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Abstract 
Curitiba is a city of two million inhabitants located in the South of Brazil. It is a pioneer in waste management 
in the country, and is famous for its programs promoting recycling and organic waste collection. The city is 
now willing to take waste management one step further by investigating new solutions to treat and recover 
energy from organic municipal solid waste. This report is the fruit of a collaboration between two 
departments of the municipality of Curitiba, four local universities, the Swedish environment protection 
agency and the Royal Institute of Technology – KTH. 

The purpose of this report is to assess the potential for the development of anaerobic digestion as a solution 
to treat the organic municipal solid waste generated in Curitiba. The report offers an overview of the current 
waste treatment and of the main sources of organic waste in Curitiba. The annual amount of organic waste 
generated in the city is estimated to 144,350 tons, of which 913 tons come from food markets supervised 
by SMAB, the secretary of food supply. Three different scenarios, corresponding to three ranges of waste 
sources, have been considered. In the first one, the organic wastes generated by one of the two public 
markets of Curitiba are treated on-site. In the second one, all the organic wastes from food markets, street 
markets and popular restaurants are treated together in a medium-scale anaerobic digester. In the third one, 
all the sources of organic municipal solid waste identified in Curitiba are considered, including residential, 
institutional and small commercial waste. 

The annual methane production is estimated to 5,400 m3, 86,000 m3 and 12,600,000 m3 respectively for 
the three scenarios. In the last two scenarios, the methane could be converted into electricity, resulting in 
an annual electricity production of 257 MWh and 37,600 MWh. The first scenario does not consider a post-
treatment of the digestate remaining at the end of the digestion. Between 46 and 50 tons of digestate could 
be used as a liquid fertilizer on-site and the surplus could be sold. For the two other scenarios, the digestate 
would be dewatered and composted to be sold as a dry fertilizer. The dry fertilizer production is estimated 
to 386 tons and 63,000 tons respectively every year. 

Each of the scenario considered would be financially viable, with a discounted payback period varying from 
8 months for the small-scale scenario, to over 15 years for the second scenario. The third scenario would 
be the most lucrative, with a net present value of about 150 million reals. 

Keywords: Anaerobic Diges t ion (AD), Waste- to-Energy (WTE), Municipal  So lid Waste  (MSW), 
Organic  Sol id Waste  (OSW), Food Waste , Energy Recovery,  Biogas , Curit iba,  Parana, Brazi l 
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Abstrakt 
Curitiba i Södra Brasilien är en stad med två miljoner invånare som har positionerat sig som pionjär inom 
avfallshantering. Staden är känd i landet med sin främjande strategi för återvinning och organisk 
avfallshantering. Curitiba planerar att undersöka och experimentera med nya metoder för behandling av 
avfall kombinerad med energiåtervinning från kommunalt organiskt avfall. Denna rapport är resultat av ett 
samarbete mellan två avdelningar inom Curitibas kommun, fyra lokala universitet, Sveriges 
miljöskyddsmyndighet och den Kungliga Tekniska Högskolan.  

Syftet med denna rapport är att utvärdera den potentialen som den anaeroba nedbrytningen har som medel 
för behandling av det kommunala fasta avfallet som genereras i Curitiba. Rapporten går även igenom hur 
avfallshanteringen ser ut i staden i dagsläget samt sammanfattar de största källorna för organiskt avfall i 
Curitiba. Den årliga mängden organiskt avfall som produceras i staden uppskattas till 144 350 ton, varav 
913 ton kommer från livsmedelsaktiviteter som övervakas av det brasilianska livsmedelsverket SMAB. Tre 
olika scenarier representeras i denna rapport och omfattar tre områden av avfallskällor. I det första scenariot 
behandlas det organiska avfallet som genereras av en av de två köpmarknaderna i Staden direkt på plats. I 
det andra behandlas allt organiskt avfall från livsmedelsmarknader, gatumarknader och populära 
restauranger tillsammans i en medelstor anaerob kokare. I det tredje beaktas alla källor till organiskt 
kommunalt avfall som identifierats i Curitiba, inklusive bostads-, institutionellt och litet kommersiellt avfall. 

Den årliga metanproduktionen uppskattas till 5 400 m3, 86 000 m3 respektive 12 600 000 m3 för de tre 
scenarierna. I det andra och tredje scenariot kunde metan omvandlas till el, vilket resulterade i en årlig 
elproduktion på 257 MWh respektive 37 600 MWh. I det första scenariot anses inte en efterbehandling av 
digestatet kvar vid slutet av matsmältningen. Mellan 46 och 50 ton digestat kan användas som flytande 
gödselmedel på plats och överskottet kan säljas. För de två andra scenarierna skulle digestatet avvattnas och 
komposteras för att senare säljas som torr gödsel vars produktion beräknas uppgå till 386 ton respektive 63 
000 ton varje år. 

Alla tre scenario som presenteras i denna rapport anses vara ekonomiskt genomförbara med en diskonterad 
återbetalningstid som varierar mellan 8 månader för det första scenariot till över 15 år för det andra scenariot. 
Det tredje scenariot anses vara det mest lukrativa med ett nuvärde på ca 150 miljoner realer. 
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Foreword: structure of the report 
The report is composed of 16 sections, which go from a description the waste treatment in Curitiba and the 
assessment of the quantity of organic waste generated annually, to an estimation of the possible biogas 
production, the financial viability of the project and its environmental impact. The different sections can be 
divided into four main parts. These parts are detailed below in order to help the reader to find the 
information he is looking for. 

First part: the first part includes sections one to five, and details the context of the project and the 
stakeholders. The ambitions of Curitiba in terms of waste management are introduced in section 1. In 
section 2, the different technologies available to recover energy from organic waste are compared in order 
to assess the technology the most suitable to the context of Curitiba. The research question is stated and 
explained in section 3, followed by the scope of the study in section 4 and a detail of the methodology in 
section 5. 

Second part: the second part of the report includes sections six and seven, and deals with the current 
situation in Curitiba regarding organic waste generation and treatment. More precisely, the different facilities 
to treat municipal solid waste (MSW) are reviewed in section 6, while the sources of organic municipal solid 
waste (OMSW) are described in section 7. The annual generation of organic solid waste for each of the 
sources identified is assessed in sub-sections of section 7. 

Third part: the third part of the report, which includes sections eight to ten, is a literature review or the 
treatment of organic waste and more particularly anaerobic digestion. Section 8 describes the chemical 
process of anaerobic digestion, explains the parameters of the feedstock and their effects on the digestion 
process, and later describes the properties of the two products of anaerobic digestion: biogas and digestate. 
Section 9 focuses on the selection of digesters parameters depending on the characteristics of the feedstock. 
Parameters such as the hydraulic retention time (HRT) and organic loading rate (OLR) are defined in this 
section. In section 10, the different technologies used for feedstock pre-treatment and post-treatment of 
the biogas and digestate are reviewed. The three most common designs of small-scale anaerobic digesters 
(with a treatment capacity below 2,000 tons/year or an electric power output below 250kW) are reviewed, 
followed by a detail of the four most common of large-scale anaerobic digesters. 

Fourth part: the fourth and last part of the report includes sections 11 to 14. It covers the assessment of 
digestion parameters recommended for each feedstock, the selection of an appropriate digester design, the 
assessment of the methane and fertilizer output, a financial study of the viability of each scenarios, and 
finally an environmental impact analysis focused on land use reduction and greenhouse gases (GHG) 
mitigation. 
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1 Background 
This section provides key figures about solid waste management in Brazil and describes Curitiba’s context 
particularly. It introduces the ambitions of Curitiba regarding organic waste handling and treatment. The 
structure of the project and the place of this report in Curitiba’s plan are later detailed. 

1.1 Solid waste management in Brazil 
According to the Brazilian association in charge of public cleaning and waste, ABRELPE4, 79.9 million tons 
of solid waste were produced in Brazil in 2015. Of this volume, only 72.5 million tons (90.8%) were 
collected. Among the collected waste, 29.9 tons of waste were inadequately disposed of in open landfills or 
dumps. In the end, only 42.6 million tons of waste (53.3%) were collected and treated appropriately. [1] 

Total national solid waste production: 79.9 million tons

National solid waste collected: 72.5 million tons *

Treated: 42.6 million tons Dumped *

*: Waste not collected (7.3 million tons)  

Figure 1: Collection and treatment of solid waste in Brazil (2015) 

 

To get a clearer idea, Brazil solid waste production can be interpreted in terms of volume per inhabitant. In 
2015, it amounted to 1.071 kg/person/day. This number is 0.8% higher than the 2014 figure. Regarding 
recycling, the rate differs widely depending on the type of waste (paper, glass, plastics or metals). The volume 
of waste recycled is estimated to be in the range of 4 – 11% of the total volume of MSW. [2] That 
corresponds to a recycling rate around 20%. 

In August 2010, the Brazilian government introduced the national solid waste policy (NSWP)5. The 
objective of the policy is twofold: (1) to decrease the total volume of waste produced nationally and (2) to 
increase the sustainability of solid waste management. The policy applies to all sources and types of solid 
waste: public, domestic, industrial, mining, forestry, transportation, construction, health waste. [3] Private 
entities are asked to work on reverse logistics6, while municipalities must improve their waste treatment and 
recycling capacities. [4] It includes finding appropriate solutions to treat organic solid waste (OSW), which 
represents about half of the municipal solid waste (MSW) in Brazil. [5]  

The targets set by the national solid waste policy (NSWP) include the reduction of dry recyclable waste (36% 
by 2031) and organic waste (53% by 2031) disposed of at landfills. Other targets include the recovery of 
landfill gas. The target for 2031 is to reach 300 MWh/year of gas production from organic waste in landfills. 
[2] 

  

                                                      
4 ABRELPE: Associação Brasileira de Empresas de Limpeza Pública e Resíduos Especiais. 
5 NSWP: Plano Nacional de Resíduos Sólidos (PNRS) 
6 Reverse logistics: any process taking place after the sale of a product. It includes maintenance, reuse, as well as 
facilitating recycling and disposing. 
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1.2 Curitiba: location, economy and waste management  
Curitiba has a population of about 1.8 million inhabitants, making it the seventh most populated city in 
Brazil [6]. It is the capital city of the state of Parana. It is located in the South of Brazil, 400 km away from 
Sao Paulo. It has a mild humid temperate climate with warm summers (December to March) but no dry 
season. Along the year, the temperature varies between 8°C and 27°C. [7] 

 
Figure 2: Map of Brazil, Location of Curitiba 

Curitiba has the fourth highest economy of Brazil, with a GDP estimated to 78.9 billion reals (24.5 billion 
USD) in 2014. The service sector accounts for 65% of the GDP, while the industry accounts for 23%. [8] 
It stands out from other Brazilian cities by its high Human Development Index (HDI) and its efforts to 
reach urban sustainability. In 1990, it was awarded the highest environmental prize by UNEP [9] for its 
comprehensive transportation system and in 2010, the Global Sustainable City Award [10]. 

Curitiba has been a pioneer in waste treatment. It started the “Green Exchange” program7 in 1989, which 
consists of exchanging organic waste for transportation tickets. It initiated the “Waste which is not waste” 
program8 in 2003, and later voluntary collection to improve recycling and help to regularize the waste 
picking activity. In 2014, the city generated 2,600 tons of solid waste per day, or 1.4 kg per person and per 
day. This is 30% higher than the national average. The waste recycling rate in Curitiba was 23%. [11] 

Table 1: Curitiba key figures 

Parameter Value 

Population (2016) 1.8 million inhabitants 

Solid waste generation (2014) 2,600 tons/day 

Solid waste generation per capita (2014) 1.4 kg/person/day 

Recycling rate (2014) 23% 

 

The city is willing to take waste management a step further by improving its use of organic waste.  

                                                      
7 Green Exchange: Cambio Verde 
8 Waste which is not waste: Lixo que não é lixo 
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1.3 Objectives of Curitiba regarding waste management 
This report is part of a larger project named “Promoting sustainable consumption and resource-efficient 
management of organic waste in Curitiba”9, which has been initiated by the municipal secretary of food 
supply and food quality in Curitiba (SMAB10) and the municipal secretary of environment (SMMA11). It is 
a collaboration with Pontifícia Universidade Católica do Paraná (PUCPR), Universidade Federal do Paraná 
(UFPR), Universidade Tecnológica Federal do Paraná (UTFPR), Universidade Positivo (UP), the Swedish 
Environment Protection Agency (SEPA) and the Royal Institute of Technology (KTH). 

 

 
 

The project aims to develop innovative and sustainable solutions to reduce the amount of landfilled organic 
waste. It is motivated by the growing waste generation and waste management issues. Over the last few 
years, irregular dump sites have spread in Curitiba. The city would also like to increase the recycling rate, 
and to reduce the logistic cost associated with solid waste handling and treatment. According to the project 
booklet [11], Curitiba motivations are: 

- To optimize the waste collection system and the transportation scheme, 
- To implement energy recovery through the treatment of organic waste, 
- To apply sustainable principles to waste management, from collection to treatment, 
- To increase the recycling rate and decreasing the volume of waste sent to landfill, 
- To develop a system inclusive toward street waste pickers, 
- To improve the local environment and economy, to ensure a value for money service. 

 

 

  

                                                      
9 Promover o consumo sustentável e gestão de recursos com eficiência energética dos resíduos orgânicos de Curitiba 
10 SMAB: Secretaria Municipal de Abastecimento 
11 SMMA: Secretaria Municipal do Meio Ambiente 
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2 Waste-to-energy technologies 
Waste-to-energy (WTE) technologies allow to generate energy, in the form electricity, heat or biofuels, from 
the primary treatment of waste. The most common WTE technologies are (1) landfilling with methane 
capture, (2) incineration, (3) pyrolysis and gasification, which are two similar technologies, (4) composting 
and (5) anaerobic digestion. The choice of a solution over another is guided by the characteristics of the 
waste to treat, on the demand for energy and other by-products, and on the area of land available. 

In this section, the different WTE technologies are reviewed and then compared in order to identify the 
most suitable one for the case of Curitiba. 

2.1 Landfilling 
Landfilling is a general term which encompasses sanitary landfills, landfills with energy recovery, bioreactor 
landfills and semi-aerobic landfills. Sanitary landfills are the common landfills used in developed countries. 
Successive layers of waste and soil are stacked and compacted by heavy machinery. Sanitary means that 
waste is isolated from the environment. This is achieved by carefully selecting the landfill location, disposing 
a lining material at the bottom of the landfill to prevent contamination of the soil by leachate, and making 
sure that the waste are compacted and covered with soil every day. Energy recovery can be achieved by 
capturing the methane produced during the anaerobic digestion of the buried waste. Bioreactor is an 
emerging technology which consists in recirculating the leachate to speed up the waste degradation process. 
Semi-aerobic degradation is another technology which consists in injecting air at the bottom of the landfill. 
The result is a faster waste degradation and a lower methane production. [12] 

 

LandfillingMunicipal Solid Waste

Air (semi-aerobic landfill)

Leachate (bioreactor landfill)

CH4 and CO2 
(biogas if energy recovery landfill)

Leachate

 
Figure 3: Landfilling block diagram 

 

2.2 Incineration 
Incineration is a waste thermal treatment which consists in burning all the organic matter contained in MSW 
to achieve high waste volume reduction (95 - 96%) [13]. Inside the combustion chamber, the temperature 
exceeds 850°C in order to ensure proper breakdown of toxic organic substances. There are different designs: 
fixed or moving grate, rotary kiln, fluidized bed. The heat from the combustion and the flue gas is usually 
recovered to produce electricity using a steam turbine. Incineration is a very energy intensive technology 
and is criticized because of its dioxin and furan emissions. 

 

IncinerationDry Solid Waste

Energy (fossil fuel)

CO2, dioxin and furans
Bottom and fly ash (5% volume)
Electricty (boiler and steam turb.)

 
Figure 4: Incineration block diagram 
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2.3 Pyrolysis and gasification 
The two technologies are quite similar and are thus merged in a same subsection. They are both thermal 
treatments, like incineration, and they both consist in the thermal decomposition of the volatile components 
contained in organic matter. Pyrolysis occurs at temperatures between 200 and 760 °C, in the absence of 
oxygen. It leads to the formation of syngas and biochar. Gasification, on the other hand, occurs at 
temperatures between 480 and 1650 °C with a little amount of oxygen. The higher temperatures allow to 
transform the biochar into additional syngas. [14] [15] 

 

Pyrolysis / GasificationOrganic Solid Waste

Energy (syngas)

Syngas (more if gasification)
Biochar (pyrolysis only)
Ash (20% volume)

 
Figure 5: Pyrolysis and Gasification block diagram 

 

2.4 Composting (Aerobic Digestion) 
Composting is the controlled aerobic digestion of organic waste. It occurs in open air with oxygen supply. 
Through the process, a rich fertilizer called compost and CO2 are produced. In theory, there is no methane 
(CH4) production if the oxygen supply is ensured. In practice, the feedstock is not constantly aerated and 
anaerobic digestion occur to some extent. The resulting material, compost, is particularly rich in nitrate, 
phosphate, sulfate, which makes it ideal for crop farming. It is also used in waste water treatment. The 
process is exothermic, which means that heat is released during the digestion. 

 

CompostingOrganic Solid Waste
Carbon Dioxide (CO2)

Compost: nitrate, phosphate
 

Figure 6: Composting block diagram 

 

2.5 Anaerobic digestion 
Anaerobic digestion is a biological process occurring when organic matter is left in an oxygen-free 
(anaerobic) environment. The organic matter, also referred to as feedstock, is decomposed and transformed 
into biogas through the action of microorganisms. The non-gaseous product of the process is referred to as 
the digestate, and can be used as a fertilizer once dried. [16] Similarly to aerobic digestion, anaerobic 
digestion is an exothermic process. 
 

Anaerobic DigestionFeedstock: organic matter
(slurry if liquid)

Biogas: CH4 and CO2

Digestate (or sludge if liquid)
 

Figure 7: Anaerobic Digestion block diagram 
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2.6 Comparison of Waste-to-energy technologies 
The technologies detailed previously are compared on (1) their ability to transform waste into a directly 
usable energy – electricity or biofuel, (2) their waste volume reduction, (3) their GHG emissions, (4) their 
ability to produce soil fertilizer, (5) the range of their feedstock, (6) their investment cost and (7) their 
Operation and Maintenance (O&M) cost.  

The comparison is based on literature review of scientific articles. The criteria used for the comparison are 
all quantitative, with the exception of the range of feedstock considered, which is qualitative. 

Quantitative criteria 

Table 2: Comparison of GHG, waste reduction and energy recovery for WTE technologies 

Technology GHG Emissions [17] [18] Weight of residue [17] Energy Recovery [17] [19] 
Landfill * 746.5 kg_CO2_eq/ton 1,000 kg_residue/ton 217.3 kWh_elec/ton 
Incineration 424.4 kg_CO2_eq/ton 180 kg_residue/ton 544 kWh_elec/ton 
Pyrolysis 412.1 kg_CO2_eq/ton 120 kg_residue/ton 685 kWh_elec/ton 
Gasification 412.1 kg_CO2_eq/ton 120 kg_residue/ton 685 kWh_elec/ton 
Composting 118 kg_CO2_eq/ton 0 kg_residue/ton 0 kWh_elec/ton 
Anaerobic Digestion ** 0 kg_CO2_eq/ton 0 kg_residue/ton 612.5 kWh_elec/ton 

 

*: with CH4 capture and electricity production **: no electricity production (product: biogas) 
 

Details are missing regarding the difference in energy recovery between pyrolysis and gasification. The two 
were not distinguished in the data found. Gasification has a higher syngas output than pyrolysis, but it also 
consumes more energy due to its higher process temperature.  

Fertilizer quality 

The quality of the fertilizer produced during composting and anaerobic digestion are compared based on 
their nutrient content. The most important ones are Nitrate (N), Phosphate (P) and Potassium (K). In Table 
3, Compost 1 - 3 correspond to the composting of a mix of food waste and yard waste in Wales, UK. [20] 

Table 3: Nutrients content in compost obtained from food and yard waste 

  Compost 1 Compost 2 Compost 3 Average 
Dry Matter % 73.9 56.2 36.9 55.7 

Density kg/m3 486  619  610  572 

Nitrate (N) kg/m3 25.0 15.5 6.29 15.6 

Readily Available N kg/m3 1.85 0.90 0.06 0.9 

Phosphate (P) kg/m3 10.0 6.32 2.30 6.2 

Potassium (K) kg/m3 15.9 9.49 3.52 9.6 

Magnesium (Mg) kg/m3 6.22 3.50 3.31 4.3 

Sulphur (S) kg/m3 7.14 5.04 2.76 5.0 

Calcium (Ca) kg/m3 25.9 21.1 11.8 19.6 

Organic Carbon (C) %w/w* 26.9 22.7 28.2 25.9 
 

%w/w: mass of organic carbon compared to the mass of the solid content of the digestate (without water) 
 

Compost is composed in average of 44.3% of water, against 95.7 for digestate (see Table 33). In general, 
compost is significantly richer in nutrients than digestate. The only exception are the forms of readily 
available nitrogen: NO3-N and NH4-N. The use of compost as a fertilizer is also more common than the 
use of digestate in Brazil 
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Qualitative criteria 

Apart from landfilling, all of the technologies considered produce either electricity or biofuel. As a result, 
they all allow to save electricity or fossil fuel, and have a positive impact on the environment. 

Table 4: Qualitative comparison (feedstock, energy recovery, environment) of WTE technology 

Technology Feedstock Output(s) Environment 

Landfill All None (biogas if capture) Large surface area required, CH4 and CO2 
released, potential leachate issues 

Incineration All / constr. Electricity Large amount of energy required,  
CO2 emissions and toxic ash 

Pyrolysis Organic Syngas (CH4) and biochar Large amount of energy required,  
CO2 emissions 

Gasification Organic Syngas (H2) Large amount of energy required,  
CO2 emissions and require slag treatment 

Composting Organic Compost CO2 and CH4 emissions 
AD Organic Biogas and fertilizer Energy Required to maintain the process 

 

 

Financial comparison 

In Table 5, the investment cost is expressed in USD per capacity of the reactor (ton of MSW treated per 
day), while the O&M cost is expressed in USD per ton of MSW treated. 

Table 5: Comparison of the investment and O&M cost of different WTE technologies 

Technology Investment Cost - k_USD/(ton/day) [21] O&M Cost - USD/ton_MSW [21] 
  min max avg min max avg 
Landfill 10 30 20 10 30 20 
Incineration 23 138 81 80 120 100 
Pyrolysis 229 333 281 80 150 115 
Gasification 17 189 103 80 150 115 
Composting 100 160 130 30 60 45 
Anaerobic Digestion 67 267 167 60 100 80 

 

For both criteria, the average cost was used to make the comparison. 

 
Figure 8: Comparison of the investment and O&M cost of different WTE technologies 
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To summarize, landfilling is of course the least expensive solution regarding both investment cost and 
operation cost. However, it has the worst environmental impact and a low energy recovery. Thermal 
treatments such as incineration, pyrolysis and gasification have a high operation cost and environmental 
impact, due to the high moisture content and the low heating value of the organic fraction of Municipal 
Solid Waste (OMSW). They are also the ones with the highest energy recovery rate and waste volume 
reduction. Composting and bio digestion have a rather higher investment cost, but a low Operation and 
Maintenance (O&M) cost. Composting has induced GHG emissions, which occurs when the feedstock is 
not totally aerated.  

To decide between composting and anaerobic digestion, one should analyse what is the need in terms of 
output. In an area where energy supply is a concern, or where charcoal is used for cooking and/or electricity 
production, biodigestion should be preferred because of its production of methane. Biodigestion gets an 
additional advantage in countries with a cold climate, where Combined Heat and Power (CHP) units allow 
to recover the maximum energy during the transformation of biogas. In places where natural gas is already 
easily available and where agriculture is developed, composting makes more sense due to its richer fertilizer, 
which is basically more balanced in terms of nutrients than digestate, and less expensive because it does not 
require a dewatering step. Composting as a technology is also easier to put into practice as it do not required 
skilled manpower. 

In the case of Curitiba, the demand for gas is high, so that the biogas produced by anaerobic digestion could 
be used locally in restaurants and other facilities. This technology has thus been retained for the rest of the 
report. 
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3 Research question and objectives 
This section states the research question and refines it in terms of objectives. 

3.1 Research question 
The overall purpose of the present Master thesis can be formulated as follows: 
 

Research question 

What is  the  poten tia l  for  anaerobi c di gest i on,  in t erms o f  input and output ,   
of  the organic fra ct ion of  Municipal Sol id Waste  (MSW) in  Curi t iba? 

 

In the research question, potent ial  input  refers to the assessment of the volume of organic waste that could 
be used as a feedstock for Anaerobic Digestion (AD), while potent ial  output  refers to the volume of biogas 
and fertilizer that could be produced from its digestion. 

To be more specific, the main questions that the Master thesis should answer are: 

1. What is the current treatment of Municipal Solid Waste (MSW) in Curitiba? 
2. What volume of Organic Municipal Solid Waste (OMSW) could be treated by anaerobic digestion? 
3. Which anaerobic digester design is the most appropriate to treat Curitiba OMSW? 
4. What would be the energy output after transformation of the OMSW collected in Curitiba? 
5. What would be the investment cost of the digester? Would the project be financially viable? 
6. How would it compare to the current situation regarding the environmental impact? 

3.2 Research objectives 
The research question introduced above can be refined by the following objectives: 

1. Current waste treatment and recovery: investigate the current treatment of Organic Municipal Solid 
Waste (OMSW), and alternative recovery of unsold horticultural products from the food 
distribution network: donations, livestock feeding or composting. 

2. Organic municipal solid waste (OMSW) generation by source: assess the volume of OMSW 
generated in Curitiba by the food distribution network, incl. popular restaurants, and households. 

3. Anaerobic digestion technology: identify a pre-treatment, assess the digestion parameters: 
temperature, retention time, and select a digester design suitable to treat Curitiba OMSW.  

4. Product output, financial viability and GHG reduction: for each scenario, assess the biogas and 
fertilizer outputs, the investment cost of the reactor and its financial viability, and the land use and 
GHG emission reductions compared to the current OMSW treatment in Curitiba. 

NB: For objectives 3 and 4, three different scenarios - corresponding to the range of OSW treated - will be 
considered. 

Current waste 
treatment and recovery

OMSW generation 
by source

Anaerobic digestion
technology

Financial viability, 
outputs and GHG

Different scenarios (waste sources) considered
 

Figure 9: Objectives and process of the Master thesis 
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4 Scope of the study 
The purpose of this section is to specify the sources of OMSW considered for anaerobic, describe the 
different scenarios considered, and define the boundaries of the study. 

4.1 Classification of waste sources 
A city like Curitiba generates two main types of waste: solid waste and sewage sludge (liquid). Only the 
treatment of the solid fraction is considered in this report. The solid fraction can be divided by source: either 
generated by households (residential waste) and the operation of the city (commercial waste, institutional 
waste, street cleaning), in which case it is referred to as Municipal Solid Waste (MSW), or generated by the 
construction, industrial and agriculture sectors (Other Solid Waste in Figure 10).  

Municipal Solid Waste (MSW) is partially sorted, usually before collection, in two separate bins according 
to its content. Dry waste includes all the waste that can be recycled: plastics, glass, metal and paper. Wet 
waste is defined by opposition to dry waste. It has an organic fraction (mainly food waste), and an inert 
fraction (stones, glass fragments, etc.). The fraction of waste with the highest energy content is the organic 
fraction of wet waste. This energy can be recovered through anaerobic digestion. In Figure 10, the white 
boxes represent the waste that can be anaerobically digested, while the grey ones represent the waste 
excluded of the scope of the study. 

 

Dry waste (recyclable)

Residential Waste 
(households)

Commercial Waste 
(stores, markets)

Institutional Waste 
(schools, hospitals)

Construction and Dem. 
Waste (CDW)

Industrial Waste 
(Factories, Mining)

Hazardous Waste 
(Chemicals, Nuclear)

Agricultural Waste 
(manure, hay) 

Waste generated 
by a City

Wet waste

Inert fraction Organic fraction 
(OMSW)

Solid Waste Sewage Sludge

Street cleaning 
and Yard Waste

Suitable for
Anaerobic Digestion

 
Figure 10: Classification of waste by source and content 

 

Food waste and organic waste: organic waste is a more general term than food waste. It includes food 
waste, yard waste, wood waste and paper fibres. They differ in their particle size and Carbon/Nitrogen 
(C/N) content. According to data published by the UN Food and Agriculture Organization (FAO) for Latin 
America countries, food waste from the distribution network and consumers account for about 45% of the 
total food waste generation (the rest being generated by agriculture and food processing). [22] 
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The sources of municipal solid waste can be detailed more precisely according to Curitiba’s context. They 
have been grouped into 3 main sources categories in Figure 11. The first category is “public street markets” 
and corresponds to the six types of street markets supervised by SMAB: feiras noturnas, feiras do littoral, 
feiras gastronomicas, feiras livres, feiras organicas and nossas feiras. As explained later in section 7.4, the 
first three types of feiras are smaller in scale and less frequent than the other three types. 

The second category is “public markets and public restaurants”, and regroups the remaining food 
distribution centres supervised by SMAB: mercados da familia, armazens da familia, popular restaurants, 
sacalaos da familia, and the two largest markets of Curitiba: Mercado Municipal and Mercado Regional. 
Armazens da familia and mercados da familia are small convenience stores. On the contrary to the others, 
they do not sell fresh vegetables or fruits, but bread and conserved food. 

The third category, named “conventional collection”, corresponds to the wet waste collected door-to-door 
by public services. This category includes residential waste, institutional waste and small commercial waste, 
that is to say coming from commercial buildings generating under 600 L of waste per week. The remaining 
sources are CEASA12 wholesale food market, private restaurants and large commercial sources. 

 

Nossas feirasFeiras organicas

Feiras gastronomicasFeiras do littoral

CEASA wholesale 
food market Private restaurants Large commercial

Residential Institutional Small commercial

Mercados da familiaArmazens da familia

Popular restaurants Sacalaos da familiaMercado Regional

Mercado Municipal

Public street markets

Feiras livres

Feiras noturnas

Public markets and 
public restaurants

Conventional collection

 
Figure 11: Classification of the sources of municipal solid waste in Curitiba 

 

More information about each of these sources of organic waste can be found in section 7.  

 

  

                                                      
12 CEASA: Centrais de Abastecimento 
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4.2 Scenarios regarding sources of waste 
As the range of sources of organic waste is large, three different scenarios will be considered: 

 

Scenario 1 is the most restrictive scenario. It consists in isolating the OMSW generated by Mercado 
Regional and treating them in a small scale unit on-site. Mercado Regional would be used as a pilot project 
for organic waste treatment. The choice of Mercado Regional comes from the fact that the site already 
features a growing vegetable area, and is planned to have an educational kitchen to teach people how to 
save mature fruits and vegetables. The educational kitchen, as well as the restaurants located in Mercado 
Regional, could use the biogas instead of natural gas. This solution requires less logistic, no pre-treatment 
and post-treatment, and is easier to put into practice as it involves fewer actors. 

 

Mercado Regional Local garden

organic

inert
To landfill...

Digester

Local restaurants and 
educational kitchen

biogas

digestate

 
 

Scenario 2 consists in treating together the waste generated by the public markets, public street markets 
and popular restaurants which are supervised by SMAB. A medium-scale anaerobic digester would be 
required in this scenario. The biogas produced could be either upgraded or used for electricity production, 
while the digestate could be sold as a fertilizer after appropriate post-treatment. The first advantage of this 
scenario is the quality of the feedstock which is mainly fruits waste, vegetables waste and food waste. The 
second advantage is that on the contrary to private commercial waste, the handling and treatment of the 
waste is public. As a consequence, it limits the conflicts with other waste recovery such as animal feeding 
and composting. These two methods are for instance used to treat Wallmart and MacDonald’s waste. 

 

Scenario 1 Scenario 2 Scenario 3 

Small scale AD to treat the OSW 
generated by one market on-site 

Medium scale AD to treat already 
separated OSW from some markets 

Large scale AD to treat all the 
OSW from conventional collection 

   

Biogas: used locally in restaurants Biogas: upgraded or electricity Biogas: upgraded or electricity 

Digestate: used locally as fertilizer Digestate: transformed into fertil. Digestate: transformed into fertil. 
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Separation and 
Pre-treatment

biogas

digestate

organic

Public markets
Mercado Municipal and Regional

Street markets
feiras livres, feiras organicas, 

nossas feiras, saxalaos da familia
feiras livres, feiras organicas, 

nossas feiras, sacalaos da familia

Popular restaurants

inert To landfill...

Digester

Phase separation 
and composting

Gas scrubber

 
Scenario 3 has the largest range of waste sources. It includes the waste sources considered in scenario 2, 
plus all the waste collected during conventional door-to-door (wet) waste collection. In this scenario, a large-
scale anaerobic digester is required. On the contrary to the other scenarios, it requires waste separation and 
pre-treatment due to the eventual presence of large or hazardous compounds in the waste stream. The 
biogas would most probably be converted in electricity and the digestate processed into fertilizer. 

 

Separation and 
Pre-treatment

biogas

digestate

organic

inert To landfill...

Digester

Phase separation 
and composting

Gas scrubberScenario 2
feiras livres, feiras organicas, 

nossas feiras, saxalaos da familia
Public markets, street markets

and popu lar restaurants

Conventional collect.
feiras livres, feiras organicas, 

nossas feiras, saxalaos da familia
Residential, institutional

and small commercial waste
 

The borders of the three different scenarios are illustrated in Figure 12: 

Scenario 3

Scenario 2

Scenario 1

Nossas feirasFeiras organicas

Feiras gastronomicasFeiras do littoral

CEASA wholesale 
food market Private restaurants Large commercial

Residential Institutional Small commercial

Mercados da familiaArmazens da familia *

Popular restaurants Sacalaos da familiaMercado Regional

Mercado Municipal

Feiras livres

Feiras noturnas

* Armazens da familia are theoretically inside the project scope, but in practice they produce very little organic waste  

Figure 12: Scenarios and the corresponding ranges of OMSW sources 
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4.3 Project scope and limitations 
The study and the present report focuses on biogas generation. The sources of organic waste in Curitiba, as 
well as their current treatment, will be analysed. However the market for anaerobic digestion products – 
biogas and fertilizer – will not be investigated. Another area which will not be investigated is logistics: the 
collection and transport of organic waste from markets, restaurants and households to the anaerobic 
digester. 

Waste collection and transport

On-site separation and pre-treatment

Anaerobic digestion (AD)

Organic waste

Feedstock

Biogas post-treatment Digestate post-treatment

DigestateBiogas

Biomethane or electricity Fertilizer market

Sources of organic waste

Project 
scope

 
Figure 13: Scope and limitations of the project 

 

The parts of the anaerobic digestion process within the scope of the project are: 

1. The assessment of the volume and the characteristics (composition, particle size) of the feedstock 
2. The on-site separation and pre-treatment of MSW. Separation consists in removing inert materials to 

keep only the organic content. Pre-treatment consists in shredding, pH correction or thermal treatment. 
3. The Anaerobic Digestion (AD) process: choosing the digestion parameters (dry/wet digestion, 

temperature level, loading rate, retention time, etc.), the required reactor volume and a digester design 
4. The biogas and digestate outputs of the anaerobic digestion of the selected feedstock 

The project potential benefits will be investigated. A financial overview will be concluded after having 
selecting a digester design and assessing the volume of biogas produced. It will include an assessment of the 
investment cost of the digester, of the discounted payback period and of the net present value of the project. 
The land use and GHG emission reductions will be assessed in comparison to the current treatment. 

Table 6: Topics included and excluded of the scope of the project 

Within the scope of the project Outside the scope of the project 

- Current treatment and recovery 
- Volume and composition of MSW 
- Pre-treatment and post-treatment 
- Digester design and volume 
- Biogas and digestate outputs 
- Financial indicators: investment, etc. 
- Land use and GHG emissions reduction 

- Collection and transport of MSW 
- Market for digestion products 
- Logistic: location of the digester 
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5 Methodology 
This section describes the methodology used to fulfil the project objectives described in section 3.2. They 
are recalled here: (1) to assess the current waste treatment and recovery in Curitiba, (2) to evaluate the 
organic municipal solid waste volume and characteristics, (3) to assess the digestion parameters and select a 
an anaerobic digester design suitable to treat the range of waste corresponding to each scenario, and (4) to 
deduce the potential biogas and digestate output, the financial viability and environmental benefits for each 
scenario. 

