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Foreword

The human population is growing continuously, and now we are more than 7 billion people in 
the world. In addition, the global welfare has been improved in the last decades, which results 
in producing more of our resources and producing more wastes in the world. Waste manage-
ment in urban areas has been on special focus for several reasons. However, according to the 
World Bank, still, 46% of the population in the world is living in the rural areas. It is therefore 
important to make a special attention to the waste management in the rural areas, which is the 
topic of this book.

A proper waste management and resource recovery demands several factors to consider in-
cluding like the technical, social, legal, environmental, and economical factor. These factors in 
the rural and urban area are quite different, and, therefore, a proper method of waste man-
agement in rural and urban areas varies from each other. As example, the financing of waste 
management in the cities do usually exist via direct or governmental taxes, while the economy 
of rural areas does not facilitate the full cost of treating wastes. On the other hand, the willing-
ness and engagement of people in cleaning the villages and their relationships are different 
than the cities where personal responsibility in waste management is usually low, and organ-
izations such as municipalities or private companies are responsible for treating the wastes. In 
addition, while the amounts of wastes in large cities are collected in special areas and it could 
be economically feasible to treat it properly, the distribution of solid wastes in rural areas is a 
hinder in this aspect. 

This book refers to the waste management of rural areas. In addition to the general discussion 
on this topic, there are different chapters dedicated to social and technical aspects that are pre-
sented in a form of case studies. Waste sorting at source (household separation) and people’s 
willingness and also the function of scavengers and unofficial system to separate recycling 
materials are discussed. In terms of technical aspects, the decentralized and home compost-
ing and anaerobic digestion can be mentioned and are discussed in separate chapters. These 
technologies can convert the wastes to value-added products that can be used in rural areas. 
Compost or digestates are examples of the composting or anaerobic digestion products that 
are usually proper for improving agricultural soils, where other products such as biogas can 
be used for cooking, heating, and/or gas lights in household scales and electricity production 
in larger scales. These aspects are discussed in different chapters.

In addition to the municipal wastes, agricultural wastes are usually present in rural areas. This 
is a specific aspect of rural areas. Therefore, the treatment of agricultural wastes separately or 
together with municipal wastes in rural areas is an important factor to consider.

Best regards,
Mohammad J. Taherzadeh

University of Borås, Sweden





Preface

Solid waste management in rural areas is a key issue in developing and transitioning coun‐
tries due to the lack of proper waste management facilities and services. Even several high-
income countries have serious challenges because of landfill-based approach in regional and
local waste management systems.

The book points out the current gaps in rural waste management sector and the new oppor‐
tunities in the management of municipal and agricultural waste.

The book contains nine chapters with worldwide contributions, which are discussed starting
from municipal solid waste fraction toward agricultural sources.

The first chapter (introductory chapter) performs a critical overview of rural waste manage‐
ment sector at the global level highlighting, on the one hand, the public and environmental
threats associated with improper waste disposal practices, and on the other hand, it outlines
the two main routes toward waste prevention and rural sustainability.

The second chapter examines the community acceptance for household separate collection
(dry recyclables) in order to increase the rural waste bank’s effectivity, an emerging public
community participation in dealing with solid waste management issues in Indonesia.

The third chapter investigates the waste management activities performed by informal sec‐
tor across rural areas with social and environmental implications. The study has a global
coverage where the role of informal sector activities from high-, middle-, and low-income
countries is analyzed: Austria, the Czech Republic, Germany, Jordan, Mexico, Nepal, South
Africa, and Vietnam.

The fourth chapter points out the role of decentralized composting activities in a rural re‐
gion of Galicia (Spain) in the recovery process of biowaste fraction supporting a sustainable
local development and, on the other hand, the waste diversion rate from landfills as promot‐
ed by EU waste hierarchy framework.

The fifth chapter reveals the positive and negative effects of using organic waste as soil con‐
ditioners or fertilizers in agriculture for increasing crop productivity. The chapter highlights
the necessity of proper monitoring regarding the environmental risks and public health
threats associated with the use of organic waste on agricultural lands.

The sixth chapter proposes an alternative for the home composting procedure using a facul‐
tative reactor. The experimental results show that such approach is a promising technology
to manage organic solid residue at a rural household scale.



The seventh chapter supports the anaerobic digestion as one of the best available techniques
for treatment of organic waste fraction of municipal waste based on a critical literature re‐
view. This biotechnology can be further improved, and it is suitable for rural communities.

The eighth chapter analyzes the linkage between improvement of palm oil process extrac‐
tion and palm oil mill solid waste management for sustainable palm oil production. Current
status and future prospects of this agricultural waste fraction are further examined in rural
areas of Benin Republic.

The ninth chapter performs a depth analysis concerning the rural waste management per‐
spectives in the case of two important agricultural sources such as coffee bean production
(Latin America) and the extraction process of olive oil (Mediterranean countries) supported
by a relevant literature review.

The book examines major topics and issues which rural communities are nowadays facing
concerning municipal and agricultural wastes. The book will provide useful information for
academics, various professionals, members of civil society, and national and local authorities.

The book points out that rural regions need proper attention at the global level concerning
solid waste management sector.

Dr. Florin-Constantin Mihai
Department of Research

Faculty of Geography and Geology
“Alexandru Ioan Cuza” University

Iasi, Romania
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Chapter 1

Introductory Chapter: Rural Waste Management Issues
at Global Level

Florin-Constantin Mihai and
Mohammad J. Taherzadeh

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70268

1. Introduction

Different technical and social innovations may be required for solid waste management sec-
tor in large cities and rural areas as particular geographical regions [1]. Despite the fact that 
dumps represent the worst-case scenario in current waste management practices in terms 
of environmental protection and sustainability, they still occurred across the globe, particu-
larly in peri-urban and rural regions. Developing countries are facing the transition from 
the dumps to the implementation of the first sanitary landfills. Former communist countries 
are facing serious challenges in the closure of “conventional landfills” which do not meet 
the criteria of the EU Landfill Directive 1999/31. Some of these sites must be upgraded in 
order to comply the current EU standards, and new integrated waste management system 
must replace the obsolete infrastructure. Sweden, Denmark, and Germany have developed 
their waste management toward “zero waste landfill,” while other countries such as the USA, 
India, Brazil, and Qatar still use landfilling as the main option in their waste management [2].

Developed, transition, and emerging countries did not eradicate the wild dump issues. 
Despite the fact that these sites are smaller than formal urban landfills and scattered across 
peri-urban and rural regions, they are still a significant pollution source. Wild dumps must be 
mapped at municipal level across all regions in order to assess their environmental impact [3, 
4]. Monitoring of illegal dumping activities is crucial either in high-income countries affecting 
public lands, roadsides, or water bodies [5–7].

The dump is historically the basic and most convenient option in the waste management 
treatment used by human settlements across the globe along with ocean and river dumping 
practices.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



The lack of governmental policy and finance, difficulty in political issues and long-term planning 
in waste management, social behavior, and resistance to change in, for example, separation of 
wastes at source, regular waste collection services, poor waste management infrastructure, low 
quality of waste management services, lack of funds, poor environmental awareness, low market 
for recycled materials, all these factors contribute to the existence of open dumps nowadays [2].

The wild dumps are encountered in the peri-urban and rural areas due to the lack of waste 
and sanitation facilities. Frequently, such uncontrolled disposal sites are located in the 
proximity of households and water bodies. The dumps are a source of complex pollution 
(air, water, soil, and biodiversity) which threatens the public health. Mixed waste fractions 
(municipal, agricultural, construction and demolition, WEEE, bulk items), including hazard-
ous streams, are disposed in such sites causing serious public health issues.

In some cases, such dumps are heavily pollution source due to the illegal disposal activities 
practiced by the mafia in southern Italy (so-called mob dumping). Particular geographical 
areas are outlined such as “triangle of death” in Campania region (area between Acerra, 
Nola, and Marigliano municipalities) or the extended area called “Land of Fires” which 
includes 88 municipalities across Napoli and Caserta provinces [8]. The magnitude of toxic 
dumping practice is a severe issue for an EU country where statistically all population have 
access to reliable waste management services. This fact points out that developed countries 
may have serious gaps in their waste management systems which favor the existence of 
such wild dumps scattered across rural areas of fly-tipping practices (the USA, Australia, 
the UK, Mediterranean countries, Central and Eastern Europe). In fact, the “Let’s do it! 
World” movement is a supplementary evidence to this current global environmental issue.

As an example, in the 1990s, in rural Greece there was estimated over 3500 such sites where 
wastes were illegally disposed without any further treatment (natural depressions, old quar-
ries, gullies, or torrents) [9]. By the mid-1990s, the government of Israel started to replace all 
unregulated dumps with a rationalized system of large-scale regional landfills [10]. Same 
threats occurred in the USA [11], and special waste management actions were necessary for 
rural and remote communities in Canada [12]. New EU members should close and reha-
bilitate the rural wild dumps until 16 July 2009; meanwhile, the EU candidate countries are 
expected to solve the problem of wild dumps across rural communities.

Traditional recovery of household waste at the household level, home composting, and ani-
mal feed has diverted a part of biowaste fraction from waste dumping into these applications. 
The improvement of home composting procedure across rural communities is a cost-efficient 
and an environmentally friendly solution if it is properly performed avoiding the biowaste 
losses [13]. Reuse and recycling of various items (glass, plastic bottles, construction material, 
and metal) at household level also mitigate the potential amounts of waste uncontrolled 
disposed. Frequently, the rural population of low- and middle-income countries relies on 
solid fuels (firewood, dung, and crop residues) as the energy source for domestic purposes.

Wood, sawdust, paper, and cardboard fractions are used for direct burning as the heating 
energy source at household level or animal manure in regions without access to forest areas 
(e.g., high plateau).

Solid Waste Management in Rural Areas2
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Unfortunately, in developing countries, the traditional furnaces are primitive mud stoves 
and ovens that are extremely air polluting and highly energy inefficient [14]. The incomplete 
combustion of solid biomass or burning at lower temperature than 800°C leads to exposure 
of particulate matter (PM), carbon monoxide (CO), oxides of nitrogen and oxides of sulfur 
(SOx, NOx), and phosgene, which has been linked to high morbidity and mortality rates across 
developing countries [15].

Agricultural wastes (e.g., straws, stalks, husks, wood, and sawdust) are often disposed by 
burning in open fields with exposure to fire hazard. Household waste (biowaste, plastics, 
textiles, etc.) are also prone to open burning practices. Mixed wastes may contain hazard-
ous items (e-waste, batteries, oils, solvents, paints, contaminated wood, and pharmaceuti-
cal products) which are released into the atmosphere, soil, and groundwaters. The common 
hazardous substance used in the rural area includes insecticide, pesticide, fungicide, herbi-
cide, chemical fertilizers, chemicals used for fumigation, cleaning agents used in animal hus-
bandry, and medical waste [16]. Such hazardous fraction must be separated, collected, and 
managed from common household waste.

In worst-case scenario, rural households may have no access to basic utilities (improved 
drinking water source, sanitation, waste management services), and the near water bodies are 
polluted by waste dumping and open defecation. In developing countries, especially in rural 
areas of Africa, India, and China, human waste disposal is a major concern besides household 
and agricultural waste [17].

There are major gaps in waste collection coverage between larger cities and rural regions 
across developing and transition countries. A recent study estimates that 1.9 billion people 
lack waste collection services in rural areas and coverage rate of rural population is under 50% 
in 105 countries [18]. The amounts of municipal waste generated and uncollected by waste 
operators or public sanitation services are susceptible to be burnt or uncontrolled dumped, 
polluting the local environment and threatening the public health. Such wastes pollute the 
tributaries and rivers, lakes, and coastal areas; thus, floating debris invade marine and ocean 
ecosystems. Plastic pollution in particular non-compostable microplastics is a notorious threat 
to marine wildlife, and large areas of oceans called “gyres” concentrate such plastic debris 
due to the currents (e.g., North Pacific Gyre).

Rural regions without access to formal waste collection services must be encouraged to prac-
tice home composting or vermicomposting in order to obtain a qualitative natural fertilizer. 
Organic farming seeks to reduce external cost, produce good yields, save energy, maintain 
biodiversity, and keep soil healthy [14]. Composting process may cover various biowaste 
sources (municipal, sewage, and agricultural) diverting such fractions from open dumping 
or open burning practices.

If all global domestic wastes derived from organic materials that every year leave the crop-
lands (6.8 billion tons) would be treated by the anaerobic/aerobic process, it could be pro-
duced about 4 billion tons of very good soil, avoiding the emissions of 1.4 billion tons of 
CO2 eq [19].

Introductory Chapter: Rural Waste Management Issues at Global Level
http://dx.doi.org/10.5772/intechopen.70268
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Sparsely rural areas which are remote from major urban areas are usually the most neglected 
by waste management services. Waste operators avoid such areas, and local authorities pro-
vide no or low financial resources to provide appropriate public services. In addition, the 
geographical constraints (mountains, hills, high plateaus, karst regions, and wetlands) makes 
more difficult to implement proper waste management facilities.

The four cornerstone technologies for agricultural waste and organic fraction of municipal 
solid waste (OFMSW) suitable for rural communities are animal fodder, briquetting, anaero-
bic digestion (biogas), and composting with other recycling techniques for solid wastes [14]. 
Such facilities may serve rural communities without access to formal waste management 
systems specific to urban areas. These technologies may be integrated into one rural waste 
complex in order to achieve a desirable zero waste and pollution target [14]. Small anaerobic 
digesters which use agricultural and food waste may be operational at household level in 
order to obtain energy (biogas) for cooking and other basic needs. Materials of construction 
and the design of such digesters are varied based on the geographical location, availabil-
ity of substrate, and climatic conditions [20]. Thus, in China there are more than 30 million 
household digesters, India there are 3.8 million, followed by Vietnam with more than 0.5, 
and Nepal 0.2 million and Bangladesh with 60,000 digesters, while farm-scale digesters are 
expanding in Europe, the USA, and Canada [21]. Despite the African countries made recent 
progress on the field where 2619 domestic digesters were installed in 2012 [22], such facili-
ties are still poor exploited due to less availability of technical and operational support, poor 
digester designs, maintenance, planning, monitoring, lack of awareness, and inadequate dis-
semination strategy [23]. The common designs include fixed dome (widespread in China), 
floating drum (widespread in India), and plug flow type (the USA, Peru, etc.) followed by 
other derivates [20].

In many cases, animal manure, agricultural plant residues (straw, garden wastes, roadside 
grass), and food waste (OFMSW) are co-digested together to achieve a better nutrient balance 
in anaerobic digestion process [24]. Community-type biogas digesters have larger volume, 
and they can produce biogas for several homes instead of one household. Furthermore, public 
toilets are connected to biogas digesters in India and Nepal [20]. Decentralized facilities are 
suitable in remote rural regions from which may benefit both industrialized and developing 
countries. Various geographical regions may provide different biowaste fractions as feedstock 
for anaerobic digestion process as shown in Nigeria [23].

Biowaste treated in a household biogas digester provides energy for cooking, lighting, and 
heating along with an improved organic fertilizer in the digest for farmers [20]. The subsidies 
from the government or local authorities could expand the use of household biogas digesters 
across rural communities reducing the landfill of biowaste, thus mitigating the Greenhouse 
gases and leachate emissions into the environment. Developing a user-friendly technology 
and making it economically viable will enhance the use of biogas digesters which are a boon 
to low-income and rural people [25].

Large and expensive anaerobic digestion plants and central composting facilities are 
encountered in regional integrated municipal waste management systems of developed 
countries which cover cities and surrounding rural areas. Biogas technology is a proven and 
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suitable in remote rural regions from which may benefit both industrialized and developing 
countries. Various geographical regions may provide different biowaste fractions as feedstock 
for anaerobic digestion process as shown in Nigeria [23].

Biowaste treated in a household biogas digester provides energy for cooking, lighting, and 
heating along with an improved organic fertilizer in the digest for farmers [20]. The subsidies 
from the government or local authorities could expand the use of household biogas digesters 
across rural communities reducing the landfill of biowaste, thus mitigating the Greenhouse 
gases and leachate emissions into the environment. Developing a user-friendly technology 
and making it economically viable will enhance the use of biogas digesters which are a boon 
to low-income and rural people [25].

Large and expensive anaerobic digestion plants and central composting facilities are 
encountered in regional integrated municipal waste management systems of developed 
countries which cover cities and surrounding rural areas. Biogas technology is a proven and 
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established technology in many parts of the world such as Germany, the UK, Switzerland, 
France, Austria, the Netherlands, Sweden, Denmark, Norway, Republic of Korea, Finland, 
Republic of Ireland, Brazil, China, and India [23].

The European Union imposes that every member state must to reach a 20% share of renew-
able energies in the total energy consumption by 2020 and to reduce the amount of biodegrad-
able municipal waste that they landfill to 35% of 1995 levels by 2016 (for some countries by 
2020) under the Landfill Directive (1999/31/EC). In this context, anaerobic digestion plants 
could emerge in following years across Europe as alternative energy source to fossil fuels 
encouraging the transition toward a circular economy approach.

Centralized composting plants usually have as main feedstock the OFMSW of urban areas. 
However, metropolitan and surrounding rural areas may also contribute with significant 
amounts of OFMSW in the case of a widespread source-separation collection schemes. The 
population must be aware that a clean source-separate of biowaste and dry recyclables will 
improve composting and recycling activities. Intermunicipal cooperation between cities and 
rural municipalities is mandatory for a successful regional waste management system.

Low technological composting plants should be implemented in rural areas, while in high-
density areas, combined anaerobic and aerobic plants with mechanical pretreatment (MBT 
plants) are preferable due to higher impurities of OFMSW [26].

Waste transportation from source generation (villages) to treatment facilities (transfer station, 
recycling centers, composting plants, waste to energy plants, and landfills) is a key logistic 
issue across rural regions.

The budgets of local authorities allocated for waste management sector are limited. Waste 
management associations group several municipalities or even an entire county/region in 
order to economically sustain the waste management services.

Major investments are required in order to expand the waste management services from 
larger cities toward towns and rural localities. EU funds plays an important role in this mat-
ter in the case of Central and Eastern European Countries. EU landfill Directive imposes all 
member states to close the non-compliant urban landfills and rural wild dumps. These are 
being replaced at the county level by transfer stations, waste to energy plants, or regional san-
itary landfills. On the same sites, sorting stations, composting facilities, and crushing plants 
(construction and demolition waste) may be operational in order to optimize the costs. These 
integrated waste management systems are based on separate waste collection schemes (“door 
to door,” collection points, and civic amenity sites).

Mixed waste collection must be replaced by such facilities in order to achieve a high rate of 
waste diversion from landfill sites.

There are two main routes which can help worldwide rural communities to achieve a sus-
tainable waste management system as shown in Figure 1. Both routes can be applied at 
regional level taking into account the specific geographical conditions (natural and socio-
economic) which may vary at different scales (village, municipality, county, region, and 
country).
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The rural waste management must rely on a systemic approach involving technical, financial, 
social, cultural, environmental, and governance aspects. Developing and transition countries 
must promote smart traditional ways to recycle, reuse, and compost/digest the municipal and 
agricultural wastes from remote rural regions in order to increase the waste diversion rate 
from uncontrolled waste disposal practices (open burning, wild dumps, and river/marine 
dumping).

Generally, rural areas of high-income countries (HIC) are full covered by waste manage-
ment services in contrast with upper-middle-income countries (UMIC) where the rural 
population is partially served or low-income countries (LIC) where such services are poor 
or nonexistent.

In developing countries, informal sector plays a crucial role in diverting recyclables from 
waste dumping and to provide basic waste collection services, but it is mainly developed 
in urban and peri-urban areas. Local authorities from many Asian countries operate under 
severe constraints such as endemic persistence of poverty, unemployment, and underdevel-
opment which lead to a large informal sector [10]. Animal-driven carts, tricycles, and tractor 
trailers are frequently used for the transportation of waste across rural communities. The 
waste management infrastructure is rudimentary; the amounts of waste collected are fre-
quently disposed on open dumps or river banks.

Figure 1. Routes toward waste prevention and rural sustainability.
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The costs of waste management activities are a heavily burden for small cities and rural 
localities of developing countries. Such areas are facing a cruel poverty which encourages 
migration of inhabitants toward urban areas with hope for a better life. Unfortunately, the 
rapid migration leads to the development of slum areas with the severe challenges in terms 
of sanitation and waste collection services. On the other hand, urban residents perceive rural 
areas as sources of raw materials or as places where the most polluting productive activi-
ties belong [27]. Environmental injustice operates toward rural areas where urban waste is 
disposed through large dumpsites, landfills, incinerators, or land application of sludge from 
urban wastewater [28].

Environmental pollution only seems to be dissipated across sparsely rural regions, but the 
threats remain at the same level as for urban areas. Furthermore, the pollution activities that 
occurred in rural areas are more predisposed to be made in an uncontrolled manner. The poor 
monitoring process and law enforcement lead rural areas to be vulnerable to such practices in 
both developed or emerging economies.

Home composting and biogas production via home or community digesters are suitable alter-
natives for rural communities across developing and transition countries where the share 
of biowaste in the total municipal solid waste fraction is significant and agriculture plays a 
key role in their economy. However, these practices must be properly performed at the local 
scale in order to achieve a viable solution for energy and fertilizer demands. Environmental 
awareness and proper training are crucial to being further developed via governmental pro-
grams, local authorities, and civil society. Local municipalities must be supported by financial 
instruments (subsidies, soft loans, tax incentives, national and international funds) to provide 
proper facilities for biowaste management.

The regionalization process of waste management infrastructure aims to mitigate the envi-
ronmental pollution and to expand standardized waste management services across towns 
and rural municipalities. However, the bureaucracy and delays in the construction process of 
waste management facilities may lead to serious problems at regional level [29].

Rural-urban relations must be integrated into a sustainable cohesion policy concerning public 
utilities with a special focus on solid waste management sector.

2. Conclusions

This book intends to draw attention to solid waste management sector toward rural areas 
where bad practices and public health threats could be avoided through traditional and inte-
grated waste management routes. The expansion of waste collection services across rural 
municipalities should be a priority for many countries. Agricultural and municipal waste 
diversion from wild dumps and open burning practices must be avoided through smart solu-
tions at the local level which are cost-efficient particularly in developing countries. The book 
further examines, on the one hand, the main challenges in the development of reliable waste 
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management practices across rural regions and, on the other hand, the concrete solutions and 
the new opportunities across the world in dealing with rural solid waste.
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Abstract

Waste Bank, a form of public-community participation (PCP) system in managing the 
households’ solid waste problems, becomes popular in Indonesia. Waste Bank program 
involves community and provision of incentives to them and requires public accep-
tance measured through willingness to accept (WTA). Therefore, this study aims to 
estimate households’ WTA compensation in terms of inorganic waste separation adopt-
ing the contingent valuation method. It measures also the effectiveness of waste bank 
(WB) and community adaptability on WB in Gili Trawangan Island (GTI), Indonesia.  
The community acceptance is measured using Willingness to Accept (WTA) the obliga-
tion to separate waste. Fully structured questionnaires are filled in by 94 respondents 
through random sampling to evaluate the current WB. The result shows that the score 
for overall equipment effectiveness (OEE), adaptability and acceptance of waste bank is 
12.67%, 1.50, and 37.5% respectively. It indicates that waste bank is relatively difficult 
to be developed, people and waste institution has low adaptability with current waste 
bank system and only some people want to participate in waste bank. Based on this 
result, WTA is measured to determine the optimum price of recyclable waste sold to 
waste bank to improve the WB’s performance and to increase community acceptance.

Keywords: waste bank, willingness to accept, overall equipment effectiveness

1. Introduction

Rural solid waste (RSW) has less priority in most of the developing countries [1]. Urbanization 
and the fast population growth in urban area have come to local authorities’ attention in all sec-
tors including municipal solid waste. RSW should be part of integrated solid waste management 
since the waste in rural areas increases in quality and quantity because of the lifestyle change 
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and income increase. Solid waste management (SWM) requires a systematic approach which 
integrates environmental effectiveness, public acceptance, and economic affordability [2]. Public 
acceptance refers to the favorable reception and the active approval and adoption of newly 
introduced technical devices and systems [3]. Public acceptance in waste management can be 
measured through public participation rate. Public participation is acknowledged as the method 
to attain sustainable WM, and it can bridge the gap between government and citizens in envi-
ronmental conflict management [4, 5]. Public participation in solid waste management should 
be addressed toward the “waste as resource” and the “waste as income generator” in household 
units [6]. It serves the purpose of daily waste disposal decrease, waste utilization as resources 
for certain local production, income generator, and benefit agent for the households involved in 
solid waste management. Households’ involvement in solid waste management may be in the 
form of waste separation and recycling. Waste management (WM) strategies involving waste 
separation and recycling will only be successful if they are supported by the public including 
the local residents. Local residents are nonignorable stakeholders in both the daily WM and the 
decison-making process because they are both the subject and the object of waste management 
services [7, 8]. The performance patterns and community’s attitudes, shaped by the local cultural 
and social background, determine the structure and functions of public participation [9]. Hence, 
the challenge for WM is to enhance public participation nowadays. In Indonesia, the number of 
researches focusing on public willingness to participate in WM and its influencing factors is still 
low. These factors could be demographic variables, i.e., age, gender, and household typology, 
knowledge, and recycling time [10–12] as well as educational level, occupation or income level 
[13–17]. The findings of each study often depend on the sample used. Identifying these factors 
and their importance may be beneficial for the improvement of public participation in WM since 
it depends on local situation. Design of a successful scheme may not necessarily be replicable 
elsewhere [18]. Public acceptance can be reflected by the willingness to accept (WTA).

