production and 
its subsequent commercialization and consumption, there are also pol
icies to encourage or enforce the use of renewable energy sources 
(Table S3). One of the most important policies in the biogas scenario is 
the National Biofuels Policy (RenovaBio - law 13,576/2017). It aims to 
promote the increase of biofuel contribution in the energy matrix, with 
an emphasis on energy security and efficiency, predictability in the fuel 
market and reduction of GHG emissions at all stages. 

The Brazilian Electricity Regulatory Agency (ANEEL) provides tax 
reductions for power plants that use biodigestion (Normative Resolution 
77/2004) and allows that the energy generated from renewable sources 
to be used by producers or be distributed in the local electricity grid 
(Normative Resolution 482/2012). Additionally, ANP sets standards for 
quality control and specifications for biomethane destined for vehicular 
use and use in residential, industrial, and commercial installations to be 
sold throughout Brazil (Normative Resolution 685/2017, Resolution 
08/2015). This allowed the first authorization for commercialization of 
biomethane from landfills in the state (ANP Dispatch 1,084/2017). 

In RJ, there is also a legal framework that could influence the 
development of the biogas sector, with the aim being to increase energy 
generation from renewable sources (Decree 41,318/2008, Law 5,690/ 
2010, Resolution 65/2012, Law 6,361/2012, Decree 46,476/2018). 
However, many of the goals have not yet been executed or evaluated. 
The State Policy of Renewable Gas should be highlighted, as it encour
ages the production and consumption of biomethane in RJ and states 
that gas distributors must replace 10 % natural gas with biomethane 
when available. However, it also establishes a maximum price for bio
methane sale to natural gas distribution companies, which is often not 
advantageous for biomethane producers, who currently choose to sell 
biomethane directly to the final consumer. 

Despite the number of policies in place that encourage the produc
tion and use of renewable energy, few are focused on biogas and other 
AD products. This clearly indicates that a governmental agenda focused 
on legal, political, and regulatory challenges is necessary to allow for the 
development of AD technology in Brazil [81]. 

3.6. Challenges for biogas production in the state of Rio de Janeiro and 
comparison with other regions 

Despite the importance of RJ to the national economy, the state has 
only 10 (out of 755) biogas plants under operation, that are responsible 
for approximately 17% of the biogas in Brazil [47]. Our estimates, 
however, indicate that RJ alone could approach the current biogas 
production of the entire Southeast region (1.42 billion Nm3) [47]. This 
region, which comprises RJ, São Paulo, Minas Gerais and Espírito Santo, 
is responsible for 60% of the current national production, with São Paulo 
being the largest regional and national producer. Despite the fact that 
84% of the biogas plants in the Southeast region belong to the agricul
tural and livestock sectors, and the enormous biogas potential of cattle 
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manure in RJ, no biogas plant in the state currently treats these feed
stocks. A previous assessment of the biomethane potential in the state of 
São Paulo [82], estimated a potential production of 2,992 million m3 

year− 1, which is 3.5 times higher than the estimated potential in our 
maximum scenario. This difference was expected, since São Paulo has a 
much larger population and more expressive agricultural activity [13, 
24,83]. Similar to our findings, the estimation was significantly higher 
than the current biogas production in the state. 

In spite of all this potential, hindrances to expansion are manifold. 
They include a low level of knowledge about biogas and the use of 
cheaper and less technologically challenging options (e.g., composting), 
a mismatch in funding opportunities and financial requirements for 
biogas projects, poor interactions among actors, and high variability in 
geography and types of feedstocks, which collide with a highly 
centralized policy development, and the lack of a national biogas agenda 
[84–86]. Many of the specific barriers for biogas development noted in 
the present study, such as poor collection and segregation of waste, long 
digestate transportation distances, and lack of political support are also 
present in other Latin American and developing countries [87]. 