An overview of the methodology used to address the research question is given in Figure 14. This chart also 
highlights how each section connects with the others and the logic of this approach. 

 

Assessment of the current organic waste treatment and recovery in Curitiba

Identification of the sources of organic municipal solid waste (OMSW) 
in Curitiba and assessment of the quantity of waste generated annually

Literature review of anaerobic digestion and identification 
of the role played by digestion parameters on the  process

Description of the most-common small-scale and 
large-scale anaerobic digesters available on the market

Assessment of the digestion parameters and selection of a digester

Assessment of the methane and dry fertilizer annual production

Assessment of the investment cost and financial viability of the scenarios

Assessment of the environmental benefits in comparison to the current treatment

Section 5

Section 6

Sections 7 - 9

Section 10

Section 11

Section 12

Section 13

Section 14
 

 

Figure 14: Methodology and structure of the report 
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5.1 Current waste treatment and recovery 
The starting point of the project is to obtain a clear understanding of the way organic waste are currently 
treated in Curitiba. Three waste treatment facilities have been visited: (1) CGR – Iguaçu landfill, where most 
of the waste is buried, (2) ETE – Belem anaerobic digester, which will be used to treat private organic waste, 
and (3) K2 Agro composting facility, used to treat the organic waste generated by CEASA wholesale food 
market among others. This information is used at the end of the report, in the assessment of the 
environmental benefits of anaerobic digestion over the current organic waste treatment. A map gathering 
the different waste treatment facilities is drawn to give an overview of the information gathered. 

5.2 Organic solid waste generation 
CEASA, feiras livres, feiras organicas, nossas feiras, one sacalao and one armazem da familia, one popular 
restaurant, as well as Mercado Municipal and Mercado Regional have been visited during the stay in Curitiba. 
The visits were useful to have a general idea of the amount and type of waste generated by each source. 
Quantitative data about the number and type of stalls in feiras were collected at SMAB. These data, in 
addition to previous studies realised about waste generation in street markets, were used to assess the annual 
production of organic municipal solid waste.  

The annual waste generation from conventional collection was obtained from a 2010 report published by 
the Institute of Research and Urban Planning of Curitiba (IPPUC13). Censuses for each of the 74 
neighborhoods of Curitiba were then used to assess where most of the residential waste were generated. 
This waste generation density, as well as the location of the different public markets, street markets and 
popular restaurants, were mapped using ArcGIS. 

5.3 Anaerobic digester design 
The role played by the digestion parameters: temperature, hydraulic retention time, organic loading rate, 
number of stages, moisture content, etc., is first analysed based on literature. Seven different models of 
anaerobic digesters available on the market: three small-scale digesters and four large-scale ones, are then 
detailed. The pre-treatment technology is chosen accordingly to the characteristics of the feedstock. The 
reactor volume, digester volume (with the internal gasholder) and organic loading rate are assessed based 
on the feedstock characteristics and on the specifications of the digesters reviewed previously. In the case 
of wet dilution, the amount of dilution water to be added is also assessed. The digestion parameters are then 
used to select the most appropriate design of digester. More information can be found in section 11.1. 

5.4 Digestion outputs, GHG reduction and financial overview 
The volume of methane and the amount of dry fertilizer that could be produced annually are estimated for 
each of the scenarios, based on the amount of feedstock available and on specific productions. A sensitivity 
analysis is then performed to test the model and take into account the uncertainties of the input data. The 
methodology is further explained in section 12.1.  

The investment cost and operation and maintenance cost are assessed based on the potential electricity 
production of the digester. With this information, the financial viability of the project can be estimated. The 
discounted payback period and net present value for each of the scenarios in calculated, and a sensibility 
analysis perform to obtain a range of probable figures. See section 13.2 for more details. 

Finally, the environmental benefit of anaerobic digestion over landfilling is estimated by comparing the land 
use and greenhouse gases emissions of the two technologies. The methodology used for the GHG emissions 
comparison is to assume a same volume of biogas produced in landfills and digesters, and to compare under 
which form: CH4 or CO2, it is emitted. The detailed methodology is explained in section 14.1. 

                                                      
13 IPPUC: Instituto de Pesquisa e Planejamento Urbano de Curitiba 
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6 Waste collection and treatment facilities 
This section reviews the current waste collection scheme and the different treatment facilities available in 
Curitiba. These facilities include (1) CGR – Iguaçu landfill, where most of the MSW are currently taken, (2) 
ETE – Belem, a private anaerobic digester which is currently in construction in the suburd of Curitiba, and 
(3) K2 Agro composting facility, located in Ponta Grossa, which treats the organic waste generated at 
CEASA wholesale food market. 

The map in Figure 15 features the different waste treatment facilities as well as Estre street cleaning services. 
The location of the facilities of Estre were obtained from their website14. 

 

Figure 15: Map of the waste collection and treatment facilities 

  

                                                      
14 Available at: http://www.estre.com.br/unidades.php# 
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6.1 Waste collection 
Municipal waste collection is ensured by a private company, Estre Ambiental / Cavo. The company in 
charge of waste collection is chosen by Conresol15, the consortium of 25 municipalities that Curitiba is part 
of. Historically Cavo and Estre Ambiental used to be two disctinct companies, but they merged in 2011.  

There are 8 different types of municipal waste collection in Curitiba: (1) the conventional door-to-door (wet) 
waste collection, (2) the door-to-door (dry) recyclable waste collection, (3) other voluntary collection for 
recyclable waste16, (4) voluminous waste collection, (5) Construction and Demolition (C&D) waste, (6) yard 
waste, (7) hazardous waste collection, and (8) street cleaning waste. [23] Market and street market wastes are 
collected by the street cleaning service, and are thought to account to up to 10% of the total street cleaning 
waste collection. [24] 

Table 7: Waste collection in 2012 and 2015 in the Metropolitan Region of Curitiba (RMC) 

# Category 2012 (tons/year) [23] 2015 (tons/year) [11] 
 Population 1,764,540 1,886,128 
(1) Conventional (wet) waste  490,699 528,010 
(2) Recyclable (dry) waste  35,293 31,208 
 Estimated waste picker recyclables 133,500 171,346 
(3) Voluntary recyclable waste collection 32,109 28,000 
(4, 5, 6) Voluminous, C&D and yard waste 64,800 73,333 
(7) Hazardous waste - 47 
(8) Street cleaning (incl. markets) 80,784 81,222 

 

Over the last decade, the volume of waste collected for the first 2 categories has increased faster than the 
population growth. As it can be seen in Figure 16, the volume of wet waste has increased by 37% and the 
volume of dry waste by 185%, while the population has increased by less than 8%, between 2003 and 2012. 

 

 
Figure 16: Waste collection for the Metropolitan Region of Curitiba between 2003 and 2012 

                                                      
15 Conresol: Consórcio Intermunicipal para Gestão de Resíduos Sólidos Urbanos 
16 Lixo que Não é Lixo, created in 2006. Waste are sorted by households contrarily to the door-to-door collection 
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6.2 CGR – Iguaçu landfill with gas and leachate capture 
Until 2010, the municipal waste from Curitiba and 24 other municipalities were buried in Caximba landfill. 
When it reached its maximum capacity in 2010, the landfilling activity was transferred to CGR – Iguaçu17, 
a landfill owned and operated by Estre Ambiental. This second landfill is 267.5 ha wide, and is located in 
the South of Curitiba, at about 31 km of the city center. Estre accepts both municipal and private waste. A 
company has to pay for private waste collection if the weekly volume of waste it produces exceeds 600 L. 
For each truck, the composition of the waste is analyzed before to dump the waste in the landfill. Hazardous 
waste, tires and recyclable waste are not accepted. CGR - Iguaçu currently treats 2,500 tons/day of municipal 
waste, and is expected to be filled up in 2020.  

 

 
Figure 17: CGR - Iguaçu landfill (Dec 2016) 

CGR - Iguaçu features a leachate and biogas collection system: a network of draining pipes is built as new 
layers of waste are added. The layers are about 5 m high once compcted, and they are covered by earth right 
after deposition. The draining system collects both the leachate, the contaminated liquid leaking out of 
landfills, and the biogas. While the leachate flows down the pipes before to be collected and treated, the 
biogas is pumped uphill and used to produce electricity using gas turbines. The gas turbines have a total 
power output of 4.6 MW. 

 

Table 8: CGR - Iguaçu landfill key figures 

Parameter Value 

Inauguration year 2010 

Landfill capacity 600,000 tons 

Expected lifetime 15 years 

Daily volume of waste treated 2,500 tons/day 

Power generation from biogas 4.6 MW 

Limit public waste treatment 600 L/week 

 

                                                      
17 CGR – Iguaçu: Centro de Gerenciamento de Resíduos de Iguaçu 
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The basic principle of the landfill, with estimated fractions for the different paths, is given in Figure 20: 

 

Organic Solid Waste (OSW): 2,500 tons/day

TreatmentFlare stackGenerator

Clean waterSmoke
(65% combust. efficiency)

Electricity: 
4.6 MW

75% 25%

Draining systemDraining system Leakage

Leaked biogas
(50% CH4 – 50% CO2)

Flare stack

85% 15% (100%)

Biogas (50% CH4 – 50% CO2) Leachate

Smoke 
(mainly CO2)

 
Figure 18: CGR - Iguaçu landfill operation diagram 

 

In Figure 18, the combustion of the biogas in the flare stacks (the exhaust at the top of the draining pipes) 
is incomplete. It is assumed that 65% of the methane is burnt, while the remaining 35% are released in the 
environment (figure communicated during the visit). The assessment of the gas emissions from CGR – 
Iguaçu is performed in section 14.1: Assessment of GHG emissions. 
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6.3 ETE Belem anaerobic digester 
CS Bioenergia is a subsidiary company of Catallini (private waste treatment company) and Sanepar18 (the 
water treatment company of Parana). Sanepar holds a waste treatment plant, ETE Belem19, located in the 
suburb of Curitiba, at the border with the city of Sao José dos Pinhais. They initiated construction work in 
2014 to increase the waste water treatment capacity of the facility. Following this initiative, it was decided 
by the consortium CS Bioenergia to build an anaerobic digester attached to ETE Belem, in order to treat 
the additional sewage sludge generated during the treatment of waste water. For technical reasons and to 
increase the yield of the digester, the sludge will be mixed with Organic Solid Waste (OSW) to reach a 
feedstock dry content close to 7%. The sewage sludge resulting from the treatment of waste water is 
currently poured in the local river. 

 

 
Figure 19: Construction of CS Bioenergia anaerobic digester (Jan 2017) 

 

The anaerobic digester is still in construction at the present time, and CS Bioenergia is reviewing potential 
sources of private OSW. There are some uncertainties regarding the loading rate of the digester, but the 
OSW loading rate should be comprised between 150 tons and 200 tons, while the sewage sludge loading 
rate will be in the range of 400 m3 – 700 m3. The first value correspond to the one given on the day of the 
visit, while the second one can be found in a notice given by CS Bioenergia website [25]. The organic waste 
would come from the private sector: shopping malls, supermarkets, restaurants and CEASA wholesale food 
market. 

  

                                                      
18 Sanepar: Companhia de Saneamento do Parana 
19 ETE Belem: Estacao de Tratamento de Esgoto Belem 
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The diagram of the future anaerobic digester is given in Figure 20:  

 

Private OSW:
150 tons/day

Plastic separation

On-site use of plastic

Sewage Sludge:
400 m3/day

Anaerobic Digestion

Biogas Digestate (Fertilizer)

Heat: 3 MW Electricity: 2.8 MW
 

Figure 20: CS Bioenergia anaerobic digester operation and expected output 

 

The investment cost of the digester was about 60 million reals (20 million USD), shared at 50/50 by Sanepar 
and Catallini. It is composed of one separation unit to remove plastics from organic waste, 2 buffer tanks 
where the solid waste are stored before to be digested, 2 reactors and one post-digester where the biogas is 
stored and collected. The purpose of the biogas is to fuel gas turbines in order to produce electricity. The 
plant is expected to produce 5.8 MW of energy, including 2.8 MW of electricity. The digestate would be 
sold as fertilizer, but the volume produced might require to export it to neighbouring states of Parana. 

 

Table 9: CS Bioenergia anaerobic digester key figures 

Parameter Value 

Electricity power capacity 2.8 MW (including 0.5 MW for the operation of the plant) 

Heat production capacity 3.0 MW 

Volume of the buffer tanks 2 x 600 m3 

Volume of the digesters 2 x 5,000 m3 

Volume of the post-digester About 4,000 m3 (2,000 liquid - 2,000 gas) 

Loading rate 150 tons_solid/days + 400 m3_sewage_sludge 

Feeding process Continuous 

Humidity 7% total solids (wet digestion) 

Temperature range Mesophilic (about 30°C) 

Retention time About 30 days 
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6.4 K2 Agro composting facility 
The composting facility belongs to K2 Agro, a company which possesses 3 farms producing wheat, corn, 
soya bean and other cereals. It is located at about 100 km from Curitiba, in the South of Ponta Grossa. In 
2006, due to an increasing demand from companies to treat their organic waste, they decided to start the 
waste treatment activity apart from farming, and to use the resulting compost in their own fields. The license 
they possess does not allow to sell the compost. 

 

 
Figure 21: K2 Agro composting facility (Mar 2017) 

 

They treat exclusively food waste, animal and vegetal, coming from private companies. Two of their main 
suppliers are CEASA wholesale food market in Curitiba and Paranagua harbour. They receive in average 
3,000 tons of organic solid waste per month, from which about 23% are from CEASA (700 tons/month). 
One truck comes every day from CEASA with the whole organic waste produced there, from Monday to 
Saturday. CEASA waste is not totally free from plastic and other inert material as it should be. In addition 
to food waste, wood chips are used in the compost mix to bring the missing Carbon content (food waste 
are rich in Nitrogen). Over a month, the 3,000 tons of organic material received will be transformed in about 
2,000 tons of compost. The waste reduction is due to the high water content of food waste (close to 90%), 
while the resulting compost is only 20 to 25% wet. The whole process takes between 70 to 90 days in total. 

During the composting process, which lasts between 50 and 60 days, the temperature inside the piles is 
monitored. In absence of oxygen, the compost is subject to anaerobic digestion which releases heat. If its 
temperature reaches 65°C then the compost is aerated. High temperature is required to sanitize the fertilizer, 
but it also needs to be limited to obtain a richer compost at the end of the process. Before to be used in the 
fields, the compost is screened to remove coarse material like rocks, metal but also pieces of plastic. 
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A block diagram of the operation of the composting facility is given in Figure 22: 

 

Food waste
(100 tons/day) Wood chips

Mmixing, inoculating and laying in long piles

Mechanically aerating every 3 days (50 – 60 days)

Draining sytem

Leachate collected

Final maturation under a shed (20 days)

Screener to remove large inorganic material

Fresh compost 
(66 tons/day)

 
Figure 22: K2 Agro composting facility operation and compost output 

 

Due to the lack of license, the compost cannot be sold. As a consequence, the only source of profit for the 
composting activity is the treatment that private companies pay. 

 

Table 10: K2 Agro composting facility key figures 

Parameter Value 

Beginning of operation 2006 

Feedstock Animal and vegetal food waste from private companies 

Capacity 3,000 tons of organic material per month 

Output 2,000 tons of compost per month 

Retention time 70 to 90 days including the buffer time 
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7 Sources of organic municipal solid waste (OMSW) 
This section describes each of the sources of OMSW in Curitiba, and gives an estimation of the amount of 
organic waste produced by each of them. The sources are (1) households with institutional and small 
commercial buildings, whose waste are collected together during door-to-door conventional collection, (2) 
CEASA wholesale food market, (3) the two public markets: Mercado Municipal and Mercado Regional, (4) 
street markets, and (5) public restaurants. 

 

 
Figure 23: Map of the sources of organic waste in Curitiba 

 

The location of the different markets was found on SMAB website, and the GPS coordinates were obtained 
from an online mapping tool20. The outline of the neighborhoods of Curitiba was taken from ArcGIS 
database. The population, surface area an and average income for each neighborhood were obtained on the 
website of the Institue of Research and Urban Planning of Curitiba (IPPUC21).  

Details about how the waste generation per neighborhood was estimated from the gross waste production 
are given in section 7.1. 

 

                                                      
20 Available at: https://www.gps-coordinates.net 
21 IPPUC: Instituto de Pesquisa e Planejamento Urbano de Curitiba 
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7.1 Household organic solid waste (OSW) 
Waste collection and treatment is shared by the different cities in the metropolitan region of Curitiba 
(RMC22). 23 of these cities, including Curitiba, form a consortium which is called Conresol23. In 2012, 
490,699 tons of conventional (wet) waste have been collected door-to-door in RMC (see Table 7). [11] This 
waste are mostly household waste, but they include some institutional (schools, offices) and small 
commercial buildings. The waste from markets (Mercado Municipal and Mercado Regional), as well as waste 
from street markets (feiras), are not included in the conventional waste collection. They are collected with 
street waste: street sweeping wastes and waste from street garbage cans, and then sent to CGR – Iguaçu 
landfill. 

According to a gravimetric study performed in August 2015 on different samples of household waste from 
Curitiba, the organic fraction contained in the conventional (wet) waste is close to 37%.  

 
Figure 24: Household waste composition in Curitiba, 2015 

 

In 2008 Curitiba was contributing to 62.9% of the amount of waste collected during door-to-door 
conventional collection in the metropolitan region of Curitiba (RMC). As the city grows faster than its 
neighbours, in 2013 it was contributing to 72% of conventional collection in the RMC. [11] 

Table 11: Part of Curitiba in the waste generation of its metropolitan region (RMC) 

Municipality Waste production 2008 (kg/day) Waste production 2013 (kg/day) 
Curitiba 793,657.50  (62.9%) 1,800,000.00  (72%) 
Other cities 468,079.50  (37.1%) 700,000.00  (28%) 
Total 1,261,737.00  (100%) 2,500,000.00  (100%) 
 

By combining the volume of waste collected door-to-door through conventional (wet) collection in 2015 
(see Table 7), with the household waste analysis performed in 2015 in Curitiba (see Figure 24) and the waste 
generation of each city part of the metropolitan region of Curitiba (RMC, see Table 11), the OSW 
production of Curitiba can be assessed. 

                                                      
22 RMC: Região Metropolitana de Curitiba, which includes 29 cities 
23 Conresol: Consórcio Intermunicipal para Gestão de Resíduos Sólidos Urbanos, which includes 23 cities 

Organic material (37%)
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Table 12: Assessment of Curitiba organic household waste generation 

Parameter Value 

Conventional door-to-door household waste collection in RMC (2015) 528,010 tons/year 

Part of Curitiba in RMC waste generation (2013) 72.00% 

Estimation of the volume of household waste produced by Curitiba (CWB) only 380,167 tons/year 

Percentage of organic waste in the households waste in Curitiba (2015) 37.73% 

Estimation of the volume of organic waste generated by households in CWB 143,437 tons/year 

 

The volume of OSW generated by each neighbourhood (“bairro”) of Curitiba is not monitored by the waste 
collection services. However, information about the number of inhabitants, households and the average 
income, for each of the 74 neighbourhoods of Curitiba, could be found in individual reports published in 
2010 by the Institute of Research and Urban Planning of Curitiba (IPPUC24). 

As demonstrated by P. Grover and P. Singh in “An Analytical Study of Effect of Family Income and Size 
on Per Capita Household Solid Waste Generation in Developing Countries”, the two most important 
factors on the volume of waste generated per capita are the income and the size of the households. They 
found out linear relations between the volume of waste generated by Indian households and their income 
in a first time, and their family size in a second time. [26] 

Here, only the total volume of household OSW collected in Curitiba (assessed in section 7.1) was available. 
It was thus decided to take a simpler model, in the form of: 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉_𝑂𝑂𝑂𝑂𝑂𝑂_𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑎𝑎 ∗  𝑃𝑃𝑉𝑉𝑃𝑃𝑉𝑉𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉𝑃𝑃_𝑉𝑉𝑜𝑜_𝑑𝑑ℎ𝑉𝑉_𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴_𝑑𝑑𝑃𝑃𝑑𝑑𝑉𝑉𝑉𝑉𝑉𝑉_𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (1) 

With the constraint       ∑ 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉_𝑂𝑂𝑂𝑂𝑂𝑂_𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  = 143,347 𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑/𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑 (2) 

 

The resulting OSW generation per district, as well as the population in each neighbourhood (vertical 
columns, left axis), are given in Figure 25. More details about this diagram can be found in Appendix 17.4. 

 
Figure 25: Assessment of household waste by neighbourhood (bairro) 

                                                      
24 IPPUC: Instituto de Pesquisa e Planejamento Urbano de Curitiba 
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7.2 CEASA wholesale food market 
CEASA wholesale food market is the place where locally produced vegetables and fruits are sold by 
producers to retailers and restaurants. 60% of the horticultural products sold in Curitiba have previously 
been exchanged at CEASA. Some national companies also buy here their horticultural products and then 
sell them in other states of Brazil.  

 

 
Figure 26: CEASA wholesale food market (Nov 2016) 

 

In 2010, 688,823 tons of products were commercialized and 9,326.22 tons of waste were generated and 
collected. [27] The market is opened 6 days a week, so it corresponds to about 22 tons of organic waste 
collected per day. Another report from 2010 mentions a figure of 20 tons of organic waste collected per day 
at CEASA. [28] This data also correlates with the volume of waste received by K2 Agro composting facility: 
about 700 tons/month of organic waste (see section 6.4). 

Table 13: CEASA wholesale food market sales and waste generation, 2010 

Parameter Value (tons/year) 

Annual volume of food exchanged 688,823.63  

Annual volume of organic waste generated 13,200.04 (100%) 

 - collected and landfilled 9,326.22 (70.7%) 

 - composted or used for animal feeding 1,514.66 (11.5%) 

 - wood waste 468.90 (3.6%) 

 - straw waste 451.63 (3.4%) 

 - used for animal feeding 1,430.82 (10.8%) 

 - vegetable oil 7.82 (0.1%) 

Annual volume of food donations (Food Bank and PAA25) 1,779.69  

Annual volume of recyclable (dry) waste generated 184.29  

                                                      
25 PAA: Plano de Apoio à Aposentadoria 
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From Table 13, a low and a high estimation of the amount of Organic Solid Waste (OSW) suitable for 
anaerobic digestion can be made. The low estimation corresponds to the organic waste currently landfilled 
(available OSW, 70.7%), while the high estimation includes also the waste currently used for animal feeding 
and compost production (total OSW, 70.7% + 11.5% + 10.8% = 93%). The amount of organic solid waste 
which could be used for anaerobic digestion is thus in the range 9,326 – 12,271 tons/year.  

The most recent year for which the amount of product commercialized is known is 2014. Using this figure, 
it is possible to get a better estimation of the current amount of waste generated at CEASA. 

Table 14: Estimation of the current organic waste generation at CEASA 

Parameter Value 
Volume of product commercialized in 2010 [27] 688823.63 tons/year 
Volume of product commercialized in 2014 [29] 669045.87 tons/year 
Variation between 2010 and 2014 -2.9% 

 

CEASA generates a large volume of food waste, which fluctuates widely along the year. [27] It reaches 
almost 1,200 tons of organic waste (all included) in January, and drops to about 500 tons in May. 

 

 
Figure 27: Variation of sales and waste production over the year at CEASA, 2010 

 

It should be mentioned that this source of waste is already used to produce compost at the K2 Agro facility 
near to Ponta Grossa (see section 6.4). It is also considered by CSBioenergia as a feedstock for their 
anaerobic digester which is currently in construction (see section 6.3). As a consequence, its availability for 
anaerobic digestion is uncertain. 

Table 15: CEASA key figures 

Parameter Value 
Amount of OSW generated in 2010 [27] 13,200 tons/year 
Amount of OSW corrected for 2014 12,817 tons/year 
Percentage of the OSW available for anaerobic digestion (currently landfilled) 70.7% 
Amount of available Organic Solid Waste corrected for 2014 9,062 tons/year 
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7.3 Public markets: Mercado Municipal and Mercado Regional 
There are two main public markets in Curitiba: Mercado Municipal and Mercado Regional. They provide 
vegetables and fruits, as well as meats and other types of food. Mercado Regional is the only source of 
organic waste considered in scenario 1. 

 

  

Figure 28: Mercado Municipal (left) and Mercado Regional (right) 

 

Mercado Municipal features 102 stalls, 201 boxes and restaurants. Mercado Regional, which is smaller, 
features only 25 stalls for fruits and vegetables merchants, and several restaurants and coffees located all 
around the stalls. Out of the 25 stalls in Mercado Regional, 10 are occupied by producer-retailers, while the 
15 others purchase their products at CEASA. The formers are responsible for their organic waste, and 
consequently bring them back to use them for animal feeding or composting. 

The volume of waste generated by both markets was assessed by Master students from UP university. [24] 

Table 16: Monthly waste production in Mercado Municipal and Regional [24] 

Source Monthly waste production 

Mercado Municipal 16,150 kg/month 

Mercado Regional 5,814 kg/month 

 

The volume of waste generated by Mercado Municipal was assessed by calculating the density of one garbage 
can of 500L, and multiplying it by the volume of the garbage cans available: 4 garbage cans of 500L, and by 
the number of time their are collected every month: 6 times a week so about 25 times per month. The same 
density was used to assess the waste generation from Mercado Regional. This time, there are 3 garbage cans 
of 500L collected 3 times per week.  

This methodology does not take into account the eventual variations, daily or seasonal, of the density of the 
waste, and assumes that all the garbage cans are full everytime they are collected. As a consequence there is 
a certain margin of uncertainty on these figures. 
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A sample of 161.5 kg (about one fourth of the daily waste production) has been analyzed by the same group 
of students to assess the composition of the waste generated at Mercado Municipal. It was found that about 
79% of the waste generated are organic. [24] 

 

 
Figure 29: Public markets waste composition, 2016 

 

The composition of the waste generated by Mercado Regional is assumed to be similar to the one of 
Mercado Municipal. The annual volume of OSW produced by each market can thus be asssessed by 
multiplying the total waste production by the organic fraction measured at Mercado Municipal. 

Table 17: OSW generation from Mercado Municipal and Regional, 2016 

Source Annual waste production Annual organic waste production 

Mercado Municipal 193.8 tons/year  153.1 tons/year (79%)  

Mercado Regional 69.8 tons/year  55.1 tons/year (79%) 

 

As explained previously, amon the 25 fruits and vegetables retailers in Mercaod regional, 10 grow their own 
products. These 10 producers-retailers are in charge of the handling and treatment of their waste, on the 
contrary to the other 15 retailers. They use them for animal feeding or composting purposes. If this stream 
of waste was also used on-site to produce biogas (scenario 1), the volume of waste available for anaerobic 
digestion could be up to 25/10*55.1 = 92 tons/year by pro-rata. 

  

Organic (79.0%)

Plastic (10.9%)

Paper and cardboard (4.71%)

Glass (2.79%)

Paperboard (1.98%)

Other (0.37%)

Metal (0.19%)
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7.4 Street markets: Feiras livres, organicas and nossas feiras 
There are 3 main types of street markets in Curitiba: feiras livres, feiras organicas and nossas feiras. Feiras 
noturnas (10 per week), as well as feiras do litoral (1 per week) and feiras gastronomicas (3 per week), are 
smaller on scale and less frequent. Street markets are all supervised by SMAB, and retailers need a license 
to sell their products. There are 389 licensed retailers, including 90 producers and 5 associations (2017). 

 

  

Figure 30: Nossas feiras (left) and feiras organicas (right) 

 

Feiras Livres 

There are 39 different ferias livres over a week. Their size goes from 3 stalls to 90 stalls (feira de Alto da 
Gloria). They all take place in the morning, and the products commercialized are as diverse as fruits, 
vegetables, meat, fish, sea food and prepared dishes to eat on-site or to take away. [30] The surplus products 
at the end of the feira are kept to be sold in another feira the day after. If the products have a bad looking, 
the retailers will try to sell them in bulk at a lower price. The products remaining unsold after this, or who 
are not edible anymore, will either be kept by the retailer if he is also the producer, or left by the street and 
collected by the service of street cleaning of Curitiba. According to this service, about 48 tons/month of 
waste are collected at the end of feiras. For feira de Alto da Gloria only, the biggest feira livre, about 3 tons 
of waste are collected by the service of street cleaning every week. [31] 

 

Product surplus

Edible Edible but bad looking

Kept for future feiras Sold in bulk at lower price

Organic Solid Waste (not edible)

Compost Animal feeding

Collected by the street cleaning service: 48 tons/month

If the retailer is also the producer Otherwise

If the products remain unsold

 
Figure 31: Use of product surplus and organic solid waste from feiras livres 
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A table containing the schedule of the feiras and the list of the licensed retailers was obtained from SMAB. 
This list contains the surface area of their stall as well as the type of products they commercialize. A rough 
assessment of the products commercialized in ferias livres, based on the surface area of the stalls, is given 
in Figure 32. Only the main types of stalls (over 2% of the total surface) have been conserved. That is the 
reason why the percentage do not add up to 100%  

 

 
Figure 32: Distribution of the stalls in feiras livres, based on their surface area 

 

From observation, feiras waste are composed mainly of lettuce leaves, of bad looking fruits and vegetables 
(pure organic waste), and of food leftovers, paper, plastic and metal packages from restauration stalls (mixed 
waste). It is believed that dairy product stalls, fish and sea food stalls, and pastry stalls do not dispose of 
waste at the end of the markets. A study is currently being performed by students from PUCPR to get more 
details about the waste composition of feiras, but it will not be available before June 2017. As a consequence, 
it is decided in this report to consider a percentage of organic waste of 84.2%. This figure comes from the 
gravimetric analysis of the waste from the feira livre of Tomba, Ouro Preto in Brazil [32]. 

Table 18: Feiras livres key figures 

Parameter Value 

Frequency [30] 39 / weeks 

Amount of products commercialized (2016) [30] 149 tons/month 

Estimated amount of waste generated [31] 48 tons/month 

Estimated fraction of organic waste [32] 84.2% 

Estimated amount of OSW generated 40.4 tons/month 

 

The total volume of product handled by feiras livres retailers amounts to about 200 tons of products per 
month. From this total, about 25% is disposed of at the end of the markets and collected by the street 
cleaning service. This figure looks relatively high, despite no figures from other markets or countries has 
been found for comparison. The waste collected by the street cleaning service is then brought to CGR 
Iguaçu landfill. 

 

Fruits and vegetables (45.5%)

Food and beverage (13.9%)

Snacks (6.51%)

Dairy products (6.44%)

Fish and sea food (4.59%)

Bread and cakes (4.42%)

Meat (3.34%)

Cereals (2.82%)

Prepared dishes (2.40%)
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Feiras organicas 

Feiras organicas are smaller both in frequency (15 feiras organicas per week) and in number of stalls (1 to 
20 stalls per feira) than feiras livres. As their name implies, only organic products, that is to say products 
meeting the requirements of organic farming (no fertilizer, pesticides), can be sold there. The products 
retailed are mainly organic fruits and vegetables, organic cosmetics, and in a lower quantity meat, fish, and 
prepared dishes. The products retailed are more expensive than non-organic products, and a s a consequence 
the volume of products commercialized is also lower: about 9 tons/month (2016). The retailers do not bring 
more product than what they expect to sell, and as a consequence the amount of waste is really little. 
According to UFPR students who visited and interviewed the retailers at different feiras, some of them 
leave waste in street waste bins, but it is a minority of them. Most of them either use the waste for animal 
feeding or composting. [31] 

 

Product surplus

Edible Edible but bad looking

Future feiras Processed into jam

OSW (not edible)

Donations Animal feeding Composting

 
Figure 33: Use of product surplus and organic solid waste from feiras organicas 

 

As mentioned in the previous paragraph, the waste generated by feiras organicas are very little because of 
their small scale and of a good management from retailers who bring only the quantity of products necessary. 
In addition, most of them find a use of the surplus and waste: either processing the bad looking fruits in 
jam or feeding animals and making compost with the waste. As a consequence, this source of waste will not 
be considered in the assessment of the potential for anaerobic digestion of MSW. 

Table 19: Feiras organicas key figures 

Parameter Value 

Frequency [30] 15 / weeks 

Amount of products commercialized (2016) [30] 9 tons/month 

Amount of waste generated <1 tons/month (neglected) 
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Nossas feiras 

Nossas feiras are the most popular street markets. There, fruits and vegetables are sold at a fixed price, 
which is usually at least 40% less expensive than it supermarkets. There are 15 nossas feiras per week, each 
having between 3 and 7 stalls. Two large cooperatives, COOPASOL26 and COOACOL27, account to 75% 
of the total surface of nossas feiras. In 2015, the total amount of products commercialized in nossas feiras 
was 2,900 tons [33], but in 2016, the products sold reached 530 tons/month, which corresponds to 6,360 
tons/year (220% increase). [34] To avoid the seasonal effects and to stay preservative on the figures, the 
amount of products sold by nossas feiras will be assessed from the sales of COOPASOL and COOACOL 
and on their cumulative surface area in nossas feiras (see Table 20). These two information were included 
in the table communicated by SMAB in the beginning of 2017. 

Table 20: Estimation of the amount of products sold during nossas feiras 

Parameter Value 

Amount of products sold by cooperatives 117.5 tons/week 

Surface of the feiras occupied by cooperatives 75% 

Estimated amount of product sold in nossas feiras 156 tons/week 

 

Similarly to feiras organicas, the waste generated by nossas feiras are already recovered and not landfilled. 
There is not one single way to recover the surplus and waste from nossas feiras. The two large cooperatives 
favour donations for the product surplus, and for the bad looking products either processing them into 
compote and ice cream or giving them to farmers for animal feeding. The not edible is used for compot. 
 

Product surplus

Edible Edible but bad looking

Future feiras Processed into 
compote and ice cream

OSW (not edible)

Sold to industry
and canteens Given for animal feeding Composting

 
Figure 34: Use of product surplus and organic solid waste from nossas feiras 

 

As the waste from nossas feiras are already recovered (animal feeding and composting), and as no clear 
figure is available about its amount, it is decided to remove the OSW from the scope of the project. 

Table 21: Nossas feiras key figures 

Parameter Value 

Frequency [30] 15 / weeks 

Amount of products commercialized (2016) [30] 630 tons/month 

Amount of waste generated unknown (already recovered) 

                                                      
26 COOPASOL: Cooperativa Agropecuaria Sulmatogrossense 
27 COOACOL: Cooperativa Agrícola Familiar de Colombo 



-50- 
 

7.5 Fruits and vegetables markets: Sacalaos da familia 
Sacalaos da familia are similar to nossas feiras, in the sense that they provide fruits and vegetables at a unique 
price. However, they take place every day, from Monday to Saturday, in each of their 15 locations. The 
volume of products is thus higher than nossas feiras. In 2015, 29,300 tons of products were sold [33] but in 
2016, it dropped to only 1,500 tons/month, which corresponds to about 18,000 tons/year. [35] They receive 
their products from CEASA wholesale market (see section 7.2). 

One of the 15 sacalaos da familia was visited in order to collect information about organic waste. Following 
this visit, Professor Selma Aparecida Cubas receveived data about the organic waste generation of 4 sacalaos 
da familia. 

Table 22: Amount of OSW generated in 4 of the 15 sacalaos da familia 

Location of the sacalao Final use or treatment Amount of OSW 

Pinheirinho Composting 240 kg/day 

Fazendinha Composting 240 kg/day 

Vila Sandra Composting 240 kg/day 

Boa Vista Composting and landfilled 200 kg/day 
 

In the sacalao visited, most of the fruits and vegetables wastes, which consists of spoiled products and salad 
leaves, were collected to be used to produce compost and animal feeding. The rest, which includes some 
straw used for transport and to a lower extent some spoiled products not suitable for animal feeding, were 
left in the boxes used for delivery and returned to CEASA, where they are either composted or landfilled. 
 