The contingent valuation method (CVM) was applied in this study to draw people’s willing-
ness to accept (WTA) economic sacrifices to separate waste. The contingent valuation method 
(CVM) was claimed to be the most suitable tool available to measure nonmarket value. 
Previous studies used it to measure public goods and services [19] and to assess farmers’ 
participation preference [20]. Properly designed willingness to accept (WTA) can estimate the 
strength of demand for who are willing or never willing to consume a certain good [21].

WTA waste separation of households residing in Gili Trawangan was measured, and the 
expected compensation for it was assessed by asking the households for their WTA. Gili 
Trawangan is a famous tourist destination island. Every year, there is 11.8% visit increase to 
the island leading to waste production increase. The main sources of waste in this island are 
households, hotels, and restaurants accounting for 602 ton/day of waste, out of which about 
42% is inorganic. Currently, there is no waste management in the island provided by the 
local government. There are community initiatives that conduct waste separation and waste 
bank to reduce inorganic waste, i.e., plastics, paper, metal, and glasses, and to bring income 
by selling it. Unfortunately, public participation in waste separation is very low which may 
be caused by the ineffectiveness of the waste bank. Therefore, this research aims to measure 
the effectiveness of waste bank, public adaptability, and public acceptance in environmental 
improvement through waste separation and waste bank.
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This chapter is divided into three main parts. The first part explains the methodology applied. The 
second part outlines the result of village identification, data collection, and data analysis. This  section 
is followed by the measurement of waste bank effectiveness, public adaptability, and willingness to 
accept (WTA) waste separation. The last section is conclusions explaining about the findings and the 
recommendations for waste management improvement in Gili Trawangan Island (GTI).

2. Research method

The area of study is located in Gili Indah Village, Gili Trawangan Island (GTI) Lombok Utara 
Regency, Nusa Tenggara Barat Province, Indonesia (Figure 1). The area belongs to one of the 
strategic development zones in Nusa Tenggara Barat Province. Tourism sector in GTI contributes 
60–70% to the total income of local government [22]. Rapid increase of visit in GTI leads to more 
waste volume. In 2015, Community forum on Environment measured that the average waste gen-
eration in GTI is 17 ton/day where 6.2 ton is inorganic waste. Currently, inorganic waste is man-
aged by WB Bintang Sejahtera. However, WB’s performance is relatively low since the amount 
of inorganic waste that can be treated through this WB is still low. Based on the population in 
GTI, samples were determined using stratified random sampling. Unit analysis of the study was 
household. Eighty households were selected as respondents and they were provided with ques-
tionnaires to gain required data for measuring the willingness to accept (WTA). Bidding game 
format was used to assess the WTA of households. Waste bank effectiveness is measured using Eq. 
(1) which is equation of overall equipment effectiveness (OEE); A, P, and Q represent availability, 
performance, and quality, respectively. Each variable is calculated using Eq. (2), Eq. (3), and Eq. (4).

  OEE = A  × P  × Q  (1)

  A =     Aa ___ Ra      × 100%  (2)

  P =     
 W  i     × Tq

 _______ Aa     × 100%  (3)

  Q =     Aa ___ Tq     × 100%  (4)

The effectiveness of waste bank is scored based on the percentage gained from the calculation 
as shown in Table 1.

Analysis on public adaptability was conducted afterward to find out whether the related 
stakeholders (community and institutions) can accept the continuation of waste bank pro-
gram. Some indicators were introduced and scoring was given for each indicator ranging 
from 0 to 4. The result was used as a reference to scale public adaptability on waste bank 
program. Table 2 shows the adaptability level based on the score.

Furthermore, willingness to accept (WTA) of the community to separate waste and sell it to 
waste bank was measured. Bidding game was used to get the optimum price for recyclable 
materials sold to the waste bank. Bidding game provides flexibility to the respondent for giv-
ing answer without losing the context since the lowest value is determined beforehand.
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Percentage of OEE Criteria Score

If OEE = 100% • Waste bank is perfectly run

• Produces only programs with significant outcomes

• Fast service and no downtime

4

If 85% ≤ OEE <100% • Waste bank is run optimally but can be more improved

• Produces some program and most of them is implemented

• Long-term goal: goal-oriented programs

3

If 60% ≤ OEE <85% • Waste bank is fairly good

• Produce some programs and some have not been implemented

• Wide opportunity for more improvement

2

If 40% ≤ OEE <60% • Waste bank is average

• Produce some programs and only few have not been implemented

• Frequent downtime

1

If OEE < 40% • Waste bank is poor

• Hard to be improved

• Most of the programs are not implemented

• Required deep observation to find out the reasons for the poor condition

0

Table 1. Criteria for measuring the OEE.

Figure 1. Research location.
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3. Result and discussion

3.1. Waste generation and composition

Waste sources in GTI are mainly households (HH) and hotels (HT) generating waste of 20–30 
and 100–300 kg/day, respectively. The compositions of organic and inorganic wastes are 65 
and 35%, respectively. Totally, about 17.72 ton waste is generated in GTI per day as shown 
in Table 3.

Inorganic waste is mainly comprised of plastic, glass bottles, food wrap, and tin which comes 
from commercial facilities, i.e., restaurants, hotels, guest houses, bars, and recreation areas. 
Some of these wastes have been managed by Bintang Sejahtera WB established in 2015.

3.2. Waste bank in GTI

Bintang Sejahtera WB is a community-based waste management system that aims to reduce 
waste and to get benefit from waste. It accepts inorganic waste separated by the households 
including plastic bottle/glass, aluminum tin, plastic bag, paper, and cardboard. The condition 
of Bintang Sejahtera is shown in Figure 2.

In 2016, the daily separation rate of Bintang Sejahtera WB was 4.430 ton/day or 25% of total 
waste generation in GTI in which 3.145 ton was plastic. The waste was sold to some industries 
in other cities outside the island with the price ranging from Rp 200 to 9000. The selling price 
for each waste type is shown in Table 4.

Scores Remarks

<1.00 Not capable to adapt

1.00 ≤ x < 2.00 Less capable to adapt

2.00 ≤ x < 3.00 Adequately capable to adapt

3.00 ≤ x < 4.00 Capable to adapt

4.00 More capable to adapt

Table 2. Adaptability level.

Location Waste types Waste generation  
(ton/day)

Average waste generation  
(ton/day/person)

Gili Trawangan Organic 11.52 0.005

Inorganic 6.20 0.002

Total 17.72 0.007

Table 3. Waste generation in GTI (2015).
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There are several activities that are conducted every day, such as collecting waste from house-
holds, restaurants, bars, and others. Then, WB staffs sort the organic and inorganic wastes, 
weigh them (Figure 3), and record it (Figure 4). The organic waste will be used to make a 
natural fertilizer by the environmental community initiative staffs. Meanwhile, the inorganic 
waste will be recycled or reused.

Bintang Sejahtera WB addresses not only profit but also social development and environmental 
improvement. Through waste bank, villager’s welfare can be increased though better income 
and healthier environment. Some programs are offered by Bintang Sejahtera WB, such as health 
savings, education savings, and electricity and water savings, which can be claimed by the vil-

Figure 2. Condition of Bintang Sejahtera WB.

No Waste types Price (USD)

1 Plastic bottle 0.152

2 Plastic glass 0.152

3 Aluminum tin 0.682

4 Cardboard and paper 0.076

5 Plastic bag 0.015

6 Tetrapack 0.023

*One rupiah equals USD 13.198 based on rate from Indonesian Central Bank.

Table 4. Selling price of waste in Bintang Sejahtera WB in 2016.
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lager as a member of WB when it is needed. Bintang Sejahtera WB has cooperation with the 
environmental community initiative to collect waste from beaches and with the local govern-
ment to provide collection system to transport the waste. It also offers seminars and trainings 
for local people in terms of waste treatment (composting and reuse-reduce-recycle method).

3.3. Waste bank effectiveness

Waste bank is an implementation of Reuse, Reduce, and Recycle (3R) of inoragnic waste in 
GTI. However, there is no evaluation of WB effectiveness so far. Therefore, the evaluation is 
conducted to measure the level of effectiveness based on three subjects that is availability, 
performance, and quality.

3.3.1. Availability

Availability is defined as the ability of WB to conduct activities related to waste management 
within a certain time; it refers to operational time. The ability is the ratio of existing operational 
time to planned operational time. Currently, the operational time of WB is 8 h in compliance 
with planned operational time. It indicates that the availability of WB is in proper condition.

3.3.2. Performance

Performance is the achievement of WB in a certain period based on the existing operational 
time, ideal time allocated for each activity, and the number of WB’s activities in a certain 

Figure 3. Weighing the waste in Bintang Sejahtera WB.
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period. The operational time of WB is 8 h accommodating four activities, i.e., waste sepa-
ration, waste compacting, waste weighing, and data recording. The time allocated for each 
activity is 4 h, 2 h, 15 min, and 5 min for separation, waste compacting, waste weighing, and 
data recording, respectively, and an additional 1 h for lunch break.

3.3.3. Quality

WB quality is determined by analyzing the WB program’s success in its implementation and 
its significant contribution to benefit the community. WB has a good quality when the above 
criteria are fulfilled. The quality is measured based on the number of WB’s program which 
has been implemented. Bintang Sejahtera WB has six programs where five are savings for 
health, education, holiday, electricity, and water and one is for environmental hygiene and 
conservation. Calculation of WB effectiveness using Eq. (5) is shown in the Table 5.

  OEE = Availability * Performance * Quality = 1 * 0.79 * 0.16 = 0.1267 = 12.67%  (5)

Figure 4. Waste record and list in Bintang Sejahtera WB.
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Multiplying three variables come to the result that OEE is 12.67%. This value is below 
40%. Referring to Table 1, WB has zero score indicating that waste bank has poor effec-
tiveness and is hard to be improved. Improvement is required to pace waste generation 
increase in GTI projected to be 23.23 ton/day in 2020 where 35% of it is inorganic waste. 
Otherwise, GTI will face waste problems because landfill in GTI is approaching its maxi-
mum capacity.

Analyzing the OEE, it can be recognized that low OEE value is caused by low quality value 
of WB. Low quality value is determined by the number of implemented programs which is 
only one from six programs offered. Low public participation is the reason for this. Waste 
separation is not common for the villager in GTI, and only small number of HHs is involved 
in waste separation. Thus, the number of WB customer is also very low. Furthermore, WB’s 
performance is not maximum because there is 40 min remaining time unused for waste man-
agement activities.

Improvement of WB’ effectiveness may increase public participation which requires public 
adaptability to WB’s program in GTI. Therefore, public adaptability is necessary to be mea-
sured. Evaluation of public adaptability in GTI may contribute to find out the adaptability 
level, its factors, and the possible solutions.

Variables Indicators Results Notes

Availability • Current operational time 
of WB (A) = 8 h = 480 min

• Planned the operational 
time allocated for running 
the WB (R) = 8 h = 480 min

 A =     A ___ Ra     × 100 %  =     480 ___ 480     × 100 % 
    = 100 %  = 1 

Availability of WB is 
maximum since operational 
time fulfill planned time 
allocation (8 h)

Performance • Current operational time 
of WB (A) = 8 h = 480 min

• Number of WB’s activities 
(N) = 4 i.e., waste separa-
tion, compacting, weigh-
ing, and recording.

• Ideal operational time 
for each activity (Wi), i.e., 
separation, compacting, 
weighing, and recording 
for 240, 120, 15, and 5 min, 
respectively.

 P =     
 W  i     × N

 ______ A   

    =    (    (  1 × 240 )    +   (  1 × 120 )    +   (  1  × 150 )    +   (  1  × 5 )    )     ____________________________  480    
    = 79 %   = 0.79 

Performance Bintang 
Sejahtera WB is not 
maximum. There is 
abandoned 40 min from 
total 8 h operational time.

Quality • Number of program imple-
mented (Aq)= 1 program

• Number of available total 
program (Tq) = 6 program

 Q =     
Aq

 ___ Tq      × 100 %  =     1 __ 6     × 100 % 
     = 16 %  = 0.16 

Programs offered by 
Bintang Sejahtera WB is 
not maximum. Only one 
program is implemented 
caused by the public 
participation

Table 5. Calculation of WB’s effectiveness in GTI.
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3.4. Public adaptability

Public adaptability to WB is defined as community’s and institution’s adaptability for 
being active in WB program and is assessed based on reason/motivation and behavior [23].  
Community refers to the villager of GTI, while institution refers to the Bintang Sejahtera WB, 
the environmental community initiative, and the local government.

3.4.1. Community’s motivation and behavior

Community’s motivation and behavior is a push factor for the villager in GTI to participate in 
WB’s programs. Survey results showed some reasons for motivation to be engaged or not in WB’s 
program, i.e., 53.8% villagers had no motivation to be active in the programs because of nescience 
of WB’s purposes and benefits and subsequence of WB’s program; 42.8%  villagers were moti-
vated to be active in which 30.0, 8.8, and 7.5% villagers had both environmental awareness and 
additional income, only environmental awareness, and only income addition, respectively. The 
percentage affirms the behavior of the community where 83.8% villager do not separate waste 
currently.

3.4.2. WB staff’s motivation and attitude

WB Staffs have an important role in WB implementation. There are six persons managing the pro-
cess in WB comprising waste separation, compacting, weighing, and data recording. Their motiva-
tion may be the factor influencing WB’s effectivity. The result shows that 50% staff has motivation 
to be involved in WB for environmental awareness and the rest is for additional income.

3.4.3. Community initiative staff motivation and attitude

The environmental community initiative staffs support the WB in waste transportation from 
waste sources (HHs and commercial facilities) to WB and composting center. All staffs have 
high motivation and their behavior reflect high commitment to improve waste management 
in GTI. They also plan to develop organic farming in GTI within 2 years.

3.4.4. Local government officer’s motivation and attitude

Some related local planning has been set including transfer point construction, an incinerator 
erection, and vehicle procurement.

The analysis comes to the result that each stakeholder has different adaptability level. Table 6 
describes the adaptability level of stakeholders of WB in GTI.

It can be summed up that the average adaptability score is 1.80. Referring to Table 6, the score 
indicates that has less capability to adapt WB because the score lies between 1.00 and 2.00.

3.5. Willingness to accept

WTA of HHs is measured to determine the expected compensation to separate waste and 
sell it to the WB. Furthermore, WTA may reflect the public through eliciting questions in 
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questionnaires. Villager who accepts the WB program is asked further for acceptable price for 
the waste transported to WB. Table 7 explains the acceptable price for each waste type for 94 
respondents representing the whole HHs in GTI.

Aluminum tin has the highest and plastic bag has the lowest acceptable prices compared 
to other waste types. Furthermore, a comparison between the acceptable price and the 
current market price for the waste set by the middleman is conducted to find out whether 
the price is reasonable to be set or not. It is expected that public participation in WB 

Stakeholders Motivation and attitude Score

Community Less motivation of GTI community makes most of them not to support WB 
activities

2.00

WB staff All of WB staff have been motivated due to economic and environmental 
added values of WB

3.00

Community initiative staffs Most of their programs have been well conducted (two out of three 
programs)

3.00

Local government officers They only conducted one out of three programs 1.00

Average score 1.80

Table 6. Bintang Sejahtera WB adaptability.

Waste types Expected waste price by community (Rp/kg) Most acceptable price (Rp)

Plastic bottle Most expensive 0.189–0.265 0.227

Cheapest 0.038–0.114 0.114

Glass bottle Most expensive 0.189–0.265 0.227

Cheapest 0.076–0.129 0.114

Small beer bottle Most expensive 0.023–0.045 0.038

Cheapest 0.008–0.015 0.008

Big beer bottle Most expensive 0.076–0.114 0.114

Cheapest 0.023–0.038 0.038

Ketchup bottle Most Expensive 0.061–0.114 0.076

Cheapest 0.008–0.038 0.023

Aluminum tin Most expensive 0.833–1.137 0.985

Cheapest 0.227–0.492 0.379

Cardboard and paper Most expensive 0.114–0.189 0.152

Cheapest 0.038–0.076 0.076

Plastic bag Most expensive 0.023–0.053 0.038

Cheapest 0.008–0.015 0.008

Tetrapack Most expensive 0.038–0.053 0.045

Cheapest 0.008–0.023 0.008

*One rupiah equals USD 13.198 based on rate from Indonesian Central Bank.

Table 7. Acceptable waste selling price in GTI.
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increases when WB offers relatively higher selling price. Table 8 shows the comparison 
of waste selling price acceptable for the HHs, set by WB and middleman. It is obvious 
that WB generally sets lower selling price. Higher selling price offered by the middleman 
may be an obstacle. Moreover, some waste type such as small beer bottle, big beer bottle, 
and aluminun tin are not accepted by WB although the generation of these waste types 
is relatively high.

Acceptable waste selling price is within the price range offered by both WB and middle-
man indicating that most HHs can accept the WB’s program. HH’s WTA is reasonable to be 
implemented with the most acceptable price as a compensation for waste separation done 
by the HHs.

4. Conclusion

The result from the OEE calculation show that:

1. Availability of waste bank is 100% indicating that time provision for service is very good 
for conformity of the time allocation.

2. Performance of waste bank is 79% indicating that performance is not optimal since there 
are 40 min remaining from the whole work hours.

3. Quality of waste bank is 16% indicating that the quality is poor caused by low involvement 
of community and low implementation rate of existing programs (one out of six).

4. OEE is 12.67% which equals to score 0 indicating that waste bank is difficult to be improved.

Waste types Acceptable price (Rp/kg) WB’s selling price (Rp/kg) Middleman’s selling price 
(Rp/kg)

Plastic bottle 0.114–0.227 0.152 0.152

Plastic glass 0.114–0.227 0.152 0.227

Small beer bottle (glass) 0.008–0.038 0.000 0.023

Big beer bottle (glass) 0.038–0.114 0.000 0.061

Ketchup bottle (glass) 0.023–0.076 0.000 0.045

Aluminum tin 0.379–0.985 0.682 0.758

Cardboard and paper 0.076–0.152 0.076 0.114

Plastic bag 0.008–0.038 0.015 0.000

Tetrapack 0.008–0.045 0.023 0.000

*One rupiah equals USD 13.198 based on rate from Indonesian Central Bank.

Table 8. Waste selling price.
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5. The availability score is 1.5 and community acceptance is 37.5%.

6. WTA is reflected by the optimum price accepted by the community as a compensation if 
they separate waste and sell waste to the waste bank. WTA for waste separation reflected 
by optimum price for recyclable waste is shown in Table 9.

5. Recommendations

There are some recommendations for improvement of WB’s effectiveness based on the result 
of the analysis:

1. Provision of pickup service for members.

2. Employment of remaining 40 min to increase the customer service.

3. Cooperating with owners of commercial facilities to separate waste and providing pickup 
service.

4. Public dissemination about the WB’s benefit through regular open hearing.

5. Increasing waste selling price and expanding acceptable waste type.
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Waste type Acceptable price for recyclable material (Rp/kg)

Plastic bottle 0.114–0.227

Plastic glass 0.114–0.227

Small beer bottle 0.008–0.038

Big beer bottle 0.038–0.114

Ketchup bottle 0.023–0.076

Aluminum can 0.379–0.985

Cardboard/paper 0.076–0.152

Plastic bags 0.008–0.038

Tetrapack 0.008–0.045

Table 9. WTA for waste separation reflected by optimum price for recyclable waste.
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Abstract

Economic activities performed by rural populations linked to informal trading and mar-
kets have not received a broad attention in the literature. Thus, the question of the pres-
ent investigation is the role of the informal sector in a rurbanised environment, and if there 
are differences in the waste management activities of the informal sector in cities and in an 
urbanised rural environment. To obtain information about the informal waste pickers in the 
rural areas, data were collected directly through a questionnaire from the following coun-
tries (sorting in alphabetic order): Austria, the Czech Republic, Germany, Jordan, Mexico, 
Nepal, South Africa and Vietnam. The methodology used for the data collection consisted 
of a background analysis (with a literature review), complemented with the collection of 
empirical evidence, field interviews and partially local field analysis. The informal collection 
of waste is a phenomenon that results in principle from social differences within society and 
the population. Therefore, it is not surprising that the perception of the activities of infor-
mal waste collectors in the scientific literature refers to developing and emerging countries, 
since social differences are more pronounced. These informal waste management systems in 
low- and middle-income countries exist usually in parallel with formal waste management 
systems, a fact that applies for urban as well as rural areas, and might be considered as a 
result of rurbanisation. The case studies show the development of the informal sector as an 
important part of the waste management activities, when a country evolves. With increasing 
economic development, the importance of the informal sector is shrinking step by step in 
relation with the improvement of the formal activities. Even this development goes faster in 
urban areas; the conclusion applies also to rural areas.

Keywords: informal waste collection, informal recycling, waste collection in rural areas
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1. Introduction

The term ‘rurban’ refers to a region which has both urban and rural characteristics. 
Rurbanisation may be due to either urban expansion or rural migration, leading to urban–
rural interactions, which result in an urbanised lifestyle in rural areas. This development 
manifests in rapid urbanisation of the rural population—lifestyles and mind sets—perceiv-
ing cities as a source of income, stability and a possibility for better living conditions. The 
perception of rurbanisation goes back nearly a century. The term was firstly used by Sorokin 
& Zimmerman [1]. Also, Parson [2] highlighted the idea of rurbanisation, describing rurban 
communities as rural socio-geographic spaces where styles of life and the standard of liv-
ing have changed so much that they resemble those in urban localities. This phenomenon 
also found in massive migration from rural to urban areas. Later research on rurbanisation 
by Chapuis & Brossard [3] described a population growth phenomenon observed in the 
rural environment due to the effect of changing the rural–urban migration patterns from 
the urban to the rural direction. This phenomenon was named ‘rural rebirth’, characterised 
by community policies [4], receptivity, land use [5], utilising neighbours [6], agricultural 
development [7], tourist sites, secondary residences and available homes [8], as well as end-
less options [9].

Rural rebirth describes the migratory flow caused by the effects of rurbanisation on rural 
livelihood [9]. The rural rebirth phenomenon also reflects a special economic situation: the 
financial potential to afford to live a separated life in the countryside. The definition of rurban-
isation exposes its effect on rural patterns: ‘rurbanisation is a process of altering rural forms with 
pre-selected urban patterns and lifestyles, which creates new genetically altered rurban forms’ [10, 11]. 
Nowadays, both types of migration are observed in parallel: rural–urban migration mainly 
in emerging countries resulting in the formation of megacities, and urban–rural migration 
mainly in industrial countries. Also, the medial impact forces the urbanisation of rural liveli-
hood through advertising and sales strategies. Rurbanisation leads to a habit change in waste 
generation: while poor population from rural areas mostly produces organic and fast biode-
gradable wastes, the more rurbanised population is consuming in a different way, causing a 
double consumption in comparison to traditional lifestyle and an increased waste generation 
of plastic, glass, metal and electronics [12]. Recyclable materials are of interest for recyclable 
waste dealers, leading to the situation that rurbanisation causes activities of informal waste 
pickers also in the rural area.

The term ‘informal’ does not give a clear definition in the literature yet. According to Chi et al. 
[13], informal activities are possible to be carried out ‘due to lack of legislation, structure or insti-
tutionalisation in a way out of the different levels and mechanisms of the official governmental power’. 
Furthermore, they can be characterised as ‘not registered, and characterised as illegal’. Informal 
actions can therefore not be equated with such illegal acts, since the term ‘informal’ addition-
ally involves legal grey zones. The term ‘informal’ thus also includes non-regulated acts and 
unclear defined rules [14]. The informal sector is characterised by labour-intensive, largely 
unregulated and unregistered, low-technology manufacturing or provision of waste collection 
services [15]. Informality is usually associated with undesirable developments such as tax eva-
sion, unregulated enterprises and even environmental degradation [16]. Mainly in low- and 
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middle-income countries, the informal sector especially in the urban area reaches a significant 
proportion of the waste collection activity in solid waste management (SWM) as reported by 
Scheinberg et al. [17]: Belo Horizonte, Brazil—6.9%; Canete, Peru—11%; Delhi, India—27%; 
Dhaka, Bangladesh—18%; Managua, Nicaragua—15%; Moshi, Tanzania—18%; Quezon City, 
Philippines—31%. For rural areas, information on the percentage of informally collected waste 
is very rare. Even informal sector entrepreneurs in the past did not pay taxes, not have a trad-
ing license and are not included in social welfare or government insurance schemes [18], since 
a few years there are strong activities in many developing countries to include the informal 
sector into the official waste management system [19, 20]. This leads to the situation that the 
informal sector generally achieves high recovery rates (up to 80%) because the ability to recy-
cle is vital for the livelihood of people involved [19, 20].