We compared our estimates with some recently published bio
methane potential data from the world’s leading producers of sugarcane 
and cattle manure and/or upper middle-income level countries with 
considerable agriculture production. Large variation in biomethane 
potential between regions or states is, for instance, also observed in 
India, China, Thailand and Turkey [88–91]. In our study, the largest 
potential comes from CAM mostly due to a combined potential of cattle 
manure and sugarcane processing waste (Figs. 1 and 2) with estimates 
that are comparable to those from regions with low to moderate po
tentials from animal and agricultural residues in Turkey (52–472 million 
Nm3 year− 1) [90], India (150–600 million Nm3 year− 1) [88]; Thailand 
(<819 million Nm3 year− 1) [91] or in the Hubei Province in China 
(<494 million Nm3 year− 1) [89]. Although Brazil is the world’s largest 
producer of sugarcane and one of the largest cattle producers, produc
tion in RJ is not as expressive. For instance, while the Southeast region is 
responsible for 63% of the sugarcane produced in Brazil, the contribu
tion of RJ is only 0.3% [33]. 

The International Energy Agency [92] reported the potential for 
biogas generation throughout the world. While Europe generates more 
than twice the biogas of China, which is the second largest producer, 
Asia, Central and South America have much higher potential than 
Europe. Successful biogas production has been shaped by the applica
tion of policies and incentives to realize existing potential. Therefore, 
developing countries located in Asia, and in Central and South America 
have much scope for increasing biogas production, if adequately sup
ported. Accordingly, assessing the potential in these regions is the first 
step to promote a discussion of the development of AD. 

Regarding biogas end utilization, almost two-thirds of the global 
biogas generated in 2018 was used for electricity and heat generation, 
with only a small share upgraded to biomethane [92]. One reason for 
this is a gap between natural gas and biomethane prices in Central and 
South America. Biomethane production from landfill gas upgrading is 
typically the least expensive option. 

Northern Europe has the largest proportion of renewable energy 
within Europe, with most of it coming from bioenergy generation [93], 
and can be used as an example of successful implementation of bio
energy. In Germany, which is the largest biogas producer in the region, 
92% of biogas comes from agricultural plants [93]. This highlights that 
the development of biogas solutions in rural areas may be an important 
driving force in establishing a strong biogas sector. The benefits go 
beyond bioenergy and biofuel production, and the abatement of GHG 
emissions, with clear positive outcomes regarding employment and 
development of rural areas and an increase in energy security [93,94]. 

4. Conclusion 

This study showed substantial potential for biogas generation from 

different biowastes in RJ, especially via AD of cattle manure, which was 
the substrate with the highest estimated potential. Potential biomethane 
generation from the assessed biowaste streams was at least three and up 
to seven times greater than the current production in RJ and would be 
able to considerably offset the cooking gas, natural gas, or electricity 
demands of the state. The presence of a gas distribution grid throughout 
the state could be an important factor promoting the utilization of the 
produced biomethane as a substitute for natural gas. Furthermore, the 
biofertilizer potential would be enough to supply the nutrient demand 
for agriculture in the state, even in the most conservative scenario, and 
the digestate could be valorized in other ways. To date, the existing legal 
framework does not consider the specificities of the biogas industry, and 
policy implementation needs to be improved. 
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production” coordinated by Linköping University, Sweden, and the au
thors thank the Graduate Program in Biological Sciences (Neotropical 
Biodiversity) - PPGBIO at Universidade Federal do Estado do Rio de 
Janeiro (UNIRIO) for hosting the course. The study received financial 
support from Vinnova (project number 2019–05382) by the Swedish 
Energy Agency [Grant number: 35624-2] conducted within the Biogas 
Research Solution Center hosted by Linköping University, Sweden and 
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[24] IBGE, Pesquisa, Pecuária Municipal, 2019. https://sidra.ibge.gov.br/pesquisa/ 

ppm/tabelas/brasil/2019. (Accessed 20 October 2020). 
[25] Rio de Janeiro, Plano Estadual de Resíduos Sólidos do Rio de Janeiro, Relatório 
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plantéis suínos e bovinos no Brasil, Embrapa Suínos e Aves, Concórdia, 2018. 
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