Organic solid waste (not edible organic products)

Spoiled fruits and vegetables, salad leaves Straw used for shipping

Animal feeding and composting Returned to CEASA, then landfilled

Small fraction

 
Figure 35: Use of organic solid waste from Sacalaos da familia 

 

Sacalaos da faimila are opened 6 days per week. A daily waste generation of 200 kg corresponds to about 5 
tons/month. The figures from Table 22 will be used for the assesment of the OSW generation. 

Table 23: Sacalao da familia key figures 

Parameter Value 

Number of sacalao da familia 15  

Amount of products commercialized (2016) [35] 1,500 tons/month 

Amount of OSW generated by sacalao 5 tons/month/unit 

Estimated total amount of OSW generated 75.0 tons/month 
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7.6 Popular restaurants 
In this report, only the waste generated by public restaurants will be considered. Private restaurants have 
their own waste management: some donate them for animal feeding (Walmart and MacDonalds for 
instance), while some others have to pay companies for collection and disposal. There are 4 popular 
restaurants in Curitiba. They all serve the same type of dish: rice with beans, meat, salad and dessert, from 
Monday to Friday at lunch time. The price is only 2 R$/person, or about 0.63 USD/person. The entrance 
to the restaurant is reserved to people with a low income or benefiting from a social aid. 

Table 24: List of the popular restaurants in Curitiba 

Restaurant Location Number of meals served daily 

Restaurante Popular Matriz Rua da Cidadania Matriz 1,800 /day 

Restaurante Popular Sitio Cercado Rua Mercúrio, 420 800 /day 

Restaurante Popular CIC/Fazendinha Rua Raul Pompéia, 190 800 /day 

Restaurante Popular Pinheirinho Rua Marechal Rondon, 40 800 /day 

 Total 4,200 /day 

 

The garbage bags from Pinheirino popular restaurant were opened and scaled. The kitchen waste and the 
table scraps were scaled individually. The former contains mainly rice and fruit peelings, while the latter 
contains food leftovers as well as napkins and plastic cups. The weight of kitchen waste does not vary a lot 
over the week. It is usually in the range 25 – 30 kg/day. It contains only organic waste, apart from the few 
plastic cups which can be seen in Appendix 17.6: Data collection at a popular restaurant. The table scraps 
are mixed with the toilet waste, and amount to 90 kg/day. 

Table 25: Waste generated by Pinheirinho popular restaurant 

Parameter Daily production Daily per person 

Kitchen waste (mostly fruits peelings and rice) 25 - 30 kg/day 31.3 - 37.5 g/pers/day 

Table scraps and toilet waste (incl. plastic cups) 90 kg/day 112.5 g/pers/day 

800 plastic cups (11 grams per cup) 8.8 kg/day 11 g/pers/day 

Table scraps and toilet waste (without plastic cups) 81.2 kg/day about 100 g/pers/day 

 

From the data in Table 25, the amount of waste generated per person in a popular restaurant is 30 grams of 
kitchen waste and an additional 100 grams of table scraps and toilet waste. The value of 30 grams of kitchen 
waste is conservative: it corresponds to the lower end and the range of kitchen waste generation. 

Table 26: Assessment of the amount of OSW generated in each of the popular restaurants 

Restaurant Capacity (meals/day) Assessed OSW (tons/year) * 

Restaurante Popular Matriz 1,800 /day 62.1 

Restaurante Popular Sitio Cercado 800 /day 27.6 

Restaurante Popular CIC/Fazendinha 800 /day 27.6 

Restaurante Popular Pinheirinho 800 /day 27.6 

Total -    144.9 

*: calculated assuming 260 open days per year  
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8 Anaerobic digestion 
An overall description of anaerobic digestion has been given in section 2.5. This section provides a further 
description of the process, through the chemical reactions involved, the influence of the feedstock 
characteristics and the products of the reaction. The layout of typical anaerobic digesters is explained in the 
last sub-section. More information about digester layout can be found in part 10. 

8.1 Chemical process details 
Anaerobic digestion can be divided into 3 stages occurring successively: fermentation, acidification and 
methanization [36]. These stages correspond to the following chemical reactions: hydrolysis/liquefaction, 
acidogenesis - acetogenesis, and methanogenesis. The methane production only occurs during the last stage: 

1. Fermentation (hydrolysis/liquefaction): large polymers are broke down to monomers such as 
glucose and amino acids by enzymes. The stage is called liquefaction because monomers are soluble 
into water, on the contrary to the initial polymer aggregates contained in MSW. 

2. Acidification (acidogenesis – acetogenesis): monomers are transformed into volatile fatty acids, H2 
and acetic acid through the action of acidogenic and acetogenic bacteria. 

3. Methanization (methanogenesis): H2, CO2 and acetate are transformed into methane by 
methanogenic bacteria. 

Only the volatile solids contained in the organic waste will be degraded and transformed into biogas. The 
rest is either non-volatile organic solid, like wood, or inert material, like stones and glass. 

 

Non-Volatile (combus.) FractionVolatile Solids (VS) Inert Fraction

Residual Organic MatterCH4 and CO2 Inert Matter

Fermentation

Not Reacting Not Reacting

Soluble Organic Monomers

Acidification

Organic Acids, H2 and CO2

Methanisation

 
Figure 36: Stages of anaerobic Digestion 

 

8.2 Feedstock characterization 
This sub-section describes the feedstock characteristics which have an influence on the biogas yield. The 
purpose of the section is neither to compare the biogas yield of different sources of feedstock (like manure, 
food waste, mixed waste), nor to assess the composition of MSW in Curitiba (this is done in section 4.4). 
Different feedstocks have a different macroscopic constitution, which gives them different characteristics 
and thus different biogas yield. The important characteristics for feedstock are: (1) its Total Solids (TS) or 
Moisture Content (MC), (2) its Volatile Solids (VS) content, (3) its Carbon to Nitrogen (C/N) ratio, (4) its 
pH and (5) its particle size. A less important characteristic is (6) feedstock density. 
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Total Solids (TS) or Moisture Content (MC) 

Both terms design the water content of the feedstock. Total Solids (TS) refers to the percentage of dry 
matter in the feedstock by weight, while Moisture Content (MC) expresses the percentage of water in the 
feedstock by weight. Some articles also refers to it under the name Dry Matter (DM) or solid content. 

Table 27: Solid/moisture content classification 

Solid classification Total Solids (TS)   Moisture Classification Moisture Content (MC) 

Low Solids (LS) Less than 10%  Wet More than 90% 

Medium Solids (MS) Between 10% and 20%  Semi-dry Between 80% and 90% 

High Solids (HS) Between 20% and 40%  Dry Between 60% and 80% 

 

The Total Solids (TS), and consequently the moisture content, can be assessed by weighing the feedstock 
before and after drying it. [37] The weighs are referred to as M dried and M initial (wet) in the following 
equations:  

%𝑇𝑇𝑉𝑉𝑑𝑑𝑎𝑎𝑉𝑉 𝑂𝑂𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑

𝑀𝑀 𝑑𝑑𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑉𝑉 (𝑤𝑤𝑉𝑉𝑑𝑑)
∗ 100 (3) 

%𝑀𝑀𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑𝑉𝑉 =  
𝑀𝑀 𝑑𝑑𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑉𝑉 (𝑤𝑤𝑉𝑉𝑑𝑑) −𝑀𝑀 𝑑𝑑𝑑𝑑𝑦𝑦

𝑀𝑀 𝑑𝑑𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑉𝑉 (𝑤𝑤𝑉𝑉𝑑𝑑)
∗ 100 (4) 

 

The digestion of high-solid feedstocks (referred to as dry digestion) allows to reach higher methane yields 
with a smaller reactor volume [38]. However, it requires more expensive pumps and equipment than in the 
case of low-solid feedstock (wet digestion). Wet digestion, on the other hand, requires dewatering to remove 
the excess water from the digestate. [16] Vegetable and fruit waste usually have the highest moisture content. 
The results in Table 28 were obtained by drying samples and scaling the remaining compounds. [39] 

Table 28: Total solids (TS) and moisture content (MC) for typical feedstocks 

Feedstock % Total Solids (%TS) % Moisture Content (%MC) 

Fruits and vegetables [39] [40]  8 - 21% (±2.20) 79 - 92% (±3.80) 

Food waste [39] [40] 30% (±2.30) 70% (±4.60) 

Yard waste [39] 44% (±3.40) 56% (±5.50) 

Paper and cardboard [39] 80% (±3.00) 20% (±3.10) 

Mixed waste (OFMSW) [39] [40] 25 - 39% (±3.30) 61 - 75% (±4.90) 
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Volatile Solids (VS) 

The volatile content of the feedstock corresponds to the organic matter. The inorganic content is referred 
to as fixed solids (FS), by opposition to volatile solids (VS). In the case of combustion, the inorganic content 
is called ash content. Volatile solids can be divided into two sub-categories: biodegradable volatile solids 
(BVS) which are ideal for anaerobic digestion, and refractory volatile solids (RVS), which are mainly 
constituted of lignin and which require a longer digestion time. [41] 

 

Biodegradable volatile 
solids (BVS)

Refractory volatile 
solids (RVS)

Anaerobic digestion Limited digestion

Volatile solids (VS) Fixed solids (FS)
or ash content

Total solids (TS) 
or dry fraction

Organic fraction

 
Figure 37: Total solids (TS), volatile solids (VS) and fixed solids (FS) 

 

Volatile solids (VS), represent the part of the dry matter which can be digested. They are expressed as the 
mass fraction of dry solids among total solids. This figure is usually in the range of 80% - 100%. [38, 39] 

Table 29: Volatile solids (VS) for typical feedstocks 

Feedstock Volatile Solids (VS) 

Fruits and vegetables [39] 96% (±5.00) 

Food waste [39] 82% (±4.90) 

Yard waste [39] 85% (±5.20) 

Paper and cardboard [39] 77% (±4.90) 

Mixed waste [39] 83% (±5.00) 

 

Lignin is a class of complex polymers which composes the structure of plants (including wood) and algae. 
It is thus present in higher proportions in yard waste and paper waste, and explains the lower biodegradable 
volatile solids in these feedstocks. [42] 

Another set of figures for the total solids and volatile solids content of different feedstocks is given in 
Appendix 17.2.   
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Carbon to Nitrogen ratio (C/N) 

Carbon (C) is the source of energy for the microorganisms involved in anaerobic digestion, while Nitrogen 
(N) enhances their growth. On the first hand, a low nitrogen content means a stagnating microbial 
population and thus a longer digestion time. On the other hand, a too high nitrogen content (or too low 
carbon content) will not be totally consumed and will remain in the biogas in the form of ammonia. As a 
consequence, it will increase the biogas toxicity. [16] There is thus a balance to find between C and N. 

The bacteria involved in the process consume the carbon content between 30 and 35 times faster than they 
consume nitrogen. As a consequence, the optimal Carbon to Nitrogen ratio (C/N) is approximately 30:1. 
[43] [44] This ideal C/N ratio can be approached by providing an appropriate mix of feedstock during the 
anaerobic digestion. The C/N of different feedstocks is summarised in Table 30. [45, 39] 

Table 30: Carbon and Nitrogen content for typical feedstocks 

Feedstock Org. carbon mass content Total nitrogen mass content C/N ratio 

Fruits and vegetables [39] 78% (±4.20) 2.15% (±0.70) 26.05 (±0.50) 

Food waste [39] 82% (±4.10) 2.33% (±0.40) 20.32 (±1.00) 

Yard waste [39] 76% (±5.30) 1.67% (0..60) 29.68 (±1.00) 

Paper and cardboard [39] 87% (±0.05) 1.23% (±0.20) 36.43 (±1.00) 

Mixed waste [39] 81% (±4.80) 2.07% (±0.55) 25.12 (±1.00) 
 

Acidity (pH) 

Depending on its constitution, the feedstock can be too acid for anaerobic digestion. It is never too basic 
in practice, because organic matter tend to have a pH slightly below 7.0, and because organic acids are 
produced during the first two steps of anaerobic digestion. An acid environment slows down microbial 
growth, and thus extends the digestion time. Several studies concluded that the pH of the feedstock should 
ideally be neutral (7.0). It can be maintained in the range 6.0 – 8.0 by adding lime or recycled filtrate. [16] 
During anaerobic digestion, the pH will decrease during the first stages (hydrolysis, acidogenesis – 
acetogenesis), and come back to neutral at the end of the last stage (methanogenesis) because of HCO3-. 

Particle size 

Particle size directly influence the surface of contact between the feedstock and the microorganisms. Smaller 
particles result in a larger surface of contact, and as a result a faster anaerobic digestion. Large organic waste, 
such as branches or some other yard waste, can be shredded in order to decrease the retention time. Biogas 
yield can be increase by 20% in volume by shredding particles from 100 mm in diameter to 10 mm. [46]  

Density 

The density of the feedstock depends on its water content, but before all on its compactness.  

Table 31: Density for typical feedstocks 

Type of feedstock Density (sample 1) Density (sample 2) 

Food waste (uncompact) [47] [48] 300 kg/m3 (±180.0) 290 kg/m3 (±159.1) 

Food waste (piled up) [47] 500 kg/m3 (±34.50) - 

Food and yard waste [47] 338 kg/m3 (±110.3) 157 kg/m3 (±96.50) 

Paper and cardboard [47] 112 kg/m3 (±83.00) - 

Mixed (food, yard and paper) [47] 502 kg/m3 (±143.9) - 
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8.3 Biogas and digestate production 
The two products of anaerobic digestion are biogas, whose valuable constituent is methane, and digestate 
which is the sludge removed from the digester at the end of the process. Due to the relatively low economical 
value of digestate in comparison to biogas, digestate is sometimes considered as a by-product of AD. 

Biogas 

The quality of biogas produced is lower than the one of natural gas. The methane (CH4) content of biogas 
is usually in the range of 55 to 75%, while it is in the range of 87 - 97% for natural gas. The other main 
constituent of biogas is carbon dioxide (CO2), which represents between 30 and 45% of the gas volume. 
Biogas composition, and thus its energetic value, depends on the composition of the feedstock and on 
digestion parameters such as temperature and pH.  

Table 32: Biogas typical composition (by volume) 

Constituent Composition (%_volume) 

Methane (CH4) 55 – 75% 
Carbon Dioxide (CO2) 30 – 45% 
Hydrogen Sulphide (H2S) 1.0 – 2.0% 
Nitrogen (N2) 0 – 1.0% 
Hydrogen (H2) 0 – 1.0% 

 

The energy content of biogas can be expressed in terms of HHV Heating Value (HHV), which represents 
the heat released by the combustion of biogas per unit of volume, with flue gas heat recovery. As methane 
and carbon dioxide have different densities, the HHV of biogas is not a linear function of its methane 
volume content. The HHV and density of the biogas were calculated for a methane content varying between 
45 and 85%, and considering a HHV for methane of 50.05 MJ/kg. [49] 

 

 

Parameter Unit Value  Parameter Unit Value 
Temperature K 298.15  CH4 density kg/m3 0.656882 
Pressure Pa 1.0113E+08  CO2 density kg/m3 1.80797 
LHV methane kJ/kg 50,050     

 

Figure 38: Low Heating Value (LHV) of biogas as a function of its methane content 

0

5 000

10 000

15 000

20 000

25 000

30 000

35 000

40 000

0,7

0,8

0,9

1

1,1

1,2

1,3

1,4

40% 50% 60% 70% 80% 90%

Bi
og

as
 H

HV
 (k

J/
m

3)

Bi
og

as
 D

en
sit

y 
(k

g/
m

3)

Methane Content (%_volume)

Density

HHV



-57- 
 

Digestate 

The digestate is what remains of the feedstock at the end of the digestion process. After an appropriate 
post-treatment (see section 10.2: Post-treatments review), it can be used as a fertilizer in fields. What gives 
its value to digestate is its nitrogen, phosphate and calcium (NPK) content. The chemical composition of 
two digestates obtained after the digestion of food waste in the UK, is given in Table 3. [20] These figures 
are compared to compost in section 2.6. 

Table 33: Nutrients content of digestate from food waster 

  Digestate 1 Digestate 2 Average 
Dry Matter % 4.16 4.50 4.33 

Density kg/m3 1.0 0.98 0.99 

Nitrate (N) kg/m3 7.38 7.32 7.35 

Readily Available N kg/m3 6.3 5.58 5.94 

Phosphate (P) kg/m3 0.33 0.62 0.475 

Potassium (K) kg/m3 2.47 1.14 1.805 

Magnesium (Mg) kg/m3 0.02 0.09 0.055 

Sulphur (S) kg/m3 0.23 0.64 0.435 

Calcium (Ca) kg/m3 0.20 0.89 0.545 

Organic Carbon (C) %w/w* 41.7 42.1 41.9 
 

%w/w: mass of organic carbon compared to the mass of the solid content of the digestate (without water) 

 

Digestate is sometimes called sludge due its high moisture content: 95.7% in average. This is the reason why 
digestate is usually dewatered, except for small-scale applications, until it reaches a moisture content between 
15 and 20%.  The resulting dry digestate is often sanitized (see section 10.2: Post-treatments review for more 
information). 

Digestate is rather poor in nutrients, except in readily available nitrogen. Readily available nitrogen 
corresponds to the forms of nitrogen that can be absorbed by plants during their growth: in practice NO3-
N and NH4-N. Nitrogen, which is useful for plants growth, is also a central element in biogas production. 
As a consequence, a high rate of conversion of the feedstock into biogas, that is to say a high degradation 
of the volatile solids (VS), also means a digestate poor in nutrients. 
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8.4 Anaerobic digesters layout 
The biogas yield of anaerobic digestion can be improved by controlling the temperature and pH of the 
feedstock. Ensuring constant supply of organic matter, homogenous temperature and microorganism 
distribution are also critical to achieve maximal decomposition rate. As a consequence, anaerobic digestion 
at an industrial scale is performed in plants, called anaerobic digesters or biodigesters, where the process 
can be monitored and the yield optimized. Most digester designs encompass the following stages: 

 

Feedstock Storage Waste Separation Waste Pre-treatment

Waste Dilution
(if wet digestion)

Anaerobic Digestion
(Reactor)

Biogas Post-Treatment
(Gas Scrubber)

Digestate Dewatering
and Composting

Biogas Storage
(Gasholder)

Waste Water
Treatment

Municipal Solid Waste

Biogas Fertilizer Waste Water

1. 2. 3.

6. 5. 4.

7. 8. 9.

 

1. Feedstock storage: waste delivered by tankers is stored there before to be treated. The buffer tank allows 
more flexibility in the operation of the plant, particularly for batch digesters (see Section 9.6). 

2. Waste separation (optional): in the case of not source-separated MSW. It can be performed by hand or 
mechanically. Recyclable waste and inert materials must be removed as much as possible. 

3. Waste pre-treatment (optional): it can consist of a mechanical treatment (shredding, grinding), a thermal 
treatment (pasteurization), a chemical treatment (pH stabilization using lime) or biological. 

4. Waste dilution (optional): the moisture content of the feedstock can be rectified to fit the digester 
requirements. Recirculated leachate can be used. The dilution usually takes place in a mixer. 

5. Anaerobic digestion (reactor): the organic matter breakdown and biogas production occurs at this stage. It 
is the most important but also longest (up to 40 days) stage of the process. 

6. Biogas post-treatment (gas scrubber, optional): if the biogas is compressed to be used for domestic 
applications or as a vehicle fuel (Biomethane), to produce electricity in internal combustion engines, or 
injected in the natural gas network, it needs to be cleaned from hydrogen sulphide and carbon dioxide 
beforehand. Raw biogas is only suitable for on-site cooking stoves, heat generation and heat engines (10.2). 

7. Biogas storage (gasholder or biogas tank): the biogas produced is stored at atmospheric pressure before 
to be used for electricity production or compressed in gas bottles. 

8. Digestate dewatering and composting (optional): the digestate can be used either as a dry or liquid 
fertilizer. In the case of dry fertilizer, it is dewatered and treated by aerobic digestion. 

9. Waste water treatment: the waste water, or leachate, collected after dewatering can be recirculated and 
used to dilute the feedstock, or undergo aerobic treatment to meet environmental standards. 

 

More details about the layout of biodigesters are given in sections 10.2 (small scale) and 10.4 (large scale). 
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9 Anaerobic digestion parameters 
The biogas yield and its composition depend on the characteristics of the feedstock, but also on the digester 
parameters. These parameters are: (1) the temperature level inside the reactor, (2) the Hydraulic retention 
Time (HRT) and Organic Loading Rate (OLR), (3) the number of stage, (4) the moisture content of the 
substrate, (5) the feeding and (6) the mixing process. 

The relation between the feedstock characteristics and the digester parameters is highlighted in Figure 39: 

 

Waste Parameters
Operation Time

Volume of Organic 
Waste to Treat

Loading Rate

Waste Composition
and Homogeneity

Reactor Volume

Digestion Process:
Dry (HS) or Wet (LS)

Feeding Process:
Batch or Continuous

Temperature Level:
Meso/Thermophilic

Mixing: Plug-flow (PF) or 
Continuously Stirred (CS)

Separation and 
Shredding

Single-Stage (SS)
or Multi-Stage (MS)

Particulate Size
in Waste

Organic Loading 
Rate (OLR)

Potential to use 
Sewage Water

Hydraulic Retention 
Time (HRT)

Dry Matter (DM):
Low or High-Solids

 
Figure 39: Selection of parameters from feedstock characteristics 

 

This section reviews the different parameters of an anaerobic digesters: temperature level, Hydraulic 
Retention Time (HRT), Organic Loading Rate (OLR), the number of stages (SS or MS), the moisture 
content of the feedstock, the feeding process and the mixing (or stirring) process. These parameters are 
represented by boxes with dot lines in Figure 39. The loading rate and the reactor volume are the only two 
parameters which do not have their own sub-section, because their name is judged to be explicit. 
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9.1 Temperature level 
There are two common temperature ranges for anaerobic digestion: the mesophilic range for temperatures 
between 25 and 45°C, and the thermophilic range for temperatures between 45 and 60°C. A third 
temperature range, the psychrophilic range, regroups digestion occurring below 25°C and was used in the 
past but has been outperformed by the other temperature ranges. The temperature level also influences the 
type of microorganisms (methanogens) breaking the nutrients down. [50] The optimal temperature for the 
mesophilic range is about 35°C, while the optimal temperature for the thermophilic temperature is closer 
to 55°C. The biogas yield decreases above 60°C, and the biogas production stops at 70°C. [51]  
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Figure 40: Influence of temperature on methane yield during anaerobic digestion [52, 53] 

 

Thermophilic digestion presents several advantages over mesophilic digestion: it can achieve higher organic 
matter decomposition and higher methane production. It is also faster (half retention time) and can handle 
more diverse feedstocks due to its higher pathogen destruction. The lower Hydraulic Retention Time (HRT) 
of thermophilic digestion can also be interpreted as a reduced reactor volume to treat the same volume of 
organic waste compared to mesophilic digestion. However, thermophilic digestion is more sensible to 
temperature variation and thus less stable. It has also a tendency to produce toxic compounds, and requires 
external heating while mesophilic digestion usually do not (the heat released during anaerobic digestion is 
enough). The fertilizer quality is also lower in thermophilic digestion, because a larger part of the organic 
matter has been converted into biogas. [51] In practice, mesophilic digestion is often preferred to 
thermophilic digestion because of its stability and easier operating.  

Table 34: Comparison of mesophilic and thermophilic ranges 

Parameter Mesophilic range Thermophilic range 

Optimal temperature 35 – 40 °C 55 – 60 °C 

Tolerated temperature variation 3 – 5 °C 1 – 2 °C 

Hydraulic Retention Time (HRT) 20 – 30 days 15 – 20 days 

Organic matter reduction 45% – 55% 55% - 70% 

Biogas production (per kg of feedstock) 92 – 98 L/kg 95 – 100 L/kg 

Methane content of the biogas 60% - 70% 70% - 85% 
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9.2 Hydraulic Retention Time (HRT) 
Hydraulic Retention Time (HRT) has been mentioned several times in the previous paragraphs. This 
parameter is directly influenced by the choice of the temperature level, as well as the particle size of the 
feedstock. It is defined as the average time the feedstock will remain in the digester. Batch feeding and 
continuous feeding will be defined later (section 9.6). In the case of batch feeding, HRT is the interval of 
time between the moment the reactor is loaded and the moment it is emptied. In the case of continuous 
feeding, it is the average time. 

Loading rate or feeding rate is the volume of digestate fed to the digester per day. It is equal to the volume 
of digestate removed from the digester. It is related to the HRT and reactor volume by the equation: 

𝐻𝐻𝐻𝐻𝑇𝑇 [𝑑𝑑𝑎𝑎𝑦𝑦] =
𝐻𝐻𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 [𝑉𝑉3]
𝐿𝐿𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑃𝑃𝐴𝐴 𝐻𝐻𝑎𝑎𝑑𝑑𝑉𝑉 [𝑉𝑉3/𝑑𝑑𝑎𝑎𝑦𝑦]

 
(5) 

Digesters usually encompass an internal gasholder located above the reactor. A rule of thumb for the 
distribution of the digester volume between the reactor (where the substrate stays) and the gasholder (where 
the biogas produced stays) is to use a ratio of 2:1 for the reactor compared to the gasholder. 

𝐷𝐷𝑑𝑑𝐴𝐴𝑉𝑉𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝐻𝐻𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 + 𝐺𝐺𝑎𝑎𝑑𝑑ℎ𝑉𝑉𝑉𝑉𝑑𝑑𝑉𝑉𝑑𝑑 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =
3
2

 𝐻𝐻𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 𝐴𝐴𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 (6) 

 

9.3 Organic Loading Rate (OLR) 
Organic Loading Rate (OLR) corresponds to the weight of organic dry solids loaded per unit of utilizable 
volume of the digester and unit of time. [54] The utilizable volume of the digester should not be confound 
with the total volume of the digester, which takes into account the volume reserved for the biogas. The 
OLR is usually expressed in kg_dry_solids/m3_digester/day. It can be linked to the loading rate and digester 
volume by introducing the dry solid content of the feedstock: 

𝑂𝑂𝐿𝐿𝐻𝐻 [𝑘𝑘𝐴𝐴/𝑉𝑉3/𝑑𝑑𝑎𝑎𝑦𝑦] = 𝐷𝐷𝑑𝑑𝑦𝑦 𝑂𝑂𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑 𝐶𝐶𝑉𝑉𝑃𝑃𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑 [𝑘𝑘𝐴𝐴/𝑉𝑉3] ∗
𝐿𝐿𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑃𝑃𝐴𝐴 𝐻𝐻𝑎𝑎𝑑𝑑𝑉𝑉 [𝑉𝑉3/𝑑𝑑𝑎𝑎𝑦𝑦]
𝐻𝐻𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 [𝑉𝑉3]

 (7) 

→          𝑂𝑂𝐿𝐿𝐻𝐻 [𝑘𝑘𝐴𝐴/𝑉𝑉3/𝑑𝑑𝑎𝑎𝑦𝑦] =
𝐷𝐷𝑑𝑑𝑦𝑦 𝑂𝑂𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑 𝐶𝐶𝑉𝑉𝑃𝑃𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑 [𝑘𝑘𝐴𝐴/𝑉𝑉3]

𝐻𝐻𝐻𝐻𝑇𝑇 [𝑑𝑑𝑎𝑎𝑦𝑦]
 (8) 

A low OLR allows to reach a higher decomposition rate (similar to increasing the HRT according to 
equation 3), and thus a higher biogas yield. The biogas produced will also be richer in methane for low OLR. 
[40] Examples of OLR from different mesophilic digesters (34°C to 37°C) are given in Table 35.  

Table 35: Examples of HRT and OLR for different feedstocks 

Feedstock HRT OLR Biogas yield CH4 content 

Vegetables [40] 25 days 1.4 kg_VS/m3/d 0.4 m3/kg_VS 64% 

MSW [55] 60 days 0.8 kg_VS/m3/d 0.26 m3/kg_VS 60% 

MSW [56] - 2.5 kg_VS/m3/d 0.38 m3/kg_VS 61% 

Fruits and veg. [57] 30 days 0.3 - 1.3 kg_VS/m3/d 0.3 m3/kg_VS 54 - 56% 

Fruits and veg. [58] 20 days 1.6 kg_VS/m3/d 0.47 m3/kg_VS 65% 
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9.4 Single-stage or multi-stage 
During Single-Stage (SS) digestion, the three steps of anaerobic digestion occur in a unique reactor and 
simultaneously. This technology is simple, easy to operate and requires a lower investment. For these 
reasons, it is dominating the market of anaerobic digesters. Multi-Stage (MS) digestion is a more 
sophisticated technology: it requires 2 or more separated reactors in which the hydrolysis and 
methanogenesis steps occur independently. This configuration allows a better control of each step, and 
make possible to have different temperature/pH conditions in each reactor. As a consequence, the process 
is faster and higher biogas yields and methane contents can be reached. [36] 

Table 36: Typical HRT and biogas yield for single-stage and multi-stage digesters 

Parameter Single-stage digester Multi-stage digester 

Hydraulic Retention Time (HRT) 14 - 30 days 7 - 14 days 

Biogas yield (per ton of wet digestate) [59] 80 - 90 m3/ton 110 - 130 m3/ton 

Methane content [59] 60 - 65% 65 - 75% 

  

In Table 36, attention must be paid to the fact that the biogas yield is given in cubic meter per ton of wet 
feedstock, while it was given in cubic meter per kg of volatile solids in Table 35, and in cubic meter per ton 
of dry feedstock in Table 34. The differences between these units come from the moisture content of the 
feedstock, which is usually between 70% and 95% (see section 9.5), and its Volatile Solids (VS) content, 
usually around 90% of the Total Solid (TS) mass (see section 8.2).  
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𝑑𝑑𝑉𝑉𝑃𝑃_𝑤𝑤𝑉𝑉𝑑𝑑� � / ( 1 −𝑀𝑀𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑𝑉𝑉 𝐶𝐶𝑉𝑉𝑃𝑃𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑 [%] ) (9) 

𝐵𝐵𝑑𝑑𝑉𝑉𝐴𝐴𝑎𝑎𝑑𝑑 𝑌𝑌𝑑𝑑𝑉𝑉𝑉𝑉𝑑𝑑 �𝑉𝑉
3
𝑘𝑘𝐴𝐴_𝑉𝑉𝑂𝑂� � = 𝐵𝐵𝑑𝑑𝑉𝑉𝐴𝐴𝑎𝑎𝑑𝑑 𝑌𝑌𝑑𝑑𝑉𝑉𝑉𝑉𝑑𝑑 �𝑉𝑉

3
𝑑𝑑𝑉𝑉𝑃𝑃_𝑑𝑑𝑑𝑑𝑦𝑦� � / ( 𝑉𝑉𝑂𝑂/𝑇𝑇𝑂𝑂 [%]  ∗  1,000 [𝑘𝑘𝐴𝐴/𝑑𝑑𝑉𝑉𝑃𝑃]) (10) 

9.5 Dry digestion or wet digestion 
This parameter is directly related to the moisture content, or total solid content, of the feedstock (see 3.1.3). 
A Low-Solid (LS) feedstock is only suitable for wet digestion, while a High-Solid (HS) feedstock can be 
diluted and is thus suitable for bot dry and wet digestion. According to Table 28, mixed wastes have a 
percentage of Total Solids (%TS) comprised between 25 and 39%, while vegetable wastes can have a %TS 
as low as 8%. Dry digestion is only available for feedstock with more than 20% of Total Solids (TS). 
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Figure 41: Possible digestion for vegetable and organic waste 
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9.6 Feeding process: batch or continuous 
A batch reactor is filled only one time. No matter will be added or removed from the reactor before the end 
of the fixed retention time. It is a quite simple technology: the substrate will stay in the digester during the 
whole retention time, only the leachate is pumped and recirculated to ensure homogeneity inside the reactor. 
A batch reactor requires a quite large buffer tank to store the incoming new organic matter waiting the end 
of the digestion cycle (usually between 20 and 40 days [59]) before to be fed in the digester. This drawback 
can be in part addressed by having several batch reactors. This is referred to as sequential batch reactors, by 
opposition to single batch reactors. In the case of sequential batch reactors, the leachate can be recirculated 
from an old reactor to a fresh one to provide the inoculum and some of the volatile acids formed during 
the acidogenesis. Batch feeding is compatible with every feedstock, even dry feedstock. However, it requires 
more labour and do not deliver a steady supply of biogas. [60] 

A continuous reactor, as its name suggests, is fed and emptied continuously. They have an overflow pipe or 
a compensation tank where substrate will flow when new feedstock is added. The feedstock is necessarily 
liquid (wet digestion). The hydraulic retention time of a continuously fed reactor corresponds to the average 
time taken by the feedstock to go through the digester. As the reactor is never totally emptied, some material 
can remain in the bottom of the reactor for longer periods, while some material will remain during less than 
the HRT inside the digester. The overall process is faster than with a batch reactor, and as a consequence, 
it will require a smaller reactor volume than the latter to treat the same amount of waste. 

In practice, nearly all anaerobic used today are continuously fed reactors. [60] 

9.7 Mixing process: plug-flow or continuously stirred 
Plug-Flow Reactors (PFRs) and Continuous-flow Stirred-Tank Reactors (CSTRs), also referred to as 
Complete Mix Reactors (CMRs), are the two main types of reactors in chemical engineering. [61] The term 
“plug-flow” comes from the fact that the substrate evolves through the digester as a “plug”, gradually 
pushed toward the exit of the reactor as new feedstock is added. Each plug is formed of feedstock added at 
the same time. The plugs are formed by the aggregation of the coarse particles contained in the feedstock. 
The thick plugs are separated by a more liquid phase, the leachate. Each plug is assumed to have a 
homogenous composition, but its composition can differ from the other plugs. Contrarily to PFR, 
continuous stirred tank reactors have mechanical mixing inside the reactor ensuring a perfectly homogenous 
substrate. At similar reactor volume, feedstock composition and temperature level, a CSTR tank gives a 
higher specific gas production than a PFR, with a similar methane content. [62] 

 

 

Figure 42: Difference between plug-flow (PFR) and continuously stirred (CSTR) reactors  

 

A digester is not necessarily a plug-flow or CSTR type: it can feature manual agitation, natural agitation (the 
substrate is stirred when the pressure increase) or no agitation at all. 



-64- 
 

10  State of the art of anaerobic digesters 
This section is about the current state of anaerobic digestion, in Brazil and more generally in the world. The 
most common designs of small scale and large scale anaerobic digesters are detailed. Parameters and 
performances of 15 existing and planned anaerobic digesters are then analysed. For this section, recent 
projects have been prioritized (2004 – 2016). A wide range of biodigesters has been considered, with 
capacities ranging from 100 kW to 3.2 MW. Only digesters using MSW or food waste as a feedstock (no 
animal manure, crop waste or sewage sludge treatment) have been considered.  

10.1 Anaerobic digesters in Brazil 
Anaerobic digestion is not a new technology in Brazil. In 1990, the country counted already 8,300 digesters. 
[63] A vast majority of them are used to treat sewage water and for agricultural projects, including farms 
and sugarcane residues. However, some MSW and food waste anaerobic digesters have emerged during the 
last few years. It is the case of the Celpe e Camara Shopping pilot project (pictured below) located close to 
Recife. The pilot plant was inaugurated in June 2016, and treats food waste from restaurants as well as fruits 
and vegetables residues. The digester is a plug-glow tubular reactor (see section 10.3: Small-scale 
biodigesters). The biogas generated will first be used to replace part of the natural gas consumption of the 
shopping mall, and the surplus to generate electricity using the 30 kW turbine installed on-site. The electricity 
produced this way will be injected on the electricity network and the shopping mall will get credits in 
exchange. [64] 

 

 

Figure 43: Pilot anaerobic digester treating a shopping mall’s organic waste, Recife, Brazil (2016) 

 

The ETE – Belem biodigesters, currently in construction in the South of Curitiba and which will treat the 
organic waste from CEASA as well as sewage sludge from Sanepar, has been described in section 6.3. There 
is a similar project in Belem is the state of Para. There, about 300 tons of organic waste could be treated 
every day, resulting in a power capacity of about 3 MW for the digester. [65] In Rio Verde in the state of 
Goias, Brazil, another biodigester is being considered to treat MSW. It would treat about 50,000 tons of 
MSW per day and would have a rated electricity power of 500 kW. [66] 
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10.2 Pre-treatment and post-treatment 
Pre-treatment and post-treatment are optional. They are rarely used in small-scale digesters (see section 10.2) 
but very common in large-scale ones (section 10.4). The purpose of the pre-treatment can be to neutralize 
the feedstock, to adapt it to the digester requirements (size, moisture, pH), and/or to enhance the biogas 
production. The purpose of the post-treatment on the other hand only concerns the transformation of the 
digestion products – the biogas and the digestate – to meet their final use: upgraded biogas and fertilizer. 