The official waste management system in urban and urbanised areas could not be managed 
without waste pickers, scrap collectors, traders and recyclers. Although not officially recog-
nised, they often perform a significant percentage of waste collection services, in many cases 
at no cost to local authorities, central governments or residents. By its nature, the activity of 
the informal sector is market-driven, leading to highly adaptable and flexible demand-driven 
informal waste collection forces. Generally, the volume of waste generation in rural areas is 
smaller than in urban areas due to the different consumption habits of inhabitants caused by 
a generally smaller income. Depending on the country development level, the mean rural 
waste generation is reported between 0.1 (countries in Asia [12], the Middle East [21] and Latin 
America [12]) and 0.4 kg/cap/d (rural areas in Eastern Europe [22], the Middle East [21, 23], Asia 
[24] and Africa [12]). The waste generation in rural areas increases rapidly up to 0.9 kg/cap/d 
when a touristic infrastructure is installed, becoming comparable with urban waste generation 
rates in developing countries, as documented for instance from Cyprus [25] and Romania [26]. 
In a variety of countries, only a small share of rural population has access to waste collection 
services [27]. Usually, informal waste collection is carried out by poor and marginalised social 
groups who decide for waste picking for income generation and some even for everyday sur-
vival [28].

Although urbanisation takes place in rural areas, still there are typical rural waste streams 
caused from rural industries like agriculture. Rural industries create waste that can be prob-
lematic to manage, like silage wrap, chemical drums and chemicals. Anyhow, those materials 
are not of interest for potential informal collectors as they cannot be valorised by them. As 
in urban areas, the main focus of waste pickers of the informal sector is on recyclable materi-
als, especially metals and plastics, sometimes also glass as well as paper and cardboard. The 
waste generation rates in rural areas of developing countries are quite comparable in the 
range of 0.3 (Shah et al., [2, 29], for rural areas in India) up to 0.8 kg/cap*day, as reported from 
several sources. In countries where rurbanisation goes faster, the waste generation rate is in 
the upper range, for instance 0.75 kg/cap*day (with a content of mineral recyclables of about 
22%) in Iran [30].

Economic activities performed by rural populations linked to informal trading and markets have 
not received a broad attention in the literature [31]. Thus, the question of the present investiga-
tion is the role of the informal sector in a rurbanised environment. Are there differences in the 
waste management activities of the informal sector in cities and urbanised rural areas?
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2. Research methods

The methodology for data collection consisted of a background analysis (with a literature 
review), complemented with the collection of empirical evidence, field interviews and par-
tially local field analysis. For data collection, the interviews included the following questions:

• Which are the rural waste generation rates, especially in comparison with those of urban 
areas?

• What is the waste composition in rural areas?

• What is the percentage collected by informal waste pickers?

• General organisation of the rural collection systems, and especially the informal sector  
(informal waste pickers on the streets/landfills)?

• What kind of waste do informal waste pickers collect?

• Are they an official part in the official waste management system?

Generally, the status of the informal sector is hardly documented in the literature, and most 
of the available data on the informal sector were collected for urban areas. Some information 
for rural areas is from Latin America (Colombia, Brazil), and from Africa, which was collected 
for this study. The reason for the poor documentation is supposed to be the informal status 
of the waste pickers and their ‘hiding’ from the statistics. To obtain information about the 
informal waste pickers in the rural areas, the information was collected directly by a question-
naire from the following countries (sorting in alphabetic order): Austria, the Czech Republic, 
Germany, Jordan, Mexico, Nepal, South Africa and Vietnam. Figure 1 shows the location of 
the investigated countries in the UNICEF map of the urbanised population percentage by 

Figure 1. Urbanised population percentage by country in 2006. Map source: UNICEF, The State of the World’s Children 
2008 (p. 134) [32].
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country in 2006 [32]. As is visible from the map, the urbanisation percentage in Austria, the 
Czech Republic, Germany, Jordan and Mexico was high (up to 80%), while South Africa’s 
level reached approximately 50%, Vietnam 30% and Nepal 10%.

The information was collected from the Czech Republic, Mexico, Nepal, Vietnam, South 
Africa through the indicated information sources and methods:

Austria: local data collection from primary and secondary sources, as well as information 
collection at a Resource Management Workshop in Austria in April 2017,

Czech Republic: local data collection from primary and secondary sources,

Germany: local data collection from primary and secondary sources, as well as interviews 
with representatives of local waste management authorities,

Jordan: local data collection from primary and secondary sources, as well as information 
collection in March 2017,

Mexico: local data collection from primary and secondary sources,

Nepal: local data collection from primary and secondary sources, information received from 
the Solid Waste Management and Resource Mobilization Centre (SWMRMC) in Nepal. The 
SWMRMC made an investigation in each municipality [33], categorised them into urban and 
rural wards as smallest administrative unit. The rural wards are characterised through lesser 
population density than urban areas and without commercial activities, where the represen-
tative households in each municipality were selected randomly by employing the right-hand-
rule technique (Asian Development Bank [48, 49]).

South Africa: local data collection from primary and secondary sources, as well as field 
research and interviews with the waste pickers from the informal sector in February 2017,

Vietnam: local data collection from primary and secondary sources, as well as information 
collection at the National Farmers Union in January 2017.

By nature, the collected data had inhomogeneous composition, due to two reasons: firstly, 
the data availability strongly varied in the countries, and even concerned the type of data; 
secondly, not all types of data could be collected from all countries. Anyhow, for the recent 
scope of the investigation, the data were sufficient, as the aim of the chapter is to give an 
overview on the variety of settings for the informal sector.

3. Investigation results

The results are a summary of the collected data for each country, which gives information on 
the collection scheme, as well as the involvement and the activity of the informal sector in the 
respective countries. Generally, it was observed that the informal sector existed in urban and 
rural areas; even the quantity of waste collected was smaller in the rural areas. Furthermore, 
settlements of the informal sector can be found in the areas of communal dumpsites and 
landfills, collecting already recyclable materials before the waste goes to the dumpsite and 
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landfill. Furthermore, the extent of the activity of the informal sector depends on the type 
and structure of the collection system in the country. Usually, when the collection system is 
not a selective system separating the recyclables, there is a larger activity of the informal sec-
tor. This is usually the case in low- and middle-income countries. In high-income countries 
like Germany in Central Europe, a real informal sector does not exist.

3.1. Situation in high-income countries: Germany, Austria, and the Czech Republic

According to OECD information, Germany has 80.6 million inhabitants with an average 
household income of 34,700 US$. The average waste generation rate varies between 0.65 
and 1.37 kg/cap/d in rural areas, in comparison to urban areas with waste generation rates 
between 1.37 and 2.2 kg/cap/d, having a total average of 1.68 kg/cap/d [34]. The waste col-
lection system is a selective system, which separates recyclables (glass, paper, plastic (PET) 
bottles, other plastics, metals and biodegradable waste) from residual waste. The waste man-
agement system is operated by municipal or communal operators, and only exceptionally by 
private operators, a situation which applies for rural and urban areas.

The activities that can be considered as a type of informal sector activity are some private 
poor people who collect bottles and cans from the streets in order to transfer them to the 
bottle deposit refund system, which exists in an automated way in each supermarket or 
rural discounter. For instance, in Germany, the refund for one PET bottle or one metal can 
is 0.25 € (0.27 US$), while the refund for a glass bottle is 0.08 € (0.09 US$). The deposit 
refund was calculated according to the environmental risk (PET bottles) or the material 
value (metal cans), and is equal in rural and in urban areas. In Germany, a deposit-refund-
ing system for bottles of alcoholic beverages does not yet exist, but it is under governmen-
tal preparation (status as of February 2017). For that reason, the waste bottles most often 
found in the environment are bottles of alcoholic beverages which are not of interest to 
informal collectors. Formal collectors provide glass containers, where consumers put those 
types of bottles and packaging glass for material valorisation. The existing system fulfils the 
scope of a clean environment, and private bottle pickers are the exception. Furthermore, all 
municipal landfills were closed by law in 2005, and landfills for the disposal of untreated 
municipal waste have not existed anymore since then. All generated waste has to undergo a 
pre-treatment, before recycling or re-using as priority options, and only hazardous waste is 
disposed of. The described situation is the reason that informal waste collectors on landfills 
do not exist at all in Germany.

Other waste is not collected by private waste pickers, as all waste streams are collected in 
selective collection schemes through formal collection systems of the municipalities, which is 
valid for urban as well as for rural areas, centralised in civic amenity areas. In zones which are 
close (up to 50 km) to the East European border (with Poland or the Czech Republic), there 
are informal East European waste collectors (especially from Romania, Hungary, Poland and 
the Czech Republic) [35] waiting outside the civic amenity centres to collect usable waste 
directly from the customers who are bringing waste to the centres. Usually, they are collecting 
household appliances, textiles, toys and other items for children, sports equipment, electrical 
appliances such as TV sets, washing machines or refrigerators, tires, scrap metals and other 
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between 1.37 and 2.2 kg/cap/d, having a total average of 1.68 kg/cap/d [34]. The waste col-
lection system is a selective system, which separates recyclables (glass, paper, plastic (PET) 
bottles, other plastics, metals and biodegradable waste) from residual waste. The waste man-
agement system is operated by municipal or communal operators, and only exceptionally by 
private operators, a situation which applies for rural and urban areas.

The activities that can be considered as a type of informal sector activity are some private 
poor people who collect bottles and cans from the streets in order to transfer them to the 
bottle deposit refund system, which exists in an automated way in each supermarket or 
rural discounter. For instance, in Germany, the refund for one PET bottle or one metal can 
is 0.25 € (0.27 US$), while the refund for a glass bottle is 0.08 € (0.09 US$). The deposit 
refund was calculated according to the environmental risk (PET bottles) or the material 
value (metal cans), and is equal in rural and in urban areas. In Germany, a deposit-refund-
ing system for bottles of alcoholic beverages does not yet exist, but it is under governmen-
tal preparation (status as of February 2017). For that reason, the waste bottles most often 
found in the environment are bottles of alcoholic beverages which are not of interest to 
informal collectors. Formal collectors provide glass containers, where consumers put those 
types of bottles and packaging glass for material valorisation. The existing system fulfils the 
scope of a clean environment, and private bottle pickers are the exception. Furthermore, all 
municipal landfills were closed by law in 2005, and landfills for the disposal of untreated 
municipal waste have not existed anymore since then. All generated waste has to undergo a 
pre-treatment, before recycling or re-using as priority options, and only hazardous waste is 
disposed of. The described situation is the reason that informal waste collectors on landfills 
do not exist at all in Germany.

Other waste is not collected by private waste pickers, as all waste streams are collected in 
selective collection schemes through formal collection systems of the municipalities, which is 
valid for urban as well as for rural areas, centralised in civic amenity areas. In zones which are 
close (up to 50 km) to the East European border (with Poland or the Czech Republic), there 
are informal East European waste collectors (especially from Romania, Hungary, Poland and 
the Czech Republic) [35] waiting outside the civic amenity centres to collect usable waste 
directly from the customers who are bringing waste to the centres. Usually, they are collecting 
household appliances, textiles, toys and other items for children, sports equipment, electrical 
appliances such as TV sets, washing machines or refrigerators, tires, scrap metals and other 
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bulky waste, for instance from furniture. The transfer of this kind of waste is free of charge, 
and even it is not really allowed, it is tolerated, and in this way informal by nature.

A comparable situation does exist in Austria. The country has 8.5 million inhabitants with 
an average household income of 45,500 US$. The average waste generation rate being  
1.58 kg/cap/d is slightly lower than in Germany, having generally comparable dimensions 
to Germany for rural and urban areas. A visit to Austria in April 2017 indicated a certain per-
centage of waste bottles in the urban area spread around public collection bins while there 
was nearly no waste in rural areas in the environment. The result of the interview indicated 
that there is a comparable deposit refund system like in Germany, but obviously it appeared 
not to be efficient everywhere, maybe because the deposit refund was too small. In Austria, 
bottles are partly pledged. For simple reusable beer bottles, 0.09 € (0.10 US$) are refunded 
and 0.36 € (0.40 US$) for special types of beer bottles. For reusable PET bottles as used by 
some mineral water and lemonade manufacturers, a 0.29 € (0.33 US$) deposit is charged, 
as well as for 1-l mineral water glass bottles. Anyhow, relevant informal activities are prac-
ticed for the same materials as in Germany, which can be considered as a particularity of a 
high-income country. Also an informal waste transfer from Austria to Eastern Europe coun-
tries by informal waste collectors does exist. According to Obersteiner et al. [35], 69% of the 
informal waste collectors in Austria originate from Hungary and 19% from Austria. The rest 
comes from Bulgaria, the Czech Republic, Slovenia, Slovakia and Romania. Istvan et al. [36] 
reported that informal waste collectors from Hungary even travel for waste collection to 
the Netherlands. According to Obersteiner et al. [37], a verification at the Hungarian border 
showed that the collected items were 47.21% by volume of furniture, 18.77% by volume of 
electrical appliances and 13.19 Vol% of metals.

Also, the Czech Republic is considered a high-income country; even waste collectors from the 
Czech Republic come to the neighbouring countries like Germany and Austria, as the income 
there is even higher. The Czech Republic has 10.5 million inhabitants and an average house-
hold income of 17,542 US$. According to the income, which is proportionally lower than in 
Germany or Austria, the average waste generation rate is also lower: 0.8 kg/cap/d, and also 
significantly lower than the EU average of 1.3 kg/cap/d. No refund is applied for aluminium 
cans or plastic bottles in the Czech Republic, only some kinds of glass bottles are refunded for 
3 Kč (approximately 0.11 US$). That is why the ‘secondary’ collection of this type of waste is 
negligible there.

The Waste Law of the Czech Republic orders the municipalities and communes to arrange 
waste collection places so that some parts of the waste (esp. glass, paper, plastic, metals and 
biowaste) should be collected separately. All rural areas are administrated by their central 
municipalities, meaning that law and waste management in rural and in urban areas are the 
same. The informal waste collectors are active in the Czech Republic, even being gypsies like 
in Romania and Hungary. The waste proportion collected by them is finally included into 
the waste that is recycled by the recycling companies and in that way included into the statis-
tics. The informal sector usually collects metals that can be simply sold. They sometimes also 
steal some metal parts of working systems (electrical wires, railway security systems, monu-
ments, sewer covers, etc.) and sell them as metal waste. They are not foreseen to be a part 
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of the official system even there are some laws and procedures to prevent them. Generally, 
the informal waste pickers are much more active in the poor areas of the country (Northern 
Bohemia or Northern Moravia) than in the rich regions.

An investigation carried out by Tydlitatova et al. [38] in several rural communes in the Czech 
Republic on the impact of the implementation of the system pay as you throw (PAYT) showed 
that the villages, which applied Local Tax system, produced 47% more of mixed municipal 
waste. The villages that applied Local Tax generated an average of 0.52 t of mixed municipal 
waste per 5 years, and more than the villages that applied the fee by Act on Waste [38]. The 
results according to Tydlitatova et al. [38] are given in Table 1. The example from the Czech 
Republic shows that not only the average household income has an impact on the waste 
generation rate but also the system of payment of waste fees. Higher fees have a regulating 
impact and cause lower waste generation rates.

In the following discussion, the focus is on low- and middle-income countries which all face 
the issue of informal waste pickers, in the urban as well as in the rural areas. The respective 
countries are considered in alphabetic order.

3.2. Jordan (lower middle-income country)

Jordan is a lower middle-income country in the Middle East, with an original number 
of inhabitants of 6.5 million in 2013 (data of OECD), which increased through migrants from 
Iraq and Syria recently by at least 2 million; 21.2% of the inhabitants live in the rural areas 
[39]. The annual average household income is approximately 5160 US$, with a large varia-
tion. The average waste generation is 0.9 kg/cap/d in urban areas and 0.6 kg/cap/d in rural 
areas. Jordan is quite densely populated, and the existing informal waste collection sector has 
undergone an even higher competition after a large number of migrants entered the coun-
try to search for possibilities to ensure their income for living, as reported in interviews in 
March 2017. This kind of situation was recently also observed in Turkey, where the existing 

Municipality Population (2011) Applied waste law 
(2011)

Fee per person or 
dustbin

Fee per person or 
dustbin

Distance to 
landfill, km

Horažďovice 5578 Local Tax CZK 600/person US$ 24/person 43

Horoměřice 3335 Local Tax CZK 480/person US 19/person 6

Jílové u Prahy 4222 Local Tax CZK 500/person US$ 20/person 1

Mnichovice 3069 Fee by Act on 
Waste

CZK 1750/120 l US$ 70/120 l 35

Psáry 3331 Fee by Act on 
Waste

CZK 2145/120 l US$ 86/120 l 53

Říčany 13,499 Contractual form 
by Act on Waste

CZK 2520/120 l US$ 101/120 l 36

Statenice 1261 Local Tax CZK 600/person US$ 24/person 6

Table 1. Waste management system in several rural municipalities [38].
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well-organised informal sector got quite under economic pressure caused by a stronger com-
petition. Resource recovery and recycling are practised in a limited way, even those of urban 
areas are clean and free from street waste. In the rural areas, there is a higher percentage of 
waste beside the roads, and it is obvious that there is cleaned or collected much more seldom.

A well-documented study on the informal sector in the rural and rurbanised environment of 
Jordan was provided by Aljaradin et al. [39], which analysed the informal recycling activities 
carried out by a scavenger in the Tafila region of Jordan. The general situation is given in 
Figure 2, and it is a typical situation for a variety of low- and lower-middle-income countries.

There is no legislation which forbids scavengers to pick and recycle waste but the Ministry of 
Social Development always tracks them for children working as waste pickers [39]. The infor-
mal recycling in Jordan was estimated to be around 10% from the total municipal solid waste 
(MSW) generated. As shown in Figure 2, their activities are carried out before the solid waste 
reaches the final disposal sites for the separation of recyclable materials, but the majority of 
informal collection is done at the disposal sites. The informal waste collectors are welcomed as 
they reduce the cost of formal waste management systems. The materials most often collected 
are aluminium, plastic, paper, cardboard, glass, copper and iron [39]. The average quantity 
collected by 100 scavengers per day is reported with 150-kg soft drink cans, 5-kg aluminium 
stripes, 2-kg copper wires and 90-kg scrap metals.

The average waste composition contains biodegradable waste (52%), plastics (17%), paper/
cardboard (14%), glass (3%), metals (1%) and others (17%) (Karak et al. [40]). The composition 
of the scavenger crowd in the Tafila region is 99% men and 1% woman [39], with 80% being 
less than 25 years old. The majority of the informal waste pickers in Tafila (78%) obtain a 
monthly income of >250 € (268 US$), the others <250 €. As Aljaradin et al. [39] reported, scav-
engers usually have no concept of the essential role of their work in the waste management 
activities, and their social status is very low.

3.3. Mexico (upper middle-income country)

Mexico is a country in Latin America with 122 million inhabitants. The annual average household 
income is 12,800 US$. The average waste generation in rural communities is 0.68–1.09 kg/cap/d 
[41]. In other studies, carried out in rural communities in Mexico the interval found is between 

Figure 2. Flow chart for solid waste streams and scavengers role in Jordan ([39], adapted).
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0.28 and 0.58 kg/cap/d [41, 42], indicating urbanised behaviour. It can be assumed that the dif-
ferences result from the consideration of agricultural wastes. A study carried out in eight com-
munities from Michoacan, Mexico [42], points a composition of 44% of food scraps, 8% of yard 
trimmings, 2% of cardboard, 2.8% of paper and 0.6% of textiles [41]. In comparison, the per-capita 
MSW generation in the urban area ranged from 327 to 361.35 kg/inhabitant/year from 1995 to 
2012 [43].

As in other developing countries, also in Mexico, the informal sector exists, which is con-
cerned with the recovery of waste, but an investigation to quantify the contribution regard-
ing the recovery of recyclables [44] would be necessary. According to Taboada-González et 
al. [41], in some rural communities of Mexico, waste collection is provided by the munici-
pality through the Department of Waste Management (DWM) at no charge. The waste is 
collected once a week at the curbside where residents place their garbage bins. Afterwards, 
waste is disposed of in each community’s dumpsite. The percentage of coverage of waste col-
lection services in the rural area is 60%, making it clear that the DWM does not totally collect 
the waste generated by the communities, being inefficient in most of the cases. The rest of 
the waste is usually mismanaged and burned outdoors or discarded at ravines, uncultivated 
land and canals. Also, an unquantified fraction is collected by informal collection services 
that offer their services in exchange of a gratuity. Also in Mexico a deposit refund system 
exists.

In Mexico, scavenging and informal refuse collection (IRCs) is very common (Figure 3) [45]. In 
many cases, rag pickers recover some valuable materials (aluminium, tin can and ferrous waste) 
and the rest is dispersed to be burned outdoors. Waste picking is done near the source, that 
is, after collection has taken place at the generating sources and previous to being transported 
to the dump or landfill. The most common way of selling the collected material is directly to 
the companies that attend the site daily [43]. Materials such as aluminium, tin cans and fer-
rous waste are collected by waste pickers in rural communities [41]. Waste pickers working in 

Figure 3. Informal refuse collection in Netzahualcoyotl, Mexico. Photo by Medina [45].
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the landfill collect mainly plastic (PET), also aluminium cans, plastic (HDPE) and metals. The 
material is selected for collection in terms of the market for each product [44]. According to 
Medina [43], in some towns, informal refuse collectors pick up garbage and charge each home 
a fee between US$ 0.10 and 0.50 (Figure 4). In many cases when they operate in a place far from 
the municipal disposal sites, they take the collected waste to privately operated transfer sta-
tions and pay a fee of US$ 1–4 for unloading wastes there, depending on the amount. Hence, 
in addition to collection fees, they recover recyclables from the wastes, which, considering the 
fees they pay, results in an average income of US$ 9–15 a day, which is between three and five 
times the minimum wage. Being so, in many cases IRC is a highly paid activity.

Figure 4. Informal refuse collection in Tultepec, Mexico. Photo by Medina [45].

MXN Peso/kg US$/kg

Paper 3.00 0.156

Newspaper 1.50 0.078

Glass 0.60 0.031

Plastic PET 3.00 0.156

Cardboard 2.00 0.104

Aluminium 17.00 0.884

Food tins 17.00 0.884

Metal 2.00 0.104

Magazines 3.00 0.156

Table 2. Recyclables prices in Mexico [46].
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In many towns not just in Mexico but in Latin America, the informal sector has been used as 
a semi-official tool to bring services to low-income areas, which offers a more open system, 
responding to basic needs and demands [44]. Table 2 shows the recyclable prices in Mexico [46].

Generally, there is a direct relationship between producers and consumers in the informal 
sector, requiring low capital, which allows for more rapid growth. However, this peculiar 
nature of the informal sector makes monitoring and regulation more difficult, for which it has 
resulted in the inefficiencies previously mentioned. Hence, as stated by Medina [45], incorpo-
rating informal collection services into the municipal waste systems and formal programmes 
could bring some control over their operations and stop illegal dumping.

3.4. South Africa (upper middle-income country)

The country located in the Southern Africa has 70 million inhabitants with an annual aver-
age income of 5845 US$. The average waste generation is 1.7 kg/cap/d in urban regions and 
0.35 kg/cap/d in rural regions [47]. Results of a topic-related research of the Council for 
Scientific and Industrial Research South Africa on the informal waste sector indicated that 
between 60,000 and 90,000 waste pickers earn a livelihood from the recovery of recyclables 
from municipal waste in South Africa. This intensive informal sector, which especially also 
works in the rural areas, provides a valuable, and low-cost recycling solution. While the 
informal sector in the urban areas is going to be formalised step by step, the informal sector 
in rural areas is mainly living from the activity of private recycling companies. Generally, 
the situation in the urban area is easier and more economic for an informal waste picker 
than in the rural area. In the urban area, for instance, in Bloemfontein, the informal sector 
was somehow formalised through green T-shirts, which must be bought, and represent the 
official allowance to collect recyclables. In this way formalised, the waste picker can act as 
glass recycler and earn up to 12,000 ZAR/y (approximately 923 US$/y).

In the rural areas, the informal collection is a very difficult job. Usually, the informal sector col-
lects the recyclables at landfills, means on landfills with an informal allowance to enter them, 
or in front of the landfill at the entrance, or on the rural road, which is connecting the landfill. 
There, the informal recyclers even stop cars, which are on the way to the landfill. Besides 
those activities, also conventional collection activities in the villages do exist, even they are not 
the majority of the activities leading to income for the informal waste recyclers. Generating 
income with informal activities in South Africa is a quite unpredictable activity. As the waste 
collectors reported in interviews in February 2017, they do not know when the private waste 
recycling company sends the trucks to collect the waste of the informal sector, which usually 
happens twice a year, sometimes only once a year, but the date is not announced.

This leads to the situation that the informal waste collectors need to establish waste storage 
sites (usually outside landfills), where the recyclable waste fractions are already pre-sorted and 
packed to be ready for the collection by the recycler in each moment. Such constellation leads to 
informal settlements for the purpose of waste collection and manual pre-sorting. The payment 
is small: 2 ZAR per kilogram metal (0.15 US$), 1 ZAR per kilogram plastics (0.08 US$) and 1 
ZAR per kilogram glass (0.08 US$). If the collection activity goes properly, and the private recy-
cling company sends the collection truck, an informal waste recycler can earn approximately 
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6000 ZAR/y (approximately 461 US$/year). This annual income of an informal waste collector 
in the rural areas compares to half of an average monthly income of a worker in an urban area. 
There are nearly no women doing this kind of job in the rural recycling settlements.