Pre-treatments review  

There are four types of waste pre-treatment, namely mechanical pre-treatments, thermal pre-treatments, 
chemical pre-treatments and biological pre-treatments. While the first two types are quite common in large-
scale biodigesters, the last two types are rare. They are more frequent in the treatment of sewage water. In 
the case of small-scale digesters, waste can be manually sorted so that the large or hazardous components 
are removed by hand. The level of contamination in market waste is also lower than in municipal solid 
waste. As a consequence, most small-scale biodigesters do not encompass a pre-treatment unit in their 
design. [67] As the size of the digester goes up, the investment price and running cost of a pre-treatment 
can be balanced by the higher biogas production rate they confer. 

 

Mechanical (frequent) Thermal (frequent) Chemical (rare) Biological (rare) 

    

Size reduction,  
increased biogas yield 

Pathogen removal, 
dewatering, increased yield 

pH rectification,  
increased biodegradability 

Increased biodegradability 
- 

- Disc shredders, 
- Screw-press, 
- Piston-press, 
- Rotary drum … 

- Low-temperature 
(50 - 70°C), 

- High-temperature 
(90°C and above) 

- Acid treatment, 
- Alkali treatment, 
- Oxidant treatment 

- Aerobic digestion, 
- Enzyme addition 

 

The first type of pre-treatment is mechanical. It consists in reducing the size of the feedstock particles, 
usually down to 12 mm [68] to decrease the risk of damage in the pumps, stirring elements, and increase the 
specific surface area and thus the biogas yield. It can be done either by shredding and grinding the feedstock 
(disc shredders, screw-press, piston-press), or by separating the larger elements (rotary drum). 

The second type is thermal pre-treatment. It consists in heating the feedstock between 50 and 250°C (usually 
70°C, in which case it is referred to as pasteurization), during 1 to 8 hours (usually 1 h). The purpose is to 
neutralize the hazardous compounds of the feedstock like germs, and to weaken materials such as cellulose 
which cannot be digested otherwise. The heat is usually provided by the combustion of biogas. 

The third type, less frequent, is the chemical pre-treatment. It consists most of the time in lime addition to 
the substrate to prevent an acidic saturation during the acidogenesis (see 8.1: Chemical process details).  

The last type of pre-treatment and the least frequent is the biological pre-treatment, which is the aerobic 
digestion of the feedstock with or without enzymes addition. [67] 
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Post-treatments review 

There are two distinct post-treatments for anaerobic digestion outputs: (1) digestate post-treatment and (2) 
biogas post-treatment. The former consists in transforming the digestate sludge into a solid fertilizer, while 
the later consists in upgrading the biogas into biomethane, a gas with a similar composition as natural gas. 
Digestate post-treatment is done in two steps. In a first time, the fresh digestate exiting the reactor is 
dewatered down to 15% - 20% water. This step is also called phase separation. It is accomplished by the 
mean of a screw-press or a centrifuge [69]. In a second time, the solid fraction of the digestate is commonly 
dried or composted (aerobic digestion) and screened, to be used as a fertilizer. The liquid fraction of the 
digestate, on the other hand, is either pasteurized to produce sanitized liquid fertilizer rich in nitrates, or 
filtered/evaporated to produce additional dry fertilizer, or treated chemically/aerobically. [70] 
 

Digestate (sludge)

Dry fertilizer (compost)

Composting 
and screening

Liquid fertilizer Waste water

Chemical or 
aerobic treat.

Evaporation or
Filtration RecirculationPasteurization

Liquid digestateSolid digestate

Drying and 
screening

DewateringDirect land application

 
Figure 44: Post-treatment of the digestate 

 

Biogas post-treatment is required for every application comprising mechanical parts due to the presence of 
traces of Hydrogen Sulphide (H2S), which becomes corrosive once condensed. The process is called 
scrubbing or biogas upgrade, and it consists in removing the Carbon Dioxyde (CO2), water vapour (H2O) 
and Hydrogen Sulphide (H2S) from biogas. The resulting gas, called biomethane, has a concentration in 
methane (CH4) close to 95%, similar to natural gas. Raw biogas can be used for domestic applications 
(cooking stoves, lighting, heating), to pre-heat the feedstock or maintain the reactor at the appropriate 
temperature (particularly for thermophilic digestion) or for electricity production using an external 
combustion engine or heat engine, such as a steam turbine with a boiler. Upgraded biogas, on the other 
hand, is suitable for internal combustion engines such as gas turbines and piston engines. It can also be 
compressed to be transported, and used in gas bottles or as a fuel for vehicles. This step can be done by 
three different processes: pressure swing adsorption (PSA), absorption and dry membranes. [71] 
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Figure 45: Post treatment of the biogas 
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10.3 Small-scale biodigesters 
There is no accepted limit between small-scale biodigesters and large-scale biodigesters. An article about the 
feasibility study of a farm plant in British Columbia defines small scale digesters as digesters having an 
electrical power output below 250 kW. [72] Another article about the current status of anaerobic digesters 
defines the limit in terms of annual treatment capacity: below 2,000 tons/year for small-scale digesters. [73] 

Small-scale anaerobic digesters are an old and established technology. There are three main technologies 
used for this range of capacity: (1) floating-drum digesters, (2) fixed-dome digesters and (3) plug-flow tubular 
digesters. They are suitable to treat market waste (70% moisture for food waste and over 90% for fruits and 
vegetables, see section 8.2: Feedstock characterization). The difference between the three digesters comes 
from the structure of the gasholder, which is either moving, or fixed or soft (plastic sheet).  

Table 37: Summary of the main types of small-scale digester 

Parameter Floating-dome Fixed-dome Plug-flow tubular 

Feedstock moisture Wet (0 – 20% TS) Wet (0 – 20% TS) Wet (0 – 20% TS) 

Feeding process Continuous Continuous Continuous 

Mixing process Manual agitation Natural agitation Plug-flow 

Reactor volume 5 – 100 m3 5 – 200 m3 4 – 8 m3 

Treatment capacity * 60 – 1,200 m3/year 60 – 2,400 m3/year 50 – 100 m3/year 

Maximum pressure 0 – 20 mbar 60 – 120 mbar 0 – 2 mbar 

Digester lifespan 5 – 15 years 5 – 20 years 2 – 5 years 

Investment cost High Average Low 

Labour requirement Skilled technicians Skilled technicians No requirement 

Operation and maintenance High Average Low 

 

Note (*): the range of treatment capacities was not given in the different sources consulted. As a 
consequence, it has been assessed from the reactor volume assuming a retention time of 30 days and a 
feedstock with the appropriate moisture content (no dilution). There is a linear equation between the 
treatment capacity, reactor volume and hydraulic retention time (see equation 3 page 61). 

Contrarily to large-scale digesters, which are complex systems optimizing their methane output, small-scale 
digesters prioritize cost efficiency. Thus, a good small scale digester must have a low investment cost, do 
not require skilled labour, and must be easy to operate and maintain. The different designs of small-scale 
anaerobic digesters, as well as their variants, are reviewed in details in the following sub-sections. 
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Floating-drum digester 

The floating-drum digester is a continuously fed digester without stirring. It consists of a cylindrical or 
hemispherical reactor located under the ground, and of a moving drum or gasholder, floating over the 
substrate. The drum is maintained straight by an internal or external guide frame. When biogas is produced, 
the drum moves up and, conversely, when biogas is consumed the drum goes down. As a consequence, the 
pressure remains constant in the gasholder. It is also possible to know the amount of biogas in the gasholder 
just by looking at the level of the drum. 

Depending on the design, the drum is either floating directly over the substrate, or in a circular water jacket 
surrounding the reactor pit. The purpose of the water jacket is to prevent the drum from getting stuck. A 
water jacket reactor is slightly more expensive than a standard floating-rum reactor, but it lasts longer and 
is more aesthetic. In the end, the advantages of water jacket reactors overcome the price difference. 
 

 
Figure 46: Design(s) of the floating-drum digester: KVIC (left) and Borda (right) reactors 

 

The reactor is usually made of bricks or concrete, while the drum is made of steel. The drum is the most 
expensive part of the digester, and it requires regular maintenance due to rusting. In Table 38, the figures 
given for the OLR and specific methane production come from a review of 6 digesters in India, using food 
waste as a feedstock, and with volume ranging from 1 to 25 m3. [74] 

Table 38: Floating-drum digester key figures 

Parameter Value 

Reactor volume [60] 5 – 100 m3 

Reactor lifespan [60] 5 – 15 years 

Organic loading rate [74] 0.5 – 1.4 kg_VS/m3/day 

Specific methane production [74] 0.25 – 0.46 m3_CH4/kg_VS 

Investment cost [75] High (drum made of steel) 

Maintenance and operation [75] High (regular painting of gas holder) 

 

There are two main variants of the floating-drum digester. The first one is the Indian KVIC design, which 
is a cylindrical digester without water-jacket. The reactor features a partition wall ensuring a minimum 
retention time of the feedstock. It is the oldest and the most widespread type of floating drum-digester. The 
second variant is the BORDA digester, which is hemispherical and encompasses a water jacket. 
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Fixed-dome digester 

The fixed-dome digester is also a continuously fed, self-agitated reactor. Its design is similar to the floating-
drum digester, with the exception that the dome is sealed to the reactor. This has several consequences. The 
first one is the construction cost of the digester: the gasholder can be built with bricks or concrete, covered 
with several layers of sealant, instead of steel for the floating-drum digester. The dome is thus less expensive 
to build (about 40%), but also to maintain (no rusting issues). The second consequence is the pressure inside 
the gas holder, which varies between 60 and 150 mbar (relative pressure) depending on the amount of biogas 
stored, instead of 20 mbar for the floating-drum digester. As biogas is produced, the pressure inside the 
gasholder increases and pushes the substrate towards the compensation tank or displacement pit. 

Fixed-dome digesters have two main drawbacks: the higher pressure inside the reactor make it more 
vulnerable to biogas leakage. Skilled labour is required to ensure that the dome is gastight. In case the 
gasholder cracks, the whole digester has to be rebuilt. Some variants of the digester feature a weak ring, or 
joint of fraction, at the base of the gas holder. In case of a too high pressure, the gasholder will break off 
the reactor instead of cracking in multiple points. The second main drawback of fixed-dome digesters is the 
fluctuating pressure in the gasholder. Applications such as electricity production require a pressure regulator. 

 

 
Figure 47: Design(s) of the fixed-dome digester: Chinese (left) and Camartec (right) reactors 

 

No case study has been found about the digestion of food waste with a fixed-dome digester. As a 
consequence, figures for prototypes treating dairy manure in the US have been used in Table 39. [76] 

Table 39: Fixed-dome digester key figures 

Parameter Value 

Reactor volume [60] 5 – 200 m3 

Reactor lifespan [60] 20 years 

Organic loading rate (manure) [76] 0.83 – 2.43 kg_VS/m3/day 

Specific methane production (manure) [76] 0.01 – 0.18 m3_CH4/kg_VS 

Investment cost [75] Average (masonry and plumbing) 

Maintenance and operation [75] Low (monitoring pressure) 

 

There are 3 main variants of the fixed-dome digester. The most famous one is the Chinese fixed-dome 
digester, which is a spherical digester. An estimation of its price is given in Appendix 17.9. The Deenbandhu 
digester is the Indian counterpart of the Chinese fixed-dome digester. Its architecture is hemispherical. The 
CAMARTEC digester is an upgraded version of the Deenbandhu digester, it encompasses a joint of fraction 
to prevent the gasholder to crack. The last variant is the AKUT, or Nicarao digester, which is cylindrical.  
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Plug-flow tubular digester 

The plug-flow tubular digester, sometimes referred to as tube digester, takes its name from the shape of its 
vessel. While the two previous designs of small-scale digester featured a deep reinforced pit, the plug-flow 
digester consists of a long inflatable vessel laid in a shallow trench. The vessel is usually made of 
polyethylene. It has a typical length to width ratio of 5:1, and is connected at each end to a feeding and an 
exhaust pipe. Its volume ranges between 4 and 8 m3, of which about 25% is occupied by biogas.  

Tube digesters have the lowest investment cost and do not require skilled labour to install and operate. They 
require less maintenance than floating-drum digesters, and do not have risks of cracking contrarily to fixed-
dome digester. However, they have a low gas pressure (2 mbar) and storage capacity (1 – 2 m3). Several 
plug-flow tubular digesters are often combined in order to reach higher capacities. An external gasholder 
can also be plugged at the biogas exhaust to increase the gas storage capacity. Tube digesters have a short 
lifespan, usually comprised between 2 and 5 years. They are sensible to temperature variation, but can fit 
different climates. Three different designs, corresponding to three different climates, developed by 
GTZ/EnDev in Bolivia are detailed in Appendix 0:  

Tubular digester specifications. Plug-flow tubular digesters are popular in South America, due to their low 
construction cost and the fact that they are easy to operate. The tense at the surface of the vessel gives an 
insight on the level of biogas stored, and allow users to increase the pressure inside the reactor by applying 
pressure (by disposing weights for instance) on the gasholder. [60] 

 

 
Figure 48: Design of the plug-flow tubular reactor 

 

The methane production of a laboratory tubular digester treating fruits and vegetable waste was monitored 
in a Tunis University. [77] Their results have been used in Table 40. 

Table 40: Fixed-dome digester key figures 

Parameter Value 

Reactor volume [60] 4 - 8 m3 

Reactor lifespan [60] 2 - 5 years 

Organic loading rate [77] 1.66 – 6.22 kg_VS/m3/day 

Specific methane production [77]  0.26 – 0.45 m3_CH4/kg_VS 

Investment cost [75] Low (digging and plumbing) 

Maintenance and operation [75] Low (monitoring pressure) 
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10.4 Large-scale biodigesters 
As explained in the previous sub-section, large-scale digesters can refer to anaerobic digesters treating over 
2,000 tons or waste per year. Large-scale digesters are more sophisticated than small-scale digesters. They 
are usually used to treat the organic fraction of MSW. As a consequence, they comprise a waste separation 
stage and sometimes a size reduction stage. 

Most large-scale digester designs are developed by European companies, and the first large-scale digesters 
treating OFMSW appeared in Europe in the 1980s. A summary of the main technologies available is given 
in a 2008 report for the California Environmental Protection Agency. [78] Despite its age, this source was 
the most detailed document found during the literature review. Table 41 is a slightly updated version of a 
table coming from this source. It details the main large-scale technologies available at this time to treat food 
waste and OFMSW. Waste water plants and manure treatment plants were not included in the original table. 

Table 41: Summary of the main technologies of large-scale digesters (2008) 

Technology Num. of stage Feedstock Temperature Capacity (tons/year) 
AAT Single-stage Wet Mesophilic 3,000 - 55,000 
ArrowBio Multi-stage Wet Mesophilic 90,000 - 180,000 
Bekon Single-stage Dry Mesophilic 10,000 – 40,000 
BTA Single/Multi Wet Meso/Thermo 1,000 - 150,000 
Biocel Single-stage Dry Mesophilic 35,000 
Biopercolat Multi-stage Dry Mesophilic 100,000 
Biostab Single-stage Wet Thermophilic 10,000 - 90,000 
DBA-Wabio Single-stage Wet Mesophilic 6,000 - 60,000 
DRANCO Single-stage Dry Thermophilic 3,000 - 120,000 
Entec Single-stage Wet Mesophilic 40,000 - 150,000 
Haase Multi-stage Wet Meso/Thermo 50,000 - 200,000 
Kompogas Single-stage Dry Thermophilic 16,500 - 110,000 
Linde-KCA/BRV Single/Multi W/D Meso/Thermo 15,000 - 150,000 
Schwarting-Uhde Multi-stage Wet Thermophilic 25,000 - 87,600 
Valorga Single-stage Dry Meso/Thermo 10,000 - 270,000 
Waasa Single-stage Wet Meso/Thermo 3,000 - 230,000 

 

Four of the technologies present in the table above will be detailed in the following sub-sections: the Waasa 
digester, the Dranco digester, the Valorga digester and the Kompogas digester. The first digester is a single-
stage wet digester, while the other three are single-stage dry digesters. Dry digesters are quite popular to 
treat OFMSW, because this source of waste has a lower moisture content than food waste and because they 
use conveyors and auger (infinite screws) to handle the waste, making them more robust to the presence of 
inert material such as rocks, pieces of glass and wood in the feedstock. 

Despite not being detailed below, multi-stage digesters and batch digesters are also used in large-scale 
biodigestion. However, their development is limited compared to single-stage dry and wet digesters. For 
multi-stage digesters, this can be explained by their higher complexity and investment cost. The existing 
digesters using this technology tend to have larger treatment capacities than single-stage ones (100,000 
tons/year and over). Batch reactors, on the other end, are less expensive than single-stage digesters (about 
40% less expensive), but take up to 10 times for surface area due to their longer retention time, and have 
low biogas yields. [78] 
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Waasa single-stage wet digester 

The Waasa digester is named after the city in Finland where it was developed in 1989. There are over 10 
operating plants now. It consists of a pulping reactor where the fresh feedstock is mixed with recirculated 
leachate. The purpose of the leachate recirculation is to pre-heat the feedstock and to help control its 
moisture content. The moisture content of the feedstock entering the digester should be between 10 and 
15% TS. The lightest part of the feedstock, or floating scum, as well as the heaviest part, containing rocks 
and glass, are removed by gravity in the pulping reactor. The remaining substrate enters a pre-chamber 
where it is inoculated by older substrate. It will later enter a vertical continuously-stirred tank reactor (CSTR) 
where, it will stay for about 20 days. The biogas is extracted by the top of the reactor, while the digestate 
exists by the bottom and is dewatered to produce dry digestate, which can later be composted to be used as 
a fertilizer. The biogas produced usually feeds a turbine or gas-engine to produce electricity [78]  

 

 

Figure 49: Layout of the Waasa single-stage wet digester 

 

The Waasa digester is one of the only large-scale digester able to treat feedstock with a high moisture 
content. Another one is the Bima digester, whose layout is somehow similar to the Waasa reactor. The 
figures given in Table 42 concern the Waasa technology, and are based on case studies. [78, 79] 

Table 42: Waasa single-stage wet digester key figures 

Parameter Value 

Feeding process Continuous 

Number of stage Single-stage 

Feedstock moisture content 10 - 15% TS 

Temperature level Thermophilic or Mesophilic 

Hydraulic retention time 15 - 30 days 

Pre-treatment Pulping reactor with recirculation, gravity separation 

Mixing process Continually stirred (CSTR) 

Capacity  3,000 - 230,000 tons/year  

Organic loading rate  4 - 8 kg_VS/m3/day  

Specific biogas yield  0.42 m3/kg_VS  
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Dranco single-stage dry digester 

The Dranco process was developed in 1988 by Organic Waste Systems (OWS) in Belgium. It counted 18 
plants with this design in Europe in 2008. On the contrary to the previous technology, it treats high-solids 
waste, typically in the range 30 – 40% TS. It consists of a mixer where the fresh feedstock is mixed with 
recirculated digestate, with a ratio of 1:5. This stage ensures the inoculation of the feedstock and extends 
the average retention time. The digester is a vertical cylinder with a funnel at the bottom, and operates in 
plug-flow (successive layers of substrate). The rate of substrate removal is controlled by an auger (infinite 
screw). Most of the substrate removed is recycled (5/6), and the remaining 1/6th are dewatered to produce 
dry digestate which can then be composted. The biogas is extracted by the top of the reactor and generally 
used to produce electricity and sometimes heat. [78] 

 

 
Figure 50: Layout of the Dranco single-stage dry digester 

 

The Dranco technology has the highest specific biogas yield of the 4 large-scale technologies reviewed. It 
operates at thermophilic temperatures and benefits this from a short retention time: 15 – 20 days. [78, 79] 

Table 43: Dranco single-stage dry digester key figures 

Parameter Value 

Feeding process Continuous 

Number of stage Single-stage 

Feedstock moisture content 30 - 40% TS 

Temperature level Thermophilic 

Hydraulic retention time 15 - 20 days 

Pre-treatment Mixing fresh feedstock with digestate (1:5) 

Mixing process Vertical plug-flow 

Capacity  3,000 - 120,000 tons/year  

Organic loading rate  12 - 15 kg_VS/m3/day  

Specific biogas yield  0.47 - 0.62 m3/kg_VS  
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Valorga single-stage dry digester 

The Valorga digester was developed in 1981 by Waste Recovery Systems. There were 22 Valorga plants in 
Europe in 2008. It consists of a screener where the larger particles contained in the feedstock are removed. 
In the plant of Varennes-Jarcy in France, a rotary-drum is used as a screener. The second element is a mixer 
where the fresh feedstock is heated and its moisture content rectified by leachate recirculation. The 
feedstock is then sent to a vertical, cylindrical, plug-flow reactor (PFR) to be digested. The digester has two 
particularities: the first one is that it encompasses a partition wall that the substrate has to cross before to 
exit the digester. The purpose of the partition wall is to extend prevent the freshly fed waste to short-circuit 
the digesting process and exit the digester before the end of the retention time. The second particularity is 
the pressurised biogas injection at the bottom of the digester, which contributes to homogenising the 
substrate. The biogas is sucked at the top of the digester, then compressed and reinjected in the bed of the 
reactor. At the end of the digestion, the digestate is dewatered and can be composted to produce fertilizer. 
Similarly to the other large-scale plants, the biogas is usually used to produce electricity and heat. [78] 

 

 
Figure 51: Layout of the Valorga single-stage dry digester 

 

The figures in Table 27 are based on the review of several Valorga digesters. Regarding the one located in 
Varennes-Jarcy in France, it treats every year about 77 tons of mechanically-separated OFMSW and 33 tons 
of source-separated OFMSW. The resulting digestate is dewatered during 3 days and composted during 
between 2 and 3 weeks. The compost is then sent to a maturation bed. [78, 79] 

Table 44: Valorga single-stage dry digester key figures 

Parameter Value 

Feeding process Continuous 

Number of stage Single-stage 

Feedstock moisture content 25 - 30% TS 

Temperature level Mesophilic and thermophilic 

Hydraulic retention time 18 - 23 days 

Pre-treatment Pre-heating and inoculation through recirculation 

Mixing process Vertical plug-flow with pressurized biogas injection 

Capacity  10,000 - 270,000 tons/year  

Organic loading rate  10 kg_VS/m3/day  

Specific biogas yield  0.22 - 0.27 m3/kg_VS  
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Kompogas single-stage dry digester 

The Kompogas process was developed by Vinci Environment in France. In 2008, there were 38 plants of 
this type in Europe. On the contrary to the two other single-stage dry digesters detailed previously, the 
Kompogas technology uses a horizontal digester with mechanical stirring (CSTR). The purpose of the 
mechanical agitation is to break the plugs which naturally form in this type of digester. The reactor is sold 
as one prefabricating block. The blocks come in two standard sizes: 16,500 and 27,600 tons/year of 
treatment capacity, and they can be combined to fit higher requirements. Kompogas digester consists in of 
one shredder, one mixer where the fresh feedstock and the recycled leachate are mixed, and the horizontal 
digester that the substrate has to cross before to be dewatered and transformed into fertilizer. 

 

 
Figure 52: Layout of the Kompogas single-stage dry digester 

 

In Table 45, the organic loading rate (OLR) and the specific biogas yields were assessed from the 
information available in a case study review [80] and assuming a 30% VS of the feedstock treated. The 
OFMSW has usually a volatile solids content comprised between 20% and 50%, due to the presence of 
inorganic material in the waste. 

Table 45: Kompogas single-stage dry digester key figures 

Parameter Value 

Feeding process Continuous 

Number of stage Single-stage 

Feedstock moisture content 23 - 28% 

Temperature level Thermophilic 

Hydraulic retention time 15 - 20 days 

Pre-treatment Recirculation of substrate and dilution 

Mixing process Mechanical stirring 

Capacity  16,500 - 110,000 tons/year  

Organic loading rate  3 - 6 kg_VS/m3/day  

Specific biogas yield  0.30 - 0.40 m3/kg_VS  
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10.5 Case study 
The difficulty to gather this type of information comes from the confidentiality of project specifications, 
and the low amount of scientific articles on the subject. As a consequence, most information are either 
gathered from the manufacturer website or from public information released during the opening of the 
facility. The figures are sometimes expected outcomes, when the biodigesters was still at the project stage, 
while others are real figures from factories already operating. As a consequence, the figures in Table 46 
should be considered with caution. 

Table 46: Digester designs – Similar projects specifications 

Ind. Capacity  
(ton_MSW/year) 

Biogas Yield 
(m3/ton) 

Electricity Yield* 
(kWh/ton) 

Fertilizer Yield 
(kg/ton) 

Investment Cost 
(USD/ton) 

A 120,750 39 50 104 256.73 
B 120,000 46 213 55 - 
C 90,000 39 71 - - 
D 83,000 125 50 - 568.67 
E 70,000 - 319 74 - 
F 64,300 - - - - 
G 60,500 - 316 - - 
H 60,600 110 - 255 442.24 
I 50,000 130 - 150 223 280 440.00 
J 50,000 120 239 - 231.00 
K 40,000 - 438 125 - 
L 25,000 268 490 - 680.00 
M 7,000 - 331 - - 
N 6,000 161 133 - 442.00 
O 4,500 - 354 589 777.78 
Avg. - 113.40 248.28 211.76 479.80 
* Some of the facilities produce both electricity and heat (CHP), and have a lower electricity yield as a consequence 

 

The detail of the information, as well as the sources, can be found in Appendix 17.11. A capacity factor of 
91% was used to assess the annual electricity production when only the rated power was available. [81] 
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11  Selection of the digestion parameters and AD design 
In sections 11 to 14, the digestion parameters, the biogas and fertilizer outputs, the financial viability and 
environmental benefits of the 3 scenarios are assessed from the data reviewed previously.  

Section 11 deals with the assessment of the digestion parameters, more precisely the feedstock dilution ratio, 
the reactor and gasholder volume, and the organic loading rate. The most suitable digester designs among 
small-scale and large-scale digesters are identified. The digestion parameters are then assessed from the 
characteristics of the feedstocks and the digesters specifications. 

11.1 Methodology 
A model is used to assess the appropriate digestion parameters from the characteristics of the feedstock. 
The assessed digestion parameters are (1) the feedstock dilution ratio in the case of wet digestion, (2) the 
reactor volume, (3) the digester volume, which includes both the reactor and the internal gasholder, and (4) 
the organic loading rate. The other parameters: temperature level, retention time, the number of stage, the 
feeding process and the mixing process are determined by the characteristics of the biodigesters available. 

Input parameters 

The assessment is based on the moisture content (MC), volatile solids (VS) and density of the feedstock. 
These parameters are defined in section 8.2: Feedstock characterization. The model used does not factor in 
the carbon to nitrogen ratio (C/N) nor the pH of the feedstock. 

Table 47: Input parameters for the assessment of the digestion parameters 

Parameter Unit 

Feedstock annual production or loading rate (LR) tons/year 

Moisture content (MC) % (see Table 28 for typical values) 

Volatile solids (VS) % (see Table 29 for typical values) 

Density of the feedstock (ρ) kg/m3 (see Table 31 for typical values) 

 

Assessment of the dilution requirements 

When the feedstock has a high solid content, dry digestion is preferred over wet digestion. If none of the 
dry digesters reviewed in section 10 are suitable, or if the feedstock moisture content is too low for dry 
digestion, wet digesters are considered. The feedstock needs to be diluted in recirculated leachate or fresh 
water to meet the digester requirements. The volume of dilution water, that is to say the volume of water to 
add to the feedstock to reach the desired moisture content (MCD), is assessed following the logic illustrated 
in Figure 53. The desired moisture content is usually in the range 85 – 90%, depending on the digester. 
 

 

Fresh feedstock
Loading rate (LR) [tons/year]

Diluted feedstock
Dilution ratio

1-MC

MC MCD

1-MCDDry fraction

Water content

Dilution water

MCD: desired moisture content
 

Figure 53: Assessment of the volume of dilution water and of the dilution ratio 
 

The mass, and thus volume, of dilution water is found through a water weight balance: 
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𝑂𝑂𝑎𝑎𝑑𝑑𝑉𝑉𝑑𝑑 𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑 + 𝐷𝐷𝑑𝑑𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑𝑉𝑉𝑃𝑃 𝑤𝑤𝑎𝑎𝑑𝑑𝑉𝑉𝑑𝑑 = 𝑀𝑀𝐶𝐶𝐷𝐷 ∗ 𝐷𝐷𝑑𝑑𝑉𝑉𝑉𝑉𝑑𝑑𝑉𝑉𝑑𝑑 𝐹𝐹𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑𝑘𝑘 (11) 

→ 𝐷𝐷𝑑𝑑𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑𝑉𝑉𝑃𝑃 𝑤𝑤𝑎𝑎𝑑𝑑𝑉𝑉𝑑𝑑 [𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑/𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑] = 𝐿𝐿𝐻𝐻 [𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑/𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑] ∗  
𝑀𝑀𝐶𝐶𝐷𝐷 [%] −𝑀𝑀𝐶𝐶 [%]

1 −𝑀𝑀𝐶𝐶𝐷𝐷 [%]  (12) 

A dilution ratio can then be assessed. It corresponds to the volume of water to add per volume of fresh 
feedstock. For instance, a dilution ratio of 1:1 means that 1 m3 of water is added for each m3 of feedstock. 

Assessment of the reactor and gasholder volumes 

The reactor volume depends on the loading rate of the feedstock and on the hydraulic retention time (HRT). 
If the feedstock has been previously diluted, the loading rate of diluted feedstock is used instead of the 
loading rate of fresh feedstock to assess the reactor volume. The retention time depends on the temperature 
level of the digester. For the sake of simplicity, it will be say that a digester operating under mesophilic 
conditions has a HRT of 30 days, and a digester operating under thermophilic conditions a HRT of 20 days. 

𝐿𝐿𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑃𝑃𝐴𝐴 𝑑𝑑𝑎𝑎𝑑𝑑𝑉𝑉 [𝑉𝑉3/𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑] = 𝐴𝐴𝐴𝐴𝑎𝑎𝑑𝑑𝑉𝑉𝑎𝑎𝐴𝐴𝑑𝑑𝑉𝑉𝑑𝑑𝑑𝑑𝑦𝑦 𝑜𝑜𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 [%] ∗
𝐻𝐻𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 𝐴𝐴𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 [𝑉𝑉3]
𝐻𝐻𝐻𝐻𝑇𝑇 [𝑑𝑑𝑎𝑎𝑦𝑦𝑑𝑑] / 365

 (13) 

→  𝐻𝐻𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 𝐴𝐴𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 [𝑉𝑉3] = 𝐿𝐿𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑃𝑃𝐴𝐴 𝑑𝑑𝑎𝑎𝑑𝑑𝑉𝑉 [𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑/𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑] ∗
1,000

𝜌𝜌 [𝑘𝑘𝐴𝐴/𝑉𝑉3]
∗

 𝐻𝐻𝐻𝐻𝑇𝑇 [𝑑𝑑𝑎𝑎𝑦𝑦𝑑𝑑]
365 ∗ 𝐴𝐴𝐹𝐹 [%] 

(14) 

An availability factor (AF) is used to take into account maintenance shutdowns and eventual closure days 
of the plant. A figure of 90% will be used in the following sub-sections.  

In the case of wet digestion, the following equation can be used to assess the reactor volume without having 
to previously calculate the volume of dilution water: 

𝐻𝐻𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 𝐴𝐴𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 [𝑉𝑉3] = 𝐿𝐿𝐻𝐻 [𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑/𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑] ∗ �
1,000

𝜌𝜌 [𝑘𝑘𝐴𝐴/𝑉𝑉3]
 +  

𝑀𝑀𝐶𝐶𝐷𝐷 [%] −𝑀𝑀𝐶𝐶 [%]
1 −𝑀𝑀𝐶𝐶𝐷𝐷 [%]  � ∗

 𝐻𝐻𝐻𝐻𝑇𝑇 [𝑑𝑑𝑎𝑎𝑦𝑦𝑑𝑑]
365 ∗ 𝐴𝐴𝐹𝐹 [%] 

(15) 

A rule of thumb to assess the gasholder volume is to say that it is half of the reactor volume. Thus, the 
digester which encompasses both the reactor and the internal gasholder, has a volume of 3/2 of the volume 
of the reactor: 

𝐷𝐷𝑑𝑑𝐴𝐴𝑉𝑉𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝐻𝐻𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 + 𝐺𝐺𝑎𝑎𝑑𝑑ℎ𝑉𝑉𝑉𝑉𝑑𝑑𝑉𝑉𝑑𝑑 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =
3
2
∗ 𝐻𝐻𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 𝐴𝐴𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 (16) 

Assessment of the organic loading rate 

The organic loading rate (OLR) of the reactor can be computed from the loading rate, the feedstock 
characteristics and the reactor volume calculated previously. If the feedstock has been diluted, the loading 
rate and the moisture content of the feedstock after dilution must be used. 

𝑂𝑂𝐿𝐿𝐻𝐻 [𝑘𝑘𝐴𝐴𝑉𝑉𝑉𝑉/𝑉𝑉3/𝑑𝑑𝑎𝑎𝑦𝑦] = 𝐿𝐿𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑃𝑃𝐴𝐴 𝑑𝑑𝑎𝑎𝑑𝑑𝑉𝑉 [𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑/𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑] ∗
1000
365

∗
(1 −𝑀𝑀𝐶𝐶 [%]) ∗ 𝑉𝑉𝑂𝑂 [𝑘𝑘𝐴𝐴𝑉𝑉𝑉𝑉/𝑘𝑘𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑]

𝐻𝐻𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 𝐴𝐴𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 [𝑉𝑉3]
 (17) 

By injecting (14) into (17), it is possible to express the OLR without the loading rate and the reactor volume: 

 𝑂𝑂𝐿𝐿𝐻𝐻 [𝑘𝑘𝐴𝐴𝑉𝑉𝑉𝑉/𝑉𝑉3/𝑑𝑑𝑎𝑎𝑦𝑦] = 𝐴𝐴𝐹𝐹 [%] ∗
 𝜌𝜌 [𝑘𝑘𝐴𝐴/𝑉𝑉3] ∗  (1 −𝑀𝑀𝐶𝐶) [𝑘𝑘𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑/𝑘𝑘𝐴𝐴] ∗ 𝑉𝑉𝑂𝑂 [𝑘𝑘𝐴𝐴𝑉𝑉𝑉𝑉/𝑘𝑘𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑]

𝐻𝐻𝐻𝐻𝑇𝑇 [𝑑𝑑𝑎𝑎𝑦𝑦𝑑𝑑]
  (18) 
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11.2 Scenario 1 
In this scenario, the organic waste generated by the stalls, and eventually the few restaurants and coffees, of 
Mercado Regional would be treated on-site in a small-scale anaerobic digester. The biogas would be used in 
local restaurants and part of the digestate used as a fertilizer in the growing vegetable area.  

Feedstock characteristics 

In section 7.3, the annual OSW generation of Mercado Regional has been estimated to about 55 tons/year. 
As explained earlier, this figure does not include the waste taken back by the 10 producer-retailers and could 
reach up to 92 tons/year. 

Table 48: Feedstock characteristics, scenario 1 

Parameter Value 

Type of waste Mixed food waste 

Feedstock annual production or loading rate (LR) 55.1 tons/year (up to 92 tons/year) 

Moisture content (MC) 70% (cf. Table 28) 

Volatile solids (VS) 82% (cf. Table 29) 

Density of the feedstock (ρ) 300 kg/m3 (cf. Table 31) 

 

Pre-treatment requirements 

A small-scale anaerobic digester is sufficient to treat from 55.1 to 92 tons/year of organic waste. From the 
lecture of different case studies, the inorganic and large compounds are usually removed by hand from the 
feedstock for small-scale biodigesters. As a consequence, in this scenario no pre-treatment - either 
mechanical or thermal - is required, but the operator should check the content of the organic waste. 

Feedstock dilution 

The most common designs of small-scale biodigesters are the floating-drum digester, fixed-dome digester 
and plug-flow tubular digester (see section 10.3). The three of them are wet digesters, which means that the 
feedstock must have a moisture content above 80% (usually 90%). For the following calculations, it will be 
assumed that the feedstock is diluted from 70% MC to 90% MC. 
 

Fresh feedstock
150 - 250 kg/day

Diluted feedstock
loading rate?

30%

70% 90%

10%Dry fraction

Moisture content

Dilution water

 
 

The amount of water to add to the fresh feedstock for dilution can be found using equation (12): 

Table 49: Assessment of the volume of dilution water, scenario 1 

Parameter Value 

Feedstock loading rate 55.1 tons/year (150 kg/day) 92 tons/year (250 kg/day) 

Volume of dilution water 110.2 m3/year (300 L/day) 184.0 m3/year (500 L/day) 

Diluted feedstock loading rate 294 m3/year (805 L/day) 490 m3/year (1,345 L/day) 

Dilution ratio  3:5 (water : feedstock) 
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Reactor and gasholder volumes 

Small-scale anaerobic digesters operate at mesophilic temperatures (25 – 45°C). At these temperatures, the 
digestion usually lasts between 20 and 30 days. The reactor volume can be assessed through equation (14) 
and the digester volume, which includes the internal gasholder volume, by the mean of equation (16). 

Table 50: Assessment of the reactor and digester volumes, scenario 1 

Parameter Value 

Feedstock loading rate 55.1 tons/year (150 kg/day) 92 tons/year (250 kg/day) 

Hydraulic retention time (HRT) 20 days 30 days 20 days 30 days 

Reactor volume 17.9 m3 26.8 m3 29.9 m3 44.8 m3 

Digester volume 26.8 m3 40.3 m3 44.8 m3 67.2 m3 

 

Organic loading rate 

The organic loading rate (OLR) of the reactor can be computed from the loading rate, the feedstock 
characteristics and the reactor volume through equation (17). 

Table 51: Assessment of the organic loading rate, scenario 1 

Parameter Value 

Hydraulic retention time (HRT) 20 days 30 days 

Organic loading rate (OLR) 2.1 kg_VS/m3/day 1.4 kg_VS/m3/day 

 

Biodigester design 

The assessed reactor volume and OLR are compared to the specifications of the three small-scale anaerobic 
digesters to find out the most suitable AD designs.  

Table 52: Comparison of assessed digestion parameters with digester specifications, scenario 1 

Scenario / Digester Loading rate (diluted) Reactor volume Organic loading rate 

Scenario 1 294 – 490 m3/year 17.9 – 44.8 m3 1.4 – 2.1 kg/m3/day 

Floating-drum digester 60 – 1,200 m3/year 5 – 100 m3 0.5 – 1.4 kg/m3/day 

Fixed-dome digester 60 – 2,400 m3/year 5 – 200 m3 0.83 – 2.43 kg/m3/day 

Plug-flow tubular digester 50 – 100 m3/year 4 – 8 m3 1.66 – 6.22 kg/m3/day 

 

According to Table 52, the floating-drum and fixed-dome digesters can accommodate the volume or organic 
waste produced at Mercado Regional. Plug-flow tubular digesters are small units, but they can be combined 
to reach higher reactor volumes and loading rates. As a consequence, the three small-scale digesters reviewed 
in section 10.3 are suitable to treat Mercado Regional waste. However, the plug-flow tubular design has the 
advantage of being already in use in Brazil (see section 10.1). It is also the least expensive solution, and the 
only technology of small-scale digester which do not require heavy digging and masonry. For these reasons, 
it is recommended for this particular application. The second option would be the fixed-dome digester, as 
it fits perfectly the feedstock characteristics and as a medium investment and operating cost. 
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The maximum volume of a plug-flow tubular digester is 8 m3. One of the models of digesters distributed 
by GTZ/Endev in Bolivia, the Valley model, is particularly adapted to Curitiba’s condition, and features a 
reactor volume of 3.52 m3 for a length of 6.5 m. [82] The specifications of this digester will thus be used to 
assess the number of reactors required in each of the scenarios.  

Table 53: Plug-flow tubular digesters specifications, GTZ/Endev 

 Altiplano Valley Tropics 
Climate Mountain climate Temperate Tropical 
Mean ambient temperature 0 - 15 °C 15 - 20 °C over 20 °C 
Total Volume 7.79 m³ 4.70 m³ 3.63 m³ 
Liquid Volume 5.84 m³ 3.52 m³ 2.72 m³ 
Gasholder Volume 1.95 m³ 1.17 m³ 0.91 m³ 
Internal temperature 8 - 12 °C 15 °C 20 °C 
Investment cost (corrected) 246 USD 166 USD 155 USD 

 

It can be noticed that a retention time of 44 days is specified in Table 53, while the assessment of the reactor 
volume has been done considering a retention time of only 20 – 30 days. Such a long HRT seems to 
correspond to the time required to achieve total decomposition of the feedstock and maximum biogas 
production, while 20 – 30 days is the usual range of HRT for digesters operating at mesophilic conditions, 
and corresponds to the most economically profitable range. More information about the 3 digesters can be 
found in Appendix 17.10. 

Post-treatment requirements 

The biogas will be used in the educational kitchen located on-site, while the digestate can be used as a sludge 
in the growing vegetable area located on-site as well. As a consequence, no post-treatment is required. 

Table 54: Anaerobic digester suggested design, scenario 1 

Parameter Value 

Pre-treatment Not required 

Suggested digester design Plug-flow tubular digester (combined) 

Feedstock loading rate 55.1 tons/year (150 kg/day) 92 tons/year (250 kg/day) 

Hydraulic retention time (HRT) 20 days 30 days 20 days 30 days 

Required reactor volume 17.9 m3 26.8 m3 29.9 m3 44.8 m3 

Number of reactors and volume 5 * 3.52 m3 8 * 3.52 m3 9 * 3.52 m3 13 * 3.52 m3 

Actual reactor volume 17.6 m3 28.2 m3 31.7 m3 45.8 m3 

Actual volume of the digesters 23.5 m3 37.6 m3 37.6 m3 61.1 m3 

Post-treatment Not required 
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11.3 Scenario 2 
The second scenario consists in collecting the organic waste from the different public food markets, public 
street markets and public restaurants of Curitiba - that is to say Mercado Municipal, Mercado Regional, the 
feiras livres, feiras organicas, nossas feiras, sacalao da familia and restaurants popular - and to treat them 
together in a medium scale anaerobic digester. The biogas produced could be either upgraded to biomethane 
to be used as a fuel for vehicles or send on the gas network, or it could feed a gas turbine or gas engine to 
produce electricity which would be sold. The digestate would be sold as fertilizer after appropriate treatment. 

Feedstock characteristics 

Some of the wastes considered in this scenario are already recovered through animal feeding or small-scale 
composting. It is the case for feiras organicas and nossas feiras, whose waste volume is negligible for the 
former and unknown for the latter. CEASA waste, on the other hand, are already fully recovered through 
composting (see section 6.4) and soon through anaerobic digestion (see section 6.3). That is the reason why 
CEASA is not mentioned in Table 55. 

Table 55: Feedstock characteristics, scenario 2 

Source Type of waste OSW generation MC VS Density 

Mercado Municipal Mixed food waste  153 tons/year 70% 82% - 

Mercado Regional Mixed food waste  55 tons/year 70% 82% - 

Feiras livres Mixed food waste  485 tons/year 70% 82% - 

Feiras organicas Fruits and vegetables < 1 ton/year  90% 96% - 

Nossas feiras Fruits and vegetables  unknown  90% 96% - 

Sacalaos da familia Fruits and vegetables  75 tons/year 90% 96% - 

Restaurantes populares Mixed food waste  145 tons/year 70% 82% - 

Sources combined Mixed food waste 913 tons/year 71.4% 83% 500 kg/m3 
 

The density for a given type of feedstock varies widely, due to the large difference of compactness between 
organic waste disposed in black bags and the ones piled up in containers (see Table 31). Contrarily to the 
previous scenario, the organic waste will have to be collected together and that might result in a higher 
density. For this reason, the density of the mixed food waste of scenario 2 is assumed to be 500 kg/m3. 

Pre-treatment requirements 

In this scenario, the feedstock is mixed food waste, that is to say food waste mixed with some inert materials 
such as plastics or aluminium, and potentially some large particles like wood pieces. 913 tons have to be 
treated every year. For such volume, a manual or mechanical separation has to be considered. It can be done 
manually along a convey belt or mechanically with either an optical machine, or using a screening machine 
like a rotary drum, or a flotation separation step like the pulper in the BTA process (see 10.4). [83] Plastic 
removal can also be done after digestion, directly from the digestate sludge. If large particles are not removed 
from the feedstock, then it needs to be shredded. It will prevent any damage in the mechanical parts of the 
digester, and increase the biogas yield. No thermal pre-treatment is required to sanitize the feedstock. 

Small-scale or large-scale digester 

The first thing to find out is whether a small-scale wet biodigester could be able to treat 913 tons/year of 
organic waste. Assuming a feedstock density of 500 kg/m3, the volume treatment capacity of the reactor 
has to be over 1,800 m3/year. Once diluted, the volume of feedstock would exceed the maximum treatment 
capacity of small-scale biodigesters: 2,400 m3/year for the fixed-dome digester (see section 10.3). As a 
consequence, only a large-scale biodigester is suitable in this scenario. 
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There are two types of common large-scale digesters: dry digesters (Dranco, Valorga and Kompogas) and 
wet digesters (Waasa).  Dry digesters have the advantage of being more flexible regarding the presence of 
large particles and inert materials, such as rocks and glass in the feedstock. They also save the dilution water, 
and the energy required to remove this water from the digestate during phase-separation. However, both 
dry digestion and wet digestion will be considered in the following numerical application. 

Feedstock dilution  

Dry digestion: the 3 most common technologies of large-scale dry biodigester are the Dranco digester, 
Valorga digester and Kompogas digester. The Dranco digester is designed for feedstocks with a moisture 
content comprised between 60 and 70%, that is to say slightly below the expected moisture content of the 
feedstock: 71.4%. However, the other digesters could accommodate the feedstock without dilution or drying 
pre-treatment.  

Wet digestion: the only wet large-scale digester detailed in section 10.4, and also the most common, is the 
Waasa digester. Waasa digesters accept feedstocks with a moisture content comprised between 85% and 
90%. The assessed moisture content of the feedstock in this scenario is 71.4%. For the following 
calculations, it will be assumed that the feedstock is diluted from 71.4% MC to 85% MC. 
 

Fresh feedstock
2500 kg/day – 5 m3/day

Diluted feedstock
loading rate?

28.6%

71.4% 85%

15%Dry fraction

Moisture content

Dilution water

 
 

The amount of water to add to the fresh feedstock for dilution can be found using equation (12). 

Table 56: Assessment of the volume of dilution water (only for wet digestion), scenario 2 

Parameter Value 

Feedstock loading rate 913 tons/year (2,500 kg/day) 

Volume of dilution water 828 m3/year (2,270 L/day) 

Diluted feedstock loading rate 2,654 m3/year (7,270 L/day) 

Dilution ratio  Just under 1:2 (0.45) 

 

Reactor and gasholder volumes 

The Dranco and Kompogas (dry) digesters can only operate in the thermophilic temperature range with a 
hydraulic retention time of 15 to 20 days. The Valorga (dry) digester and Waasa (wet) digester are more 
flexible, and can operate at both temperature ranges. In order to get compare later the different digester 
designs, the calculations in Table 57 are made for thermophilic digesters with a HRT of 15 and 20 days. 

Table 57: Assessment of the reactor and digester volumes, scenario 2 

Parameter Value 

Dry / Wet digestion Dry digestion Wet digestion (with dilution) 

Hydraulic retention time (HRT) 15 days 20 days 15 days 20 days 

Reactor volume 83.4 m3 111.2 m3 121.2 m3 161.6 m3 

Digester volume 125.1 m3 166.8 m3 181.8 m3 242.4 m3 
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Organic loading rate 

The organic loading rate (OLR) is calculated from the loading rate, the moisture content (MC), the volatile 
solids content (VS) and the volume of the reactor by the mean of equation (17). In the case of wet digestion 
with dilution, the loading rate of diluted feedstock and the moisture content after dilution are used. 

Table 58: Assessment of the organic loading rate, scenario 2 

Parameter Value 

Dry / Wet digestion Dry digestion Wet digestion (with dilution) 

Hydraulic retention time (HRT) 15 days 20 days 15 days 20 days 

Organic loading rate (OLR) 7.1 kg/m3/day 5.3 kg/m3/day 4.9 kg/m3/day 3.7 kg/m3/day 
 

Biodigester design  

Dry digestion: Based on the OLR, the Valorga and the Kompogas are the two dry digesters the most 
suitable for this scenario. However, their minimum treatment capacity is respectively 10,000 and 16,500 
tons/year, while there is only 913 tons to treat annually. As a consequence, none of the large-scale dry 
digesters is really suitable for this scenario. 

Wet digestion: The organic loading rate assessed for wet digestion: 3.7 – 4.9 kg_VS/m3/day is close to 
the range of OLR accepted by the Waasa digester: 4 – 8 kg_VS/m3/day. However, the lowest capacity of 
the Waasa digesters listed in Table 41 is 3,000 tons/year of feedstock, while the feedstock once diluted 
would amount to 1,741 tons/year. Again, the digester would be slightly oversized, but could meet the 
scenario requirements. 

Table 59: Selection of a biodigester design, scenario 2 

Scenario / Digester Moisture content OLR (kg_VS/m3/day) Capacity (tons/year) 

Scenario 2, dry digestion 71.40% 5.3 – 7.1 913 

Dranco (dry) digester 60 – 70% 12 – 15 3,000 – 120,000 

Valorga (dry) digester 70 – 75% 10 10,000 – 270,000 

Kompogas (dry) digester 67 – 72% 3 – 6 16,500 – 110,000 

Scenario 2, wet digestion 85% 3.7 – 4.9 1,741 (once diluted) 

Waasa (wet) digester 85 – 90% 4 - 8 3,000 – 230,000 
 

Among the three large-scale dry digesters and the large-scale wet digester reviewed, the Waasa digester seem 
to be the most suitable. The manufacturer of the digester would have to be contacted in order to know if 
their digester can, and is recommended, to treat that low amount of waste. 

Post-treatment requirements 

The biogas can be used either for electricity production or as a fuel for vehicles and domestic applications. 
In the case of electricity production, it is theoretically possible to do so without scrubbing the raw biogas, 
using an external combustion generator such as a steam turbine with a boiler. In practice, among the 
different articles read during the writing of this thesis, none of them was using this technology. The most 
common technologies for electricity production are gas turbines and piston engines. The carbon dioxide 
(CO2), water vapour (H2O) and Hydrogen Sulphide (H2S) are removed from the biogas, which is thus 
upgraded to biomethane. This post-treatment is also required prior to compression and transportation of 
the biogas, in the case of vehicle fuel and domestic use. 
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Regarding the digestate, it has to be separated from its liquid fraction and then composted to be sold as a 
dry fertilizer. It could probably find market opportunities if its price is fixed below the one of compost and 
chemical fertilizers. From the different meetings hold during the fieldtrip in Curitiba, it seems that farmers 
in Brazil do not trust dry digestate as much as the two other fertilizers by lack of knowledge rather than for 
factual reasons. 

Table 60: Anaerobic digester suggested designs, scenario 2 

Parameter Value 

Pre-treatment Manual or mechanical separation, eventually shredding 

Digester design Waasa digester N/A 

Digestion Wet (85% MC) Dry (71.4% MC) 

Temperature Thermophilic (45-60°C) Thermophilic (45 – 60°C) 

Hydraulic retention time 15 - 20 days 15 - 20 days 

Reactor volume 180 - 250 m3 125 - 170 m3 

Post-treatment Phase-separation and composting 

 

In Table 60, the solution recommended is a Waasa wet digester with a total volume ranging between 180 
and 250 m3 depending on the temperature level. However, this type of digester usually treats larger volume 
of organic waste. The digestion parameters in the case of dry digestion are also given, but no particular 
design is cited due to the gap between the amount of waste to treat and the rated capacity of large-scale dry 
digesters.  
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11.4 Scenario 3 
The third and last scenario consists in combining the waste from scenario 2 with part of the MSW collected 
during conventional collection to reach higher treatment capacities. MSW includes residential waste, 
institutional waste and small commercial waste (see section 4.2). The biogas produced could be either 
upgraded to biomethane to be used as a fuel for vehicles or send on the gas network, or it could feed a gas 
turbine or gas engine to produce electricity. The digestate would be sold as fertilizer after treatment. 

Feedstock characteristics 

As explained in the introductory paragraph, the waste sources considered in the scenario are twofold: (1) 
the waste from public markets, street markets and popular restaurants, whose characteristics have been 
assessed in scenario 2, and (2) the organic fraction of the waste collected during conventional collection.  

Table 61: Feedstock characteristics, scenario 3 

Source Type of waste OSW generation MC VS Density 

Conventional collection Mixed waste 143,437 tons/year 70% 83% 502 kg/m3 

Scenario 2 sources Mixed food waste  913 tons/year 71.4% 83% 500 kg/m3 

Sources combined Mixed waste 144,350 tons/year 70% 83% 502 kg/m3 
 

Pre-treatment requirements 

The feedstock in this scenario is composed mainly of the organic fraction of municipal solid waste 
(OFMSW). As explained in section 6.1: Waste collection, MSW are only sorted into two categories: 
recyclable or not. As there is no further source separation of organic waste, mechanical separation is 
mandatory in this scenario. The process requires several steps – removal of the light fraction, heavy fraction, 
metals – and there will always remain inert materials in the feedstock at the end of the process. As mentioned 
previously, dry digesters are better than wet digesters to deal with inert materials as they encompass less 
moving parts. Thermal pre-treatment is also recommended to sanitize the municipal solid waste. 

Feedstock dilution 

On the contrary to scenario 2, there is here no doubt that a small-scale anaerobic digester cannot fit the 
MSW to treat. For the reasons explained before regarding waste handling, a dry digester would be more 
adapted in this scenario. It would also save a considerable amount of dilution water compared to a solution 
with wet digestion. As a consequence, only dry digesters will be considered in the following calculations. 

Reactor and gasholder volumes 

Among the three most common large-scale dry digesters, only the Valorga digester can treat 144,350 
tons/year. The highest treatment capacity for Dranco and Kompogas digesters in Table 41 are respectively 
120,000 and 110,000 tons/year. However, as the Kompogas digester comes in combinable module with a 
capacity of 16,500 and 27,500 tons/year, it is theoretically to reach higher total treatment capacities.  

Table 62: Treatment capacity of the most common large-scale biodigesters 

Scenario / Digester  Annual treatment capacity 

Kompogas 16,500 – 110,000 tons/year 

Dranco 3,000 – 120,000 tons/year 

Scenario 3, total OSW available 144,350 tons/year 

Valorga 10,000 – 270,000 tons/year 
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A variant of scenario 3, in which only 100,000 tons/year of waste are anaerobically digested and the rest 
landfilled, will also be considered. In both cases, the waste from public markets and restaurants represent 
less than 1% of the total amount of organic waste treated.  

Each of the large-scale dry digester can operate at thermophilic range, with a HRT of 15 – 20 days. The 
reactor volume is assessed by the mean of equation (14), and the digester volume equation (16). 

Table 63: Assessment of the reactor and digester volumes, scenario 3 

Parameter Value 

Feedstock loading rate 100,000 tons/year (274 tons/day) 144,350 tons/year (395 tons/day) 

Hydraulic retention time (HRT) 15 days 20 days 15 days 20 days 

Reactor volume 9,096 m3 12,128 m3 13,130 m3 17,507 m3 

Digester volume 13,644 m3 18,192 m3 19,695 m3 26,260 m3 

 

Organic loading rate 

The organic loading rate (OLR) is the same independently of the treatment capacity selected. It is calculated 
in the same way as previously, from the loading rate, the moisture content (MC), the volatile solids content 
(VS) and the volume of the reactor. The corresponding equation is equation (17). 

Table 64: Assessment of the organic loading rate, scenario 3 

Parameter Value 

Hydraulic retention time (HRT) 15 days 20 days 

Organic loading rate (OLR) 7.5 kg_VS/m3/day 5.6 kg_VS/m3/day 

 

Biodigester design  

As mentioned previously, the Valorga digester is the only one suitable to digestate up to 144,350 tons/year 
of organic waste. However, the OLR is quite low compared to its specifications: 10 kg_VS/m3/day. The 
difference is even larger with the range of OLR of Dranco digesters: 12 – 15 kg_VS/m3/day. The 
Kompogas digester, on the other hand, seems suitable particularly with a digestion time of 20 days.  

Table 65: Selection of a biodigester design, scenario 3 

Scenario / Digester Moisture content OLR (kg/m3/day) Capacity (tons/year) 

Scenario 3 70% 5.6 – 7.5 100,000 – 144,350 

Dranco digester 60 – 70% 12 – 15 3,000 – 120,000 

Valorga digester 70 – 75% 10 10,000 – 270,000 

Kompogas digester 67 – 72% 3 – 6 1,000 – 110,000 

 

The two most suitable digester designs thus seem to be the Valorga and the Kompogas digester. Both can 
treat either 144,350 tons/year or 100,000 tons/year. The Valorga digester comes in a single unit, while the 
Kompogas digester is assembled from modules with a capacity of 27,600 (A) and 16,500 (B) tons/year. It 
would require 3 modules A with 1 module B to reach 100,000 tons/year (99,300 tons/year) and 4 modules 
A with 2 modules B to reach 144,350 tons/year (143,400 tons/year). 
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Post-treatment requirements 

The biogas can be used either for electricity production or as a fuel for vehicles and domestic applications. 
In the case of electricity production, it is theoretically possible to do so without scrubbing the raw biogas, 
using an external combustion generator such as a steam turbine with a boiler. In practice, among the 
different articles read during the writing of this thesis, none of them was using this technology. The most 
common technologies for electricity production are gas turbines and piston engines. The carbon dioxide 
(CO2), water vapour (H2O) and Hydrogen Sulphide (H2S) are removed from the biogas, which is thus 
upgraded to biomethane. This post-treatment is also required prior to compression and transportation of 
the biogas, in the case of vehicle fuel and domestic use. 

Regarding the digestate, it has to be separated from its liquid fraction and then composted to be sold as a 
dry fertilizer. It could probably find market opportunities if its price is fixed below the one of compost and 
chemical fertilizers. From the different meetings hold during the fieldtrip in Curitiba, it seems that farmers 
in Brazil do not trust dry digestate as much as the two other fertilizers by lack of knowledge rather than for 
factual reasons. 

In Table 66, the two solutions compared are Kompogas digesters with a respective capacity of approximately 
100,000 and 144,350 tons/year, and a hydraulic retention time of 15 - 20 days.  

Table 66: Anaerobic digester suggested design, scenario 3 

Parameter Value 

Pre-treatment Mechanical separation, eventually shredding and pasteurization 

Temperature Mesophilic or thermophilic 

Digester design Kompogas digester 

Treatment capacity 100,000 tons/year 144,350 tons/year 

Hydraulic retention time 15 days 20 days 15 days 20 days 

Digester volume 13,644 m3 18,192 m3 19,695 m3 26,260 m3 

Number of modules 3A – 1B * 4A – 2B ** 

Actual treatment capacity 99,300 tons/year 143,400 tons/year 

Post-treatment Phase-separation and composting, biogas scrubbing 

*3A-1B: 3 modules with a capacity of 27,600 tons/year and 1 modules of 16,500 tons/year 
*4A-2B: 4 modules with a capacity of 27,600 tons/year and 2 modules of 16,500 tons/year 
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11.5 Sensitivity analysis 
The reactor volume and organic loading rate, which will be used later to assess the biogas production, have 
been estimated based on moisture content, volatile solids and densities taken from literature. As it can be 
seen in section 8.2: Feedstock characterization, the range of figures given for these 3 parameters are quite 
large, causing uncertainty on the results of the reactor volume and OLR assessment. The volumes of 
feedstock available might also varies from the ones estimated in section 7.  

It is important to measure how much he model used previously is sensitive to a variation of the input 
parameters. The influence of each individual parameter will be assessed in a first time, and in a second time 
their combined influence for a variation will be estimated. 

Individual influence of parameters 

For each scenario, the value of one of the input parameters will be changed to an upper and lower figure 
while the other input parameters will be fixed to their standard value.  

Scenario 1: the first step is to decide in which range each of the parameter could vary. 

Table 67: Input parameters for the sensitivity analysis, digestion parameters, scenario 1 

Variable Standard value Lower limit Upper limit 

Loading rate (LR) 55.1 tons/year 50 tons/year 60 tons/year 

Moisture content (MC) 70% 65% 75% 

Volatile solids (VS) 82% 77% 87% 

Density (Rho) 300 kg/m3 270 kg/m3 320 kg/m3 
 

Using Excel, the reactor volume and the OLR for 8 variants of scenarios 1 are generated and their results 
are compared in Tornado charts. A Tornado chart shows the difference between the standard value of the 
reactor volume or OLR, and the value of same parameters when one of the input parameters has be changed 
to its lower or upper limit. As shown in equation (15), the reactor volume does not depend on the VS of 
the feedstock. A HRT of 30 days has be chosen to run the simulations. In Figure 54, the standard value (0 
in the horizontal axis) corresponds to 26.8 m3. 

 
Figure 54: Tornado chart, sensitivity analysis for the reactor volume, scenario 1 

Due to the fact that the equations are not linear, the deviation from the standard volume are not symmetrical.  
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The same work is done for the organic loading rate. This time, the loading rate has no influence, as 
demonstrated previously in equation (18). The standard value is 1.38 kg_VS/m3/day. 

 
Figure 55: Tornado chart, sensitivity analysis for the organic loading rate, scenario 1 

 

In the end, the most sensible parameters is the moisture content, for which a variation of ± 5% can cause 
a variation of the reactor volume of ± 9.4% and -8/+6.7% of the OLR. The second most sensible parameter 
is the loading rate: ± 5 tons/year can cause a variation of the reactor volume of -9.3/+8.9%. 

Scenario 2: a similar analysis is done for scenario 2, in the case of dry digestion with a HRT of 20 days. 

Table 68: Input parameters for the sensitivity analysis, digestion parameters, scenario 2 

Variable Standard value Lower limit Upper limit 

Loading rate (LR) 913 tons/year 850 tons/year 975 tons/year 

Moisture content (MC) 71.4% 66.4% 76.4% 

Volatile solids (VS) 83% 78% 88% 

Density (Rho) 500 kg/m3 450 kg/m3 550 kg/m3 
 

Due to the fact that there is no feedstock dilution in this scenario, the moisture content does not have an 
influence on the reactor volume: see equation (15). 

  
Standard value: 111 m3 Standard value: 5.34 kg_VS/m3/day 

Figure 56: Tornado charts, sensitivity analysis for the reactor volume and OLR, scenario 2 
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The deviations from the standard reactor volume and OLR are larger in scenario 2. A variation of the density 
of ± 50 kg/m3, which corresponds to a variation of 10% (Rho = 500 kg/m3), leads to a deviation of -
9.1/+11.1% from the standard reactor volume and ±10% from the standard OLR. The moisture content 
has a large influence on the OLR: a variation of ±5% leads to a deviation of ±17.5% from the standard 
OLR. 

Scenario 3: a similar analysis is done for scenario 3, for a standard treatment capacity of 144,350 tons/year. 

Table 69: Input parameters for the sensitivity analysis, digestion parameters, scenario 3 

Variable Standard value Lower limit Upper limit 

Loading rate (LR) 144,350 tons/year 140,000 tons/year 150,000 tons/year 

Moisture content (MC) 70% 65% 75% 

Volatile solids (VS) 83% 78% 88% 

Density (Rho) 502 kg/m3 450 kg/m3 550 kg/m3 

 

Except for the order of magnitude of the treatment capacity, the input parameters are similar to the ones of 
scenario 2. This is the reason why the deviations from the standard OLR are similar in each scenario. 
 

  
Standard value: 17,507 m3 Standard value: 5.62 kg_VS/m3/day 

Figure 57: Tornado charts, sensitivity analysis for the reactor volume and OLR, scenario 3 

 

Once again the density has more influence on the reactor volume than the loading rate. A variation of the 
density of ± 50 kg/m3 leads to a deviation of -8.7/+11.6% from the standard reactor volume and ±10% 
from the standard OLR. The moisture content has a large influence on the OLR: a variation of ±5% leads 
to a deviation of ±16.7% from the standard OLR. 

Combined influence of parameters 

During the sensitivity analysis performed previously, only one input parameter at a time was changed to 
find out the deviation of the reactor volume and OLR from their standard values. It can be interesting to 
do a similar analysis, but this time by changing several input parameters at the same time to find out the 
range of reactor volumes and OLR which can be reached with loading rates, moisture contents, volatiles 
solids and densities within the limits defined previously. 

Summing up the deviations obtained previously for each scenario would have worked if the input 
parameters were independent in equations (14) and (17). As there are multiplications and divisions between 
them, the only way to assess the lowest and highest figures for the reactor volume and OLR is to make the 
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calculations in the most extreme cases. As illustrated by the Tornado charts drawn previously, an increase 
of the feedstock density has a positive impact on the OLR but a negative impact on the reactor volume. 
This will be taken into account by giving different sets of extreme input parameters when assessing the 
lowest and highest reactor volume and OLR reachable. 

Scenario 1 in the case of dry digestion with a HRT of 30 days. 

The reactor volume requirement could reach up to 34 m3 if the loading rate had been underestimated by 5 
tons/year, the moisture content overestimated by 5% and the feedstock density overestimated by 30 kg/m3. 
This the largest deviation from the standard value among the different scenarios, and is due in majority to 
the mistake on the moisture content which is amplified by the dilution of the feedstock. 

Table 70: Combined influence of input parameters on the reactor volume and OLR, scenario 1 

Parameter Standard value Lower limit Upper limit 

Reactor volume 26.8 m3 21.1 m3 (-21%) 34.0 m3 (+27%) 

Organic loading rate 1.38 kg_VS/m3/day 1.11 kg_VS/m3/day (-19%) 1.62 kg_VS/m3/day (+17%) 

 

A reactor volume of 21.1 m3 would correspond to 6 digesters with a reactor volume of 3.52 m3, and a 
reactor volume of 34 m3 to 10 similar digesters. 

Scenario 2 in the case of dry digestion with a HRT of 20 days. 

This scenario, with scenario 3, have the largest deviation for the organic loading rate: +37% if the moisture 
content had been overestimated by 5%, the volatile solids underestimated by 5% and the density 
underestimated by 50 kg/m3.  It would result in a significant deviation from the assessed biogas yield later. 

Table 71: Combined influence of input parameters on the reactor volume and OLR, scenario 2 

Parameter Standard value Lower limit Upper limit 

Reactor volume 111.2 m3 94.1 m3 (-15%) 131.9 m3 (+19%) 

Organic loading rate 5.34 kg_VS/m3/day 3.73 kg_VS/m3/day (-30%) 7.32 kg_VS/m3/day (+37%) 

 

Scenario 3 in the case of dry digestion with a HRT of 20 days. 

Similarly to scenario 2, the deviation from the standard reactor volume stays limited but the OLR varies 
widely in the worst scenario.  The deviation could reach +36% for the organic loading rate. 

Table 72: Combined influence of input parameters on the reactor volume and OLR, scenario 3 

Parameter Standard value Lower limit Upper limit 

Reactor volume 17,507 m3 15,497 m3 (-11%) 20,294 m3 (+16%) 

Organic loading rate 5.62 kg_VS/m3/day 3.95 kg_VS/m3/day (-30%) 7.62 kg_VS/m3/day (+36%) 

 

These figures correspond to a total digester volume ranging from 24,907 to 28,412 m3, gasholder included.
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12  Assessment of the biogas and fertilizer production 
The purpose of this section is to assess the volume of biogas and methane, and the amount of fertilizer, 
produced in each of the scenarios. The calculations are based on the feedstock characteristics evaluated 
previously for each scenario, and on a literature review of real digesters yield. 

12.1 Methodology 
The methodology used to assess the biogas and methane production is explained in a first time. In a second 
time, the methodology to assess the fertilizer production is described. 

Assessment of the biogas and methane production 

The biogas and methane production will be assessed through two different methods. The first one gives a 
growth estimation, while the second ones gives an estimation based on some of the digestion parameters.  

First method: rules of thumb can be used to assess the biogas production. A figure frequently found in 
articles is 100 m3 of biogas per ton of feedstock. [84] 

 

Rule of thumb 
Biogas product ion of  100 m3 per ton  o f  f eedstock  

 

What gives its energy content to biogas is the methane it contains. As a consequence, knowing the methane 
production is actually more important than the biogas production. The methane production can be derived 
from the biogas production using the methane content of the biogas. The latter depends on the type of the 
feedstock and typical values can be found in the literature. Biogas usually has a methane content of 55-65%. 

Table 73: Methane content of biogas produced from typical feedstocks 

 

Second method: for more accuracy, the organic loading rate of the digester, defined in section 9.3, as well 
as the specific biogas yield can be used. The expression of the methane yield is given by equation (19): 

 

The specific biogas yield is defined as the volume of biogas produced from 1 kg of VS fed in the digester. 
This value depends on the nature of the feedstock: it is an indicator of the biodegradability of the feedstock. 

Table 74: Specific methane yield for typical feedstocks 

Feedstock Methane yield (L/kg_VS) [86] Methane yield (L/kg_VS) [40] 
Municipal solid waste 360 - 530 156 - 231 
Fruit and vegetable wastes 420 165 - 306 
Food waste 396 - 
Household waste 350 - 

Feedstock Methane content [85] Methane content [40] 
Municipal solid waste 57 - 61% 60 - 61% 
Fruit and vegetable wastes - 55 - 65% 
Food waste 57.5% - 

𝑀𝑀𝑉𝑉𝑑𝑑ℎ𝑎𝑎𝑃𝑃𝑉𝑉 [𝑉𝑉3/𝑑𝑑𝑎𝑎𝑦𝑦] = 𝑂𝑂𝑃𝑃𝑉𝑉𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 𝑌𝑌𝑑𝑑𝑉𝑉𝑉𝑉𝑑𝑑 [𝑉𝑉3/𝑘𝑘𝐴𝐴_𝑉𝑉𝑂𝑂 ] ∗ 𝑂𝑂𝐿𝐿𝐻𝐻 [𝑘𝑘𝐴𝐴_𝑉𝑉𝑂𝑂/𝑉𝑉3/𝑑𝑑𝑎𝑎𝑦𝑦] ∗ 𝐻𝐻𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 𝐴𝐴𝑉𝑉𝑉𝑉 [𝑉𝑉3]  (19) 



-94- 
 

The rate of biogas production do not only depend on the composition of the feedstock, but also on the 
temperature inside the reactor.  This is the reason why a mesophilic digester will run during 20 – 30 days 
while a thermophilic reactor during only 15 – 20 days. 

Figure 58 shows the trend of biogas production for the digestion of food waste at different temperature 
levels. As it can be seen, after 15 days the digester operating at 45°C has reached over 70% of its final biogas 
production, and close to 80% after 20 days. The digester operating at 25°C reaches only 55% of its final 
biogas production after 20 days, and less than 70% after 30 days. However, as the biogas production rate 
slows down, retention times of actual anaerobic digesters rarely exceed 30 days. [87] 

 

 
Figure 58: Rate of biogas generation for anaerobic digesters operating at 20 and 45°C 

 

A model has been made to take into account the effect of retention times on the specific biogas yield. It will 
be assumed that the specific biogas yield given in Table 72 correspond to a retention time of 30 days for 
mesophilic temperatures and 20 days for thermophilic temperatures. The model is based on the results of 
two papers about mesophilic digestion [87] and thermophilic digestion [88]. 