Figures 5–7 show impressions of an informal waste recycling settlement in the rural areas of 
eMalahleni, taken in February 2017.

Figure 5. Informal waste-recycling settlement in the rural areas of South Africa, close to eMalahleni: PET collection 
(photos taken by the authors on 26 February 2017).

Figure 6. Informal waste-recycling settlement in the rural areas of South Africa, close to eMalahleni: glass collection 
(photos taken by the authors on 26 February 2017).
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3.5. Nepal (low-income country)

Nepal is a country in Eastern Asia which consists of mountains, hills and a lowland region 
which is called Terai. The country has 28 million inhabitants and an annual average house-
hold income of 701 US$. For the study of the Solid Waste Management and Resource 
Mobilization Centre [33], a total sample size of 3330 households from 60 municipalities 
in the rural areas selected from all ecological zones was considered, having 55 house-
holds that gave an average per-capita household waste generation of 0.12 kg/cap/d [33].  
The data base for Nepal shows that the household waste generation rates in new munici-
palities varied depending upon the economic status. The average waste generation cor-
relates with the monthly available household income. Households with a monthly budget 
of NRs ≥40,000 (about 389 US$) generate 0.88 kg/day, in comparison to 0.4 kg/day for 
households with a monthly budget of less than NRs ≤5000 (about 49 US$) [48]. The 
results of the study indicated a per-capita household waste generation from a minimum 
of 0.07 kg/cap/day (Bheriganga Municipality) to a maximum of 0.22 kg/cap/day (Bhojpur  
Municipality) [48].

The characteristics of MSW collected from any area depend on various factors such as con-
sumer patterns, food habits, cultural traditions of inhabitants, lifestyles, climate, economic 
status, and so on. Composition of urban waste is changing with increasing use of packaging 
material and plastics. The average household waste composition investigated in 60 munici-
palities in terms of the eight determining waste components (organics, plastics, paper and 
paper products, glass, metal, rubber and leather, textiles and others like inert and dust) is 
presented in Figure 8 [33].

Figure 7. Informal waste-recycling settlement in the rural areas of South Africa, close to eMalahleni: living conditions at 
the informal recycling village (photos taken by the authors on 26 February 2017).
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holds that gave an average per-capita household waste generation of 0.12 kg/cap/d [33].  
The data base for Nepal shows that the household waste generation rates in new munici-
palities varied depending upon the economic status. The average waste generation cor-
relates with the monthly available household income. Households with a monthly budget 
of NRs ≥40,000 (about 389 US$) generate 0.88 kg/day, in comparison to 0.4 kg/day for 
households with a monthly budget of less than NRs ≤5000 (about 49 US$) [48]. The 
results of the study indicated a per-capita household waste generation from a minimum 
of 0.07 kg/cap/day (Bheriganga Municipality) to a maximum of 0.22 kg/cap/day (Bhojpur  
Municipality) [48].

The characteristics of MSW collected from any area depend on various factors such as con-
sumer patterns, food habits, cultural traditions of inhabitants, lifestyles, climate, economic 
status, and so on. Composition of urban waste is changing with increasing use of packaging 
material and plastics. The average household waste composition investigated in 60 munici-
palities in terms of the eight determining waste components (organics, plastics, paper and 
paper products, glass, metal, rubber and leather, textiles and others like inert and dust) is 
presented in Figure 8 [33].

Figure 7. Informal waste-recycling settlement in the rural areas of South Africa, close to eMalahleni: living conditions at 
the informal recycling village (photos taken by the authors on 26 February 2017).
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The average composition of household waste comprises as highest fractions organic matter 
(68%), followed by plastics (10%), paper and paper products with 8% as well as other types 
of waste with 8.6% [33]. The rest, being below 4% wet weight, was glass, metal, rubber and 
leather, and textile components [33].

Of total surveyed households from 60 municipalities, 51% responded that they are practicing 
segregation of waste at sources, which is higher than that of survey findings from 58 munici-
palities conducted in 2012 [33]. The higher segregation at sources in new municipalities is 
because of rural nature of these municipalities where almost all households were found to 
segregate kitchen waste for their own purpose, for example, feeding cattle and using for tradi-
tional type composting, and so on. Moreover, only 33% surveyed households have compost-
ing practices of segregated waste while 37% do not have such composting practices in their 
households, which means that the segregated waste at source is mixed again during collection 
and transportation due to the lack of separate collection and treatment methods [48].

In many of the new municipalities, a solid waste collection system does not exist, and if the 
system exists, it is not satisfactory due to unscientific composting, or open burning, or throw-
ing the waste in the open space around [33]. Only 2% of surveyed households sell segregated 
non-biodegradable fraction to informal sectors. 52% respondents told that they do burn of 
segregated non-biodegradable waste like plastics and papers, while remaining either throw 
into road drains or do both [49]. Collection, city cleaning and sweeping do not happen on 
a daily basis [33], and only main market and roads are served daily. Other areas are served 
intermittently, from twice a week to twice a month [33]. Many areas in the rural environ-
ment are neglected due to inefficiency and inadequacy of service [49]. Although a concept 
of material recovery from MSW with legal provisions of sorting waste at sources has been 

Figure 8. Average composition of household waste of 60 rural municipalities, with average values by % wet weight [33].
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already introduced in Nepal through the new solid waste management act (SWMA) promul-
gated in July 2011, no formal municipal waste recovery and recycling programme exist in the 
municipalities [48]. Because of municipal budget constraints, municipalities try to create a 
sound budget without increasing cost-efficiency option, but arrive at the point that MSW has 
become environmental, financial and social burden to each municipality [33]. The conclusion 
of the investigation was that only 2% of surveyed households sell segregated reusable and 
recyclable fraction to informal sectors, being considered as very minimum resource recovery 
activities in the surveyed municipalities [33].

Figure 9 shows informal workers collecting recyclable materials, Belabari Municipality, 
Nepal.

3.6. Vietnam (low-income country)

Vietnam is a country in South East Asia, having a population heading towards 90 million 
inhabitants. The annual average household income was 1912 US$ in 2014. The economy of 
Vietnam is agriculture with paddy rice as major crop cultivated on 4.5 million ha land. In 
addition to the main product, rice grain, by-products such as rice straw and husk (renewable 
resource) are also produced, estimated to be around 38 million tonnes of straw and 6 to 7 million  
tonnes of husk per year for whole Vietnam [50].

The country is very densely populated. People live in all types of organisational forms, cover-
ing sizes from the rural community to megacities. The agricultural sector in the rural areas 
plays a fundamental role in Vietnam, as it provides the nutrition for the growing population. 
The average waste generation in the rural area is 0.4–0.5 kg/cap/d (excluding agricultural 
wastes). The organic content of the generated waste is very high, up to 90%. Plastic bags form 

Figure 9. Informal workers collecting recyclable materials, Belabari Municipality, Nepal (photo source: Solid Waste 
Management Technical Support Center [33], with friendly permission of SWMRMC Nepal).
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a percentage up to 15%. A serious problem is the percentage of hazardous waste, especially 
bags, bottles and cans which contained pesticides. In private households, the waste is often 
burned. Only a small percentage is composted.

The waste collection is organised in different ways in the provinces, usually comprising two 
levels:

(a) Waste collection from the households through companies, NGOs (e.g. Farmers Union, 
Women Union, Veterans) or private waste pickers (informal sector). The waste collec-
tion fee is stipulated by themselves, as well as the determination of the collected fees 
(payment for employees or investments). Informal waste pickers exist everywhere in 
the rural areas, and they mainly collect plastics, paper and metal. Only a small percent-
age of the collected waste is recycled, the majority is put on landfills. In areas, which are 
far from the official collection and recycling infrastructure, the waste is deposited into 
illegal dumpsites.

(b) Waste collection at the landfills of the province. The central waste management company 
URENCO allows private waste pickers to collect recyclables from the deposited waste 
and pays for this service.

Vietnam produces many biodegradable wastes in the rural areas, which are mainly not recy-
cled in the current state. The biomass contributes to the rural waste generation, and even it is 
recyclable, it is not yet properly valorised. For the informal sector, it is not an interesting waste 
stream. Currently, in the urban and rural areas in Vietnam, a bottle deposit refund system for 
beer and soft drink bottles does exist. The bottles refund for one box with 20 beer or 24 soft 
drink bottles is 20.000–40.000 VND (0.88–1.76 US$). The recyclable materials are bought by 
collectors from households with the following prices:

Cardboard: 3000–4000 VND/kg (0.1–0.18 US$)

Paper: 4000–5000 VND/kg (0.18–0.22 US$)

White cleaned covers from nylon and plastics: 12,000 VND/kg (0.53 US$)

Coloured cleaned covers from nylon and plastics: 10,000 VND/kg (0.44 US$)

Dirty covers from nylon and plastics: 2000 VND/kg (0.09 US$)

PET bottles: 4500 VND/kg (0.20 US$)

Iron scrap: 4800 -10,000 VND/kg (0.21–0.44 US$)

Aluminium scrap: 20,000 VND/kg (0.88 US$)

Copper scrap: 60,000–90,000 VND/kg (2.65–3.97 US$).

Figures 10 and 11 show informal workers collecting recyclable materials in the Mekong 
region in Vietnam.
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Figure 11. Informal workers collecting paper and cardboard, Mekong region, Vietnam (photos taken by the authors on 
14th august 2017).

Figure 10. Informal workers collecting recyclable materials, Mekong region, Vietnam (photos taken by the authors on 
14th august 2017).
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4. Discussion

The informal collection of waste is a phenomenon that results from social differences within 
society and the population. Therefore, it is not surprising that the perception of the activi-
ties of informal waste collectors in the scientific literature refers to developing countries and 
emerging countries, since social differences are more pronounced. These informal waste man-
agement systems in low- and middle-income countries usually exist in parallel with formal 
waste management systems, and this applies for urban as well as rural areas and might be 
considered as a result of rurbanisation. The case studies show the development of the infor-
mal sector as an important part of the waste management activities, when a country starts 
to develop. With increasing economic development, the importance of the informal sector 
is shrinking step by step in relation with the improvement of the formal activities. Even this 
development goes faster in urban areas; the conclusion applies also to rural areas. Although 
organic waste is the main waste stream in rural areas, there is a relevant proportion of infor-
mal activities on recyclables like metals, plastics, papers and glass.

One of the main focuses of the formal waste management activities in the urban areas is 
to find solutions for the inclusion of the informal sector into the formal activities, and in 
this way, it is formalisation. In order to support the consideration of formalisation options of 
the informal sector, a further literature search was carried out. The aim was to reconcile the 
approaches used in other countries and to consider as far as possible a wide range of ideas. 
Thus, in principle, the following approaches exist in the literature:

• Incentive systems for the disposal of certain wastes.

• Umbrella organisation for informal collectors outside the waste regime.

• Incorporating informal waste collectors into a commercial waste management company.

• Establishment of an umbrella organisation within the waste regime.

• Second-hand goods trading through municipal waste management.

• Consideration in national ReUse concepts.

The following basic options for the integration of the informal sector were determined in the lit-
erature research in the form of case studies (in accordance with the investigations of Hold, [14]):

(A) Involvement of informal waste collectors with the municipality by means of a contracted 
subcontract to an unionised unit, for example, for certain geographically defined admin-
istrative units and/or for the lower-income areas. An example is Maputo (Mozambique): 
The informal waste collectors supply the recyclable waste to a centre for the sorting and 
pre-treatment of valuable substances. The recycling centre sells high-quality, recycled 
plastics to the local recycling industry and is independent of external financial support.

(B) Involvement of informal waste collectors by specialising in a specific type of waste. In 
Delhi and Bangalore (India), numerous informal workers recycle electrical and electronic 
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waste. The informal recyclers received training in the risk of their work and appropriate 
recycling techniques. Finally, several small recyclers of electronic waste joined together 
and were able to register themselves officially. In the treatment of hazardous substances, 
the new company cooperates with an experienced, formal recycler. The newly founded 
and registered company has established itself on the market and offered its employees an 
improved job situation.

(C) Specified waste refunds for certain recyclable waste types and quantities. In Bogota 
 (Colombia), informal waste collectors receive 28.78 US$/tonne of waste collected at  
officially authorised collection points in the city; 13,754 informal waste collectors are 
found in Bogota, 58% of them are women; 1200 tonnes of waste are collected daily by 
them. The average income per collector is 3.41 US$/d.

(D) Official recognition of the waste collector is a profession. In Brazil, the waste collector was 
recognised as a profession. There are three types of organisations: (1) unorganised and 
anonymous waste collectors, which are not affiliated with any organisation, (2) organised 
waste collectors organised in cooperatives and associations, and, as a rule, at least 10 years 
of professional experience, as well as contract-bound waste collectors, mainly working in 
scrap metal, in metal works and also in the municipal sector. In Brazil, there are 229,568 
waste collectors, of which 67% are men, 25% are between 50 and 64 years old and 7% are 
over 65 years old. Only 14% of them have a school-leaving certificate. Approximately 
4.5% work in a formal contract, which include 11,781 people. The contractually employed 
persons have a median income of about three to four times higher.

(E) Another possibility to improve the problematic situation of informal waste management 
would be to take account of informal collectors with the introduction of a national re-use 
system. The informal collectors could fulfil the need for new capacity in waste collection 
centres, such as storage areas and labour, or take over the transports between the munici-
pal collection points and the socio-economic enterprises, or assist the employees of social 
economy enterprises with their repair knowledge.

(F) Integration of the informal sector into the development of re-use and repair networks 
in co-operation with socio-economic integration companies. In this formalisation, the  
informal collectors function according to Scherhaufer et al. [51] as transporters for socio-
economic enterprises. A separate collection of reusable items is carried out in the waste 
collection centres in question, which are then transported to the ReUse plants by the infor-
mal collectors. The delivered items are then sorted according to their functions in ReUse 
operation. They are divided into items with or without the need for repairs [14].

The mentioned general options could be applied also in the rural areas; even the probability 
of the feasibility of some particular options is higher (in accordance with the investigations of 
Hold, [14]), as there are:

• Option (A) could be applied also on communal basis in rural areas.

• Option (B) appears not as an applicable option as the waste volumes in rural areas are small-
er, and with this the proportion of usable recyclables is smaller. The example from South 
Africa shows a remarkable volume of recyclables needs time to be collected in the rural areas.
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• Option (C) is an interesting option, which could allow for a constant cash flow or income.

• Option (D) is a challenge. It would be useful to recognise waste recycling as profession, 
especially for the informal sector. This option could be combined with the special clothing 
of the waste recyclers in order to recognise them faster as officially working people.

• Option (E): this option would work also in rural areas, but it requires as precondition that 
the country is already in a certain developed stage.

• Option (F): this option applies to a higher-developed society which already has a devel-
oped waste management infrastructure.

5. Conclusions

Scope of the current investigation was to collect data from literature and through field stud-
ies in order to obtain information on the informal sector activities in the rural areas, work-
ing in a rurbanised environment. A general conclusion from the questionnaires and field 
visits is that the informal sector exists also in rural areas; even the generation of recyclable 
waste is smaller than in urban areas. Therefore, the income of rural informal waste pickers 
is lower than that of urban waste pickers. As the informal sector in the rural area is usually 
concentrated near the landfills, they use recyclable materials going to the landfill in several 
ways to make their living. Usually they collect metals, glass, PET bottles and sometimes 
also papers. Potential differences in the waste management activities of the informal sec-
tor in cities and in an urbanised rural environment can be stated at this investigation stage 
that the urban sector shall be usually formalised at a certain development stage, while this 
is usually not yet the case in the rural area. Further, like in other commercial sectors, the 
income in rural areas is usually less than in urban areas. The percentage of women in this 
sector is negligibly low.

Most of the middle- and low-income countries deal with an informal waste sector. And 
usually, each respective country faces a number of unique socio-economic and political 
circumstances that may influence the integration of the informal sector into a formal sec-
ondary resources economy. Anyhow, one question in this regard is: What model of social 
inclusion of waste pickers would be most appropriate in the respective country, means 
integration and/or formalisation? A discussion in a recent workshop at the Chamber of 
Commerce, held in Istanbul in October 2016 was on the subject of the inclusion of the 
informal sector into the official waste management system. The informal sector also par-
ticipated. Surprisingly, not all of the members of the informal sector agreed to be included 
in the formal waste management organisation. Most of them told the freedom of their 
working conditions as reason.

Having in view the process of rurbanisation and the economic development of the low- 
and middle-income countries, informal waste pickers are at present an important part of 
the system. It is to be expected that with increasing economic infrastructural development, 
their relevance will be decreasing on the long term, but not necessarily. In Vietnam, for 
instance, the informal sector is included in the waste management system as official power 
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already to collect recyclables from landfill (e.g. Nam Son in Hanoi). On the other hand, it 
might be possible that the informal sector covers especially rural regions, which are less 
developed in infrastructure and/or which are far from the next recycling centres and not 
economically manageable with formal waste management activities. In such case, the infor-
mal sector could be able to manage those regions with its technical means, for instance 
horse carriage (like in several East European countries), or smaller motorised vehicles. 
Anyhow, the main waste stream in rural areas which will not be managed by the informal 
sector is the organic waste.
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Abstract

The inclusion of sustainability and circular economy principles, as well as the compliance 
of the European requirements in municipal waste management, involves improving the 
waste separation, recovery and valorization. The current municipal solid waste manage-
ment system of Galicia (Northwestern Spain) that includes most of the municipalities 
involves the treatment of biowaste (mixed in the same container with the nonorganic rest 
fraction) in a single management facility. This biodegradable fraction, which accounts 
for 42% of the total amount of household waste, is treated by incineration for energy 
recovery. The local government of Allariz (Galicia) undertook a project to implement a 
management model decentralized for biowaste separation and treatment through com-
posting. Municipality structure (type of housing, urban and rural areas, etc.) made it 
necessary to implement different composting systems: home composters, community 
composting islands and a dynamic composter. During the first year of start-up of the 
management model, the level of citizen acceptance was adequate, biowaste was correctly 
segregated and good quality compost for soil fertilizer was obtained. So, a reduction of 
around 8% of the mixed waste sent to the centralized treatment facility was observed. 
The biowaste recovery had also resulted in a recycling improvement of all remainder 
fractions.

Keywords: compost, organic fraction of municipal waste, circular economy, recycling, 
citizen participation
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1. Introduction

The management and planning of the municipal solid waste produced by citizens in their 
dwellings is one of the main objectives to be addressed by the circular economy principles. 
The European Union, in its commitment to the environment and sustainable development, 
promotes among its members the implementation of concrete measures and actions in order 
to improve current conditions and establish a legal framework for the proper management of 
municipal solid waste. The European Parliament adopted the Directive 2008/98/EC on waste 
[1], laying down measures to protect the environment and human health by preventing or 
reducing the adverse impacts of the generation and management of waste and by reducing 
overall impacts of resource use and improving the efficiency of such use.

In densely populated and urbanized areas of the European continent, there are many alterna-
tives for the management of this type of waste [2–4] but also in other continents, where the pop-
ulation density is much greater and the establishment of urgent measures becomes an essential 
work to avoid negative impacts on the environment or human health from household waste [5–
7]. But it is also necessary to carry out actions in rural or semirural areas where the management 
of household waste must be adapted according to the needs of each area so that the objectives 
established by the regulations can be achieved in viable environmental and economic condi-
tions. In Spain, 23% of the population lives in rural areas, according to the resident population, 
and the particularities of each zone make it difficult to manage municipal waste correctly [8].

The Spanish law 22/2011 on waste and contaminated soil [9], which transposes European 
Directive 2008/98/EC, sets the target that, before 2020, the amount of domestic and commercial 
waste destined for the preparing for reuse and the recycling for paper, metal, glass, plastic, 
biowaste or other fractions shall be increased to a minimum of overall 50% by weight. This leg-
islation establishes a waste hierarchy with the following order from highest priority to lowest:

• Prevention: a set of measures taken at the design, production, distribution and consump-
tion stages of a substance, material or product, to reduce the quantity of waste, the adverse 
impacts of the generated waste on the environment and human health and the content of 
harmful substances in materials and products.

• Preparing for reuse: include checking, cleaning or repairing recovery operations, by which 
products or components of products that have become waste are prepared so that they can 
be reused without any other preprocessing.

• Recycling: any recovery operation by which waste materials are reprocessed into products, 
materials or substances whether for the original or other purposes. It includes the repro-
cessing of organic material but does not include energy recovery and the reprocessing into 
materials that are to be used as fuels or for backfilling operations

• Other recovery, including energy recovery, when it occurs with a certain level of energy 
efficiency.

• Disposal: any operation which is not recovery even where the operation has as a secondary 
consequence the reclamation of substances or energy
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In order to achieve the targets established by the legislation, Spanish municipalities assume 
different management separate collection systems for household waste. These systems can 
be summarized in four models in municipalities with more than 50,000 inhabitants and in 
six models in smaller municipalities of 5000 to 50,000 inhabitants [10]. The Autonomous 
Community of Galicia, located in the northwest of Spain, has a total area of 29,574 km2 and a 
population of 2,718,525 inhabitants in 2016. With a population density of 92.2 inhab/km2, the 
most urbanized areas are mainly concentrated on the coast, while dispersed and rural popu-
lation centers are established in the interior and the East of the Community. In Galicia, there 
are three different collection systems of municipal waste [11] that are summarized in Figure 1 
with the following characteristics:

• Model 1 of the Galician Society of the Environment S.A. (SOGAMA) to which are attached 
295 municipalities and that covers 82.5% of the population of the community. Around 
805,355 tonnes of waste were managed in the year 2015.

• Model 2 of the Treatment of Urban Waste of A Coruña to which are attached 10 munici-
palities representing around 14.3% of the population of Galicia. Around 174,318 tonnes of 
waste were managed in the year 2015.

• Model 3 of Sierra of Barbanza Environmental Complex to which nine municipalities be-
long, which represents around 3.1% of the Galician population. Around 32,220 tonnes of 
waste were managed during the year 2015.

All Galician municipalities are adhered to the models presented in Figure 1 for municipal 
waste management, and there are no illegal landfills for the fractions considered in this study. 
The three management models implement containers in the public road for the municipal 
waste collection where the citizens deposit the waste generated in their homes in different 
fractions. The three models have independent containers for the separate collection of glass 

Figure 1. Models for the collection of household waste of the Autonomous Community of Galicia (source: prepared by 
the authors based on the information from Urban Waste Management Plan of Galicia [11]).
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Figure 2. Composition of the household rubbish in Galicia [11].

and paper-cardboard, but present substantial differences in the other two containers. In the 
model 1 (SOGAMA model), there is no differentiated collection of the organic fraction, while 
in the other two models, there is a differentiated collection of biowaste. The models 2 and 3 
have a yellow container for the inorganic fraction where lightweight packaging and the rest 
of wastes that do not present differentiated separation are deposited and another container 
for the separate collection of the organic fraction. In the system 1, at the majority of citizens of 
the community disposal, there is a yellow container where the lightweight packaging (plastic, 
metal and liquid packaging board) is deposited and another container for the rest or mixed 
fraction, i.e., all wastes that are not subject to separate collection, in this case, biowaste along 
with sanitary textiles, ceramic waste, household cleaning waste, etc.

As indicated above, most municipalities of Galicia (82.5% of the population) are included 
under a centralized municipal waste collection system. So, waste can travel more than 150 km 
before proceeding to its management in the treatment plant. To SOGAMA’s facility arrives the 
waste deposited in the yellow container and the mixed container (organic and nonrecyclable 
waste). The materials collected in the lightweight packaging container are classified accord-
ing to its different typology, and later, they are sent to the recycling centers to be transformed 
into new products. The waste collected in the mixed container, once separated the materials 
that can be recycled (steel and aluminum fundamentally), is subjected to an energy recovery 
process, whereby they are incinerated to produce energy. The biodegradable fraction, which 
accounts for about 42% of the total amount of wastes generated in housing (Figure 2), is not 
collected in a differentiated way and is segregated together with the wastes deposited in the 
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mixed container. Therefore, the end-use of the biowaste, once it reaches the treatment plant, 
is the incineration for energy recovery; however, these biowastes have a low calorific value 
due to their high water content.

The definition of biowaste is described in Spanish law 22/2011 [9] and includes biodegradable 
garden and park waste, food and kitchen waste from households, restaurants, caterers and 
retail premises and comparable waste from food processing plants. Both the implementation 
of sustainability and circular economy criteria in waste management, as well as ensure compli-
ance with European requirements, mean improving the segregation of biowaste and its treat-
ment. Composting is a simple, low-cost recovery technology that enables organic waste and 
by-products to be transformed into biologically stable materials called compost. The compost 
can be used as an amendment and/or soil fertilizer and as a substrate for plant growth, reduc-
ing the environmental impact of biowastes and making it possible to take advantage of the 
resources contained in them. Composting is defined as a controlled biooxidative process, which 
develops on heterogeneous organic substrates in solid state, due to the sequential activity of a 
great diversity of microorganisms present in the substrate. Under these assumptions, compost-
ing of the organic fraction of household waste is presented as an economically accessible and 
adequate option with the environmental requirements. For example, in India they have bet on 
the decentralization of composting for this type of waste in cities for several years ago [12]. For 
that, it is necessary to involve the population in waste separation and the implementation by 
local entities of composting systems. Finally, it is possible to close the cycle of organic matter by 
obtaining a product of good quality, compost, for local, community or individual use.