Table 75: Influence of the retention time on the biogas yield 

Retention time Biogas yield, mesophilic [87] Biogas yield, thermophilic [88] 

15 days 80.5% 96.6% 

20 days 90.4% 100.0% 

30 days 100.0% 100.0% 

 

Note: the assessment of the methane production is actually more important than the assessment of the 
biogas production, including carbon dioxide. The reason is that it is the methane which gives its calorific 
energy to biogas. In the following sections, the methane production will directly be assessed without 
estimating the biogas production.  
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Assessment of the fertilizer production 

The amount of fertilizer produced is assessed by calculating the mass loss from the feedstock during 
digestion (VS_deg), phase separation (MC – MC_fertilizer) and post-treatment (Mass_loss_PT).  

 

The mass lost during anaerobic digestion is due to the degradation of volatile solids into biogas. Table 76 
shows that the feedstock can lose between 8.5 and 17.4% of its mass during anaerobic digestion. If the 
digestate is then dewatered, its moisture content will drop from 70 – 90% to 15% - 20%. The resulting mass 
loss of the digestate can thus vary between 50 and 75% of the initial feedstock mass during the dewatering 
(or phase separation) process.  

Table 76: Assessment of the feedstock mass loss during anaerobic digestion 

 VS VS degradation  Dry-mass loss TS Wet-mass loss 
Fruits and vegetables [89] 96% 88% 84.5% 10% 8.5% 
OFMSW [89] 83% 61% 50.6% 30% 15.2% 
MSW [89] 83% 70% 58.1% 30% 17.4% 

 

After phase separation, the dry fraction of the digestate is usually composted (see section 10.2: Post-
treatments review). During the composting process, the feedstock loses between 11.5 and 31.4% of its mass 
due to the decomposition of volatile solids, with an average of 19.4%. [90] However, this figure if for the 
composting of fresh feedstock, while the digestate has already lost between 61 and 88% of its volatile solids. 
Thus, the mass loss due to composting will be neglected and only the mass loss due to VS degradation 
during anaerobic digestion and water removal during dewatering will be considered. 

 

Fresh feedtsock

Anaerobic digestion

Dry digestate

Phase separation

Dry fraction of digestate

Post-treatment (composting)

Dry fertilizer

Mass: 100%

Volatile solids degradation
Mass reduction: 8.5 – 17.4%

Mass: 82.6 – 91.5% (of feedstock mass)

Phase separation (or dewatering)
Mass reduction: 50 – 75%

Mass: 7.6% - 41.5% (of feedstock mass)

Volatile solids further degradation
Mass reduction neglected

Mass: 7.6% - 41.5% (of feedstock mass)  
Figure 59: Assessment of the feedstock mass loss during AD with post-treatment 

 

According to another source, the total mass reduction from feedstock to dry fertilizer can vary between 21 
and 80% of the mass of the initial feedstock, depending on the moisture content of the final fertilizer and 
the type of post-treatment. [91] 

𝐹𝐹𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑𝐹𝐹𝑉𝑉𝑑𝑑 �
𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑
𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑

� = 𝐿𝐿𝐻𝐻 �
𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑
𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑

� ∗ �1 − 𝑉𝑉𝑂𝑂𝑑𝑑𝑑𝑑𝑑𝑑� ∗ ( 1 − �𝑀𝑀𝐶𝐶 −𝑀𝑀𝐶𝐶𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑� ) ∗ (1 −𝑀𝑀𝑎𝑎𝑑𝑑𝑑𝑑_𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑_𝑃𝑃𝑇𝑇 ) (20) 
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12.2 Scenario 1 
In scenario 1, the biogas is used without pre-treatments in a local educational kitchen and in the restaurants 
located in Mercado Regional, and the digestate is used as a sludge fertilizer in a growing vegetable area. 

Methane production 

First method: the quickest way to assess the biogas production is to consider an average yield of 100 m3 
of biogas per ton of feedstock digested. The feedstock is composed of mixed food waste. According to 
Table 73, it gives a biogas with a content of 57.5% of methane. 

Table 77: Growth assessment of the biogas and methane production, scenario 1 

Product Loading rate: 55.1 tons/year Loading rate: 92 tons/year 

Biogas production (m3/year) 5,510 9,200 

Methane production (m3/year)  3,168   5,290  

 

Second method: The second and most accurate method is to use the organic loading rate of the digester 
through equation (19). From Table 74, the specific methane production for food waste is 396 L/kg_VS. 
This figure will be used for the case of a HRT of 30 days, and a figure of 90.4% * 396 = 358 L/kg_VS will 
be used for 20 days. 

Table 78: Assessment of the methane production using the OLR, scenario 1 

Parameter Loading rate: 55.1 tons/year Loading rate: 92 tons/year 

Hydraulic retention time (days) 20 30 20 30 

Reactor volume (m3) 17.9 26.8 29.9 44.8 

OLR (kg_VS/m3/day) 2.1 1.4 2.1 1.4 

Specific methane production (L/kg_VS) 358 396  358   396  

Daily methane production (L/day)  13,294   14,706   22,197   24,554  

Annual methane production (m3/year)  4,852   5,368   8,102   8,962  

 

The figures obtained with the second method: 4,852 – 5,368 m3/year in the case of a loading rate of 55.1 
tons/year and 8,102 – 8,962 m3/year in the case of a loading rate of 92 tons/year, are significantly higher 
than with the ones obtained from the first method: 3,168 and 5,290 m3/year respectively. However the 
second method is theoretically more precise than the first one. 

Assuming an energy content of 9.97 kWh/m3 for CH4 [92], the energy equivalent of the biogas produced 
can easily be assessed. 

Table 79: Energy equivalent of the biogas production, scenario 1 

Parameter Loading rate: 55.1 tons/year Loading rate: 92 tons/year 

Hydraulic retention time (days) 20 30 20 30 

Equivalent energy production (MWh)  48.4   53.5   80.8   89.4  
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Fertilizer production 

The amount of fertilizer produced is assessed by removing the weight of the volatile solids lost during 
anaerobic digestion from the weight of the feedstock. Even if phase separation is not necessary for local use 
of the digestate, the quantity of digestate after phase separation will also be assessed. In this case, the water 
content of the digestate is decreased from 70% (90% when considering the diluted feedstock, but to sipmlify 
the calculations the weight of fresh feedtsock and its moisture content will be used) down to 20%, which 
corresponds to a 50% mass loss compared to the fresh feedstock weight. 

Anaerobic digestion
Mass loss: 8.5 – 17.4%

No post-treatment
Mass loss: 0%

Feedstock
55.1 – 92 tons

Phase separation
Mass loss: 50%

Direct use

Dry fertilizer

 
 

The successive mass losses and the mass of the remaining fertilizer are assessed below: 

Table 80: Assessment of the digestate and dry digestate production, scenario 1 

Parameter Loading rate: 55.1 tons/year Loading rate: 92 tons/year 

Mass loss during anaerobic digestion (%) 8.5 – 17.4% 8.5 – 17.4% 

Digestate remaining after AD (tons/year) 45.5 – 50.4 76.0 – 84.2 

Mass loss during dewatering (%) 50% 50% 

Dry fraction after dewatering (tons/year) 22.7 – 25.2 38.0 – 42.1 

Mass loss during post-treatment (%) 0% (no pre-treatment) 0% (no pre-treatment) 

Fertilizer after pre-treatment (tons/year) 22.8 – 25.2 38.0 – 42.1 

 

In the case where the fresh digestate is directly used as a fertilizer, the volume available will vary between 
45.5 and 50.4 tons/year available. In the case where the digestate is dewatered before to be used as a 
fertilizer, the volume available decreases to 22.8 to 25.2 tons/year. Compost density is usually between 475 
and 710 kg/m3. [93] With these figures, the quantity of dry fertilizer ranges between 32 and 35.4 m3/year.  

Following discussions with the owners of K2 Agro farms during one of the visits, such a volume could 
cover from 2.6 to 4.4 hectares of cultivated land. This is significantly more than the surface area of the 
growing vegetable area located next to Mercado Regional, which means than only a little fraction of the 
digestate produced would actually be used as a fertilizer. The rest would either be taken away by farmers for 
free, since selling fertilizers requires a license which is rather difficult to obtain, or landfilled. 
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12.3 Scenario 2 
In scenario 2, the biogas is scrubbed after production either to be fed into an electricity generator, or sold 
as biomethane. The digestate is dewatered and post-treated, most probably composted, to produce dry 
fertilizer. 

Methane production 

First method: using an average yield of 100 m3 of biogas per ton of feedstock digested. The feedstock is 
composed of mixed food waste. According to Table 73, it gives a biogas with a content of 57.5% of methane. 
It can be noticed that the biogas production is not affected by the dilution of the feedstock. 

Table 81: Growth assessment of the biogas and methane production, scenario 2 

Product Annual production 

Biogas 91,300 m3/year 

Methane 52,500 m3/year 

 

Second method: The second and most accurate method is to use the organic loading rate of the digester 
through equation (19). From Table 74, the specific methane production for food waste is 396 L/kg_VS. 
This figure will be used for the case of a HRT of 20 days, and a figure of 96.6% * 396 = 382.5 L/kg_VS 
will be used for 15 days. The assessment is done in the case of dry digestion. 

Table 82: Assessment of the methane production using the OLR, scenario 2 

Parameter HRT: 15 days HRT: 20 days 

Reactor volume 83.4 m3 111.2 m3 

Organic loading rate 7.1 kg_VS/m3/day 5.3 kg_VS/m3/day 

Specific methane production 382.5 L/kg_VS 396 L/kg_VS 

Daily methane production 227,140 L/day 235,135 L/day 

Annual methane production 82,906 m3/year 85,824 m3/year 

 

A similar gap can be observed between the two methods: the methane production obtained with the second 
method is about 60% higher than the one obtained with method 1. 

Assuming an energy content of 9.97 kWh/m3 for CH4 [92], the energy equivalent of the biogas produced 
can easily be assessed. As electricity could be produced from the upgraded biogas, the electrify power output 
will also be assessed. A conversion of efficiency of 30% will be assumed for the generator.  

Table 83: Energy equivalent of the biogas production, scenario 2 

Parameter HRT: 15 days HRT: 20 days 

Equivalent energy production 826.6 MWh/year 855.7 MWh/year 

Equivalent electricity production 248.0 MWhe/year 257.3 MWhe/year 

Electricity power generation 28.3 kW 29.4 kW 

 

The electricity power generation was simply assessed by diving the estimated annual electricity production 
by 8760 hours, without considering an availability factor. 
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Fertilizer production 

The amount of fertilizer produced is assessed by removing the weight of the volatile solids lost during 
anaerobic digestion, and the weight of water lost during phase separation, from the weight of the feedstock. 
The water content of the digestate is decreased from 71.4% to 20%, which corresponds to a 51.4% mass 
loss compared to the fresh feedstock weight. 

 

Anaerobic digestion
Mass loss: 8.5 – 17.4%

Post-treatment
Mass loss: neglected

Feedstock
913 tons/year

Phase separation
Mass loss: 51.4%

Dry fertilizer

 
 

The successive mass losses and the mass of the remaining fertilizer are assessed below: 

Table 84: Assessment of the digestate and dry digestate production, scenario 2 

Parameter Value 

Mass loss during anaerobic digestion (%) 8.5 – 17.4% 

Digestate remaining after AD (tons/year) 754.1 – 835.4  

Mass loss during dewatering (%) 51.4% 

Dry fraction after dewatering (tons/year) 366.5 – 406.0 

Mass loss during post-treatment (%) 0% (neglected) 

Fertilizer after pre-treatment (tons/year) 366.5 – 406.0 

 

The mass lost during post-treatment is neglected. As explained earlier, the feedstock usually loses about 
20% of its mass during composting, but that is in the case of composting of fresh feedstock. As the 
feedstock has already lost part of its volatile content during anaerobic digestion, its mass loss during the 
composting post-treatment is neglected. 
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12.4 Scenario 3 
In scenario 3, the biogas is scrubbed after production either to be fed into an electricity generator, or sold 
as biomethane. The digestate is dewatered and post-treated, most probably composted, to produce dry 
fertilizer. 

Methane production 

First method: using an average yield of 100 m3 of biogas per ton of feedstock digested. The feedstock is 
composed of mixed food waste. According to Table 73, it gives a biogas with a content of about 60% of 
methane. It can be noticed that the biogas production is not affected by the dilution of the feedstock. 

Table 85: Growth assessment of the biogas and methane production, scenario 3 

Product Loading rate: 100,000 tons/year Loading rate: 144,350 tons/year 

Biogas production (m3/year) 10,000,000 14,435,000 

Methane production (m3/year) 6,000,000 8,661,000 

 

Second method: The second and most accurate method is to use the organic loading rate of the digester 
through equation (19). The specific methane production for household waste will be used, that is to say 350 
L/kg_VS, to make sure not to overestimate the methane production. This figure will be used for the case 
of a HRT of 20 days, and a figure of 96.6% * 350 = 338.1 L/kg_VS will be used for 15 days. 

Table 86: Assessment of the methane production using the OLR, scenario 3 

Parameter Loading rate: 100,000 tons/year Loading rate: 144,350 tons/year 

Hydraulic retention time (days) 15 20 15 20 

Reactor volume (m3) 9,096 12,128 13,130 17,507 

OLR (kg_VS/m3/day) 7.5 5.6 7.5 5.6 

Specific CH4 production (L/kg_VS) 338.1 350  338.1   350  

Daily CH4 production (L/day)  23,064,904   23,876,712   33,294,189   34,466,034  

Annual CH4 production (m3/year)  8,418,690   8,715,000   12,152,379   12,580,103  

 

Assuming an energy content of 9.97 kWh/m3 for CH4 [92], the energy equivalent of the biogas produced 
can easily be assessed. As electricity could be produced from the upgraded biogas, the electrify power output 
will also be assessed. A conversion of efficiency of 30% will be assumed for the generator.  

Table 87: Energy equivalent of the biogas production, scenario 3 

Parameter Loading rate: 100,000 tons/year Loading rate: 144,350 tons/year 

Hydraulic retention time (days) 15 20 15 20 

Equivalent energy prod (MWh/year)  83,934   86,889   121,159   125,424  

Eq. electricity prod. (MWhe/year)  25,180   26,067   36,348   37,627  

Electricity power generation (MW)  2,874   2,976   4,149   4,295  
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Fertilizer production 

The amount of fertilizer produced is assessed by removing the weight of the volatile solids lost during 
anaerobic digestion, and the weight of water lost during phase separation, from the weight of the feedstock. 
The water content of the digestate is decreased from 70% to 20%, which corresponds to a 50% mass loss 
compared to the fresh feedstock weight. 

 

Anaerobic digestion
Mass loss: 8.5 – 17.4%

Post-treatment
Mass loss: neglected

Feedstock
100,000 – 144,350 tons

Phase separation
Mass loss: 50%

Dry fertilizer

 
 

The successive mass losses and the mass of the remaining fertilizer are assessed below: 

Table 88: Assessment of the digestate and dry digestate production, scenario 3 

Parameter Loading rate: 100,000 tons/year Loading rate: 144,350 tons/year 

Mass loss during AD (%) 8.5 – 17.4% 8.5 – 17.4% 

Digestate remaining after AD (ton/yr) 82,600 – 91,500 119,233 – 132,080 

Mass loss during dewatering (%) 50% 50% 

Dry fraction after dewatering (ton/yr) 41,300 – 45,750 59,617 – 66,040 

Mass loss during post-treatment (%) 0% (neglected) 0% (neglected) 

Fertilizer after pre-treatment (ton/yr) 41,300 – 45,750 59,617 – 66,040 

 

The mass lost during post-treatment is neglected. As explained earlier, the feedstock usually loses about 
20% of its mass during composting, but that is in the case of composting of fresh feedstock. As the 
feedstock has already lost part of its volatile content during anaerobic digestion, its mass loss during the 
composting post-treatment is neglected. 
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12.5 Sensitivity analysis 
Two sensitivity analysis need to be performed: one on the volume of methane produced, and the other one 
on the quantity of fertilizer. Each analysis will include an individual and combined influence assessment. 

Methane production 

The model used to assess the methane production relies on the figures of the specific methane yield, the 
organic loading rate and the volume of the reactor. While the specific methane yield is taken from literature, 
the OLR and reactor volume are estimated values. In section 11.5: Sensitivity analysis, it has been shown 
that the OLR and reactor volume can deviate from their assessed value by up to 27% for the reactor volume 
(in scenario 1), and 37% for the organic loading rate (in scenario 2). In the following sensitivity analysis, a 
more reasonable figure will be taken for these variations: 10% for both the reactor volume and OLR. 

Scenario 1 in the case of a HRT of 30 days: 

Table 89: Input parameters for the sensitivity analysis, methane production, scenario 1 

Variable Standard value Lower limit Upper limit 

Spec. CH4 production (L/kg_VS)  396 (-) 375 (-5%) 425 (+7%) 

OLR (kg_VS/m3/day) 1.38 (-) 1.25 (-10%) 1.52 (+10%) 

Reactor volume (m3) 26.8 (-) 24.2 (-10%) 29.5 (+10%) 

 

As equation (19) is proportional to each of the input parameters, the relative deviation from the standard 
methane production reproduces the relative variations of the input parameters. The standard value for 
methane production is 5,368 m3/year, and corresponds to “0” in the figure below. 

 
Figure 60: Tornado chart, sensitivity analysis for the methane production, scenario 1 

 

If the variations of the input parameters are combined, the maximum deviation from the standard value 
can reach -23/+30%. 

Table 90: Combined influence of input parameters on the methane production, scenario 1 

Parameter Standard value Lower limit Upper limit 

Annual methane production (m3/year)  5,368 (-)  4,117 (-23%)  6,970 (+30%)  
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Spec. CH4 production
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Deviation from standard annual methane production (m3/year)
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For scenario 2 and scenario 3, the deviation from the standard methane production is the same in 
proportion. A HRT of 20 days has been considered for the calculations. In scenario 3, the treatment capacity 
used for the sensitivity analysis was 144,350 tons/year. 

 

Scenario 2 Scenario 3 

  
Standard value: 85,824 m3/year Standard value: 12,580,103 m3/year 

Figure 61: Tornado chart, sensitivity analysis for the methane production, scenario 2 and 3 

 

When combined, the deviation reach -23/+30% of the standard value for scenario 2. In the case of 
electricity production, the variation would be proportional. The quantity of electricity produced can be 
assessed from the volume of methane annually produced by the mean of the methane calorific content: 9.97 
kWh/m3, and the conversion efficiency of the generator: assumed to be 30% 

Table 91: Combined influence of input parameters on the methane production, scenario 2 

Parameter Standard value Lower limit Upper limit 

Annual methane production (m3/year)  85,824 (-)   65,831 (-23%)   111,452 (+30%)  

Annual electricity generation (kWhel/year)  256,700 (-)    196,901(-23%)    333,354 (+30%) 

 

For scenario 3, the combined deviation can also reach -25/+30%. The electricity production is assessed in 
the same way as with scenario 2. 

Table 92: Combined influence of input parameters on the methane production, scenario 3 

Parameter Standard value Lower limit Upper limit 

Annual methane production (m3/year)  12,580,103 (-)    9,462,034 (-25%)  16,309,204 (+30%)   

Annual electricity generation (kWhel/year)  37,627,087 (-)  28,300,944 (-25%)   48,780,830 (+30%)   
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Fertilizer production 

The model used to assess the fertilizer production relies on the annual loading rate of the digester, the 
percentage of volatile solids degradation during AD, the moisture content of the feedstock before digestion 
and the mass loss during the eventual post-treatment (which has been neglected before). For the standard 
value of the VS degradation, the average of the border of the range found in literature will be used. [89] 

Scenario 1 in the case of a HRT of 30 days: 

Table 93: Input parameters for the sensitivity analysis, fertilizer production, scenario 1 

Variable Standard value Lower limit Upper limit 

Loading rate 55 tons/year 50 tons/year 60 tons/year 

VS degradation 13.0% 8.5% 17.4% 

Moisture content 70% 65% 75% 

Mass loss during post-treatment 0% 0% 5% 

 

As equation (19) is proportional to each of the input parameters, the relative deviation from the standard 
methane production reproduces the relative variations of the input parameters. The standard value for 
methane production is 5,368 m3/year, and corresponds to “0” in the figure below. 

 
Figure 62: Tornado chart, sensitivity analysis for the fertilizer production, scenario 1 

 

The combined effect of variations in the input parameters is al so assessed. It reaches ± 26% of the standard 
value. 

Table 94: Combined influence of input parameters on the fertilizer production, scenario 1 

Parameter Standard value Lower limit Upper limit 

Annual fertilizer production (tons/year)  23.98 (-)    17.66 (-26%)    30.20 (+26%)   
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The deviation from the standard fertilizer production is similar for scenarios 2 and 3 in proportion (%). The 
difference comes from the range of loading rates considered: 850 – 975 tons/year (± 7% compared to the 
standard value) for scenario 2, versus 140,000 – 150,000 tons/year (± 4%) for scenario 3. 

 

Scenario 2 Scenario 3 

  
Standard value: 386 tons/year Standard value: 62,828 tons/year 

Figure 63: Tornado chart, sensitivity analysis for the fertilizer production, scenario 2 and 3 

 

The deviation when several input parameters are changed at the same time reaches -22/+27% of the 
standard value for scenario 2. 

Table 95: Combined influence of input parameters on the fertilizer production, scenario 2 

Parameter Standard value Lower limit Upper limit 

Annual fertilizer production (tons/year)  386.26 (-)  300.15 (-22%)   490.67 (+27%)  

 

In the case of scenario 3, the combined influence of the input parameters make the fertilizer production 
vary by about 20%. 

Table 96: Combined influence of input parameters on the fertilizer production, scenario 3 

Parameter Standard value Lower limit Upper limit 

Annual fertilizer production (tons/year)  62,828.34 (-)  49,436.10 (-21%)   75,487.50 (+20%)  

  

-40 -20 0 20 40 60

LR

VS

MC

PT

Deviation from standard fert. prod (tons/year)
-10000 -5000 0 5000 10000

LR

VS

MC

PT

Deviation from standard fert. prod (tons/year)



-106- 
 

13  Assessment of the financial viability 
This section approached the financial viability of anaerobic digestion in Curitiba. It gives a financial overview 
of the scenarios, through the estimation of the investment and operation and maintenance (O&M) costs of 
the digesters, of the gate-fee and of the economic value of the digestion products. The state of the markets 
of biogas, electricity and fertilizer in Parana are briefly introduced.  

13.1 Biogas, electricity and fertilizer markets in Parana 
Biogas market 

There is no proper biogas market in Brazil, but rather a natural gas market into which upgraded biogas could 
be sold. Raw biogas cannot be sold without post-treatment due to its high Hydrogen Sulphide (H2S) 
content, which makes it unusable in engines and impossible to compress for transportation. Brazil is a net 
importer of natural gas. In 2016, it produced 267.6 Mtoe but consumed 303.2 Mtoe according to IEA 
statistics. [94] In Parana, the main natural gas provider is Compagas28. They have different tariffs depending 
on the utilisation of the gas. The prices are given with and without taxes (about 37.45% of taxes). 

Table 97: Price of natural gas in Parana, according to Compagas  

Product (HHV: 9,400 kcal/m3) Price (R$/m3) Price with taxes (R$/m3) 
Commercial [95] 1.2344 - 1.9778 1.6968 - 2.7186 
Electricity generation [95] 1.0699 - 1.1463 1.4707 - 1.5757 
Industrial [95] 1.2994 - 1.8766 1.7861 - 2.5795 
Residential [95] 2.1379 - 2.2566 2.9387 - 3.1019 
Vehicles [95] 1.1848 1.6286 

 

The natural gas from Compagas has a rated HHV of 9,400 kcal/m3, which corresponds to 39,330 kJ/m3. 
According to the model in section 8.3, biogas would have to be upgraded to 91% of methane to reach a 
similar HHV to the one from Compagas.  

The price paid by Mercado Regional for its supply in natural gas, as well as the average price for compressed 
gas in Curitiba, are given below. These prices are expressed in R$/kg and include taxes. 

Table 98: Other prices for natural gas in Parana 

Product Price with taxes (R$/kg) 
Public procurement (Mercado Regional) 3.68 (2.6 – 3.7 R$/m3) 
Gas bottle [96] 4.62 

 

Electricity market 

The main electricity supplier in Parana is Copel29. They have different prices depending on the type of 
customer: residential, rural or commercial/industrial. The prices are given with and without tax (53.14%). 

Table 99: Price of electricity in Parana, according to Copel 

Electricity contract Tariff (R$/kWh) Tariff with taxes (R$/kWh) 
B1 – Residential [97] 0.42147 0.64543 
B2 - Rural [97] 0.29503 0.4518 
B3 - Commercial [97] 0.42147 0.64543 

                                                      
28 Compagas: Companhia Paranaense de Gás 
29 Copel: Companhia Paranaense de Energia 
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Fertilizer market 

There are two current types of fertilizers sold in Brazil. The first one is chemical fertilizers, and the second 
one compost from animal manure of food waste. The prices for compost in Parana given in Table 100 have 
been communicated by Pluris Ambiental, a local consulting company. 

Table 100: Price of compost in Parana, according to Pluris Ambiental 

Product Price range (R$/ton) 
Compost, bulk 250 - 450 
Compost, bags 500 – 1,000 

 

However, the market for digestate is smaller than the one for compost due to its perceived lower nutrient 
value. In practice, digestate is rarely sold above its production cost, that is to say the cost of the phase 
separation (dewatering), post-treatment and eventually an additional cost to cover the selling license 
(required in Brazil, but whose price is unknown). [87] From the perspective of a biodigester owner, the sale 
of the previously dried digestate as a fertilizer is economically neutral. It does not generate revenues but 
cover the cost of the digestate post-treatment, and save the price of landfill which would have been the final 
destination of the digestate if it was not sold for soil enhancement.  

Landfill gate-fee 

A gate-fee corresponds to the money paid for the treatment of municipal solid waste. In Curitiba, it 
corresponds to the cost paid by the municipality to Estre to landfill the waste in CGR – Iguaçu. This price 
is set up through a contract, and differs from the price paid by private companies to Estre. The price paid 
by the municipality per ton of waste treated has been assessed from 2014 figures [11], while the cost paid 
by companies had been communicated during Estre visit. 

Table 101: Gate-fee and tariffs for the treatment of waste at CGR – Iguaçu landfill 

Tariff Landfill gate-fee 

Contract between Curitiba and Estre, 2014  25 R$/ton 

Private companies 80 – 120 R$/ton 

 

In the financial balance of the anaerobic digesters, the gate-fee can be seen as a revenue: each ton of organic 
waste which is treated by anaerobic digestion is not landfilled, and thus reduces the gate-fee paid by Curitiba. 
The figure of 25 R$/ton will be used in the numerical applications. 
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13.2 Methodology 
The assessment of the financial viability consists in comparing the different costs of the digester: investment 
cost, operation and maintenance cost; to its revenues: biogas revenues through biomethane or electricity 
production, digestate revenues through the sale of fertilizer, and gate-fee revenues through the reduction of 
the amount of organic waste sent to landfill. 

Table 102: Overview of the sources of cost and revenue of the anaerobic digester 

Costs of the digester Sources of revenue 

- Investment cost 
- O&M cost (including pre- and post-treatment) 

- Biomethane or electricity production 
- Fertilizer sale 
- Gate-fee from reduction of landfill 

 

Two indicators will be used to evaluate the financial viability of the scenarios: the discounted payback time 
(DPP) and the net present value (NPV). These indicators require, in addition to the capital investment and 
revenues, the figures for the lifespan of the project and an annual discount rate. The method to assess these 
two indicators in explained later. 

Assessment of the investment cost 

The investment cost of the digester will be assessed differently depending on the size of the digester.  

Small-scale digester: in the case of small-scale digesters, which correspond to scenario 1, the investment 
cost is based on figures from GTZ/Endev plug-flow tubular digesters. [82] One of their models is 
particularly suitable for Curitiba’s climate, and is sold at 166 USD/unit (542 R$/unit). 

Table 103: Cost of a small-scale anaerobic digester 

Component Reactor volume Cost 

Plug-flow tubular digester 3.52 m3/digester 542 R$/digester 

 

The total investment cost is assessed from this figure and the number of digesters required in each variant 
of scenario 1, which has been assessed in section 11.2. 

Large-scale digester: in the case of large-scale digesters, a model linking the investment cost of the digester 
to the electrical power output of the anaerobic digester is used. The cost includes pre-treatment of the 
feedstock, gas-scrubbing and the cost of the electricity generator. Figures are given for different rated electric 
power to reflect the lower investment cost per kWel for larger units. [92] 

Table 104: Model used to assess the investment cost of a large-scale AD 

Rated electric power Specific investment cost (€) [92] Specific investment cost (R$) 

75 kWel - 150 kWel 9,000 €/kWel 32,900 R$/kWel 

150 kWel - 250 kWel 6,500 €/kWel 23,000 R$/kWel 

250 kWel - 500 kWel 6,000 €/kWel 21,900 R$/kWel 

500 kWel - 1 MWel 4,600 €/kWel 6,800 R$/kWel 

1 MWel and above 4,000 €/kWel 4,600 R$/kWel 
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Assessment of the operation and maintenance cost 

The operation and maintenance (O&M) cost is usually estimated as a percentage of the revenues of the 
digester through electricity sales. It includes feedstock pre-treatment, eventually feedstock dilution, digestate 
dewatering and post-treatment, and biogas upgrade into biomethane or conversion into electricity. 

𝑂𝑂&𝑀𝑀 𝑑𝑑𝑉𝑉𝑑𝑑𝑑𝑑 [𝐻𝐻$/𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑] = 10% ∗ 𝐻𝐻𝑉𝑉𝐴𝐴𝑉𝑉𝑃𝑃𝑉𝑉𝑉𝑉𝑑𝑑 𝑜𝑜𝑑𝑑𝑉𝑉𝑉𝑉 𝑉𝑉𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦 𝑑𝑑𝑎𝑎𝑉𝑉𝑉𝑉 [𝐻𝐻$/𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑] (21) 

 

Assessment of the biogas revenue 

The method to assess the biogas revenues depends on the final use of the biogas: either upgraded into 
biomethane or transformed into electricity. In the case of electricity generation, the lowest price of electricity 
in Parana, without taxes, will be considered to assess the revenues. It corresponds to about 0.30 R$/kWh, 
or about 0.09 USD/kWh. The cost of the connection to the gas network, or if the gas is sold in bottles the 
cost of the compression of the biomethane and the associated logistics cost, are not considered. 

In the case where the biogas is upgraded in biomethane, which contains about 95% of methane, the lowest 
price for natural gas in Parana without taxes will be used: 1.07 R$/m3. The quantity of biomethane that 
could be produced is assessed from the theoretical methane production of the digester, which is divided by 
the methane content of biomethane (95%), and from which the losses due to the scrubbing process. 

𝐵𝐵𝑑𝑑𝑉𝑉𝑉𝑉𝑉𝑉𝑑𝑑ℎ𝑎𝑎𝑃𝑃𝑉𝑉 𝑃𝑃𝑑𝑑𝑉𝑉𝑑𝑑. [𝑉𝑉3/𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑] =
𝑀𝑀𝑉𝑉𝑑𝑑ℎ𝑎𝑎𝑃𝑃𝑉𝑉 𝑃𝑃𝑑𝑑𝑉𝑉𝑑𝑑. [𝑉𝑉3/𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑] ∗ (1 − 𝑂𝑂𝑑𝑑𝑑𝑑𝑉𝑉𝐴𝐴𝐴𝐴𝑑𝑑𝑃𝑃𝐴𝐴 𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 [%])

𝑀𝑀𝑉𝑉𝑑𝑑ℎ𝑎𝑎𝑃𝑃𝑉𝑉 𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑 𝑉𝑉𝑜𝑜 𝐴𝐴𝑑𝑑𝑉𝑉𝑉𝑉𝑉𝑉𝑑𝑑ℎ𝑎𝑎𝑃𝑃𝑉𝑉 [%]
 (22) 

 

The methane losses during the scrubbing step have to be taken into account. According to the literature, 
they usually range between 1 and 5% of the methane content of the biogas, depending on the technology 
used. [98] The cost of the connection of the generator to the grid, as well as the cost of the license to sell 
electricity on the national grid, are not taken into account.  

Table 105: Model used to assess the revenues from biogas: biomethane or electricity production 

Parameter Value 

Methane content in biomethane 95% 

Methane loss during post-treatment 5% 

Price of natural gas in Parana, without taxes 1.0699 R$/m3 

Price of electricity in Parana, without taxes 0.29503 R$/kWh 

 

Assessment of the digestate revenue 

As explained in section 13.1: Biogas, electricity and fertilizer markets in Parana, the digestate is often sold 
at a price just covering its production cost. In this case, it is economically neutral: it does not generate a cost 
or a revenue for the digester owner. According to the market price for compost, this revenue amounts to 
over 250 R$/ton, but is compensated by the cost of the post-treatment. 

Table 106: Model used to assess the revenues from digestate: fertilizer sales 

Parameter Value 

Revenues from the sale of dry digestate 0 R$/ton (covers the post-treatment cost) 
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Assessment of the gate-fee revenue 

The gate-fee revenue corresponds to the current landfilling cost or waste in Curitiba: about 25 R$/ton 
according to 2014 figures (see Table 101 for more information). This fee does not include waste collection 
and transport. 

𝐻𝐻𝑉𝑉𝐴𝐴𝑉𝑉𝑃𝑃𝑉𝑉𝑉𝑉𝑑𝑑 𝑜𝑜𝑑𝑑𝑉𝑉𝑉𝑉 𝐴𝐴𝑎𝑎𝑑𝑑𝑉𝑉 𝑜𝑜𝑉𝑉𝑉𝑉 =  25 [𝐻𝐻$/𝑑𝑑𝑉𝑉𝑃𝑃] ∗ 𝐴𝐴𝑃𝑃𝑃𝑃𝑉𝑉𝑎𝑎𝑉𝑉 𝑤𝑤𝑎𝑎𝑑𝑑𝑑𝑑𝑉𝑉 𝑑𝑑𝑑𝑑𝑉𝑉𝑎𝑎𝑑𝑑𝑉𝑉𝑉𝑉𝑃𝑃𝑑𝑑 [𝑑𝑑𝑉𝑉𝑃𝑃/𝑦𝑦𝑉𝑉𝑎𝑎𝑑𝑑] (23) 

 

Discounted payback period (DPP) 

The discounted payback period is similar to the simple payback time (PBT), in the sense that it is an indicator 
of the time required to cover the investment cost of a project: Co, with annual cash-flows: CF. The 
difference with the PBT comes from the fact that it takes into account the time value of money, which is 
represented by the discount rate: r. 

𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉𝑉𝑉𝑃𝑃𝑑𝑑𝑉𝑉𝑑𝑑 𝑃𝑃𝑎𝑎𝑦𝑦𝐴𝐴𝑎𝑎𝑑𝑑𝑘𝑘 𝑃𝑃𝑉𝑉𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 (𝐷𝐷𝑃𝑃𝑃𝑃) =
ln(𝐶𝐶𝐹𝐹) − ln (𝐶𝐶𝐹𝐹 − 𝑑𝑑 ∗ 𝐶𝐶𝑉𝑉)

ln(1 + 𝑑𝑑)  (24) 

 

The project is profitable if its discounted payback period is shorter than its lifespan. 

 

Net present value (NPV) 

The net present value represents the forecasted value, or profitability, of a project after a given number of 
timer periods (years): t. The lifespan of the project is usually taken for the number of time periods. For the 
assessment of the DPP and of the NPV, a discount rate r = 5% will be used. The number of time periods 
will vary between 5 years for small-scale digesters, and 20 years for large-scale ones. 