In this way, the start-up of new models of organic waste management in the municipali-
ties through the use of composting is growing exponentially in the Galician community. 
Composting experiences are being currently carried out in San Sadurniño and municipalities 
of the province of Pontevedra included in the “Revitaliza” program [13].

2. Case study in Allariz

2.1. Study area

The municipality of Allariz is located in the province of Ourense belonging to the Autonomous 
Community of Galicia located in the northwest of Spain (Figure 3). Allariz has an area of 85.3 km2 

where a population of 5982 inhabitants distributed in 92 population centers and with a density 
of 70 inhab/km2. According to the indicator of rurality established in Urban Waste Management 
Plan of Galicia [11] that takes into account, among others, data on population, population den-
sity, tourist and commercial level, the municipality of Allariz has a rural character. Allariz is 
located in the area of influence of the most populous municipality of the province, the urban 
municipality of Ourense, with approximately 100,000 inhabitants. The population structure 
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household waste of the mixed fraction and the packaging fraction must travel around 120 km 
away in a straight line (Figure 3).

At the end of 2014, Allariz set in motion to implement the separation, treatment and use of 
organic matter throughout the municipality. The following action lines were proposed:

• Promotion of single-family self-composting.

• Development and promotion of community composting.

• The specific collection of organic matter coming from big waste producers, such as catering 
establishments and food companies, for their joint composting.

These action lines aim to increase the recycling rate and minimize the percentage of wastes 
that are segregated together to be incinerated. Increasing the recovery of biowaste implies 
diverting them from incineration by reducing the emissions of greenhouse gases emitted dur-
ing their combustion and their transport. Composting of biowaste produces compost for pri-
vate or municipal use that allows closing the circle of organic matter by returning to the soil 
the nutrients extracted by plants and animals during their growth and development. This 
also leads to a greater use of waste in accordance with the hierarchy imposed by European 
regulations, and an efficient waste management model capable of contributing to sustainable 
development is consolidated.

Allariz

SOGAMA

Figure 3. Location of the municipality of Allariz and the waste treatment plant of SOGAMA.
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Indirectly, it is also expected that by improving the household waste separation there will be 
an improvement in the existing separate waste collection of the different fractions: packaging, 
paperboard and glass. Thanks to increased citizens’ environmental awareness can be reduced 
economic management costs, which arise as a result of the collection, transport and treat-
ment of waste outside the municipality, in addition to environmental costs. The internaliza-
tion of the organic fraction management in the municipality itself allows the strengthening of 
employment in a rural region.

Another objective of the plan is to recover the green waste that is generated in the houses with 
garden and during the maintenance of the green areas of the municipality. This green fraction 
consists mainly of pruning remains, grass clippings and leaves that can be crushed to be used 
as a structuring agent in the composting of biowaste.

2.2. Methodology

2.2.1. Composting process

Composting is a controlled biooxidative process, in which a heterogeneous organic substrate 
undergoes a thermophilic stage and a transient release of phytotoxins, obtaining as products: 
carbon dioxide, water, minerals and stabilized organic matter called compost [14]. Due to 
the high microbial activity during the composting process, the temperature increases and 
accelerates the degradation and mineralization of the organic matter. Changes in temperature 
throughout the process allow differentiating four phases [15]:

• Mesophilic phase: characterized by the increase of the temperature from values close to the 
ambient temperature until reaching approximately 45°C. During this phase, the mesophilic 
microorganisms begin to slowly degrade the organic matter.

• Thermophilic phase: at temperatures above 40°C, the mesophilic activity drops, and the 
degradation begins a thermophilic stage, reaching values of 60–70°C. The thermophilic 
phase is very important, since reaching temperatures of this magnitude produces pas-
teurization of the product, destroying the pathogenic microorganisms and seeds of inva-
sive plant species, so this ensures the hygienization of the material produced. From the 
80°C, excessive heat can cause the death of most microorganisms to stop the degrada-
tion activity, so the composting must be controlled so that these temperatures are not 
exceeded.

• Cooling phase: the mixture begins to cool because easily degradable materials have been 
consumed during the mesophilic phase and mainly in the thermophilic phase. As a conse-
quence of this, a return to the mesophilic stage occurs and the temperature drops to near 
the values of the ambient temperature.

• Maturation phase: at this stage, complex secondary condensation and polymerization reac-
tions occur, which results to the compost as final product. It is necessary that this phase has 
the duration such that the material acquires the maturity and the necessary stability of an 
organic amendment of agricultural application.
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2.2.2. Composting systems

Thus, the implementation of the biowaste management model through composting was car-
ried out at three levels:

• Individual composters for single-family houses. A total of 220 family composters were given 
voluntarily to the residents and with the only obligation to use the composter bin in order 
to treat the organic household waste to obtain compost. These individual composters have 
a volume of 300 L and, mainly, were delivered to homes away from community compos-
ters. The methodology used in these composters basically consists of alternating layers of 
biowaste with layers formed by leaf litter, crushed grass, chip or shredded pruning wastes 
that can be obtained in the garden of the participants themselves. In this system, composter 
users and those responsible for obtaining the compost are the family that generates the bio-
waste, and the municipality staff undertakes to carry out training and questioning by users.

• Community composters for residential areas and buildings of various heights. The munici-
pality of Allariz implemented a total of 24 composting islands (areas for the placement of a 
group of composters) located on public land in urban and periurban areas with more than 
130 composters. Each composter has 1000 L of capacity and is considered to accept the or-
ganic matter deposited by approximately 15 families. These modular composters are made 
of recycled plastic slats that enable the walls to be completely removable and have the ad-
vantage of work as independent or dependent modules of composting, making easier the 
movement and transfer of compost. Each island is constituted up of a number of modules 
that depend on the volume of population they serve. Bulking agent used in this system is 
shredded wood that comes from a biomass company located in the industrial estate of the 
municipality and the green waste provided by neighbors and municipal services. The work 
of the neighbors/participants focuses on separating correctly the organic fraction gener-
ated in their dwellings, getting a waste free of improper materials such as plastics, metals 
or glass, and transferring the biowaste to the nearest composting island. The town council 
distributed 10 L cubes to the neighbors to facilitate the transfer of biowaste. The organic 
fraction deposited in the composters, called the contribution composters, must be covered 
with the bulking agent, present in all the islands, to avoid the appearance of insects and 
odors. The other composters of the island, other than those of contribution, are used in the 
maturation of compost. The responsibility of the municipal staff is to carry out the works of 
mixing, irrigation, screening, turning and transferring between composters of the material, 
as well as to distribute the compost to the neighbors who have participated in this initiative.

• Dynamic composter for biowaste produced by big waste producers. This dynamic bioreac-
tor Big Hanna model T120 consists of a rotating cylinder orientated horizontally with tem-
perature sensors at different positions along the cylinder and a continuous aeration with fan. 
Biowaste is fed through a screw conveyor in the hopper situated in the front of the compos-
ter, rotation of the cylinder moves the material and the compost is emptied through the back 
side after about 8 weeks. The bioreactor can accept a load of 300–500 kg per week and has a 
capacity of about 3 m3. In this electric bioreactor, the periodic rotation of the cylinder itself 
produces the material mixture and helps the aeration of the material accelerating the de-
composition of the organic matter. The municipal staff collects the organic matter generated 
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and separated by the catering establishments and food companies to be transferred to the 
bioreactor. The bioreactor is designed to use pellets as a control material for excess moisture 
produced during the process and is added together with the biowaste in the hopper by the 
municipal staff. After the composting cycle, the pellets become part of the final compost. The 
compost generated in the bioreactor is sieved by a 1-cm mesh and transferred to a composter 
until it reaches the parameters of maturity and stability enough to be applied to the soil with 
quality assurances.

The planning, distribution and start-up of the model were carried out along with informa-
tion, training and awareness campaigns to the neighbors and the different parts involved in 
the model. The educational work of the citizens gave appropriate answers to the doubts and 
questions asked by the users. On the other hand, the choice of the message conditions the 
content, which must always be accurate and verified, and also transmitted with simplicity 
and clarity to achieve the objectives of the campaign. Knowing the municipality, its territory 
and its idiosyncrasy, helps in understanding the demands and terms of the message to be 
transmitted. Figure 4 shows the poster that is present in the community composting islands of 
Allariz. With this poster, it is intended to draw the attention of neighbors, but also of tourists 
and visitors, increasing the initiative’s visibility.

Therefore, the development of this management model was carried out jointly with the 
activities of dissemination and education through training and awareness talks to the citi-
zens of Allariz, in both the rural area and the old town. Accordingly, it is worth noting 
the activities carried out for children in schools taking advantage of the cross-curricular 
thematic of waste management in school curricula. In addition, door-to-door visits were 
made to inform about the advantages of composting and 600 cubes of 10 L of capacity were 
delivered to the neighbors to transport their biowaste to the community composters and to 
the individual composter. For the composting of the biowaste produced by the big waste 
producers, 20 containers of 120 L of capacity were distributed and a schedule of door-to-
door collection was established.

Figure 4. (a) Community composting island with an area of green waste contribution on the left and composters on the 
right. (b) Detail of one of the informative posters.
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Training activities and follow-up work on the individual composters were carried out by 
the Association for the Ecological Defense of Galicia (ADEGA). The staff of the Ramón 
González Ferreiro Foundation, together with the municipal staff of Allariz, monitor daily 
(from Monday to Friday) the community composting islands, performing data collection 
works on temperature, moisture, type of material contributed, etc., and also place informa-
tive panels on these islands on the inappropriate uses that are detected. The implementation 
of corrective measures of problems encountered, such as excessive grass feed, presence of 
thick pruning remains or improper inputs, is essential for participants to learn in the most 
appropriate way and obtain good quality compost without causing odors, insect problems 
or other annoyances.

The Environmental Biotechnology group of the University of Vigo carried out the sampling 
and analysis of compost, both from the community composters and from the bioreactor for 
the biowaste of the big producers. In total, 29 samples of compost were analyzed and 5 char-
acterizations of the bioreactor input material were performed.

Once the samples were analyzed and the data obtained were evaluated, the compost was 
distributed to the participating neighbors. These types of events are an important part of the 
training of citizens because the delivery of the final compost is valued as an award for par-
ticipation and volunteer work. At this time of learning, citizens who do not have the oppor-
tunity to do compost in their own homes see as their work of separation and transfer of a 
substance, from which they are going to be undone because it has no value, is transformed 
into a product that can be used in flowerpots or urban gardens. The concept “from waste to 
compost” helps to a greater implication of the citizens in the model and greater awareness 
of environmental care with a change of mentality toward a perception of waste to resource, 
which leads to an improvement in the selective collection of all fractions and the quality of 
these fractions.

2.2.3. Bulking agent

The need to mix biowaste with a material that provides porosity, in order to facilitate 
the aerobic conditions for the composting process, becomes the key factor of the bulking 
agents. However, porosity is not the only intrinsic property required of a good bulking 
agent, but also, inter alia, its ability to capture and/or cede water according to the needs of 
the process [16]. The complexity and heterogeneity of the biowaste deposited by the neigh-
bors involves a great variability in the moisture values. Thus, while the remains of fruit 
and vegetables are high in water, the bread, eggshell or fish remains have a lower content. 
The initial moisture content of biowaste is around 70–80% [17]. However, the continuous 
contribution of biowaste by citizens causes materials with different degree of degradation 
to be mixed inside the composter, causing variations in the density and humidity of the 
material. The physical, chemical and microbiological characteristics of the bulking agent 
are determinant, and all of them will influence, to a greater or lesser extent, the composting 
process. In this way, it is necessary to take into account the characteristics of the bulking 
agent, using the appropriate machinery, tools and handling, which provides the best con-
ditions of this key factor.
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The type of bulking varies depending on the composting system used. In the individual com-
posters, biowaste is supplied by layers and is covered by green wastes from the dwelling of 
the participants: leaves, straw or shredded pruning. As for the bioreactor, it is designed to use 
pellet as a moisture control material. For community composters, mainly crushed wood is 
used as bulking. This material is represented mainly by a particle size of 1–2 cm with an aver-
age of 43% (Figure 5). This size stands out above the others because, on the one hand, it pro-
vides a greater porosity to the mixture without damaging the increase in temperature and, on 
the other hand, a considerable part of this fraction is recovered for the next composting cycle. 
The particle size of the buking agent must be balanced. The thicker fractions have a higher 
percentage of recovery, so that when sifting the compost this fraction is recovered and can be 
recirculated for a new cycle of composting. However, particle sizes greater than 2 cm increase 
to a large extent the presence of macropores in the biowaste, which, if their percentage in 
the mixture is very high, can cause a decrease in temperature by an excess of aeration. The 
compost is usually sieved around 1 cm, so that bulking fractions smaller than this size are not 
recovered in the screening process and become part of the compost. In addition, an excess of 
small particles can fill the pores and complicate the aeration of the waste during the process.

To size the needs of the bulking agent, the particle size distribution provides very important 
information. In those moments in which there are difficulties in getting bulking agent, it is 
necessary to pay attention to the recovery rates of this one because this material degrades in 
the process and the finer particle sizes are not recovered, once it passes through the sieve, to 
recirculate and to use in another composting cycle.

On the other hand, it is convenient to deposit the bulking agent in a box protected from rain 
in order to control the moisture content of the compost by irrigation in all the three systems. 

10%

43%
25%

22%

> 2 cm

1 - 2 cm

0.5 - 1 cm

< 0.5 cm

Figure 5. Particle size distribution of the bulking agent used in community composters (source: prepared by the authors 
based on the results of this study).
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An excess of moisture during composting can produce bad smells due to the saturating the 
mixture. A pronounced decrease in moisture, as a consequence of the loss of water produced 
by the elevated temperatures inside the composter [18], must be compensated by irrigation 
in order not to stop the degradation of organic matter. In community composters, the green 
waste used for neighbors to cover biowaste has a greater effect the drier the bulking agent, 
reducing the odors released by them. During periods of time when municipal staff is not pres-
ent to mix the bulking agent with biowaste, anaerobic episodes can occur due to the absence 
of porosity of the organic matter provided by the neighbors, in turn these materials may have 
several days in the cube or bag which may increase the presence of putrid odors resulting 
from anoxic decomposition. For this reason, a bulking agent capable of retaining these emis-
sions, as long as the structure of the material is not corrected, can minimize odors and avoid 
possible annoyances to citizens

2.3. Results and discussion

2.3.1. Composting systems

In the three composting systems, periodic monitoring was carried out by members of the 
city council and collaborating entities in order to implement the changes in the management 
model and to control the composting process of biowaste. Figure 6 shows a small summary of 
the versatility conditions presented by the three systems.

All the systems implemented in the decentralized model present several advantages depend-
ing on the needs of the user collective, being decisive variables such as the volume of waste 
production, the availability of an appropriate place for the development of the system, the 
necessary resources and, fundamentally, the economic cost that each system has.

The frequency with which the household waste is deposited varies in relation to the distance 
that the neighbors have to travel to deposit their wastes [19]. Thus, in the rural areas, the pres-
ence of individual composters is common due, among other factors, to the distance separating 
houses from containers. Other factors such as climatology, waste disposal schedule, reduction 
of biowaste and the need for a fertilizer for the orchard or garden are considered to be advan-
tages of individual composting. At the level of the composting process, it should be noted 
that unlike individual composters, the modular system of community composters facilitates 
the emptying and transfer of the composted material, thanks to the simple manipulation of 
the plastic slats. At the same time, the use of this recycled plastic involves a reduction of up 
to 52% in environmental loads due to savings in raw materials, energy and emissions [17]. 
Another advantage that presents this modular system of composting is the activator effect 
that provides the proximity of the composters. This is because the proximity of a module with 
thermophilic temperatures facilitates the activation of the composting process in the nearest 
modules, reducing the effect caused by the low ambient temperatures that can occur at night 
or in colder seasons.

The effect created by the volume of material to be treated also has consequences in the process. 
The individual composters, with smaller volume, are more influenced by ambient temperatures 
than the material present in the community composters and, above all, the material of the biore-
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actor that presents greater volume and isolation with the exterior. In addition to these reasons, 
the frequency of biowaste inputs to an individual composter depends to a large extent on the 
size of the family residing in the dwelling, i.e., small families of two or three members generate 
less volume of biowaste to feed the composter. Based on these premises, the individual com-
posting lacks the intensity of the other two systems and, consequently, more time is necessary 
to produce compost. It is considered that the addition of meat and fish remains can accelerate 
the composting process [20].

Figure 6. Comparison of the three composting systems set up in the municipality of Allariz: individual composter, 
community composter and bioreactor for large producers.
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The compost that is obtained in the bioreactor still lacks a state of maturity and stability 
required to be applied to the soil [21], in a system as a composter or through another sys-
tem, to reach the conditions established by the legislation, reason being additional space is 
required for maturation [22]. In addition, the bioreactor system presents greater economic 
cost due to the high investment in the equipment purchase. To this must be added the cost for 
the collection and transfer of the organic waste, which is carried out in a determined schedule, 
and the cost of personnel for loading, unloading and control of the process.

2.3.2. Community composters

To evaluate the quality of compost generated in the community composting islands, these 
were analyzed before being delivered to the participants. A summary of the data of the 19 
composts sampled in January 2017 are shown in Table 1, which also shows the variability of 
the samples on the general characteristics established by the legislation on fertilizer products 
[23] and other important parameters of stability and maturation [24, 25]:

• Compacted bulk density. Compost presented an important variability in this parameter and 
was betwefact that this parameter is affected mainly by the moisture and the distribution 
of the particles. As the organic matter degrades, the number of smaller particles increases, 
causing an increase in the bulk density. The higher the density, the lower the capacity to 
maintain adequate porosity values and higher compaction, although very low densities in-
dicate numerous air spaces that can make water difficult for plants. The presence of parti-
cles of bulking agent in some composts caused the density decrease while the high moisture 
detected in several of them allowed higher densities.

• Stones and others inert materials. Both inert materials and stones are small-sized materials 
that remain at the end of the composting process and cannot be separated by refinement. 
100% of the analyzed samples had a percentage less than 0.1% of inert materials greater 
than 2 mm. This is due, mainly, to the good separation of the wastes by the participants, 
which allows obtaining a very pure organic fraction and with a low presence of improper 
ones. In addition, the content of stones greater than 5 mm did not exceed 0.1%. The com-
munity composting system allows that once detected certain errors in the separation, these 
can be corrected through different mechanisms such as meetings with neighbors, informa-
tion talks, e-mail messages or simply by direct contact with the participants.

• pH. At the beginning of the process, the biowaste deposited by the neighbors has a nor-
mally acidic pH due to its high water content and easily degradable organic matter. This 
measure is usually corrected until neutral and slightly alkaline values are reached in the 
final compost. With regard to the application of compost, considering that in Galicia most 
soils and water are acidic, it is advisable that organic amendments have a slightly basic pH 
to correct soil acidity and improve crop growth. All samples exceed pH 7, and one sample 
is above 8.

• Electrical conductivity. The evolution of this parameter is very important for final application 
of the compost to the soil since a high content can cause adverse effects on the germination 
and the growth of the plants. As the transformation of waste into compost progresses, salts 
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Mean S Median Percentile 2.5 Percentile 97.5

Inert materials >  
2 mm (% sms)

<0.1 – – – –

Stones > 5 mm  
(% sms)

<0.1 – – – –

Bulk density 
compacted  
(g L−1)

396.70 104.02 376.52 254.64 577.50

Moisture (%) 57.67 13.15 61.15 33.82 75.12

Organic matter 
(%)

61.79 15.23 66.63 26.10 75.71

pH 7.66 0.26 7.70 7.17 8.04

Electrical 
conductivity  
(mS cm−1)

1.21 0.51 1.18 0.47 2.16

Total carbon  
(%)

29.20 8.31 34.05 11.10 36.12

Total nitrogen  
(%)

2.39 0.71 2.45 1.04 3.25

C/N ratio 12.25 1.28 12.00 10.14 13.90

N-NH4
+ (mg kg−1) 163.3 389.8 77.1 28.3 1029.6

N-NO3
− + N-NO2

− 
(mg kg−1)

55.4 26.6 51.5 21.8 109.1

CaO (%) 6.88 3.24 6.40 2.00 13.68

K2O (%) 1.73 0.68 1.81 0.67 2.67

MgO (%) 0.50 0.08 0.51 0.33 0.60

P2O5 (%) 1.43 0.51 1.29 0.52 2.17

SO3 (%) 0.71 0.25 0.76 0.24 1.07

FeO (%) 0.41 0.20 0.35 0.20 0.83

Co (mg kg−1) 2.85 1.43 2.78 0.99 5.41

Mn (mg kg−1) 185.90 68.28 172.66 101.28 319.80

Mo (mg kg−1) 2.05 0.93 1.84 0.97 3.91

Germination 
index (%)

86.5 17.1 89.2 60.4 115.2

Maturation  
degree

IV–V – – – –

Salmonella spp  
(in 25 g)

Absence – – – –

Escherichia coli 
(ufc/g)

<1000 – – – –

Table 1. Maturity and stability parameters in compost from community composters (source: prepared by the authors 
based on the results of this study).
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and mineral components with different solubility are released. Irrigation during the process 
can reduce the content of these through the leachate. More than 60% of the samples had val-
ues higher than 1 dS m−1, although only two samples exceeded values of 2 dS m−1. Therefore, 
in this parameter, the use of compost does not present a risk to plant development.

• Organic matter. During the composting process, the intense microbial activity and high 
temperatures cause a reduction of the organic matter, in more or less proportion. Taking 
into account that compost is a product to be applied as an organic amendment, it is as-
sessed that it must have a significant content in organic matter, above 40% [23], but that 
the organic matter is sufficiently stable. In this way, the analysis of parameters indicative of 
stability such as the self-heating test and the C/N ratio are performed. The self-heating test 
measures the heat released during microbial activity by classifying the material into five 
classes according to their maturity. All composts were classified according to their stability 
in classes IV and V indicative of mature compost. The values of the C/N ratio were all lower 
than 20 which are considered an adequate ratio for compost, although values below 12 are 
considered preferable [25], presenting 50% of the compost values lower than 12. According 
to the TMECC [24], the C/N ratio of compost is not an independent indicator of stability or 
maturity, so other indicators such as respirometry, pH, bulk density, organic matter reduc-
tion and self-heating must be considered.

• Another important value of maturity and stability is the germination index that is calcu-
lated by germination and root length of seeds growing in aqueous extracts of compost. 
Values higher than 80% are indicative of mature compost and the absence of phytotoxic 
compounds for plant growth being values below 50% indicative of immature compost [26, 
27]. More than 60% of the samples reached values above 80%, which demonstrated a high 
degree of maturity, and none of the samples presented values below 50%.

• The content of pathogens was in accordance with the parameters proposed by the legisla-
tion and without exceeding the maximum levels of microorganisms. This is mainly due to 
the high temperature values reached during composting [20]. By means of the taking of 
temperatures, an evolution is detected according to the process of composting, reaching 
values that are around 60°C during the thermophilic phase. There are also sharp falls in 
temperature during the thermophilic phase due to occasional drops in the contribution of 
biowaste from the neighbors or sharp declines in the ambient temperature. Other factors 
that can affect the temperature are an excess of ventilation in the composters, although the 
composters that are closed can enter air of the outside, or also rainwater entries retained in 
the cap that enters the composter when the neighbors open it to deposit the waste. In ad-
dition, temperature oscillation is common throughout the maturation in community com-
posters, which is due to the reactivation of the material by turning and homogenizing it. 
In this process, the material closest to the walls of the composter is usually wetter and less 
decomposed than the material inside the mass, and mixing these materials can trigger an 
increase in activity with the consequent increase in temperature. In addition, the increase 
of the ambient temperature or the increase of the solar exposition of the composters can 
reactivate the interior temperature of the material.
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• Ammoniacal nitrogen. A single sample had higher ammonium values than those consid-
ered suitable for compost, 400 mg kg−1 [14], hence the high standard deviation indicated in 
the Table 1. The high ammonium content could be a consequence of problems of degrada-
tion of the organic matter during the composting process due to a lack of moisture in this 
sample.

• Total nutrient contents provide a measure of compost fertilization potential and, however, 
do not allow determining the bioavailability of these elements for the growth of plants 
and microorganisms living in the soil. Compost produced from biowaste presents a high 
proportion of reserve nutrients such as P, Mg, K and Ca, these macronutrients can reach 
values higher than other substrates, such as peat, and contain the amounts necessary for 
the growth of plants [28].

The Spanish legislation on compost, Royal Decree 506/2013 of 28 June on fertilizers [23], classifies 
compost into three categories according to the heavy metal content: classes A, B and C. Figure 7 
provides information on the content in heavy metals, indicating the frequency of samples cor-
responding to class A, B or C. All samples have a concentration below the class A threshold for 
cadmium, copper, lead and mercury with concentrations below 50% of the class A limit in cop-
per, lead and mercury. For zinc, the concentrations detected in more than 70% of the samples 
meet the threshold of class A and the remaining ones are classified within class B. On the con-
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Figure 7. Boxplot with the heavy metals analyzed in the 19 compost samples generated in the community composters. 
Red line indicates the corresponding 100% with class A of compost.
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trary, the samples show very high concentrations for chromium (37% of the samples are class B) 
and above all for nickel (53% of the samples are class B). The presence of these heavy metals in 
the final compost may have different sources, such as the presence of improper materials as ele-
ments outside the organic fraction of municipal waste selectively collected. On the other hand, 
Ansorena [17] concluded that the heavy metal content of the compost can be affected by the 
pollution of diverse exogenous sources and whose origin can be found in the auxiliary materials 
used, the environment, the process or the storage. The author shows as an example that in the 
composting plant of Lapatx (Guipuzkoa, Spain) high concentrations of nickel and chromium 
were detected and the analyses indicated that the material used as bulking agent contributed 
important amounts of these metals. Hence, more research is needed to find the source of nickel 
and chromium in the compost from community composters. Thus, compost obtained can be 
used without restriction for gardening and cultivation of fruit trees although its use should be 
valued for horticultural crops in compost of class B.

The compost sampled and analyzed are the first obtained after the start-up of the community 
composting system. In general, it is observed that the system allows the adequate manage-
ment of the household biowaste, being necessary to determine the source of the contamina-
tion by heavy metals and to carry on with the continuous improvement of the system. In 
addition, as the population and municipal services assume more, experience and knowledge 
of the process will improve the system and quality of compost.

2.3.3. Dynamic in-vessel composting

Five characterizations of the input biowaste in the bioreactor were carried out, and nine samples 
of the output material of the bioreactor were analyzed. The material removed from the bioreac-
tor during the first months of 2016 was sieved by a 1-cm mesh and matured in a composter tak-
ing samples at 2 months and 4 months of maturation. These values are represented in Table 2.

During the characterization of the input material of the bioreactor, it was observed that the 
percentage of improper ones is below 1% in fresh sample. The presence of plastic, metallic or 
glass wastes mixed with the input biowaste had a very low frequency, and their separation was 
carried out during the loading tasks in the bioreactor. This factor is important since the presence 
of improper ones causes pollutions in the organic material, so their absence makes possible that 
the levels of heavy metals classify the compost obtained by this system as fertilizer of class A, 
and therefore, in a compost without restriction of use. The low level of improper one indicates 
an adequate work of awareness of the big producer participants in the separation of biowaste. 
On the other hand, most biowastes introduced into the bioreactor, an average of 62%, were post-
cooked wastes (leftover bread, pasta and vegetables), 26% were pre-cooked biowastes (peels, 
vegetables and fruits) and 12% were traces of paper napkins. The great presence of organic mat-
ter in a cooking process facilitates the biodegradation of the most resistant components.

During the composting process inside the bioreactor, there were high temperatures reaching 
60°C because, as indicated in Ref. [29], the turnings significantly increase the duration of the 
thermophilic phase and, consequently, a greater degradation of the organic material. The turning 
of the material caused by the rotation of the drum facilitated the homogenization and the mixing 
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T0 T1 T2

Inert materials > 2 mm  
(% sms)

<0.1 <0.1 <0.1

Stones > 5 mm  
(% sms)

<0.1 <0.1 <0.1

Bulk density  
compacted (g L−1)

385.72 ± 35.01 339.57 ± 32.1 468.22 ± 22.7

Moisture (%) 15.99 ± 0.8 31.20 ± 13.8 57.33 ± 10.7

Organic matter (%) 88.75 ± 2.2 84.53 ± 13.3 66.48 ± 9.1

pH 8.83 ± 0.5 8.24 ± 0.5 8.30 ± 0.5

Electrical conductivity  
(mS.cm−1)

4.59 ± 0.7 2.52 ± 0.4 1.17 ± 0.2

Total carbon (%) 42.65 ± 0.4 41.1 ± 2.2 31.72 ± 1.9

Total nitrogen (%) 2.02 ± 0.4 2.54 ± 0.4 2.16 ± 0.2

C/N ratio 21.5 ± 4.2 16.18 ± 1.1 14.69 ± 0.9

N-NH4
+ (mg kg−1) 1686 ± 465 504.4 ± 2.7 68.2 ± 2.8

N-NO3
− + N-NO2

−  
(mg kg−1)

100.3 ±2.5 94.6 ± 2.3 120 ± 5.6

CaO (%) 3.98 ± 0.85 5.33 ± 0.9 4.98 ± 0.3

K2O (%) 1.09 ± 0.31 1.78 ± 0.6 0.97 ± 0.5

MgO (%) 0.32 ± 0.19 0.45 ± 0.2 0.38 ± 0.1

P2O5 (%) 0.88 ± 0.46 1.43 ± 0.4 1.24 ± 0.3

Cd (mg kg−1) 0.50 ± 0.2 0.47 ± 0.1 0.48 ± 0.1

Cr (mg kg−1) 8.61 ± 3.5 12.5 ± 1.8 35.6 ± 3.2

Cu (mg kg−1) 20.07 ± 15.9 21.7 ± 4.7 19.2 ± 3.5

Ni (mg kg−1) 4.46 ± 2.3 6.69 ± 2.7 17.50 ± 4.2

Pb (mg kg−1) 4.26 ± 3.72 <4.0 <4.0

Zn (mg kg−1) 88.37 ± 70.05 113 ± 34 112 ± 29

Hg (mg kg−1) 0.09 ± 0.02 0.06 ± 0.03 0.07 ± 0.02

Germination index (%) 76.99 ± 16.2 77.2 ± 1.5 87.45 ± 2.0

Maturation degree II IV V

Salmonella spp (in 25 g) Absence Absence Absence

Escherichia coli (ufc/g) <10 <10 <10

T0 material after 8 weeks in the bioreactor, T1 compost maturated during 2 months, T2 compost maturated during 4 months.

Table 2. Maturity and stability parameters in compost from Big Hanna composter (source: prepared by the authors 
based on the results of this study).
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of the material, achieving the elevation of the temperatures until lowering the moisture to values 
below 30%. These low values can cause water stress in microorganisms by slowing down the 
process [30] and inhibiting the degradation of biowaste. In order to obtain compost with better 
conditions of maturity and stability, the compost of the bioreactor output was matured in plastic 
composters.

The compacted bulk density of the compost at the exit of the bioreactor is low which may be due 
to the presence of pellets which are mixed at the inlet with the biowaste. The pellet absorbs, on 
the one hand, the excess water present in the biowaste and, on the other, the metabolic water pro-
duced during the degradation of the material, losing its structural stability [31]. This reduces the 
presence of leachates and bad odors during the process but causes a decrease in compost density.

The quality of the compost obtained is the result of an optimal separation of the waste by the 
establishments adhered to the program, which allowed obtaining a very pure organic fraction 
with a low presence of improper ones and other materials like stones. Hundred percent of the 
analyzed samples had a percentage less than 0.1% of impurities greater than 2 mm, and no 
stones larger than 5 mm were found.

The reduction of organic matter during the process leads to an increase in the concentration 
of some heavy metals (Table 2); however, the quality of the biowaste and the lack of external 
pollutions allow all the samples analyzed to have a concentration below the threshold of class 
A established by the Spanish regulations for Cd, Cr, Cu, Ni, Pb, Zn and Hg.

As in community composters, the presence of high temperatures during the thermophilic 
phase reduces the content of pathogens to values below the levels allowed by state legislation 
for both Salmonella spp and Escherichia coli levels.

Thus, the compost is a product free of pathogens and seeds, as a consequence of the pasteuriza-
tion to which the waste is submitted inside the bioreactor, but that is unstable and self-heating 
when adding water and oxygenates it by turnings. In this way, the maturation process of the 
compost allows to improve the parameters of pH, electrical conductivity, C/N ratio, ammoniacal 
nitrogen, germination index and self-heating test. In 2 months, turnings and the moistening of 
the compost allow its stabilization and, after 4 months, the mineralization of the organic matter 
is improved, reaching optimum quality parameters. Therefore, the Big Hanna compost must be 
matured with mixing and irrigation for at least 2 months to obtain compost that meets the criteria 
of stability and maturity. In addition, the performance of maturation in composters or similar 
systems avoids cross-contamination and protects the material from drying and excessive leaching 
by precipitation.

2.3.4. Other waste fractions

The complete implementation of the decentralized model of Allariz (door-to-door collec-
tion of large producers, individual composting and community composting) was carried out 
during the spring of 2016. Figure 8 and 9 shows the corresponding monthly data of the frac-
tions of waste collected by the municipality according to the SOGAMA model implemented: 
glass fraction, paper-cardboard fraction, lightweight packaging fraction and mixed or rest 
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Figure 8. Different fractions collected in the municipality of Allariz: (a) average monthly production of the years 2013–
2015 vs monthly production of the year 2016 of the mixed fraction, (b) average monthly production of the years 2013–
2015 vs monthly production of the year 2016 of the lightweight packaging fraction.
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fraction. It is noteworthy that the results show how Allariz is a rural municipality in which 
the presence of tourists and neighbors with second dwelling increases during the summer 
months, especially the month of August. The amount of waste collected during the summer 
period can be up to 40% higher than that collected in the months of lower production.

During the period beginning in the spring of 2016 until the end of the year, a reduction in the 
mixed fraction tonnes sent to SOGAMA by 7.3% over the average monthly tonnes delivered dur-
ing the years 2013–2015 was observed (Figure 8a). The collection rate of mixed waste in the year 
2016 was 0.838 kg/inhab/day. The reduction in the mixed fraction collected was accompanied by:

• An increase of 20.1% in the collection of the lightweight packaging fraction with respect to 
the years 2013–2015 (Figure 8b). The collection rate of lightweight packaging fraction in the 
year 2016 was 0.050 kg/inhab/day.

• An increase of 8.5% in the paper-cardboard fraction with respect to the years 2014–2015 
(Figure 9b) (there was no selective collection of this fraction in containers in 2013). The col-
lection rate of paper-cardboard fraction in the year 2016 was 0.045 kg/inhab/day.

• An increase in the collection of the glass fraction around 11.8% compared to 2015 (Figure 9a) 
(no data of years 2013 and 2014 are available). The collection rate of glass fraction in the year 
2016 was 0.087 kg/inhab/day.

The collection of total waste during the year 2015 presented a rate of 1.038 kg/inhab/day, while 
the waste collection of 2016 corresponded with 1.019 kg/inhab/day. Therefore, the reduction 
in the rate of collected waste, namely the reduction in the mixed fraction, is due to two causes:

• The deviation of the organic fraction toward the three implemented composting systems. 
The neighbors and the big producers segregate the biowaste to destine them to compost-
ing and do not introduce them in the mixed fraction container. In the same way, the green 
waste generated by the neighbors (grass clippings, pruning and leaves) is deposited in the 
areas of contribution of the community composting islands for their use as bulking agent, 
so they are not introduced into the rest container.

• Improvement of recycling of other fractions that are segregated incorrectly in the mixed 
fraction by citizenship. Thus, it has been observed that the lightweight packaging fraction 
deposited erroneously in the mixed container was reduced.

Thus, a smaller amount of waste from the mixed fraction leaves the municipality, which sup-
poses the reduction of the costs of transport and the costs of treatment, as well as the reduc-
tion of the annoyances caused to the neighbors of the municipality by odors coming from 
the mixed container and of the neighboring municipalities by the passage of trucks loaded 
with organic wastes in phase of decomposition. When fewer tonnes of wastes are delivered to 
incinerate and more tonnes of waste separated correctly, there is a reduction in the total cost 
of the collection service [32].

It should be taken into account that the improvement of recovery and recycling data corre-
sponds to the implementation of the decentralized model in which it is estimated to participate 
in around 20% of the population of the municipality. Therefore, the participation of a greater 
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Figure 9. Different fractions collected in the municipality of Allariz: (a) monthly production of the year 2015 vs. monthly 
production of the year 2016 of the glass fraction, (b) average monthly production of the years 2014–2015 vs monthly 
production of the year 2016 of the paper-cardboard fraction.
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number of inhabitants in the different systems of composting will enable the improvement of 
the recycling data.

3. Conclusions

Through the promotion of decentralized composting, carried out in the municipality of 
Allariz, the organic fraction of municipal waste is valued by obtaining high-quality compost 
and closes the circle of organic matter by applying it to the soil. This, in addition to increasing 
the environmental awareness of citizens, achieves the diversion of biowaste from the energy 
recovery, reducing the emissions of greenhouse gases emitted by the sector during the incin-
eration and the landfill. In this way, a greater waste exploitation is achieved in accordance 
with the hierarchy imposed by European regulations, consolidating an efficient waste man-
agement model capable of contributing to sustainable development. On the other hand, the 
saving of economic resources is reinvested in the locality and it is possible to strengthen the 
employment in a rural region and to minimize the dependence of the services provided by 
supramunicipal organisms.

Currently, in Galicia, it is very common to burn pruning and gardening remains produced in 
the houses. By means of composting, a recovery of these wastes is achieved due to the need to 
add a low-density material, with capacity to retain water and to contribute to the porosity, to 
the mixture of household biowaste.

Another indirect result of the establishment of decentralized biowaste composting is the 
increase in the percentage of separate collection of the other municipal waste fractions. It 
is because, thanks to direct contact with the citizens, channels of information and learning 
are established, which improve the separation of the different fractions of both organic and 
inorganic wastes. Therefore, the reduction in the mixed fraction is not only a result of the 
removal of the biowaste therefrom but also of the improvement in the separation of the other 
fractions.

Due to its presence in our society, the management of organic matter, both biowaste and 
green waste, is the cornerstone of good municipal waste management. This makes European 
legislation more and more demanding and aims to achieve more rigorous objectives. The 
economy of the future depends on the degree of sustainability applied to the management of 
these vital resources.
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Abstract

In recent decades, projections involving population growth, changes in consumption 
patterns, modifications of the wastes produced, and a significant increase in resource 
extraction have caused concern in the scientific world, in treatment companies, and in 
environmental and governmental agencies throughout the world, regarding the destina-
tion of the large volume of solid wastes generated, the relatively high contents of poten-
tially toxic, carcinogenic and mutagenic substances and pathogenic microorganisms. 
Waste management has become very important to ensure elementary resources such as 
water, phosphorus, and food in the future. The recycling policy thus requires that wastes 
be classified in terms of their appropriateness for new uses and also based on their ori-
gins and hazardousness of handling. These classifications are essential in order to allow 
a minimum of rationality in their new destinations. Currently, several studies have been 
performed to use solid wastes from human activities as soil conditioners and/or fertiliz-
ers for increasing crop productivity. Therefore, studies that monitor organic waste effects 
on agricultural soils deserve the attention of the international scientific community, as 
it enables increases in the productivity of agricultural crops, fiber, and biomass energy 
combined to reduce risks to human, plant, and animal health and environment.

Keywords: organic fertilizer, human health, environmental security, agricultural approach
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1. Introduction

The term “organic waste” commonly used in the literature refers to any type of solid, semi-
solid, gaseous, or liquid organic materials with different physicochemical characteristics, with 
a highly complex composition. In this chapter, we shall discuss the term regarding the possible 
reuse and use of organic solid wastes (SWs) in agriculture and the challenges of this proposal.

In Brazil, as in other countries in South America, Latin America, North America, and Europe, 
the combination of industrial development, demographic pressure, and increased consump-
tion by the population has caused significant increments in the volume of municipal solid 
wastes. In the context of the change in consumption patterns and urban and industrial devel-
opment, sustainable management of waste is one of the most important aspects of planning 
urban infrastructure, since, without sustainable waste management there would be risks to 
the environment, human health, quality of life, and the economy.

Water, which up to the last generation was considered an abundant natural resource, has 
become a limiting factor that was compromised because of high pollution in some regions, 
as a result of the inadequate discharge of urban sewage which is today the main polluter 
of water sources. However, sewage treatment generates a sludge rich in organic matter and 
nutrients whose final disposal in the environment should be planned already during the plan-
ning phase of Treatment Plants, thus avoiding partially canceling out the benefit of effluent 
collection and treatment [1].

The evaluation of processes that protect the environment alongside resource and energy con-
sumption from the most favorable to the least favorable actions is known as waste manage-
ment hierarchy. The waste hierarchy is a set of priorities for the efficient use of resources, such 
avoidance including action to reduce the amount of waste generated by households, industry, 
and all levels of government, resource recovery including reuse, recycling, reprocessing, and 
energy recovery, consistent with the most efficient use of the recovered resources and dis-
posal including management of all disposal options in the most environmentally responsible 
manner. However, the waste hierarchy recognizes that some types of waste, such as hazard-
ous chemicals or asbestos, cannot be safely recycled and direct treatment or disposal is the 
most appropriate management option [2].

Conceptually, it is essential to consider the disposal, not the discarding of wastes. The for-
mer, disposal involves an organized action for the purpose of using and not only eliminating 
wastes, and reutilization of waste is definitely the most useful option from the economic, envi-
ronmental, and social standpoint. The second, discarding, on the other hand, is defined as the 
act or effect of getting rid of something that is no longer useful or which is no longer wanted, or 
even anything that that is separated because it has been rejected or set aside. Thus, discarding 
is performed randomly, without great care, and the main interest is to get rid of the waste [3].

Currently, worldwide, organic wastes are most commonly disposed of in controlled landfills, 
incineration, and applying them to agricultural soils (e.g., home composting, central compost-
ing plants). Since incineration is a very expensive and environmentally criticized technique, 
other recycling or reusing options are considered better.
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It is estimated that currently there are about 3 billion inhabitants generating 1.2 kg per per-
son per day, almost 1.3 billion tons of municipal solid waste (MSW) a year or 1.2 kg per capita 
per day. In 2025, this will probably increase to 4.3 billion tons from urban residents, about 
1.42 kg per inhabitant per day of MSW (2.2 thousand millions of tons a year). However, they 
are highly variable since there are differences in the rates of waste generation between coun-
tries, between cities, and even within cities [4].

In Brazil, with a population of 206 million inhabitants, daily about 218,874 thousand tons of 
urban solid wastes (USWs) are produced, generated in the country, and the main form of final 
disposal of USW is in sanitary landfills (58.7%). According to IBGE, rural occupation in Brazil 
corresponds to 30 million people, which is approximately 15% of the total population of the 
country. And rural garbage collection is insufficient, since it only covers 20% of the domiciles 
in the country. In general, a rural waste collection system is inefficient, and the wastes are 
discarded in the environment, burned in most cases, or simply dumped in the open, due to 
the lack of waste collection and treatment.

Many countries around the world have been incorporating the organic wastes from sewage 
treatment plants (STPs) or from the selective collection of urban garbage into the soil for sev-
eral decades now, and have created and altered a few preventive rules against possible prob-
lems with the contaminants present in them, emphasizing potentially toxic metals, organic 
contaminants, and pathogens.

2. Definition and classification of wastes

The intensification of the industrial process and the rapid population growth and the con-
sequent demand for consumer goods have provoked an increase in the volume of wastes 
generated. Therefore, there is a concern, on a global scale, to solve the problem of excessive 
generation and environmentally safe final disposal.

Considering the complexity involved in the discussion of the concept of solid wastes, it is 
important to begin by performing a comparative analysis of the terms: garbage and waste. 
Garbage is a polysemic term which is related to several words and can be interpreted in dif-
ferent manners, varying in time and in space according to the socioeconomic and cultural 
contexts in which it is used. From the semantic standpoint, it corresponds to all of the useless 
materials, all materials discarded in a public place, everything that is “thrown away,” in other 
words, old objects without value [2].

The National Policy of Solid Wastes (NPSW, Brazil), Law 12,305/10, presents a broad definition 
of solid wastes, including gases and liquids, as described in paragraph XVI of article 3.

[…] discarded material, substance, object or goods resulting from human activities in society, whose fi-
nal disposal is done, proposed to do or mandatorily performed in the solid or semi-solid states, as well as 
gases in containers and liquids whose specificities make in impossible to discharge them into the public 
sewage system or into bodies of water, or that for this require solutions that are technical or economi-
cally unfeasible considering the best technology available [2].
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Garbage and waste have different connotations and may be understood as byproducts gener-
ated by the different human activities. The difference lies in the relationship between people 
and the material to be discarded, since although garbage can be reused, people consider it 
something useless and valueless that must be thrown away. On the other hand, waste (residue) 
is seen as material with commercial value that can be reutilized to produce new products [5, 6].

The topic of “wastes” has been a priority since the Second United Nations Conference on 
Environment and Development (UNCED), which also became known as ECO-92 or Rio-92, 
because it took place in the city of Rio de Janeiro in 1992. It was a conference on a global scale, 
both of the rich countries and the poorer ones, because it contributed directly or indirectly 
to global warming and climate changes [7]. At this conference, Agenda 21 was elaborated, 
a document that includes among its programs a few actions relating to the management of 
urban-industrial solid wastes. In this document, the management of domestic solid wastes 
must include not only its disposal or even its reuse, but also the adoption of measures that will 
be able to alter society’s patterns of production and consumption. Furthermore, every country 
and city must establish programs to comply successfully with the agreement, according to 
local conditions and even their economic capacity [8].

However, the management of solid wastes in urban areas is based historically on the linear 
logic that considers collection as the removal of wastes from the vicinity of the population and 
final disposal as putting them on soil in garbage dumps and landfills. This concept, besides 
manifest pollution in all forms, has led to the saturation of sites for the final disposal of the 
wastes [6, 9].

According to Ref. [10], in society, there is a lack of social concern about “rural garbage” with 
a mistaken notion of the urban population over the rural one, in which the former considers 
that due to the small number of people who live in the countryside—approximately 19% of 
the population—garbage is an insignificant problem. However, one does not perceive that 
this environmental damage in the rural area has major consequences on the quality of life 
of the urban zones, including water supplied to the cities. These types of wastes are gener-
ated by various activities, but if they are not well managed, they may cause various types of 
environmental damage [11].

Besides the significant increase in the generation of these wastes, in recent years there have 
been significant changes in their composition and characteristics and increased hazard-
ousness [12]. These changes are the result especially of the development models with pro-
grammed obsolescence and discardability of the products and the change in consumption 
patterns based on excessive and superfluous consumption.

There are several ways of classifying the solid wastes. The recycling policy thus requires that 
wastes be classified in terms of their appropriateness for new uses, and also based on their 
origins and hazardousness of handling. These classifications are essential in order to allow 
a minimum of rationality in their new destinations. As every country has its specific clas-
sification, in Brazil the Brazilian Association of Technical Standards [13], through NBR n° 
10.004/2004, establishes that solid wastes can be classified regarding their hazardousness as: 
Class I, hazardous; Class II, noninert; Class III, inert. As follows:
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Class I or hazardous: Those that because of their intrinsic characteristics of flammability, 
corrosiveness, toxicity, or pathogenicity present risks to public health due to the increased 
mortality or morbidity, or else have adverse effects on the environment when handled or 
disposed of inadequately.

Class II or noninert: These are wastes that may present characteristics of combustibility, bio-
degradability, or solubility, which may result in risks to health or to the environment, and 
which cannot be included in the classifications of Class I wastes, hazardous or Class III, inert.

Class III or inert: Due to their intrinsic characteristics, these do not offer a risk to health and to 
the environment and when sampled representatively, according to Standard NBR 10,006 and 
submitted to a static or dynamic contact with distilled or deionized water, at ambient tempera-
ture, with a solubilization test according to Standard NBR 10,006, none of their constituents are 
solubilized at concentrations higher than the water potability standards, according to List num-
ber 8 (Annex H of NBR 10.004), except for the standards of aspect, color, turbidity, and taste.

Another criterion for classification looks at the origin of the wastes, i.e., the generating 
sources. According to the Manual for Integrated Management of Solid Wastes [14], wastes 
can be classified, as to generating source, into three categories: urban solid wastes, industrial 
solid wastes (ISWs), and special wastes.

Urban solid wastes (USWs) are wastes resulting from households (domiciliary or domes-
tic), health service wastes, civil construction wastes, wastes from pruning and grass-cutting, 
wastes from ports, airports, bus terminals, train terminals, and the wastes of services that 
cover the commercial wastes, wastes from cleaning manholes, and wastes from sweeping, 
markets, and others [15].

Industrial solid wastes (ISWs) include the wastes of processing industries, radioactive wastes, 
and agricultural wastes. They are extremely varied and present diversified characteristics, since 
they depend on the kind of product manufactured and must therefore be studied case by case. 
Radioactive wastes (nuclear wastes) are those that emit radiation above the limits allowed by 
Brazilian standards, generally resulting from nuclear fuels, which, according to the legislation 
that specifies them, are in the exclusive purview of the National Committee of Nuclear Energy.

Agricultural wastes are those generated by activities pertaining to agriculture and livestock, 
such as containers of fertilizers, agricultural pesticides, feed, remnants of harvests, and 
manure. Since agrochemical containers are highly toxic they have specific legislation.

Some wastes are also considered special because of their differentiated characteristics, which 
include tires, batteries, and fluorescent lamps.