𝑁𝑁𝑉𝑉𝑑𝑑 𝑃𝑃𝑑𝑑𝑉𝑉𝑑𝑑𝑉𝑉𝑃𝑃𝑑𝑑 𝐴𝐴𝑎𝑎𝑉𝑉𝑉𝑉𝑉𝑉 (𝑁𝑁𝑃𝑃𝑉𝑉) =  �
𝐶𝐶𝐹𝐹

(1 + 𝑑𝑑)𝑛𝑛 − 𝐶𝐶𝑉𝑉 = 𝐶𝐶𝐹𝐹 ∗
(1 + 𝑑𝑑)𝑑𝑑 − 1
𝑑𝑑 ∗ (1 + 𝑑𝑑)𝑑𝑑 − 𝐶𝐶𝑉𝑉

𝑛𝑛= 1..𝑑𝑑

 (25) 
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13.3 Scenario 1 
In the first scenario, the digestion products are used locally: in the educational kitchen and restaurants for 
the biogas, and as a fertilizer for the digestate. The revenues come from savings in natural gas consumption, 
and of the gate-fee paid by the municipality due to the local treatment of waste which would is not landfilled.  

Financial overview 

Table 107 summarises the different revenues and costs for the first scenario, depending on the amount of 
waste treated and on the retention time. 

Table 107: Revenues, investment cost and O&M cost, scenario 1 

Parameter Loading rate: 55.1 tons/year Loading rate: 92 tons/year 

Hydraulic retention time (days) 20 30 20 30 

Revenues     

Biomethane production (m3/year)  4,852   5,368   8,102   8,962  

Revenues from biomethane sale (R$/year)  5,192   5,743   8,668   9,589  

Fertilizer revenues (R$/year)  -     -     -     -    

Gate-fee revenues (R$/year)  1,378   1,378   2,300   2,300  

Investment cost     

Number of digesters (units)  5   8   8   13  

Investment cost (R$)  2,710   4,336   4,336   7,046  

Operation cost     

Operation and maintenance cost (R$/year)  428   474   715   791  

 

The annual revenues for different treatment capacities and retention times are compared below. Basically a 
larger amount of waste treated increase the biogas yield and revenues from gate-fee. A longer retention time 
slightly increase the specific biogas production.  

 

 
Figure 64: Annual revenues for different treatment capacities and HRT, scenario 1 
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Financial indicators 

Figures for the lifespan of the digester and the annual discount rate are required in order to assess the 
discounted payback time and the net present value of the project. 

Table 108: Time periods (t) and discount rate (r), scenario 1 

Parameter Value 

Anaerobic digester lifespan (years) - t 5 

Discount rate (%/year) - r 5% 

 

In this scenario the income comes from savings on the natural gas consumption and on the gate-fee for 
waste treatment. 

Table 109: Discounted payback period and net present value, scenario 1 

Parameter Loading rate: 55.1 tons/year Loading rate: 92 tons/year 

Hydraulic retention time (days) 20 30 20 30 

Investment cost (R$)  2,710   4,336   4,336   7,046  

Annual income or net revenue (R$/year)  6,141   6,647   10,253   11,098  

Discounted payback period (years) 0.46 0.68 0.44 0.66 

Net present value (R$)  23,877   24,441   40,055   41,002  

 

Depending on the retention time of the digester, the discounted payback times varies between 6 (HRT = 
20 days) and 9 months (HRT = 30 days). The net present value of the digester mainly depend on the 
treatment capacity of the digester, and varies from about 24,000 R$ if 55.1 tons of organic waste are treated 
annually, to about 41,000 R$ if 92 tons are treated. This second treatment capacity corresponds to the case 
where the part of the organic waste from Mercado Regional which is currently used for composting and 
animal would be treated with the rest of the organic waste on-site. 

Note about the price of gas: a price of about 1.07 R$/m3, which corresponds to the lowest price of 
natural gas offered by Compagas in Parana without taxes, has been used to assess the revenues in this 
scenario. However, the biogas produced would not be sold but either replace part of the natural gas currently 
bought by Mercado Regional for restaurants use. Thus the revenue, or saving, per m3 of biogas produced 
would be in the range of 2.6 – 3.7 R$/m3 (3.68 R$/kg, see Table 98), making the DPP even shorter. 

Note about the demand of gas and fertilizer: the assessment of the discounted payback period and net 
present value is based on the hypothesis that the demand for natural gas in Mercado Regional, and the 
demand for fertilizer in the growing vegetable area, are at least equal to the production of biogas and 
digestate from the biodigester. Regarding the biogas, the monthly demand is about 600 kg/month, which 
corresponds to 9,000 m3/year. As a consequence, the local demand for biomethane is larger than the supply 
from AD. 

Regarding fertilizer, the amount produced in this scenario would be enough to cover a land surface area of 
2.6 to 4.4 hectares, which is significantly larger than the surface area of the current growing vegetable area 
(tens of square meters). The unoccupied land next to Mercado Regional, which is currently used as a parking, 
has a surface area of about 0.5 hectares. As a consequence, either the treatment capacity could be lowered 
to prevent excess digestate production, or another use of the digestate has to be found such as transforming 
it into dry fertilizer and selling it. 
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13.4 Scenario 2 
In the second scenario, the biogas is either upgraded and sold as biomethane or transformed into electricity, 
and the digestate is sold as dry fertilizer after appropriate post-treatment, more precisely phase separation 
and composting. The revenues come from the sale of the biomethane or the electricity, and of the gate-fee 
paid by the municipality due to the local treatment of waste which would is not landfilled. The revenues 
from the sale of fertilizer only covers its production cost, and as a consequence does not generate an income. 

Financial overview 

On the contrary to scenario 1, in scenario 2 the investment cost of the digester is assessed based on the 
rated electric power of an eventual turbine converting the biogas produced into electricity. The electric 
power has been assessed in section 12.3, and amounts to about 30 kW. This is lower than the electric power 
of 75 kW to which the specific cost of 32,900 R$/kWel applies (see Table 104), but this figure is still used.  

Table 110: Revenues, investment cost and O&M cost, scenario 2 

Parameter HRT: 15 days HRT: 20 days 

Revenues   

Biomethane production (m3/year)  82,906   85,824  

Revenues from biomethane sale (R$/year)  88,701   91,823  

Biomethane energy equivalent (kWh/year)  826,575   855,668  

Electricity production (kWhel/year)  247,973   256,700  

Revenues from electricity sale (R$/year)  73,159   75,734  

Fertilizer revenues (R$/year)  -     -    

Gate-fee revenues (R$/year)  22,825   22,825  

Investment cost   

Rated electric power (kWel) 28.3 29.3 

Investment cost (R$)  931,312   964,092  

Operation cost   

Operation and maintenance cost (R$/year)  7,316   7,573  

 

With this model, biomethane production leads to a higher revenue than electricity production. 

 
Figure 65: Annual revenues for different treatment capacities and HRT, scenario 2 
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Financial indicators 

A discount rate of 5% is still used, but the number of time periods, which corresponds to the lifespan of a 
large-scale digester, is increased to 20 days. 

Table 111: Time periods (t) and discount rate (r), scenario 2 

Parameter Value 

Anaerobic digester lifespan (years) - t 20 

Discount rate (%/year) - r 5% 

 

In this scenario the income comes the gate-fee in addition to either biomethane revenues or electricity 
revenues. Thus, two sub-scenarios: A and B, have to be considered. 

Table 112: Discounted payback period and net present value, scenario 2 

Parameter HRT: 15 days HRT: 20 days 

Investment cost (R$)  931,312   964,092  

Operation and maintenance cost (R$/year)  7,316   7,573  

A: Biogas sold as biomethane   

Total revenues (R$)  111,526   114,648  

Discounted payback period (years) 12.14 12.26 

Net present value (R$)  367,380  370,299  

B: Biogas transformed into electricity   

Total revenues (R$)  95,984   98,559  

Discounted payback period (years) 15.27 15.47 

Net present value (R$)  173,692   169,794  

 

The discounted payback period is about 12 years if the biogas is upgraded into biomethane and sold (A), 
and of over 15 years if it is transformed into electricity (B). Biomethane production also seems more 
profitable when looking at the net present value: about 370,000 R$ in sub-scenario A versus about 170,000 
R$ in sub-scenario B. However, some of the costs have been neglected for both scenarios.  

In A, the compression and distribution of the biomethane if it is sold in gas bottles, or the connection to 
the grid and the cost of a license if it sold directly on the natural gas grid (if possible). In B, the cost of the 
connection to the electricity grid and the price of the license to sell electricity have been neglected. 
Depending on these values, electricity production could appear to be more profitable than biogas 
production. With these values the levelized cost of the electricity (LCOE) could also be assessed and 
compared to the LCOE of other methods to produce electricity. 
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13.5 Scenario 3 
Similarly to scenario 2, the biogas is either upgraded and sold as biomethane or transformed into electricity, 
and the digestate is sold as dry fertilizer after appropriate post-treatment. The revenues come from the sale 
of the biomethane or the electricity, and of the gate-fee paid by the municipality due to the local treatment 
of waste which would is not landfilled. The revenues from the sale of fertilizer only covers its production 
cost, and as a consequence does not generate an income. 

Financial overview 

The electric power has been assessed in section 12.3, and amounts to 3 - 4 MW depending on the treatment 
capacity. This corresponds to a specific investment cost of 4,600 R$/kWel in Table 104.  

Table 113: Revenues, investment cost and O&M cost, scenario 3 

Parameter Loading rate: 100,000 tons/year Loading rate: 144,350 tons/year 

Hydraulic retention time (days) 15 20 15 20 

Revenues     

Biomethane production (m3/year)  8,418,690   8,715,000   12,152,379   12,580,103  

Revenues from bio. sale (R$/year)  9,007,156   9,324,179   13,001,830   13,459,452  

Biomethane energy eq. (kWh/year)  83,934,339   86,888,550   121,159,219   125,423,622  

Electricity production (kWhel/year)  25,180,302   26,066,565   36,347,766   37,627,087  

Revenues from elec. sale (R$/year)  7,428,944   7,690,419   10,723,681   11,101,119  

Fertilizer revenues (R$/year)  -     -     -     -    

Gate-fee revenues (R$/year)  2,500,000   2,500,000   3,608,750   3,608,750  

Investment cost     

Rated electric power (kWel) 2874.5 2975.6 4149.3 4295.3 

Investment cost (R$)  13,222,533   13,687,922   19,086,726   19,758,516  

Operation cost     

O&M cost (R$/year)  742,894   769,042   1,072,368   1,110,112  

 

Similarly to scenario 2, biomethane production leads to a higher revenue than electricity production. 

 
Figure 66: Annual revenues for different treatment capacities and HRT, scenario 3 

 -  4 000 000  8 000 000  12 000 000

LR: 100,000 tons/year, Biomethane, HRT: 15 days

LR: 100,000 tons/year, Biomethane, HRT: 20 days

LR: 100,000 tons/year, Electricity, HRT: 15 days

LR: 100,000 tons/year, Electricity, HRT: 20 days

Biomethane revenue Electricity revenue Gate-fee revenue
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Financial indicators 

A discount rate of 5% is still used, but the number of time periods, which corresponds to the lifespan of a 
large-scale digester, is increased to 20 days. 

Table 114: Time periods (t) and discount rate (r), scenario 3 

Parameter Value 

Anaerobic digester lifespan (years) - t 20 

Discount rate (%/year) - r 5% 

 

In this scenario the income comes the gate-fee in addition to either biomethane revenues or electricity 
revenues. Again, two sub-scenarios: A and B, have to be considered. 

Table 115: Discounted payback period and net present value, scenario 3 

Parameter Loading rate: 100,000 tons/year Loading rate: 144,350 tons/year 

Hydraulic retention time (days) 15 20 15 20 

Investment cost (R$)  13,222,533   13,687,922   19,086,726   19,758,516  

O&M cost (R$/year)  742,894   769,042   1,072,368   1,110,112  

A: Biogas sold as biomethane     

Total revenues (R$)  11,507,156   11,824,179   16,610,580   17,068,202  

Discounted payback period (years) 1.30 1.31 1.30 1.31 

Net present value (R$)  120,923,964   124,083,516   174,553,742   179,114,555  

B: Biogas transformed into elec.     

Total revenues (R$)  9,928,944   10,190,419   14,332,431   14,709,869  

Discounted payback period (years) 1.53 1.55 1.53 1.55 

Net present value (R$)  101,255,954   103,723,257   146,162,970   149,724,522  

 

The discounted payback period is significantly shorter than in scenario 2, both in the case of biomethane 
production (A) and electricity production (B). In each cases, the DPP would be between 1 and 2 years. The 
net present value varies from 100 million reals in the case of electricity production from 100,000 tons/year, 
to 180 million of reals in the case of biomethane production from 144,350 tons/year or organic waste.  

As discussed for scenario 2, certain costs are not considered in cases A and B, such as the distribution cost 
of biomethane if it is compressed, the cost to connect the plant to the natural gas grid or electricity grid, 
and the price of the certificates required to be able to sell gas and electricity in Brazil.  
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13.6 Sensitivity analysis 
A sensitivity analysis is performed on the value of the different costs and revenues in order to assess their 
viability. While the price of gas and electricity are exact figures which are quite stable through time, there is 
an uncertainty on the investment cost, O&M cost, amount of feedstock treated, amounts of biogas 
produced, the revenues from fertilizer and the gate-fee. The deviation from the investment cost, discounted 
payback product (DPP) and net present value (NPV) assessed earlier will be evaluated for each scenario. 

Scenario 1 

The sensibility analysis is performed for the case of a loading rate of 55.1 tons/year and with a retention 
time of 30 days. The list of the variables for which the influence is analysed is given in the table below. All 
the parameters vary by at least 10 percent. 

Table 116: Input parameters for the sensitivity analysis, DPP and NPV, scenario 1 

Variable Standard value Lower limit Upper limit 

Digester cost per unit (R$/unit) 542 488 596 

Operation and maintenance cost (%) 10% 5% 20% 

Loading rate (ton/year) 55.1 50 60 

Methane production (m3/year)  5,368   4,831   5,904  

Gate-fee (R$/ton) 25 20 30 

 

The deviation from the standard investment cost: 4,336 R$ is directly proportional to the change in the 
value of the digester cost per unit (10%). The lowest investment cost is thus 3,902 R$, and the highest 4,770 
R$. The deviation from the standard discounted payback period: 0.68 years and net present value: 24,441 
R$, is represented in the following Tornado charts. “Digester” represents the cost per unit of the digesters, 
“O&M sp” the specific O&M cost, “Waste” the annual amount of waste to be treated, “Methane” the 
annual methane production and “Gate-fee” the specific cost of the gate-fee. 

  

Standard value: 0.68 years Standard value: 24,441 R$ 

Figure 67: Tornado charts, sensitivity analysis for the DPP and NPV, scenario 1 
 

As it can be seen in Table 67, the unit cost of the digester and the quantity of methane produced have the 
largest influence on the DPP: a variation of 10% of the price per unit of the digester changes the DPP by 
about 10% as well, and a variation of the methane production changes the DPP by -7/+9%. The net present 
value is also greatly influenced by the methane production, and by the operation cost: -8/+4%. 
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Scenario 2 

The sensibility analysis is performed for the case of a loading rate of 913 tons/year and with a retention 
time of 20 days. The list of the variables for which the influence is analysed is given in the table below. All 
the parameters vary by at least 10 percent.  

Table 117: Input parameters for the sensitivity analysis, DPP and NPV, scenario 2 

Variable Standard value Lower limit Upper limit 

Specific investment cost (R$/unit) 32,900 29,610 36,190 

Operation and maintenance cost (%) 10% 5% 20% 

Loading rate (ton/year) 913.0 50 60 

Methane production (m3/year)  85,824   77,242   94,407  

Gate-fee (R$/ton) 25 20 30 

 

The standard investment cost assessed earlier was 964,092 R$, everything included. By changing the specific 
investment cost by ± 10% of its value, the lowest total investment cost obtained is 780,914 R$, and the 
highest is 1,166,551 R$. That represents a deviation of about 20%. 

The deviations from the standard discounted payback period and net present value are represented in the 
following Tornado charts, in the case of biomethane production or of electricity production (the results are 
similar). “Invest sp” corresponds to the specific investment cost, “O&M sp” the specific O&M cost, 
“Waste” the annual amount of waste to be treated, “Methane” the annual methane production and “Gate-
fee” the specific cost of the gate-fee. 

 

  

Standard value: 12.3 – 15.5 years Standard value: 170,000 – 370,000 R$ 

Figure 68: Tornado charts, sensitivity analysis for the DPP and NPV, scenario 2 

 

The most influential variable is the specific investment cost: a variation of 10% leads to a deviation of the 
DPP by -13/+14%, and to a deviation of the NPP by ± 26%. The limits of the model used for the 
assessment of the investment and O&M cost can be observed: a higher methane production, which would 
theoretically lead to a shorter payback period, actually increases this one. This effect is reduced in the net 
present value: over 20 years, the benefits from the sale of biogas balance the increased investment and O&M 
costs. 
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Scenario 3 

The sensibility analysis is performed for the case of a loading rate of 144,350 tons/year and with a retention 
time of 20 days. The list of the variables for which the influence is analysed is given in the table below. All 
the parameters vary by at least 10 percent. 

Table 118: Input parameters for the sensitivity analysis, DPP and NPV, scenario 3 

Variable Standard value Lower limit Upper limit 

Specific investment cost (R$/unit)  4,600   4,140   5,060  

Operation and maintenance cost (%) 10% 5% 20% 

Loading rate (ton/year)  144,350   129,915   158,785  

Methane production (m3/year)  8,715,000   7,843,500   9,586,500  

Gate-fee (R$/ton) 25 20 30 

 

The standard investment cost assessed earlier was 19,758,516 R$, everything included. By changing the 
specific investment cost by ± 10% of its value, the lowest total investment cost obtained is 16,004,398 R$, 
and the highest is 23,907,804 R$. That represents a deviation of about 20%. 

The deviations from the standard discounted payback period and net present value are represented in the 
following Tornado charts, in the case of biomethane production or of electricity production (the results are 
almost identical). “Invest sp” corresponds to the specific investment cost, “O&M sp” the specific O&M 
cost, “Waste” the annual amount of waste to be treated, “Methane” the annual methane production and 
“Gate-fee” the specific cost of the gate-fee. 

 

  

Standard value: 1.31 – 1.55 years Standard value: 149,724,000 – 179,115,000 R$ 

Figure 69: Tornado charts, sensitivity analysis for the DPP and NPV, scenario 3 

 

The most influential variable on the DPP is the specific investment cost: a variation of 10% leads to a 
deviation of the DPP by ± 10%. The net present value is more influenced by the specific operation cost, 
the methane production and the cost if the gate-fee. As pointed out for scenario 2, the influence of the 
production of methane on the discounted payback period should be the opposite. This is due to the way 
the investment and O&M costs are calculated: based on the methane production. 
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14  Assessment of the environmental benefits 
The purpose of this section is to compare the environmental impact of anaerobic digestion in comparison 
to the main waste treatment in Curitiba: landfilling. 

14.1 Methodology 
There are 3 direct environmental impacts associated with organic waste treatment: (1) greenhouse gases 
(GHG) emissions, (2) water and soil contamination due to leachate, and (3) land use. 

 

Organic solid waste treatment

Greenhouse gases emissions Water and soil contamination Land surface-area used
1. 2. 3.

 
Figure 70: Environmental impacts associated with OSW treatment 

 

Most of the waste streams considered in this report are currently landfilled at CGR – Iguaçu (see section 
6.2), the rest being recovered through animal feeding and composting by farmers. The environmental impact 
of anaerobic digestion will be compared to landfilling only, in order to assess the environmental benefits of 
the scenarios. The comparison will focus on GHG emissions (1) and land use (3). The reason why water 
and soil contamination is not assessed later is that the leachate produced during AD is usually treated before 
to be discharged in the rivers, and so is done at CGR – Iguaçu landfill. As a consequence, both treatments 
are assumed to be equal regarding water and soil contamination (2). 

Assessment of land use 

Supposing that the digestate is used as a fertilizer, the surface area used for anaerobic digestion is limited to 
the surface area of the biodigester plant. It may vary between 10 m2 for small-scale digesters and several 
hundred for large-scale ones. In both cases, the surface area used for AD is negligible in comparison to the 
one used for landfilling. An assessment of the specific land use for the former landfill of Curitiba, Caximba 
landfill, is performed in Table 119. 

Table 119: Assessment of the specific land use of Caximba landfill 

Parameter Value 

Surface area of Caximba landfill 410,000 m2 

Amount of waste stored at Caximba landfill 3,239,500 tons 

Specific land use at Caximba landfill 0.12 m2/ton (7.9 tons/m2)  

 

A rough estimation of the land surface area saved by anaerobic digestion is comparison to landfill would 
thus be about 0.12 m2 for each ton of organic waste treated. 
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Assessment of GHG emissions 

The purpose of this section is to assess the environmental benefits, and not the whole environmental impact 
of anaerobic digestion. As a consequence, only the GHG emissions difference between AD and landfilling 
have to be assessed. To do so, the first step is to identify the sources of GHG emissions in the treatment 
of organic waste for both technologies. In this GHG emissions assessment, only the 2 main gases released 
during AD will be considered: methane (CH4) and carbon dioxide (CO2). 
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Figure 71: Comparison of landfill and anaerobic digestion GHG emissions 

As illustrated by Figure 71, both technologies have similar indirect emissions, that is to say emissions due 
to the collection and transport of organic waste. The only exception is scenario 1, for which organic wastes 
are treated on-site. A figure of 80 g of CO2 per ton and per km transported will be used in this particular 
case. [99] For the two other scenarios, it will be assumed that there is no benefits in terms of GHG emissions 
of AD compared to landfilling. 

Regarding direct emissions, that is to say emissions directly due to the treatment of the waste, it is assumed 
that there is no gas leakage in the case of biodigesters. Anaerobic digestion also occurs in landfills, after a 
short aerobic digestion step. The waste are covered with earth just after having been discharged at CGR – 
Iguaçu: as a consequence it will be assumed that the decomposition of organic waste is only anaerobic when 
assessing the GHG emissions. In Figure 72, the compositions given for gas are mass composition. 
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Figure 72: Assessment of the gas emissions of CGR – Iguaçu landfill 
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According to Figure 72 (and Figure 18 previously), 15% of the gas generated in the landfill leaks without 
being captured by the draining system. Among the 85% captured, 25% is flared. The flare stacks are assumed 
to consume only 65% of the methane: the combustion is not complete due to the high fraction of CO2 in 
the gas, about 50%. The rest of the gas is consumed in gas turbines, where the combustion is assumed to 
be complete. In the case of complete combustion, one mole of methane is transformed into one mole of 
carbon dioxide following the equation of reaction: 

𝐶𝐶𝐻𝐻4 + 2 ∗ 𝑂𝑂2 → 𝐶𝐶𝑂𝑂2 + 2 ∗ 𝐻𝐻2𝑂𝑂 (26) 

 

Methane is lighter than carbon dioxide: CH4 has a molecular mass of 12 + 4 * 1 = 16 g/mol, versus 12 + 
2 * 16 = 44 g/mol for CO2. As a consequence, each gram of CH4 combusted is transformed into 2.75 
grams of CO2. The gas produced during anaerobic digestion in the landfill is assumed to have a mass 
composition of 50% methane and 50% carbon dioxide. Using these figures, it is possible to assess the mass 
of CH4 and CO2 released for each kg of gas produced at CGR – Iguaçu landfill. 

Table 120: Assessment of the specific mass of CH4 and CO2 released through landfilling 

Step of the landfilling process CH4 (g) CO2 (g) 
Gas produced during AD in the landfill (for 1,000 g of gas) 500 500 

 Leakage: 15% 75 75 

 Draining system: 85% 425 425 

  Flare stack: 25% 106 106 

   Incomplete combustion (65% of CH4) 37 296 

  Electricity generator: 75% 319 319 

   Complete combustion 0 1195 
Total: leaked gas + flare smoke + exhaust gas 112 1566 

 

Landfill gas is assumed to have an original composition of 50% of methane and 50% of carbon dioxide. 
Assuming a density of 0.668 kg/m3 for CH4 and 1.842 kg/m3, it can be calculated that landfill gas has a 
density of 1.255 kg/m3. Thus, 1 m3 of landfill gas leads to the release of the atmosphere of 141 g of CH4 
and 1,966 g of CO2. 

In the case of the anaerobic digester, the biogas produced is either burnt in an electricity generator, or 
upgraded and used as a fuel for cooking purposes or for vehicles. It will be assumed that these combustions 
have an efficiency of 100%, and this that all the methane produced during anaerobic digestion is transformed 
into CO230. According to Table 73, the biogas produced in a biodigester has a methane content of 57.5% 
in the case of food waste, and about 60% in the case of the OFMSW. Their density is respectively 1.167 
kg/m3 and 1.138 kg/m3. Using these figures and the CO2 production from the combustion of one gram 
of methane calculated earlier: 2.75 g, it is possible to assess the emissions of CO2 from a given volume of 
biogas produced, regardless of its final use. 

Table 121: Assessment of the specific mass of CO2 released for 1 m3 of biogas, life cycle 

Feedstock From combustion Initial content Total CO2 

Food waste (57.5% CH4, 1.167 kg/m3) 1.85 kg/m3 0.50 kg/m3 2.34 kg/m3 

OFMSW (60% CH4, 1.138 kg/m3) 1.88 kg/m3 0.46 kg/m3 2.33 kg/m3 

  

                                                      
30 Combustion takes place with an excess of air in turbines and engines, so this assumption is probably close to reality 
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Global warming potential (GWP) will be used to compare the GHG emissions of CGR – Iguaçu landfill 
and anaerobic digesters. GWP is an indicator of how much heat is trapped in the atmosphere over a period 
of time due to the release of 1 ton of a certain gas. The reference gas is CO2, which means that 1 ton of 
CO2 has a GWP of 1, regardless of the period of time considered. Sometimes GHG emissions are expressed 
in equivalent tons of CO2, which is the same as using the GWP. The time period will be 100 years. 

Table 122: Global warming potential (GWP) over 100 years 

Gas Global warming potential over 100 years (GWP) 

Carbon dioxide (CO2) 1 (by definition) 

Methane (CH4) [100, 101] 25 (range: 21 – 36) 

 

Finally, by combining the figures in Table 120, Table 121 and Table 122, it is possible to express directly 
the environmental impact for one cubic meter of landfill gas produced, one cubic meter of biogas produced 
from the digestion of food waste and one cubic meter of biogas produced through the digestion of the 
organic fraction of municipal solid waste (OFMSW). 

Table 123: Specific GWP of the gas produced in CGR – Iguaçu and in anaerobic digesters 

Source of the gas emission Specific GWP (per m3 of gas) – 100 years 

CGR – Iguaçu, every feedstock 0.141 * 25 + 1.966 = 5.49 kg_CO2_eq/m3 

Anaerobic digestion, food waste as feedstock 2.34 kg_CO2_eq/m3 

Anaerobic digestion, OFMSW as feedstock 2.33 kg_CO2_eq/m3 

 

The rule of thumb of 100 m3 of biogas produced per ton of waste will be generalised from anaerobic 
digesters to landfills. Comparing the GHG gas emissions of landfilling and anaerobic digestion will thus be 
reduced to comparing the specific GWP (per m3 of gas) of both technologies.  
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14.2 Scenario 1 
The environmental impact of the anaerobic digestion and the landfilling of the waste considered in scenario 
1 will be performed regarding two criteria: the land use and the GHG emissions. 

Land use 

It is assumed that in the case of anaerobic digestion, all the digestate produced would be used as a fertilizer 
and none of it would be landfilled. Thus the land use of AD does not exceed the surface area used by the 
biodigester. On the other hand, landfilling requires about 0.12 m2/ton. 

Table 124: Assessment of the surface area required for landfilling, scenario 1 

 Treatment capacity: 55.1 tons/year Treatment capacity: 92 tons/year 

Surface requirement 7.0 m2/year 11.6 m2/year 

 

In conclusion, an anaerobic digester would save between 7 and 11.6 m2/year of surface area in CGR – 
Iguaçu landfill. 

GHG emissions 

In this scenario, and only for this one, a local anaerobic digester would save the CO2 emissions due to the 
transport of the organic waste from Mercado Regional to CGR – Iguaçu landfill. According to Google 
maps, the minimum distance between the two sites is 31.3 km. There is currently 55.1 tons/year to transport 
to CGR – Iguaçu, because the potential other organic wastes considered in this scenario are taken back to 
the farm of producers-retailers. 

Table 125: Assessment of the indirect GHG emissions, scenario 1 

Parameter Value 

Distance between Mercado Regional and CGR - Iguaçu 31.3 km 

Amount of waste to transport 51.5 tons/year 

Annual transport requirement 1,725 tons.km/year 

Specific CO2 emissions for a truck 80 g_CO2/(ton.km) 

Annual CO2 emissions due to the transport 138 kg_CO2/year 

 

As CO2 has a GWP of 1, the annual global warming potential due to the transport of waste is 138. These 
are the indirect emissions, the direct emissions can be assessed by comparing how the gas produced in both 
the landfill and a digester end up in the atmosphere: under in the form of methane or of carbon dioxide. 

Table 126: Assessment of the direct GHG emissions, scenario 1 

Parameter Treatment: 55.1 tons/year Treatment: 92 tons/year 

Amount of gas produced (100 m3/ton)  5,510 m3   9,200 m3  

GWP, CGR – Iguaçu landfill  30,255   50,517  

GWP, anaerobic digestion  12,893   21,528  

Difference (GWP reduction with AD)  17,362   28,989  

 

As a conclusion, between 17.3 and 29.0 tons of CO2 equivalent could be saved every year with an AD.  
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14.3 Scenario 2 
The environmental impact will be performed regarding two criteria: the land use and the GHG emissions. 

Land use 

Using the figure of 0.12 m2/ton of land use for the landfill and considering 913 tons/year of organic waste 
to treat in this scenario, the land surface area reduction reaches 115.5 m2/year in the case of anaerobic 
digestion in comparison to CGR – Iguaçu landfill. 

GHG emissions 

The waste collection and transport are assumed to be equivalent in the case of landfilling and anaerobic 
digestion. More precisely, they would depend on the location of the anaerobic digester, but this remains 
unknown at the moment. The direct emissions can be assessed by comparing how the gas produced in both 
the landfill and a digester end up in the atmosphere: under in the form of methane or of carbon dioxide. 

Table 127: Assessment of the direct GHG emissions, scenario 2 

Parameter Value 

Amount of waste treated annually 913 tons/year 

Amount of gas produced (assuming 100 m3/ton)  91,300 m3  

GWP, CGR – Iguaçu landfill  501,328 kg_CO2_eq/year  

GWP, anaerobic digestion  213,642 kg_CO2_eq/year  

Difference (GWP reduction with AD)  287,686 kg_CO2_eq/year 

 

As a conclusion, about 287.7 tons of CO2 equivalent could be saved every year with an anaerobic digester. 

14.4 Scenario 3 
The environmental will be performed regarding two criteria: the land use and the GHG emissions. 

Land use 

Using the figure of 0.12 m2/ton of land use for the landfill and considering from 100,000 to 144,350 
tons/year of organic waste to treat in this scenario, the land surface area reduction reaches between 12,656 
and 18,269 m2/year in the case of anaerobic digestion in comparison to CGR – Iguaçu landfill. 

GHG emissions 

The direct emissions associated with landfilling and anaerobic digestion are compared. 

Table 128: Assessment of the direct GHG emissions, scenario 3 

Parameter Treatment: 100,000 tons/year Treatment: 144,350 tons/year 

Amount of gas produced (100 m3/ton)  10,000,000   14,435,000  

GWP, CGR – Iguaçu landfill  54,910,000   79,262,585  

GWP, anaerobic digestion  23,300,000   33,633,550  

Difference (GWP reduction with AD)  31,610,000   45,629,035  

 

As a conclusion, between 31,610 and 45,630 tons of CO2 equivalent could be saved every year with an 
anaerobic digester in comparison to the current landfilling.  
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14.5 Sensitivity analysis 
The sensitivity analysis will focus on the influence of the mass fraction of methane in the gas produced in 
landfill, and on the influence of the GWP of methane over 100 years. These two inputs are the ones with 
the largest uncertainty: landfill gas was assumed to have a 50:50 mass composition of methane:carbon 
dioxide [100], but the real composition could be in the range 40:60 to 60:40 (similar to biogas from anaerobic 
digesters). The global warming potential of methane is not a fixed figure either: its value varies in literature, 
depending on the source, from 21 to 36. The same range of values for the two input parameters will be sued 
for each of the scenarios. 

Table 129: Input parameters for the sensitivity analysis, GHG emissions 

Parameter Standard value Lower limit Higher limit 

Mass fraction of CH4 in landfill gas (%) 50% 40% 60% 

Global warming potential CH4 25 21 36 

 

Scenario 1 

The difference of input parameters have been tested in scenario 1. In the figure below, only the direct 
emissions have been taken into account. The indirect emissions, due to the transportation of the waste to 
the landfill in the current situation while an anaerobic digester would treat the waste on site, represented 
138 kg_CO2/year for an amount of 55.1 tons/year of organic waste. 

 

 
Figure 73: Difference in GHG emission between landfill and AD, scenario 1 

 

With these sets of GWP for methane and methane fraction in the gas generated in the landfill, the benefits 
of anaerobic digesters over landfill regarding GHG emissions vary between 11.7 and 32.0 
tons_CO2_eq/year. These figures do not include the indirect emissions. 
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Scenario 2 

The results from the sensibility analysis are assumed to be unaffected if the feedstock in diluted or not.  

 

 
Figure 74: Difference in GHG emission between landfill and AD, scenario 2 

 

With these sets variables, the benefits of anaerobic digesters over landfill regarding GHG emissions vary 
between 193.7 and 529.9 tons_CO2_eq/year.  

 

Scenario 3 

The results from the sensibility analysis are assumed to be unaffected if the feedstock is diluted or not.  

 

 
Figure 75: Difference in GHG emission between landfill and AD, scenario 3 

 

With these sets variables, the benefits of anaerobic digesters over landfill regarding GHG emissions vary 
between 30,741 and 83,895 tons_CO2_eq/year.  

0

100

200

300

400

500

600

21 25 36

GH
G 

di
ffe

re
nc

e 
(t

on
s_

CO
2_

eq
/y

ea
r)

GWP of methane over 100 years

40%

50%

60%

0

10 000

20 000

30 000

40 000

50 000

60 000

70 000

80 000

90 000

21 25 36

GH
G 

di
ffe

re
nc

e 
(t

on
s_

CO
2_

eq
/y

ea
r)

GWP of methane over 100 years

40%

50%

60%

Standard value 

Standard value 



-128- 
 

15  Conclusion and Discussion 
The conclusion section is divided into three parts: (1) a summary of the results of the three scenarios 
considered, (2) a comparison of the scenarios in order to assess their relative advantages, and (3) a discussion 
of the methodology and results. This last section also offers ideas to continue the work done in the report. 

15.1 Summary of the results 
This sub-section adds no information to what has been previously written in the report. Its purpose is to 
summarize in one place all the main information related to each scenario. 

Scenario 1 

The first scenario consists in treated locally the organic waste produced at Mercado Regional. Mercado 
Regional encompasses several stalls where fruits and vegetables are sold, as well as restaurants. The selection 
of Mercado Regional to install a small-scale anaerobic digester is due to the presence of a large blank area 
next to the market, but also to the will to make Mercado Regional a pilot project regarding food education 
and waste recovery. The site already features an educational kitchen and a growing vegetable area. The 
products of the digestion organic waste generated at Mercado Regional would be used on-site: the biogas 
as a cooking fuel in the educational kitchen and restaurants, and part of the digestate used without post-
treatment as a fertilizer. The possible use of the rest of the digestate is investigated in the report. 

 

Mercado Regional 

Small-scale anaerobic digester

Used as a fertilizer in 
the growing veg. area

Unclear: sold directly 
or dried and compostedEducational kitchen Restaurants

Raw biogas Digestate (sludge)

No transport required

surplus

 
 

The amount of waste generated at Mercado Regional is estimated at 55.1 tons/year. This figure could reach 
92 tons/year if the retailers who produce their own fruits and vegetables stopped taking their organic waste 
back to their farm and disposed them of in the common organic waste container. The wastes are a mix of 
food waste, with a moisture content of 70% and potentially higher due to the presence of rotten fruits and 
vegetables. A suitable model of anaerobic digester is the Valley plug-flow digester developed by 
GTZ/Endev in Bolivia. These digesters have a short lifespan: 5 years against 20 years for some other 
models, but they benefit from a low investment cost, and an easy construction and maintenance. 
Considering this model of digester, between 5 and 8 plug-flow tubular digesters with a reactor volume of 
3.52 m3 (total volume, with the internal gasholder, of 4.70 m3) would be required. The smallest figure 
corresponds to a retention time of 20 days, and the largest figure to a retention time of 30 days. 
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The amount of methane produced through the digestion of the organic waste of Mercado Regional would 
be about 5,400 m3 (± 1,200 m3) per year in the case of a retention time of 30 days. This is lower than the 
total consumption of natural gas of Mercado Regional: about 9,000 m3/year. Regarding digestate, between 
46 and 50 tons/year (± 26%) of sludge would be produced. It has been estimated that such a volume would 
be enough for 2.6 to 4.4 hectares of land if used as a fertilizer, while the blank area next to Mercado Regional 
is only 0.5 hectares wide. The digestate surplus would most probably have to be dewatered, composted and 
then sold as a dry fertilizer. 

The investment cost of the digester would be around 4,336 R$ (± 400 R$) without the installation cost, and 
the annual income about 6,647 R$. As a consequence, the investment would be paid back in only 8 months 
(± 1 month). Assuming a project period of 5 years and a discount rate of 5%, the net present value of the 
project would be about 24,440 R$ (±5,000 R$). 

Regarding the environmental impact, an anaerobic digester would save about 7 m2 every year in CGR – 
Iguaçu landfill and about 17.5 tons (between 11.8 and 35.0) of CO2 equivalent every year. This figure 
includes direct emissions: treatment and final use of the gas, and indirect emissions: the waste are treated 
on-site and thus they are not transported to the landfill anymore. 

Table 130: Summary of the results, scenario 1 

Parameter Value Comment / Range 

Amount of waste treated 55.1 tons/year (up to 92 tons/year) 

Possible digester model GTZ/Endev, Valley model (or other plug-flow tubular) 

Number of digesters required 8 digesters (for a retention time of 30 days) 

Combined volume of the digesters 37.6 m3 (includes the gasholder) 

Estimated methane production 5,368 m3/year 4,117 – 6,970 m3/year 

Estimated digestate production 46 - 50 tons/year (17.66 – 30.20 tons/year if dried) 

Investment cost 4,336 R$ 3,902 – 4,770 R$ 

Discounted payback period 8 months ± 1 month 

Net present value 24,441 R$ (for t = 5 years, r = 5%) 

Land use reduction 7.0 m2/year  

GHG emissions reduction 17.5 tons_CO2_eq/year 11.8 – 35.0 tons_CO2_eq/year 
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Scenario 2 

The second scenario consists in treating together the organic waste generated by the markets, street markets 
and popular restaurants supervised by SMAB, in a medium-scale anaerobic digester. The advantage of these 
sources of waste is that they are public, so more accessible, and with a relatively low amount of 
contaminants: plastics, stones or hazardous materials. The biogas produced could either be converted into 
electricity and sold on the national grid, or upgraded into biomethane, a gas with a similar composition to 
natural gas, and sold either on the gas network or compressed in bottles. The digestate would be transformed 
into dry fertilizer though phase separation and composting. 

 

Waste segregation and pre-treatment

Collection and transport

Phase-separator and composter

Biomethane

Gas network 
or gas bottles

Electricity

Electricity grid Water treatmentFertilizer market

Dry fertilizer Leachate

Gas-scrubberMicroturbine

Raw biogas Digestate (sludge)

Mercado Municipal & Regional Street markets: feiras Sacalaos da familia Popular restaurants

OR

Medium-scale anaerobic digester

 
 

The amount of organic waste available has been estimated to about 913 tons/year. Due to the high-solids 
content of the feedstock: 28.6%, dry digestion seem more appropriate than wet digestion. The main 
advantage of dry digestion is that digesters are more flexible regarding the presence of inert and large 
particles in the feedstock. However, among the three large-scale anaerobic digesters reviewed, none was 
really suitable for this scenario: either the organic loading rate or the minimum treatment capacity was too 
high. The solution of wet digestion was also investigated. It requires to dilute the feedstock in water, possibly 
recirculated leachate, until reaching a moisture content of 85%. An estimated amount of 823 m3/year of 
water or leachate would be required. Waasa digesters, which are large-scale wet digesters, seem almost 
appropriate. Once again, the minimum treatment capacity is above the quantity of organic waste to treat. 
The unique reactor would have a volume between 180 and 250 m3 depending on the retention time: 15 or 
20 days, and a lifespan of 20 years. 
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In the case of a retention time of 20 days, which is current for a thermophilic digester, about 85,824 m3/year 
(± 20,000 m3/year) of methane would be produced. If the methane is converted into electricity, the annual 
electricity production would reach 257 MWhe/year (± 60 MWhe/year). Regarding fertilizer production, it 
is estimated to be in the range 367 – 406 tons/year (± 22%). It is assumed that the sale of the fertilizer only 
compensates the cost of its production: dewatering and additional composting. 

The total investment of the digester would be in the order or magnitude of 964,000 R$ (± 180,000 R$), pre-
treatment and gas scrubber or electricity generator included. In the case where the biogas in upgraded into 
biomethane and sold so, the discounted payback period would be over 12 years (± 4 years). The project is 
still financially viable, as the lifespan of the digester is 20 years. This is backed up by the net present value 
of the project, which is 370,000 R$ (± 100,000 R$) in the case where biomethane is sold. The solution where 
the biogas is transformed into electricity, the project is less profitable but still viable. The DPP increases to 
over 15 years (± 4 years), and the NPV decreases to about 170,000 R$ (± 100,000 R$). Particular attention 
must be paid to these numbers: they do not include the cost of the connection to the gas or electricity grid 
and the certificate required to be allowed to sell gas or electricity. 

Regarding the environmental impact, treating the waste of this scenario in an anaerobic digester would save 
115.5 m2 of land in CGR – Iguaçu landfill annually. In addition, it would reduce the GHG emissions due 
to the decomposition of the waste by 288 tons/year (between 194 and 530 tons/year) of CO2 eq. 

Table 131: Summary of the results, scenario 2 

Parameter Value Comment / Range 

Amount of waste treated 913 tons/year  

Possible digester model Waasa wet digester (or an appropriate dry digester) 

Digester volume 180 - 250 m3 (94.1 – 131.9 m3 if dry, HRT: 20 days) 

Estimated methane production 85,824 m3/year 65,831 – 111,452 m3/year 

Estimated electricity production 257.3 MWh/year 196.9 – 333.3 MWh/year 

Estimated dry fertilizer production 386.3 tons/year 300.12 – 490.7 tons/year 

Investment cost 964,092 R$ 780,914 – 1,166,551R$ 

DPP – sale of biomethane 12.3 years ± 4 years 

NPV – sale of biomethane 370,299 R$ (for t = 20 years, r = 5%) 

DPP – sale of electricity 15.5 years ± 4 years 

NPV – sale of electricity 169,794 R$ (for t = 20 years, r = 5%) 

Land use reduction 115.5 m2/year  

GHG emissions reduction 287.7 tons_CO2_eq/year 193.7 - 529.9 tons_CO2_eq/year 
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Scenario 3 

In the third scenario, the wastes collected through conventional door-to-door waste collection are treated 
together with the waste of scenario 2, in a large-scale anaerobic digester. The requirements in terms of waste 
segregation and pre-treatment are higher due to the larger range of waste considered. Similarly to scenario 
2, the biogas would be upgraded into biomethane or used for electricity production, while the digestate 
would be transformed into dry fertilizer. 

 

Waste segregation and pre-treatment

Collection and transport

Phase-separator and composter

Biomethane

Gas network 
or gas bottles

Electricity

Electricity grid Water treatmentFertilizer market

Dry fertilizer Leachate

Gas-scrubberMicroturbine

Raw biogas Digestate (sludge)

OR

Large-scale anaerobic digester

Sources of waste considered in scenario 2 Conventional municipal solid waste collection

 
 

The quantity of organic waste available is estimated to 144,350 tons/year. Two different models of large-
scale dry digesters are particularly to treat the waste: the Dranco and Kompogas anaerobic digesters. The 
latter comes in two standard modules with a treatment capacity of 16,500 and 27,600 tons/year, which can 
be combined. Four digesters with a capacity of 27,600 tons/year and two with a capacity of 16,500 tons/year 
would be required to 144,350 tons annually. These digesters also have a lifespan of 20 years. 

The annual methane production would be around 12,580,000 m3 (± 3,000,000 m3/year) in the case of a 
hydraulic retention time of 20 days. If the methane is converted into electricity, the power production would 
be 37,700 MWh/year (± 9,000 MWh/year). Regarding the digestate, about 63,000 tons (± 13,000 tons) of 
dry fertilizer could be produced every year. It is assumed that the sale of the fertilizer only compensates the 
cost of its production: dewatering and additional composting. 
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The investment cost would be about 19.7 million reals (± 3 millions), but is compensated by the higher 
revenues of this scenario. In the case of biomethane sale, the investment would be paid back in about 1.3 
years (± 4 months) and the net present value of the project over 20 years would be around 179 million reals 
(± 18 million). If on the other the methane is converted into electricity and sold on the grid, the discounted 
payback period would be about 1.6 years (± 4 months) and the net present value about 150 million reals (± 
16 million). Once again, these figures must be considered with caution because the cost of the connection 
to the gas/electricity grid, and the price of the license required to sell energy are not taken into account. 

The environmental benefits of the project would be the most significant of the three scenarios. About 
18,000 m2 (1.8 hectare) of land could be saved annually at CGR – Iguaçu landfill, and 45,630 tons (30,000 
– 84,000 tons) of CO2 equivalent saved every year. 

Table 132: Summary of the results, scenario 3 

Parameter Value Comment / Range 

Amount of waste treated 144,350 tons/year  

Possible digester model Kompogas digester (or Dranco digester) 

Number of digesters required 4 * 27,600 + 2 * 16,500 (different modules combined) 

Combined volume of the digesters 26,260 m3 24,907 - 28,412 m3 (with gasholder) 

Estimated methane production 12,580,103 m3/year 9,462,034 - 16,309,204 m3/year 

Estimated electricity production 37,627 MWh/year 28,300,944 - 48,780,830 MWh/year 

Estimated dry fertilizer production 62,828 tons/year 49,436 - 75,487 tons/year 

Investment cost 19,758,516 R$ 16,004,398 - 23,907,804 R$ 

DPP – sale of biomethane 1.31 years ± 4 months 

NPV – sale of biomethane 179,114,555 R$ (for t = 20 years, r = 5%) 

DPP – sale of electricity 1.55 years ± 4 months 

NPV – sale of electricity 149,724,522 R$ (for t = 20 years, r = 5%) 

Land use reduction 18,269 m2/year  

GHG emissions reduction 45,630 tons_CO2_eq/year 30,741 - 83,895 tons_CO2_eq/year 
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15.2 Conclusion 
Most of the municipal organic solid wastes currently generated in Curitiba are landfilled at CGR – Iguaçu. 
A notable exception to this rule is CEASA, whose organic waste are composted by K2 Agro in the South 
of Ponta Grossa. CGR – Iguaçu is a sanitary landfill which features a complete leachate and gas draining 
system combined with a set microturbines for electricity production, and a water treatment plant. Its 
environmental impact is much better than the ones of open landfills which still exist in other parts of Brazil. 
However, the production of methane due to the decomposition of organic waste could be improved by the 
installation of an anaerobic digester, and the revenues from the digestion outputs: biogas and fertilizer, could 
help reduce the overall cost of waste treatment and slow down the pace at which the landfill is being filled. 

The total amount of organic waste available for anaerobic digestion is estimated to about 145,000 tons per 
year. Different solutions, corresponding to different scales of project, have been proposed in the report. 
The first one is a small-scale digester located next to the source of organic waste. The proposed location for 
the digester is Mercado Regional, which features a large blank area, a relatively high organic waste 
production, and local applications for the biogas and digestate. The digester would have a cost of 
approximately 4,400 R$ without installation. It would treat 55.1 tons of organic waste every year, produce 
around 5,400 m3 of methane and between 46 and 50 tons of digestate. It would be paid back in less than a 
year, for a lifespan of 5 years. In comparison to CGR – Iguaçu landfill, the anaerobic digester would save 
about 7 m2 per year of land and 17.5 tons of CO2 equivalent. 

The second solution proposed is a medium-scale digester treating together the waste produced by Mercado 
Municipal, Mercado Regional, the 15 sacalaos da familia located in Curitiba, the main street markets: feiras 
livres, feiras organicas and nossas feiras, and the four popular restaurants. It would treat about 900 tons of 
organic waste annually, and produce 86,000 m3 of methane annually or 257 MWh of electricity if the biogas 
is converted. The digestate remaining at the end of digestion could be dewatered and composted to be sold 
as dry fertilizer, which is a low nutrient compost. The sale of dry digester are expected to only cover its 
production cost, while methane and electricity sale could return respectively 90,000 and 75,000 R$ each year. 
The digester would cost about 960,000 R$, and be paid back in between 12 and 16 years whether biomethane 
or electricity is sold, for a digester lifespan of 20 years. Caution must be taken with these numbers, as they 
do not include the connection to the gas or electricity grid, and the price of the license. Regarding the 
environmental impact, about 155.5 m2 would be saved every year at the landfill, and 290 tons of CO2 
equivalent. 

The third scenario would include all the sources of waste considered previously, plus the organic waste 
collected door-to-door during conventional collection. As a consequence, all the residential, institutional 
and small-commercial waste (under 600 L per week for the latter) would be treated together in a large-scale 
anaerobic digester. The amount of waste is estimated to 144,350 tons/year, and it would lead to the 
production of either 12,580,000 m3 of methane or 37,600 MWh of electricity. In addition, about 63,000 
tons of dry fertilizer would be produced. The investment cost of a large-scale digester is expected to be 
around 20 million of reals, and would be paid back in 1.3 to 1.5 years while the digester has a lifespan of 20 
years. However, these figures once again do not include the cost of the connection to the gas network or 
electricity grid, and the price of the license to sell gas or electricity. Regarding the environmental impact, 
about 18.3 hectares of landfill would be saved annually, and the greenhouse gas emissions reduced by 45,600 
tons. 

The three solutions detailed before are financially viable, even if the second one is less profitable than the 
two others. The choice of a solution over the other should be motivated by budget considerations and by 
the desire to develop or not local waste treatment plants.  

 

  



-135- 
 

15.3 Discussion of the methodology 
The results of the biogas production assessment, financial viability of the scenarios and environmental 
impact are really sensitive to the amount of feedstock available and its characteristics. This fact is highlighted 
by the sensibility analysis performed in section 11.5, which shows that a variation of 5% of the moisture 
content or the volatile solids of the feedstock leads to a variation of the volume of the reactor by up to 10% 
in the case of scenario 1. When combined, these deviations can cause the reactor volume to deviate by up 
to 27%. This variation has repercussions on the assessment of the methane production, and up to the 
discounted payback period and net present value of the project.  

The best way to obtain information about the amount of waste generated by one source is to collect data 
over one week, in order to clear out daily variations, and ideally to repeat the process several times over a 
year to reduce the influence of seasonal variations. This is particularly true when fruits and vegetables are 
involved: in Figure 27, it can be observed that the amount of waste at CEASA is decreased by 2 between 
January and May. The amount of organic available for anaerobic digestion at Mercado Municipal and 
Regional was assessed based on the volume of the waste containers and on the frequency at which the 
wastes are collected. The density of the waste was assessed for one container of 500 L. The two assumptions 
made here are that each of the waste container is full at the time of collection and collected, and that the 
waste is homogenous between the different containers and over the year. 

During the assessment of the digestion requirements and methane and digestate production, figures for the 
density, moisture content and volatile solids taken from literature were used in the calculations. An 
alternative to this method is to take samples of organic waste, to ground them to achieve homogeneity, and 
to proceed to three laboratory tests: (1) a moisture content analysis, (2) a volatile solids analysis and (3) an 
ultimate element analysis. The first one consists comparing the weight of the samples before and after having 
been dried for 20 hours at 105°C. The second test consists in further cooking the samples at 550°C for 2 
hours, and to weigh the ashes to find out the weight of the volatile solids. The third test can only be 
performed in specialised laboratories, which assess the elemental composition of the samples, that is to say 
their content of Carbon (C), Hydrogen (H), Nitrate (N), Oxygen (O) and Sulphur (S). The latter information 
allows to directly assess the ultimate methane production without using specific methane production 
coefficients [102]. The present report could be improved, and the uncertainties for the methane production 
reduced, by using this methodology. 

The last comment will be on the model used to assess the investment and operation and maintenance costs 
of the digesters. The first one was assessed based on the electric power generation (in kW) of the digester, 
and the second one as a percentage of the revenues from the sale of electricity. The limits of these models 
were witnessed during the sensitivity analysis in section 13.6: an increase of the methane production without 
modification of the reactor volume leaded to an increase of the payback period and a reduction of the net 
present value. Despite this weakness, this model is assumed to give a good estimation of the investment and 
O&M cost of a digester. 

If this work was to be continued, two different directions could be taken. The first one would be to further 
examine the financial balance of the scenarios. Information could be collected about the cost of a connection 
to the electricity grid and gas network, as well as the price of the licenses required to sell electricity and gas, 
in order to get a better comparison of the profitability of the two solutions. According to the results of 
section 13, biomethane production would be more profitable than electricity sale, but that might change 
once the additional costs are taken into account. The labour requirement and labour cost could also be 
investigated, in particular for waste segregation. The demand for fertilizer is also a capital point: in scenario 
1 for instance, it has been assumed that a market would be find for digestate. In practice, it appears that 
farmers are often more reluctant to buy dry digestate than to buy compost.  
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The second area which could be investigated is the logistics associated to this project. As explained in the 
project booklet [11], garbage trucks do 7,226 trips and travel about 448,000 kilometres every month. This 
distance could be reduced by optimizing the route of the trucks and the location of the waste treatment 
facilities. 

Other reports have been or are being written about the organic waste treatment in Curitiba. Alessandra 
Pasche and José Roberto Hino Junior (UFPR), under the supervision of Prof. Selma Aparecida Cubas, have 
studied the generation of organic wastes in feiras and proposed a way to improve the collection of organic 
waste in the feiras livres of Batel and Gloria. [31] Daiane De Fatima Pereira and Daniela Misael Dos Santos 
Appel (UP), also supervised by Prof. Selma Aparecida Cubas, have focused on the organic waste generation 
in Mercado Municipal and Mercado Regional and proposed solutions to improve waste segregation. [24] 
Matheus Felipe (PUCPR), supervised by Prof. Fabiana de Nadai Andreoli, is performing a detailed 
assessment of the waste generation from each of the feiras livres of Curitiba. Finally, Niklas Öhman and 
Simon Björklund (KTH), supervised by Prof. Semida Silveira, have performed a detailed techno-economic 
analysis of the development of anaerobic digestion in Curitiba, more focused on the solution with a small-
scale digester treating the organic waste of Mercado Regional. 
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17  Appendix 

17.1 Waste generation in the metropolitan region of CWB 
The full version of Table 11: Part of Curitiba in the waste generation of its metropolitan region (RMB).  

Municipality Waste production 2008 (kg/day) Waste production 2013 (kg/day) 
Curitiba 793,657.50  (62.9%) 1,800,000.00  (72%) 
Other cities 468,079.50  (37.1%) 700,000.00  (28%) 
 São José dos Pinhais 91,683.00  (7.26%) -  - 
 Colombo 87,481.00  (6.93%) -  - 
 Pinhais 50,363.00  (3.99%) -  - 
 Araucária 43,055.50  (3.41%) -  - 
 Almirante Tamandaré 42,377.50  (3.35%) -  - 
 Campo Largo 38,611.50  (3.06%) -  - 
 Fazenda Rio Grande 29,598.00  (2.34%) -  - 
 Piraquara 16,914.50  (1.34%) -  - 
 Campina Grande do Sul 12,986.50  (1.02%) -  - 
 Lapa 12,035.00  (0.95%) -  - 
 Rio Branco do Sul 10,024.50  (0.79%) -  - 
 Itaperuçú 8,117.00  (0.64%) -  - 
 Quatro Barras 7,260.00  (0.57%) -  - 
 Contenda 3,160.00  (0.25%) -  - 
 Mandirituba 3,134.00  (0.24%) -  - 
 Cêrro Azul 1,958.00  (0.15%) -  - 
 Bocaiúva do Sul 1,781.00  (0.14%) -  - 
 Balsa Nova 1,593.00  (0.12%) -  - 
 Quitandinha 1,523.00  (0.12%) -  - 
 Campo Magro 1,250.50  (0.09%) -  - 
 Tijucas do Sul 923  (0.07%) -  - 
 Adrianópolis 806.5  (0.06%) -  - 
 Agudos do Sul 733  (0.05%) -  - 
 Tunas do Paraná 710.5  (0.05%) -  - 

 

 

17.2 Feedstock characteristics review 
The table below contains additional figures regarding the total solids and volatile solids content of wastes. 

Feedstock Total solids (% raw waste) Volatile solids (% TS) 
Spoilt fruits [103] 25 - 45 90 - 95 
Vegetable wastes [103] 5 - 20 76 - 90 
Market wastes [103] 8 - 20 75 - 90 
Leftovers (canteen) [103] 9 - 37 75 - 98 
Overstored food [103] 14 - 18 81 - 97 
Fruit wastes [104] 15 - 20 75 - 85 
Biowaste [105] 25 - 40 50 - 70 
Kitchen waste [105] 9 - 37 50 - 70 
Market wastes [105] 28 - 48 50 - 80 
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17.3 CGR – Iguaçu visit 
CGR - Iguaçu is located in Fazenda Rio Grande, a city in the south suburb of Curitiba. It is in charge of the 
treatment of the Municipal Solid Waste (MSW) generated in Curitiba. It was visited in December 2016. The 
pictures below give an overview of the way waste are handled in the landfill. For more information, see 
section 6.2. 

  
(1) The arrival of the largest garbage trucks (30 m3, 

the other ones having a capacity of 10 m3) 
(2) The unloading of the trucks on the top of the 

landfill 

  
(3) The garbage being compacted of the top of the 

landfill, just after deposit 
(4) The landfill once the garbage have been 

compacted and covered with earth 

  
(5) The network of draining pipes at the top of the 

landfill 
(6) The 3 units where the biogas is transformed into 

electricity (total power output: 4.8 MW) 
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17.4 Curitiba neighbourhoods (bairros) data 
The information in Table 12 were collected from individual reports published in 2010 by the Institute of 
Research and Urban Planning of Curitiba (IPPUC31). The individual reports can be accessed online32. 

The waste generation per district was estimated from an estimation of the volume of OSW collected during 
conventional collection in Curitiba: 143,437 tons/year (see Table 12). The total amount of OSW collected 
was then scaled using the population and average income of each district as a factor (see section 7.1). 

Neighbourhood Population Avg income (R$/month) Estimated waste (tons/month) 
Cidade Industrial.. 172,822 2163.27 706.28 
Sítio Cercado 115,525 2013.62 439.46 
Cajuru 96,200 2418.47 439.53 
Boqueirão 73,178 3006.08 415.58 
Uberaba 72,056 3050.27 415.22 
Xaxim 57,182 2889.51 312.14 
Alto Boqueirão 53,671 2370.95 240.40 
Tatuquara 52,780 1657.3 165.25 
Água Verde 51,425 7594.54 737.81 
Pinheirinho 50,401 2340.63 222.87 
Bairro Alto 46,106 3034.02 264.27 
Novo Mundo 44,063 3318.86 276.27 
Portão 42,662 4693.69 378.29 
Centro 37,283 4688.24 330.21 
Santa Cândida 32,808 2856.25 177.03 
Santa Felicidade 31,572 4590.33 273.79 
Boa Vista 31,052 4148.91 243.38 
Campo Comprido 28,816 4567.77 248.66 
Pilarzinho 28,480 3494.45 188.01 
Bigorrilho 28,336 8312.55 444.98 
Fazendinha 28,074 2643.85 140.22 
Campo de Santana 26,657 1713.44 86.29 
Bacacheri 23,734 5762.46 258.37 
São Braz 23,559 3761.41 167.41 
Capão da Imbuia 20,473 3445.91 133.28 
Umbará 18,730 2169.14 76.75 
Barreirinha 18,017 3128.82 106.50 
Atubá 15,935 3280.97 98.77 
Jardim das Am. 15,313 6204.8 179.50 
Guaíra 14,904 3258.4 91.74 
Rebouças 14,888 4867.64 136.91 
Cristo Rei 13,795 6211.52 161.88 
Hauer 13,315 3486.52 87.70 
Abranches 13,189 3294.81 82.09 
Cabral 13,060 7966.92 196.56 
Mercês 12,907 5718.98 139.45 
Botiatuvinha 12,876 3420.06 83.19 

 

                                                      
31 IPPUC: Instituto de Pesquisa e Planejamento Urbano de Curitiba 
32 Available at: https://drive.google.com/open?id=0B0v5nJ6HYW33WmJTOXFfSmtNdGM 



-149- 
 

Neighbourhood Population Avg income (R$/month) Estimated waste (tons/month) 
Tinguí 12,319 3572.32 83.14 
Santa Quitéria 12,075 4083.37 93.15 
Vila Izabel 11,610 5777.34 126.72 
Juveve 11,582 7620.86 166.75 
Parolin 11,554 3320.32 72.47 
Ahu 11,506 7561.03 164.35 
Guabirotuba 11,461 4858 105.18 
Vista Alegre 11,199 5615.11 118.80 
Ganchinho 11,178 1735.16 36.64 
Batel 10,878 6211.52 127.65 
Mossungue 9,664 9326.09 170.27 
Cachoeira 9,314 2239.1 39.40 
Lindóia 8,584 2693.9 43.69 
Alto da Rua XV 8,531 6544.17 105.47 
Fanny 8,415 3670.15 58.35 
Orleans 8,105 3716.16 56.90 
Tarumã 8,072 6009.7 91.64 
Campina do Siq. 7,326 5893.26 81.56 
Seminário 6,851 8182.1 105.90 
Augusta 6,598 2068.47 25.78 
Santo Inácio 6,494 5074.82 62.26 
São Lourenço 6,276 7244 85.89 
Jardim Botânico 6,172 4697.32 54.77 
São Francisco 6,130 5163.41 59.80 
Prado Velho 6,077 1873.4 21.51 
Jardim Social 5,698 9488.39 102.14 
Alto da Glória 5,548 6700.78 70.23 
Bom Retiro 5,156 5748.08 55.99 
Centro Cívico 4,783 6645.38 60.05 
São Miguel 4,773 1653.45 14.91 
Capão Raso 3,605 2927.32 19.94 
Taboão 3,396 3611.39 23.17 
Hugo Lange 3,392 8258.53 52.92 
São João 3,253 5139.76 31.59 
Caximba 2,522 1613.24 7.69 
Cascatinha 2,161 6198.31 25.30 
Lamenha Pequena 1,056 2218.32 4.43 
Riviera 289 2109.09 1.15 
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17.5 Map of waste generation 
The following map highlights the location of the different sources of organic waste in Curitiba. It features 
the estimated waste generation per neighbourhood (bairros), as well the location of the markets, street 
markets and popular restaurants of the city. It was made using ArcGIS. The GPS coordinates of the markets 
were obtained using the indications given by the municipality website and an online tool33. 

 

 
  

                                                      
33 Available at: https://www.gps-coordinates.net/ 
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17.6 Data collection at a popular restaurant 
The visit took place in February 2017 at the Pinheirino popular restaurant, with Professor Rafaela da Silmon 
and Professor Nice Mika Sakamoto Kaminari from PUCPR. 
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17.7 Waste generation of one of PUCPR restaurants 
The organic waste generated by one of PUCPR University restaurant are monitored. The data for 2 weeks 
of operation were collected and are analysed in the table below. These figures were not used in the waste 
assessment in the report. 

    Lunch (kg/day) Dinner (kg/day) 
Weekday Meals Prepared Kitchen waste Table scraps Prepared Kitchen waste Table scraps 

Wed 815 263 56 44 43 12 12 
Thu 848 239 44 32 63 14 28 

Fri 821 248 54 36 41 10 8 
Mon 912 225 38 42 39 8 12 
Tue 930 221 44 36 37 10 12 

Wed 971 225 63 42 31 8 10 
Thu 928 215 46 34 39 16 4 

Fri 918 162 28 30 23 6 8 
Mon 877 219 30 44 45 12 14 
Tue 996 220 22 31 35 6 8 

Wed 919 194 26 8 31 32 10 
Thu 892 161 24 36 33 6 10 

Total 10827 2592 475 415 460 140 136 
Avg. 902 216 40 35 38 12 11 
% - - 18.3% 16.0% - 30.4% 29.6% 

 

 

17.8 Summary of organic waste sources 
All the figures in the table below can be found in the different sub-sections of section 7: Sources of organic 
municipal solid waste (OMSW). 

Source Year Waste generation Organic Fraction Organic waste generation 
Conventional collection 2015 380,167 tons/year 37.7% 143,437 tons/year 
CEASA 2014 12,817 tons/year 70.7% 9,062 tons/year 
Mercado Municipal 2016 194 tons/year 79.0% 153 tons/year 
Mercado Regional 2016 70 tons/year 79.0% 55 tons/year 
Feira Livre 2016 576 tons/year 84.2% 485 tons/year 
Feira Organica - neglected  -  -  
Nossa Feira - unknown  -  -  
Sacalao da Familia 2016 75 tons/year 100% 75 tons/year 
Popular restaurants 2016 145 tons/year 100% 126 tons/year 
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17.9 Chinese digester construction cost 
The figures in the table below come from a report cost/benefit analysis for a biodigester in the Solomon 
Islands. [106] They correspond to the construction and connection cost of a Chinese dome (fixed-dome) 
digester with a volume of 5 m3. The report was issued in 2014, and based on the local price of material. 

Description Quantity Unit price (USD) Total (USD) 
Rejected empty petrol drums (200L) 4 4.2 16.6 
Plywood sheets 2 42.2 84.5 
Screws 28 0.3 7.8 
PVC waste pipes 2 52.6 105.3 
Stainless steel basin 1 16.6 16.6 
Ball valve 1 11.1 11.1 
Valve connection (assorted polypipes) 4 5.5 22.2 
Polypipe length for connection 1 m 3.6 /m 3.6 
Cement (Bags) 15 12.2 182.8 
Mix Sand / gravel 10 m³ 41.5 /m³ 415.5 
Timbers 27 ft² 1.4 /ft² 37.4 
Pieces of galvanized metal rods 7.5 m 2.8 /m 20.8 
Galvanized security wire mesh 1 117.7 117.7 
Bricks (Inlet &Outlet) 16 1.7 26.6 
Tacks or screws to hold basin to plywood 6 0.3 1.7 
Polypipe for connection to gas stove 5 m 2.8 /m 13.8 
Dux 2m 3.6 /m 7.2 
Flat iron 4 m 4.8 /m 19.4 
Frame of timbers and plywood 2 ft² 1.4 /ft² 2.8 
Total Cost   1,113.2 USD 

 

17.10 Tubular digester specifications 
Specifications of the plug-flow tubular digesters developed in Bolivia by GTZ/Endev. [82] 

 Altiplano Valley Tropics 
Climate Mountain climate Temperate Tropical 
Mean ambient temperature 0 - 15 °C 15 - 20 °C over 20 °C 
Altitude 3,000 - 4,500 m 2,000 – 3,000 m 0 - 2,000 m 
Total Volume 7.79 m³ 4.70 m³ 3.63 m³ 
Liquid Volume 5.84 m³ 3.52 m³ 2.72 m³ 
Gasholder Volume 1.95 m³ 1.17 m³ 0.91 m³ 
Roll width 1.75 m 1.5 m 1.5 m 
Digester-Diameter (D) 1.11 m 0.96 m 0.96 m 
Length of the digester (L) 8.0 m 6.5 m 5.0 m 
Ratio L/D 7.17 6.8 5.3 
Retention time 73 days 44 days 34 days 
Internal temperature 8 - 12 °C 15 °C 20 °C 
External gasholder 1.95 m3 1.3 m3 1.3 m3 
Investment cost (2010) 220 USD 148 USD 138 USD 

 



17.11 Case studies full details 

Ind. Company [Reference] Technology Plant name Year Location Feedstock 

A Organic Waste Systems [107] Dranco Vitoria-Gasteiz 2007 Vitoria, Spain Municipal Solid Waste 
B Harvest Power [108] Energy Garden Energy Garden Orlando 2012 Orlando, FL Food waste and biosolids 
C Zero Waste Energy Dev. [109] HSAD San Jose plant 2014 San Jose, California Municipal Solid Waste 
D CCI BioEnergy [110]  BTA process Disco Road AD Plant 2016 Toronto, Ontario Residential Organic Waste 
E Harvest Power [111] Energy Garden Energy Garden London 2012 London, ON Commercial food waste 
F Organic Waste Systems [112] Dranco Tenneville plant 2009 Tenneville, Belgium Yard, food waste 
G Organic Waste Systems [113] Dranco Hengelo plant 2011 Hengelo, Netherlands Yard and food waste 
H CCI BioEnergy [114] BTA process Dufferin Plant 2012 Toronto, Ontario Residential Organic Waste 
I Anaergia [115] Anaergia AD Dagenham Plant 2012 United Kingdom Municipal Solid Waste 
J JFS & Associates [116] - Clapham Lodge 2015 Leeming Bar, NY Food waste 
K Harvest Power [117] Energy Garden Energy Garden Richmond 2013 Richmond, BC Mixed food and yard waste 
L JC Biomethane [118] Entec system Junction City Plant 2013 Eugene, Oregon Commercial food waste 
M BIOFerm [119] Dry Fermentation Biodigester I - University of Wisconsin Food and Yard Waste 
N Biokraft Hartberg [120] Biokraft AD Eco Park Hartberg 2004 Habersdorf, Austria Food waste 
O Eisenmann [121]  BIOGAS-GW system The Plant 2013 Chicago, Illinois Organic refuse 

 

Ind. Volume 
(m3) 

Capacity 
(k_tons/year) Temperature Retention Time 

(days) Dry/Wet Stages Biogas prod. 
(k_m3/year) CH4 Fertilizer prod. 

(tons/year) 
Electricity prod. 
(MWh/year) 

Investment cost  
(k 2016 USD) 

A 1,700 120.8 Thermophilic 26 Dry MS 4,729 - 12,580 6,000 31,000 
B - 120.0 Mesophilic 28 Dry MS 5,475 - 6,600 25,509 - 
C - 90.0 Thermophilic 21 Dry SS 3,504 60% - 6,377 - 
D 10,600 83.0 Mesophilic 15 Wet SS 10,375 67% - 4,150 47,200 
E - 70.0 - - Wet - - - 5,200 22,320 - 
F 3,150 64.3 - - Dry - - - - - - 
G 3,450 60.5 - - Dry - - - - 19,131 - 
H 8,800 60.0 Mesophilic 15 Wet SS 6,600 - 15,450 - 26,800 
I - 50.0 Thermophilic 50 Dry MS - - 14,000 11,160 22,000 
J - 50.0 - - Wet - 6,000 - - 11,957 11,550 
K - 40.0 Mesophilic 28 Dry MS - - 5,000 17,537 - 
L 8,000 25.0 - 30 Wet MS 6,698 - - 12,250 17,000 
M 763 7.0 - 28 Dry SS - - - 2,320 - 
N 480 6.0 - 20 Wet MS 964 62% - 797 2,650 
O - 4.5 - - Dry SS - - 2,650 1,594 3,500 
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