Generally, urban solid waste in Brazil is composed of 61% of organic matter, 15% of paper, 15% 
of plastic, 3% of glass, 2% of metal, and 5% of others. Despite meeting the specific legislation of 
each municipality, commercial garbage, up to 50 kg or liters, and domiciliary garbage are the 
responsibility of the city administrations, while the others are the responsibility of the generator 
himself. The wastes generated in rural, industrial, and residential activities, such as packaging 
and batteries, products that no longer work, and others, are the responsibility of the company 
that manufactured them, and this company must collect and dispose correctly of this material [2].
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When solid wastes (SWs) are badly managed, they become a sanitary, environmental and 
social problem. The basic instrument to manage them is to know the sources and types of 
solid wastes through data on their composition and rate of generation [16]. However, the 
composition and rate of generation of solid wastes are a function of a number of variables, 
including the socioeconomic situation of the population, the degree of industrialization of the 
region, its geographical location, the sources of energy, and the climate [17].

The law of the National Policy on Solid Wastes [2] defines as its objective to establish regula-
tions for the disposal of wastes, the responsibility of the manufacturers, of the consumers, 
and of the authorities. As regard the agricultural sector, the law establishes that the reverse 
logistics system should be applied. This is a tool for economic and social development char-
acterized by a set of actions, procedures, and means destined to make it feasible to collect and 
restitute solid wastes to the business sector, for reuse, in its cycle or in other production cycles, 
or another environmentally appropriate final disposal. In the rural area, this instrument is 
applied to pesticides, its wastes and packaging, as well as to other products whose packaging, 
after use, constitute dangerous wastes. There may be shared management of the urban and 
rural wastes, involving the manufacturers, importers, distributors, and vendors, consumers, 
and heads of the public cleaning services.

3. Waste management and use in agricultural soils

Worldwide daily millions of tons of solid wastes are generated, which must be collected, 
selected, treated, and disposed of appropriately. In China, India, and other countries, such 
as Turkey, Mexico, and Brazil, almost 90% of the solid wastes that are composed mainly of 
the organic fractions are usually sent to landfills and garbage dumps, freely releasing huge 
amounts of CO2 and CH4 into the atmosphere [18, 19].

Waste management in urban and rural areas is one of the great challenges to Public 
Administration and Society. The National Policy on Solid Wastes (NPSW, Law 12,305/2010) 
[2] encouraged considerable changes in solid waste management in Brazil. According to Ref. 
[20], among the various challenges for NPSW is sending wastes mandatorily to recycling and 
composting of the organic fraction of the urban solid wastes (USWs). The organic fraction of 
USW should not be placed in the landfill but improved by biological treatment [21]. And com-
posting appears as one of the most promising alternatives for an essentially agricultural coun-
try like Brazil, and is very important because it allows the recycling of the organic molecules 
that have a nutritional function and also because it diminishes the polluting and contaminant 
potential of the wastes [22].

Domestic solid wastes in Brazil present a high percentage of organic residues formed by rem-
nants of food, and fruit and vegetable peels and even gardening wastes, but composting of 
organic wastes present in the urban garbage is relatively rarely practiced [22]. According to 
Ref. [23] cited by Ref. [21], in Brazil there are 211 composting plants in operation. They receive 
urban, industrial, agricultural, and forestry wastes. Each of these plants has a capacity to 
recycle an average of 10,000 tons a year, but this amount is too small to cover the total need 
for the treatment of wastes generated in Brazil.

Solid Waste Management in Rural Areas86



When solid wastes (SWs) are badly managed, they become a sanitary, environmental and 
social problem. The basic instrument to manage them is to know the sources and types of 
solid wastes through data on their composition and rate of generation [16]. However, the 
composition and rate of generation of solid wastes are a function of a number of variables, 
including the socioeconomic situation of the population, the degree of industrialization of the 
region, its geographical location, the sources of energy, and the climate [17].

The law of the National Policy on Solid Wastes [2] defines as its objective to establish regula-
tions for the disposal of wastes, the responsibility of the manufacturers, of the consumers, 
and of the authorities. As regard the agricultural sector, the law establishes that the reverse 
logistics system should be applied. This is a tool for economic and social development char-
acterized by a set of actions, procedures, and means destined to make it feasible to collect and 
restitute solid wastes to the business sector, for reuse, in its cycle or in other production cycles, 
or another environmentally appropriate final disposal. In the rural area, this instrument is 
applied to pesticides, its wastes and packaging, as well as to other products whose packaging, 
after use, constitute dangerous wastes. There may be shared management of the urban and 
rural wastes, involving the manufacturers, importers, distributors, and vendors, consumers, 
and heads of the public cleaning services.

3. Waste management and use in agricultural soils

Worldwide daily millions of tons of solid wastes are generated, which must be collected, 
selected, treated, and disposed of appropriately. In China, India, and other countries, such 
as Turkey, Mexico, and Brazil, almost 90% of the solid wastes that are composed mainly of 
the organic fractions are usually sent to landfills and garbage dumps, freely releasing huge 
amounts of CO2 and CH4 into the atmosphere [18, 19].

Waste management in urban and rural areas is one of the great challenges to Public 
Administration and Society. The National Policy on Solid Wastes (NPSW, Law 12,305/2010) 
[2] encouraged considerable changes in solid waste management in Brazil. According to Ref. 
[20], among the various challenges for NPSW is sending wastes mandatorily to recycling and 
composting of the organic fraction of the urban solid wastes (USWs). The organic fraction of 
USW should not be placed in the landfill but improved by biological treatment [21]. And com-
posting appears as one of the most promising alternatives for an essentially agricultural coun-
try like Brazil, and is very important because it allows the recycling of the organic molecules 
that have a nutritional function and also because it diminishes the polluting and contaminant 
potential of the wastes [22].

Domestic solid wastes in Brazil present a high percentage of organic residues formed by rem-
nants of food, and fruit and vegetable peels and even gardening wastes, but composting of 
organic wastes present in the urban garbage is relatively rarely practiced [22]. According to 
Ref. [23] cited by Ref. [21], in Brazil there are 211 composting plants in operation. They receive 
urban, industrial, agricultural, and forestry wastes. Each of these plants has a capacity to 
recycle an average of 10,000 tons a year, but this amount is too small to cover the total need 
for the treatment of wastes generated in Brazil.

Solid Waste Management in Rural Areas86

Sewage sludge is a material that results from the primary and secondary sewage treatment 
processes and it has a highly complex composition. Because of its composition, which is rich 
in organic matters, nitrogen and phosphorus, sewage sludge has been strongly suggested for 
use in agriculture as a soil conditioner and fertilizer. The benefits that could be obtained from 

Figure 1. Positive impacts of using wastes (adapted from Ref. [26]).
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its use would be the recycling of organic matter and supplying nutrients to soil, improving its 
physical, chemical, and biological properties and agricultural productivity. However, since 
the sludge contains high concentrations of contaminants, this practice may result in the direct 
addition of various pathogens and undesired chemical substances to agricultural soil and 
consequently to the food chain [24].

In Brazil, the criteria and procedures for the agricultural use of sewage sludge generated in 
sanitary sewage treatment plants and its byproducts are defined in National Council for the 
Environment (CONAMA) Resolution 375/2006 [25]. Among the criteria for sewage sludge 
use, Article 12 establishes that

“It is forbidden to use any class of sewage sludge or byproduct for pastures and the cultivation of vegetables, 
tubercles, roots and flooded cultures, as well as the other cultures whose edible part is in contact with the soil.”

Recycling wastes in agricultural soils is emphasized. This is a much-used alternative in sev-
eral countries, such as the United States, Holland, Australia, and others. The use of wastes 
in agriculture (applying them on soils in a controlled manner) and the generation of energy, 
for instance, may mean environmental and economic gains, besides minimizing the negative 
impacts of the disposal and inadequate discharge, as described in Figure 1.

For instance, the use of urban organic wastes is disseminated worldwide as fertilizers and/
or soil conditioners. Garbage compost and sewage sludge are outstanding among them. It 
is also worthwhile mentioning among the organic wastes those from agribusiness, because, 
due to their origin, there is a low probability of contaminants in their composition. A good 
example for this class is wastes generated by the sugar and alcohol industry, filter cake, soot, 
and vinasse, which are recycled in the agricultural areas of the plant itself [3].

Filter cake presents a high percentage of humidity (70–80%) and high contents of organic mat-
ter and phosphorus, besides nitrogen, calcium, and potassium, and it is used mainly in sugar 
cane plant fertilization with savings for the farmer in the costs of implementing this crop [27].

4. Environmental risk and public health

The use of municipal waste is a source of fertilizers and correctives in agriculture and it is one 
of the alternatives used worldwide to minimize this conflict. However, long-term studies are 
needed to evaluate the potential and impact of using wastes from different human activities 
on the quality of agriculture, environment, and human health.

Wastes as a source of plant nutrients have been used in some countries for decades [28–30]. 
However, research has shown that applying these wastes to the soil may cause environmental 
problems due to the addition of excess N, pathogens, heavy metals [31–34], acidification [35], 
and salinization of agricultural soils [36].

Among the various substances that contaminate water and soil, heavy metals have aroused 
concern among the population because of their high toxic, mutagenic, and carcinogenic power 
[37]. Heavy metals are elements with an atomic number greater than 20, and a density greater 
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than 5 mg cm−3. This group includes any element that could damage the plant and animal 
organisms, including metalloids and semimetals such as selenium (Se) and arsenic (As) [38]. 
All these elements have high reactivity and under normal conditions are traces in the miner-
alogical composition of soils [39]. Therefore, their initial concentrations in soil depend on the 
composition of the bedrock and on the pedogenetic processes that originated it [40].

Heavy metals have important functions in the biosphere, acting as essential micronutrients for 
plants (Cu, Fe, Mg, and Zn), or as beneficial (Mo and possibly Ni) to microorganisms (Co and 
Mo genus Rhizobium bacteria) and to animals (Co, Cr, Mo, Cu, Se, and Zn) [41, 42]. However, 
when these elements are found at high concentrations they are toxic to superior organisms, 
just like nonnutritional elements or without biological effect, such as Cd, Pb, and As [41].

All heavy metals are toxic to the biological systems. The level of risk is a function of the quan-
tity of contaminant and the time the organism is exposed to it [43]. Table 1 shows the heavy 
metal ions, the main sources of pollution and the toxicological characteristics caused by expo-
sure to As, Cd, Cr, Cu, Zn, and Pb.

Domestic sewage sludge and biosolids that are generated in cities due to household garbage may 
present over 140 types of enteric viruses that cause diseases, especially in children. Pathogenic 

Ions Main sources of pollution Toxicological characteristics

Arsenic (As) Herbicides, insecticides, fungicides, 
mining, and glassware. Paints and 
dyes industry.

Generally, the inorganic compounds are 
considered more toxic. As3+ is more toxic than As5+ 
at least at very high doses. Various organs and 
tissues are affected, such as the skin, respiratory 
system, cardiovascular system, reproductive 
system, gastrointestinal system, and nervous 
system [44].

Cadmium (Cd) Industrial effluents, electroplating, 
production of pigments, electronic 
equipment, lubricants, photographic 
accessories, insecticides, and fossil 
fuels.

In rat studies in which the respiratory tract of 
the animals was exposed continuously to an 
aerosol with a low concentration of CdCl2, a 
high incidence of lung cancer was observed and 
evidence was shown of the relationship between 
dose and response. High levels of Cd inhalation 
cause lethal pulmonary edema [45].

Chromium (Cr) Industrial effluents, production 
of aluminum and steel, paints, 
pigments, explosives, paper, and 
photography.

The toxic effects of Cr3+ occur only through 
parenteral administration. Humans and other 
animals, when exposed to Cr, develop cancer. Cr6+ 
in the diet affects the gastrointestinal tract, the 
kidneys, and the hematological system and causes 
several genetic damages. In some studies, the 
CrCl3 was found accumulated in the cell nucleus 
[46, 47].

Copper (Cu) Pipe corrosion, domestic sewage, 
algicides, fungicides, pesticides, 
mining, foundries, and metal 
refinement.

Few cases of acute effects of Cu have been 
reported. Among them the main ones are gastric 
burning, nausea, vomiting, diarrheas, lesions of 
the gastrointestinal tract, and hemolytic anemia. 
Chronic effects are rarely reported, except for 
Wilson’s disease, responsible for the accumulation 
of copper in the liver, brain, and kidney [48].
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organisms that cause infections depend on the resistance of organisms to sewage treatment, and 
the environmental conditions, the dose of infection, pathogenicity, susceptibility, degree of host 
immunity, and degree of human exposure to the foci of transmission [55].

The use of sewage sludge presents several good results. However, in some cases, the sludge 
may be harmful to the plants and also worsen the diseases due to the presence of pathogenic 
microorganisms, mostly saprophytes. The main pathogens present in the sludge are bacte-
ria, viruses, and parasites (Table 2). The quantity of these microorganisms is very variable, 
depending on the time and season of the year. In order to use the sludge in agriculture, it is 
necessary to characterize and quantify the chemical contaminants and pathogenic microor-
ganisms present [56, 57].

Ions Main sources of pollution Toxicological characteristics

Zinc (Zn) Electroplating, mining, wood 
combustion, waste incineration, 
domestic sewage and iron, and steel 
production.

The accumulation of Zn does not cause profound 
deficiencies. For this reason, it is considered as 
having low toxicity. The excessive intake of Zn 
may provoke gastrointestinal disorders and 
diarrhea [49].

Lead (Pb) Industrial effluents, tobacco, 
paints, pipes, metallurgy, and 
electrodeposition industry.

After the Pb is absorbed by human body it can 
be found in the blood, soft, and mineralized 
tissues [50]. According to Ref. [51], for 
neurological, metabolic, and behavioral reasons 
children are more vulnerable to the effect of 
Pb than adults. Among their main effects are 
diminished intelligence quotient, effects on the 
nervous system, reduction of sensory functions, 
involuntary nervous and kidney functions, and 
premature births [52–54].

Table 1. Characteristics intrinsic to the ions of heavy metals and risk to human health.

Organisms Disease and symptoms

Bacteria

Salmonella sp. Salmonellosis (of the typhoid fever type)

Shigella sp. Bacillary dysentery

Vibrio cholerae Cholera

Campylobacter jejuni Gastroenteritis

Escherichia coli patogênica Gastroenteritis

Enteric viruses

Hepatitis A Infectious hepatitis

Norwalk and Norwalk-like Gastroenteritis with severe diarrhea

Rotavirus Acute gastroenteritis
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neurological, metabolic, and behavioral reasons 
children are more vulnerable to the effect of 
Pb than adults. Among their main effects are 
diminished intelligence quotient, effects on the 
nervous system, reduction of sensory functions, 
involuntary nervous and kidney functions, and 
premature births [52–54].

Table 1. Characteristics intrinsic to the ions of heavy metals and risk to human health.

Organisms Disease and symptoms

Bacteria

Salmonella sp. Salmonellosis (of the typhoid fever type)

Shigella sp. Bacillary dysentery

Vibrio cholerae Cholera

Campylobacter jejuni Gastroenteritis

Escherichia coli patogênica Gastroenteritis

Enteric viruses

Hepatitis A Infectious hepatitis

Norwalk and Norwalk-like Gastroenteritis with severe diarrhea

Rotavirus Acute gastroenteritis
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Thus, systematic treatment of the sewage sludges or urban wastes before their use in agri-
cultural soils diminishes the risk to human and animal health through infection because it 
reduces the chances of survival of these pathogenic organisms.

5. Monitoring soil and water

The organic substances present in wastes can maintain or even raise the organic matter con-
tent in the soil, which is extremely advantageous from the agronomic standpoint, because the 
organic fraction is directly connected to a number of functions that are important to maintain 
soil fertility and quality. However, some wastes, especially those from agriculture and live-
stock activities, can have in their composition fecal coliforms, a few pathogenic microorganisms 

Organisms Disease and symptoms

Enterovirus

Poliovirus Poliomyelitis

Coxsackievirus Meningitis, pneumonia, hepatitis and fever

Reovirus Respiratory infection, gastroenteritis

Astrovirus Gastroenteritis

Calicivirus Gastroenteritis

Protozoa

Cryptosporidium Gastroenteritis

Entomoeba histolytica Gastroenteritis

Giardia lamblia Giardia (including diarrhea, abdominal pain and weight 
loss)

Balantidium coli Diarrhea

Toxoplasma gondii Toxoplasmosis

Helminths

Ascaris lumbricoides Digestive problems and nutritional disorders, abdominal 
pain

Trichuris trichiura Abdominal pain, diarrhea, anemia, weight loss

Toxocara canis Abdominal discomfort, muscle pains, neurological 
symptoms

Taenia saginata Nervousness, anorexia, abdominal pain, digestive 
disorders

Necator americanus Ancylostomiasis

Table 2. Organisms that may be present in sewage sludge and are a risk to human health (adapted from Ref. [25]).
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(e.g., Salmonella spp) and persistent organic molecules that can cause biological imbalances in 
soil and water [3]. These substances, however, may originate in other sources, from sanitary 
inspections of animals, and also from activities such as deworming and the application of agri-
cultural pesticides to crops and pastures [58].

Inorganic substances, on the other hand, are represented mainly by elements that are essen-
tial or beneficial to plants and are usually found in wastes from industrial activities, such as 
mining and steel foundries and from the sanitary treatment sector in urban centers [59]. Some 
wastes generated in these activities usually present high micronutrient contents, such as the 
following elements: copper, iron, manganese, and zinc. However, these elements present con-
stantly in unbalanced proportions for plant nutrition. This may promote the practice of high 
doses, overloading the natural functions of soil and causing imbalances [3].

Thus, wastes with a potential for use in agriculture also present as possible sources of contam-
inants and are a risk for the quality of soil and groundwater. Therefore, this practice should be 
verified by the environmental control and monitoring agencies of each state or territory. The 
most common and effective tool developed by these countries is the formulation of specific 
laws to monitor and protect the quality of soils and groundwater, which are in turn based on 
surveys of the critical contents of these substances, as well as studies of their respective poten-
tial for damage to the environment and to human health [60, 61].

In Brazil, this monitoring is performed based on the experiences and models practiced in 
countries like Holland and Germany. The National Council of the Environment (CONAMA) 
through Resolution n° 420 of December 28, 2009 determined the criteria for the elaboration 
of guiding values of soil and groundwater quality regarding the presence of chemical sub-
stances and established the guidelines for environmental management of areas contaminated 
by these substances as a result of anthropic activities, and also stipulated the maximum values 
for the same substances in groundwater [62].

Therefore, according to CONAMA, the guiding values are concentrations of chemical sub-
stances that provide guidance regarding the quality and changes in soil and groundwater. 
The resolution also determines that the guiding values are classified into three groups accord-
ing to the contents of the elements investigated, which are quality reference value (QRV), 
prevention value (PV), and investigation value (IV).

The quality reference value or QRV corresponds to the concentration of a given substance that 
defines the natural quality of the soil, and it is determined based on the statistical interpreta-
tion of physicochemical analyses of samples of various types of soil, being used as a reference 
in actions to prevent soil and ground water pollution and to control contaminated areas.

Prevention value (PV) is the concentration of the limit value of a given substance in the soil, 
such that it can sustain its main functions. It is predetermined by CONAMA and is used to 
educate through educational measures and penalties applied to those responsible for possible 
alterations in the environment.

Investigation value (IV) is the concentration of a given substance in soil or in groundwa-
ter, above which there are direct or indirect potential risks to human health, considering a 
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 standardized scenario of exposure. For the soil, it is calculated using a procedure to evaluate 
the risk to human health in different contexts: agricultural, residential, and industrial. When 
the intervention values are surpassed, immediate actions must be taken due to the finding of 
a potential risk of a deleterious effect on human health [63].

The QRVs are determined from the survey of natural contents of the elements in soil. For 
this it is necessary to sample the soil taking into account the diversity of soil classes and the 
original materials existing in the region, seeking to perform the collections in minimally pre-
served soils, with little or no apparent signs of anthropic interventions, since the pedogenetic 
processes and the geochemical formation of each region interfere directly with the natural 
contents of these substances [42, 64, 65].

Therefore, Brazilian law determines that the QRVs for soils should be established by each 
state of the federation and it is not recommended to use the values of one state for another 
state [63]. Table 3 shows some inorganic and organic substances and their respective guid-
ing values for soils and groundwater in the state of São Paulo, as an example of the model 
adopted by the country to organize its monitoring tool.

Given the complexity of the relations that may occur between the substances present in the 
wastes and the soil attributes, current legislation cannot foresee all the long-term scenarios 
and behaviors of these substances. This is a weakness in the environmental monitoring sys-
tem that requires constant investment and updating. Ref. [59] emphasize that all components 
of the agricultural environment should be periodically monitored, such as soil, water, and 
their biological fractions, in order to avoid problems caused by the intermittent use of wastes 
for long periods.

Substance Soil (mg kg−1 dry weight) Groundwater 
(µg L−1)

Quality 
Reference value 
(QRV)1

Prevention 
value (PV)2

Intervention value (IV)2

Agricultural Residential Industrial

Inorganics

Antimony <0.5 2 5 10 25 5

Arsenic 3.5 15 35 55 150 10

Barium 75 120 500 1300 7300 700

Boron -3 nd nd nd nd 2400

Cadmium <0.5 1.3 3.6 14 160 5

Lead 17 72 150 240 4400 10

Copper 35 60 760 2100 10,000 2000

Mercury 0.05 0.5 1.2 0.9 7 1

Molybdenum <4 5 11 29 180 30

Nickel 13 30 190 480 3800 70
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It should also be pointed out that the model adopted to establish the legislation in countries 
with a tropical climate is based on the experiences of developed countries, usually situated in 
temperate climate regions, which justifies the need to continue studying the behavior of the 
potentially toxic substances and their relations with the soil, groundwater, and their biologi-
cal agents under local climatic conditions, in order further improve the monitoring mecha-
nisms for risk activities such as the reuse of wastes in the agricultural and livestock chains of 
countries with a tropical climate.

6. Potential of productivity for the agricultural crops

Liming is the first process to be performed to prepare the soil for crops. The purpose of the 
technique is to correct the soil pH, elevating base saturation, and reduction of exchangeable 
aluminum in the soil solution to levels appropriate to the crops. Currently, several studies 
have been performed to use solid wastes from human activities as an alternative substitute 

Substance Soil (mg kg−1 dry weight) Groundwater 
(µg L−1)

Quality 
Reference value 
(QRV)1

Prevention 
value (PV)2

Intervention value (IV)2

Agricultural Residential Industrial

Nitrate - nd nd nd nd 10,000

Silver 0.25 2 25 50 100 50

Selenium 0.25 1.2 24 81 640 10

Zinc 60 86 1900 7000 10,000 180

Volatile aromatic hydrocarbons

Benzene na 0.002 0.02 0.08 0.2 5

Styrene na 0.5 50 60 480 20

Ethylbenzene na 0.03 0.2 0.6 1.4 300

Toluene na 0.9 5.6 14 80 700

Organochlorinated pesticides

Aldrin na 0.02 0.4 0.8 6 0,03

Endrin na 0.001 0.8 2.5 17 0,6

Carbofuran na 0.0001 0.3 0.7 3.8 7

1Value determined by the State.
2Determined by CONAMA.
Note: nd: not determined in the legislation; na: not applicable to organics.

Table 3. Guiding values for soils and groundwater in the state of São Paulo (adapted from Ref. [66]).
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to correct soils for cultivation. Outstanding among the wastes studied are steel mill slag and 
urban sewage sludges. These wastes have proved to be an excellent substitute for limestone, 
since besides correcting the pH they are a major source of nutrients for the plants [67–70].

Refs. [71, 72] using steel mill slag to produce guava seedlings found that besides the corrective 
action of pH, the rise in the sum values base saturation, the waste proved to be a source of 
micronutrients such as zinc, copper, manganese, and boron. There was also a positive effect 
on the concentrations of calcium, magnesium, and phosphorus in the roots and aerial parts of 
the seedlings. In addition, using this waste is limited when it contains traces of metals, such 
as lead and chromium in its constitution.

Ref. [73] incorporate domestic sewage sludge and sewage sludge from a dairy establishment 
into the soil, observed increased macronutrients in the aerial part and roots of Physic Nut 
Seedlings (Jatropha Curcas L.) plants in both treatments. In these soils, they found that using 
dairy waste sludge raised the pH in soil, while domestic sludge did not change the soil pH. 
According to the authors, the initial treatment of dairy sewage sludge consists basically in a 
biological process with the addition of limestone or lime (CaCO3 or CaO) to eliminate patho-
gens and promote waste stabilization. Therefore, the carbonate reacted with the hydrogen 
present in the soil solution (liquid phase of the soil) and water and CO2. Meanwhile, the 
domestic sewage sludge did not receive this conditioner at the treatment plant.

The next stage of soil preparation is fertilizing, which consists in applying nutrients in forms 
available for root absorption. According to Ref. [73], the organic matter in plant nutrition 
may certainly be substituted, with even better yields, by chemical fertilizers, but their indirect 
effect on crop development cannot be substituted, whatever the chemical industry product. 
For this reason, organic matter from urban solid wastes, which constitute approximately 90% 
of the total mass of sanitary landfill wastes, as well as the domestic sewage sludges can and 
should be used as a source of nutrients in plant production, although it is necessary to have 
a greater volume than that of the mineral fertilizers because of the lower concentration of 
nutrients, although greater attention is required as to the presence of organic, mineral toxic 
contaminants, or pathogenic microorganisms.

If we perform a very simple analysis of the dynamics of nutrients in the production process 
in agroecosystems, we conclude that, biomass and nutrients are removed in the harvesting, 
breaking down the efficient cycling that would occur in natural environments. In this way, the 
external supply of nutrients, be it in a concentrated chemical form or organic, is necessary to 
maintain this balance. Otherwise, the producer will be performing unsustainable, predatory 
production, which will impoverish the soil that supports him [74].

Many research studies have demonstrated the rise in crop productivity when they are fertil-
ized with organic wastes [75]. In research using the filter cake to fertilize different lettuce cul-
tivars increased yields were obtained in all cultivars evaluated. In Ref. [76] utilizing sewage 
and industrial sludges to produce physic nut seedlings they concluded that the wastes used 
promoted the production of quality seedlings with a significant increment in root length and 
in the aerial part of the seedlings. Ref. [77] using solid organic wastes (Copernicia prunifera 
waste and chicken litter) and swine wastewater as a source of nutrients for the production of 
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monkfish (Enterolobium contortsiliquum (Vell.) Morong) found that organic waste contributes 
to growth and nutritional balance of the seedlings. The use of these organic wastes as primary 
source of nutrients consists of an important environmental management practice.

The effects of adding solid wastes to the soil on agricultural production are not limited to sup-
plying nutritional elements. The organic matter it contains acts significantly to improve the 
physical, chemical, and biological quality of soil, and is a source of energy for the beneficial 
edaphic fauna, which has an antagonist action on phytopathogens (nematodes, bacteria, and 
fungi) and for symbionts, such as the diazotrophs (atmospheric N fixing microorganisms), or 
phosphate solubilizers (mycorrhizal fungi and rhizobacteria).

Worms, insects, and other organisms of edaphic fauna, in the metabolization of this substrate, 
release cementing substances that help form aggregates in the soil, significantly improving its 
drainage and aeration and making it easier to store and drain water and to develop the root 
system of the crops [73].

During the process of decomposing the organic wastes, the cations present in them are released 
in the soil solution and/or retained on the colloid surfaces, and are available for absorption by 
the roots. Simultaneously, humus is formed, another product that is very important for the 
physicochemical improvement of many sandy soils or highly weathered type 1:1 clays that 
are chemically poor, which commonly occurs in the soils of the Cerrado and Amazon biomes. 
Therefore, there must be a constant attempt to increase the organic matter in soil, be it through 
management (minimum cultivation, no till farming with crop rotation, green fertilization, 
and others) or added in organic fertilization (animal manure, organic compost from sanitary 
landfills, sewage and tannery sludges, and others).

7. Final considerations

The economic growth rates of various countries keep up with the rapid urban development with 
the intense production of solid wastes. In this way, public policies should emerge to help adopt 
a new management logic, which will take into account the sustainability principles of reducing 
the wastes generated, reuse, and recycling, treatment and environmentally safe final disposal.

There is a broad discussion regarding the appropriate forms of disposal and use of the solid 
wastes, and their reuse on agricultural soil has been considered the most interesting option, 
both from the environmental standpoint and the economic one. However, their use in agri-
culture should be preceded by an analysis of environmental and economic impact and the 
indiscriminate use of wastes may lead to contamination.

National and international public policies for solid waste management are already a historical 
advance, taking into account the mandatory regulation of responsibilities by the manage-
ment, mainly of urban solid wastes; however, this in itself does not guarantee that it will be 
done, since the consolidation of these policies requires behavioral and cultural changes that 
will attenuate deep-rooted practices in individual and collective action.
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Abstract

Concerns with the final destination of organic solid waste (OSW) generated in rural 
areas originate from the possibility of this waste harming the environment, in addi-
tion to producing bad smell and attracting pests, when improperly disposed of in the 
soil. In this sense, composting might be a suitable way of dealing with this residue. This 
chapter presents the advantage of treating rural OSW through composting in reactors. 
Facultative reactors present the advantage of not requiring handling or large areas for 
the waste processing, and they do not generate bad smell and do not attract pests, which 
represent common drawbacks of the conventional windrow composting process. The 
final product of this composting process can be used as fertilizer for crops, resulting in 
the economy, since commercial fertilizers do not have to be bought. Works carried out 
by the Analytical and Environmental Chemistry Research Group at the State University 
of Ponta Grossa—Brazil have reported important results regarding the use of facultative 
reactors with different OSW mixtures. From the monitoring of physical, chemical, bio-
logical and spectroscopic parameters, it was seen that composting in facultative reactors 
produced stable compost matured in a short period of time.

Keywords: facultative reactor, OSW, monitoring, characterization, spectroscopic, physico- 
chemical

1. Introduction

The final destination of solid residues originated in agriculture as well as other activities has 
been a pressing concern in the contemporary society, due to its negative impact on the envi-
ronment. In the whole world, 1.3 billion tons of solid waste are generated every year accord-
ing to the Organization for Economic Cooperation and Development (OECD). It is estimated 
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that 50% of this waste is produced by the 34 richest countries. Brazil, despite being considered 
an underdeveloped country, occupies the third position among the countries that generate 
the most waste in the world (220 million tons/year, 1.2 kg/inhabitant/day) [1].

The Brazilian agroindustry is the largest productive sector in the country. According to data 
by the United Nations (UN), Brazil will be the greatest food exporter between 2015 and 2024. 
Such a great food production places Brazil among the largest waste producers also in the 
rural area [1].

According to the Applied Research Institute (IPEA/Brazil) [2], about 291 million tons of waste 
are generated by the agroindustry every year. From this, 51% is organic material coming from 
solid waste from sugar cane, rice, soybean, corn, beans, wheat, coffee and cocoa crops, along 
with the growth of fruits, such as orange, banana, coconut and grapes. This organic solid 
waste (OSW) is usually buried, burnt or simply disposed on the soil far from households (but 
many times close to rivers), generating negative environmental impact [3, 4]. However, if 
properly separated and treated, this waste can contribute to the reduction of environmental 
problems originated from its improper disposal. The use of composting methods that can 
transform this OSW into stable and mature organic matter in the shortest period possible is 
the most suitable way of managing such residue.

This chapter presents the possibility of treating OSW through composting in facultative 
reactors.

2. OSW treatment in reactors

In the rural area, OSW from different sources, both vegetable and animal origin, is generated 
inside and outside the farms. Proper management of this residue might result in benefits 
related to the prevention of river and soil pollution; reduction in chemical fertilizer use and 
crop diseases. Therefore, the collection and composting of this OSW might constitute proper 
technology, to be used by individuals or in association with other rural producers, aiming 
at the agriculture technical-scientific advancement [5]. Up to now, some emphasis has been 
given to home composting, which requires constant care such as moist content and mate-
rial aeration control. In addition, studies have demonstrated that due to the requirement of 
constant handling, the composting process might present chemical and biological risks [5–7].

Taking these facts into consideration, the use of a reactor for the treatment process of OSW 
generated in rural areas might be suitable, since it represents a low-cost process which 
demands reduced workforce and small areas.

The composting in reactors is considered a promising technology when compared to con-
ventional technologies of open systems such as windrows or piles, since it does not require 
revolving the composting mass and provides sufficient aeration to the mixture (with or with-
out mechanical injection of air) to produce mature final compost. It does not produce the bad 
smell, leachate or pollutants. Also, it provides the control of physical and chemical param-
eters such as temperature and moist and can be used in different climatic seasons [8–10].

Solid Waste Management in Rural Areas104



that 50% of this waste is produced by the 34 richest countries. Brazil, despite being considered 
an underdeveloped country, occupies the third position among the countries that generate 
the most waste in the world (220 million tons/year, 1.2 kg/inhabitant/day) [1].

The Brazilian agroindustry is the largest productive sector in the country. According to data 
by the United Nations (UN), Brazil will be the greatest food exporter between 2015 and 2024. 
Such a great food production places Brazil among the largest waste producers also in the 
rural area [1].

According to the Applied Research Institute (IPEA/Brazil) [2], about 291 million tons of waste 
are generated by the agroindustry every year. From this, 51% is organic material coming from 
solid waste from sugar cane, rice, soybean, corn, beans, wheat, coffee and cocoa crops, along 
with the growth of fruits, such as orange, banana, coconut and grapes. This organic solid 
waste (OSW) is usually buried, burnt or simply disposed on the soil far from households (but 
many times close to rivers), generating negative environmental impact [3, 4]. However, if 
properly separated and treated, this waste can contribute to the reduction of environmental 
problems originated from its improper disposal. The use of composting methods that can 
transform this OSW into stable and mature organic matter in the shortest period possible is 
the most suitable way of managing such residue.

This chapter presents the possibility of treating OSW through composting in facultative 
reactors.

2. OSW treatment in reactors

In the rural area, OSW from different sources, both vegetable and animal origin, is generated 
inside and outside the farms. Proper management of this residue might result in benefits 
related to the prevention of river and soil pollution; reduction in chemical fertilizer use and 
crop diseases. Therefore, the collection and composting of this OSW might constitute proper 
technology, to be used by individuals or in association with other rural producers, aiming 
at the agriculture technical-scientific advancement [5]. Up to now, some emphasis has been 
given to home composting, which requires constant care such as moist content and mate-
rial aeration control. In addition, studies have demonstrated that due to the requirement of 
constant handling, the composting process might present chemical and biological risks [5–7].

Taking these facts into consideration, the use of a reactor for the treatment process of OSW 
generated in rural areas might be suitable, since it represents a low-cost process which 
demands reduced workforce and small areas.

The composting in reactors is considered a promising technology when compared to con-
ventional technologies of open systems such as windrows or piles, since it does not require 
revolving the composting mass and provides sufficient aeration to the mixture (with or with-
out mechanical injection of air) to produce mature final compost. It does not produce the bad 
smell, leachate or pollutants. Also, it provides the control of physical and chemical param-
eters such as temperature and moist and can be used in different climatic seasons [8–10].
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Recent studies employing reactors for OSW treatment have proved the efficiency of this tech-
nology when compared to the anaerobic digestion or incineration, for resulting in composta-
ble to improve the physical and chemical conditions of the soil, preventing the emission of 
greenhouse effect gases (CO2, NO, CH4) [11]. In recent years, models of vertical and or hori-
zontal reactors have been developed and adapted to OSW treatment [12, 13], and also several 
works have demonstrated composting processes in pilot-scale reactor systems, with rotating 
the drum and forced aeration [14–16].

Scale reactors between 10 and 300 liters involve different configurations that guarantee a pro-
cess with favorable results, allowing the study of parameters such as temperature, moist, 
biological activity and oxygen content [17–19].

Taking that into consideration, some studies have emphasized that in order to retain heat and 
keep ideal temperatures, the reactor walls should be covered with thermal insulating material 
[14, 15, 20–22]. Several studies used OSW coming from vegetable, fruit, olive bagasse, grape 
bagasse and olive bagasse, waste which is widely found in rural areas. Due to the high moist 
of these substrates, in some experimental processes, output holes were adapted to drain the 
material and collect slurry [14, 22–24].

A study carried out by Fernández et al. [14], verified the influence of the granulometry in 
temperature and moist variation in a reactor system for the treatment of sewage sludge com-
ing from an effluent treatment station (ETS), combined with carbonaceous materials with 
different particle sizes. The authors concluded that the best results were obtained from the 
ETS sludge and wood chips (5–15 mm). The use of wood chips as volume agents provides the 
mixture with better aeration and moist levels below 65%, in addition to favoring the achieve-
ment of temperatures close to 70°C, ensuring the elimination of pathogens.

Paradelo et al. [22] investigated the efficacy of different volume agents and studied the 
mixtures of food waste (raw and cooked vegetables and fruit) with the addition of differ-
ent OSW produced in rural areas such as hay, wheat straw and wood chips. The composts 
were placed in a vertical cylindrical barrel of 30-liter volume for 2 months. The barrel was 
placed on wood blocks to favor aeration and elimination of the leachate produced. The 
authors concluded that the wood chip experiment produced a less decomposed material, 
due to the larger particle size (25 mm); however, it also presented parameters favorable to 
stabilization.

In another study by Li et al. [21], a reactor was built with plastic containers of different sizes, 
a 10 L container, punctured and with external output, encased in a 15 L container. The space 
between the reactors was 5 mm each side (filled with foam) and 20 mm in the lower part. At 
the bottom of the bucket, gravel was placed and that surface was covered with a plastic screen. 
The composting used grape bagasse and sawdust. The treatment was carried out with the lid 
of the system closed. The authors concluded that the cellulose degradation occurred within 
the three initial months; however, the variation of the C/N ratio from 30/1 (initial) to 28/1 
(final) was low, and the temperature did not reach the thermophilic phase.

Composting in rotating drums with an aeration system and 250 L capacity has been widely 
studied [23]. Different mixtures of OSW produced in rural areas were used such as grass, 
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vegetable residue, bovine manure and sawdust. The authors concluded that the mixture 
of bovine manure, vegetable residue and sawdust resulted in a stabilized compound and 
agitation guaranteed aeration and uniformity to the mixture, preventing the generation of 
bad smell.

Iyengar and Bhave [25] investigated composting in different kinds of reactors (aerobic, anaer-
obic and facultative) in laboratory scale, using OSW from rural areas such as bovine manure 
and straw. The facultative reactor presented anaerobic lower regions and aerobic upper 
regions, due to the distribution of the layers inside the reactor. The authors concluded that 
the aerobic and facultative reactor systems produced a more stable compost.

For the OSW composting process in reactors to be considered efficient, it is necessary to moni-
tor the different physical and chemical parameters, and the compost obtained can be defined 
as the stabilized and matured product.

The compost stability and maturity show the organic matter decomposition degree, and after 
mature, it can be used as a soil fertilizer, releasing nutrients necessary to plant growth [9]. 
Stability and maturity can be monitored by observing the physicochemical properties (tem-
perature, moisture, pH, ash content and ratio C/N) along with spectroscopic (UV/Vis and IR) 
and biological (germination index) parameters [26–29].

In recent years, the Analytical Environmental and Sanitary Chemistry Research Group (QAAS, 
Brazilian abbreviation) of the State University of Ponta Grossa—Brazil has studied the treat-
ment of different OSW in a facultative reactor system [9, 30, 31]. Thus, this work presents an 
extensive study of the OSW treatment in the facultative reactor, with great results obtained 
through conventional (moisture, pH, temperature and C/N ratio), spectroscopic techniques 
(UV/Vis and Infrared-IR) and germination index.

2.1. Facultative reactor

The facultative reactor (Figure 1) was constructed from a copper and zinc cylindrical metal 
container with a capacity of 200 L (diameter 600 mm and height 700 mm). On the reactor was 
designed a plastic cover of 300 mm of diameter × 60 mm of height that contains 120 holes of 
5 mm to allow a gas exchange. At the bottom of the reactor was coupled a liquid collection 
system [9].

2.2. Composting using facultative reactor

The experiments were carried out at the State University of Ponta Grossa, where five reac-
tors were assembled, and the composting process was studied for 180 days. The reactors 
were installed under shelter (shed) protected from the rain. For the experiment, the follow-
ing OSW was used: home organic waste (HOW), wood waste such as sawdust (WWS) and 
chips (WWC) and smuggled cigarette tobacco (SCT) seized by the Brazilian Federal Revenue 
and donated to the study. The combination of OSW used to assemble the five reactors is in 
Table 1. The mixture was distributed in 200 mm layers in the reactors. Table 2 presents the 
physical and chemical characteristics of the OSW used in the experiment.
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Figure 1. Schematic design of the facultative reactor.

DOW SCT WC S Total

(%) (kg) (%) (kg) (%) (kg) (%) (kg) (kg)

R 1 70 157.2 10 2.62 20 8.7 – – 168.2

R 2 60 116.4 20 4.84 20 8.0 – – 129.3

R 3 40 86.3 40 10.1 20 8.3 – – 104.8

R 4 70 105.6 10 1.69 – – 20 2.9 110.2

R 5 40 57.6 40 6.7 – 20 2.8 67.1

Source: Zittel [31].

Table 1. Combination of the substrates, in proportion and mass, for the accomplishment of the experiment.

Parameters DOW SCT WRS RL

pH 5.5 7.2 6.4 6.0

C (%) 36.15 36.85 44.1 44.1

N (%) 3.04 3.20 0.28 0.28

Initial C/N ratio 11.89 11.15 157.5 157.5

Granulometry (mm) 20–50 > 1 > 1 20–40

Moisture content (%) 65 15,3 12 13

Source: Zittel [31].
DOW—domestic organic wastes; SCT—smuggled cigarette tobacco; WRS—wood residues sawdust; RL—Wood 
Residues Chip.

Table 2. Initial physical and chemical characteristics of the solid residues used in the experiment.
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2.2.1. Home organic waste (HOW)

The average of six samplings was carried out to characterize the HOW, and a quar-
tering process was performed three times a week according to the Technical Norms 
Brazilian Association—ABNT-NBR 10007/2004 [32]. Initially, the homogenized sam-
ple was divided into four parts, and two opposite quarters were selected, which were 
homogenized again. The quartering procedure was carried out again with the samples 
collected, selecting one of the remaining quarters to represent the waste characterization 
(Figure 2).

2.2.2. Wood waste‐sawdust (WWS) and chips (WWC)

The WWS used in the experiment had a diameter smaller than 1 mm, and the WWC diameter 
was between 20 mm and 40 mm, as shown in Figure 3.

2.2.3. Smuggled cigarette tobacco (SCT)

The SCT used in the experiment was provided by the Brazilian Federal Revenue (Ponta 
Grossa—Pr unit) after having sized the material. Different batches of this material were used 
to assemble the reactors. The cigarette filter was separated from the tobacco portion and 
ground in a commercial grinder shown in Figure 4.

Figure 2. Quarantine process of the RODs used in the experiment.
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Figure 3. Wood waste used in the experiment. (A) Sawdust wood residue (RMS) and (B) residual wood chippings (RML).

Figure 4. Equipment used for grinding tobacco and paper wrapping.
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After ground, the tobacco was separated from the wrapping paper around it using a 
6 mm × 6 mm mesh sieve, resulting in a powder with particle smaller than 1 mm. The pro-
cess to separate the tobacco from the cigarette filter and wrapping paper can be seen in 
Figure 5.

2.3. Sampling

To monitor the composting process, samples were collected every fortnight, from random 
points inside the reactors. The sample collection was carried out on the 1st day and in 
periods of 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, 180 days. In each collection, about 
100 g of sample was removed from each reactor. These samples were homogenized, and 
the portions needed for the analyses were separated. To monitor de composting process 
and characterization of the final compost, the analyses carried out were: elemental (C/N), 
temperature, moist, pH, seed germination index (SGI) and spectroscopic (UV/VIS and 
Infrared).

2.4. Physicochemical analyses

2.4.1. Temperature

The temperature was measured three times a week using a portable digital thermometer. The 
monitoring was carried out on the first day of the organic material deposition inside the reac-
tor and throughout the process, at three different points: surface, middle and bottom.

Figure 5. Separation steps of the filter and the paper wrapper of the cigarette used in the experiment. (A) Cigarette with 
filter; (B) filter separation; (C) shredded tobacco and paper wrapping; and (D) cigarette tobacco residue after sieving.
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2.4.2. Moist

To control moist content, readings of the mixture in the reactors were performed every fort-
night, at the surface and bottom of the reactor, using the combined digital thermometer and 
hygrometer device.

2.4.3. pH

For the pH determination, the sample was diluted in a calcium chloride solution, following the 
official method by the Brazilian Agriculture, Livestock and Supply Ministry [33]. The use of a 
calcium chloride solution allows the hydrogen ions to get free from the colloid surface, resulting 
in pH values which are moderately lower when compared to those found when the sample is 
diluted in water [34].

2.4.4. Elemental chemical analysis

The elemental chemical analysis was carried out using the Elemental Analyzer. The C/N ratio 
was obtained from the ratio between the percentage values of C and N in the sample.

2.4.5. Germination index (GI)

GI was performed by adapting the technique proposed by the Hong Kong Organic Resource 
Centre [35]. About 20 g of the fresh compost was added to 200 mL of distilled water and stirred 
for 2 h. Next, the solution was placed in the centrifuge at 9000 rpm for 25 min at 4°C. The GI 
was carried out in triplicate in the periods of 90, 120, 150 and 180 days. GI was performed 
by placing 5.0 mL compost extract on each petri dish. Next, 10 watercress seeds (Lepidium 
sativum) were evenly distributed on each dish and incubated for 72 h in dark room and tem-
perature between 22 and 27°C. After 72 h, the number of germinated seeds was recorded, as 
well as the main root length, so that the GI calculation could be done [34] (Eqs. (1)–(3)). The 
percentage of germinated seeds of each sample as calculated from the triplicate weighted 
average. A control test was performed using 5.0 mL distilled water substituting the compost 
extract.

Relative seed germination percentage

  RSG(% ) =   
Weighted average of the no of germinated seeds in each extract  ×  100 

      ______________________________________________________     Weighted average of the no of germinated  −  seeds in the control    (1)

Relative root growth

  RRG(% ) =   
Weighted average of root length in each extract  × 100 

    _________________________________________    Weighted average of root lenght in the blank    (2)

Germination index (GI)

  GI =   RSG  × RRG __________ 100    (3)
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2.5. Spectroscopic analysis

2.5.1. Visible ultraviolet region (UV–Vis) molecular spectroscopy

For the absorption analyses in the UV–Vis, 10 mg of the sample was dissolved in 10 mL 
sodium bicarbonate solution (NaHCO3) 0.05 mol. L-1, at the E2/E3 (wavelength absorbance 
280 nm and 365 nm) and E4/E6 (ratio between the absorbances 465 and 665 nm).

2.5.2. Infrared region Absorption Spectroscopy (IR)

For the IR analyses, pellets were prepared with 1.0 mg sample and 100 mg KBr. The spectra 
were obtained in the band from 400 cm−1 to 4000 cm−1 [36].

3. Results

3.1. Physicochemical parameters

Figure 6 presents the results of physical and chemical analyses of the OSW mixtures used in 
the composting with the facultative reactor.

Figure 6. Control of moisture (a), temperature (b), pH (c) and C/N ratio (d) during the composting process of food 
residues (40%), cigarette tobacco (40%) and sawdust (20%) in the optional reactor system.
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The moist (Figure 6a) in both layers (top and bottom) was seen to be kept between 40 and 70% 
throughout the process, and from the 130th day on, there was no variation of this value at the top 
or at the bottom of the mass, indicating the compost stability. Regarding pH (Figure 6b), a reduc-
tion was seen in the first 15 days in the two layers of the mixture, while, after the 80-day period, 
the values were in the alkaline band. From the 130th day on, the values were seen to vary from 
7.5 to 9, indicating the final compost stability. The variation in pH values is due to the existence 
of different groups of microorganisms which are characteristic of the aerobic (bacteria, yeast, 
and fungi) and anaerobic (bacteria) activities. Figure 6c shows that the thermophilic temperature 
remained for a period of 40 days, which was efficient to eliminate pathogens. From the 100th day 
on, temperatures close to the ambient were observed, confirming the compost stability.

The C/N ratio is a parameter that evaluates the compost maturity. According to the results 
presented in Figure 6d, the ratio was seen to decrease throughout the process, indicating that 
the initial materials, rich in nitrogen, were transformed into inorganic compounds such as 
nitrates (NO3) and nitrites (NO2).

3.2. Germination index (GI)

Recently, the phytotoxicity evaluation through the germination index (GI) has been used 
as one of the parameters to evaluate the compost maturity. The application of unstable and 
immature compost to the soil might result in competition for oxygen by the plant roots and 
the microbial mass. The continuous decomposition of immature materials might cause anaer-
obic conditions in the soil, resulting in the production of nitrite (NO2) and sulfuric acid (H2S) 
[37]. Immature composts might contain high levels of organic acids, high C/N ration, extreme 
pH values, high salinity content and high ammonium (NH4) concentrations, which inhibit 
seed germination and root and plant growth [38].

When the GI increases along the process, one can assume that there is a reduction in phyto-
toxic substances and that the organic composts are reaching maturity, being enriched with 
nutrients and humic substances [39].

Figure 7 presents the GI evolution in OSW composting with the facultative reactor.

Results revealed that from the 90th day on the compost was free of toxicity and reached SGI 
values above 80%.

3.3. Visible ultraviolet region (UV–Vis) spectroscopic analyses

The formation of humic substances is a parameter used to evaluate the maturity of the final 
compost obtained in OSW composting with the facultative reactor. Therefore, the humifica-
tion parameter among some ratios of absorbance is widely used. The main organic material 
absorption bands occur in the region from 200 to 400 nm. In composting studies, the compost 
UV/Vis analyses result in ratios between some absorbance. The E2/E3 ratios (ratio between the 
absorbance 280 and 365 nm) provide the relation between humified and non-humified groups 
[40], while the E4/E6 ratios (ratio between the absorbance 465 and 665 nm) are used to indicate 
the condensation degree and aromatic constituents during composting and may be seen as 
humification index or compost maturity [40]. These ratios usually reduce with the increase 
in simple and double chemical bond conjugations characterizing the formation of humic sub-
stances through the condensation of aromatic rings of greater molecular weight [41, 42]. The 
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relations E2/E3 and E4/E6 with values lower than 5.0 indicate that there was the formation of 
mature compost due to the increase in the aromatic groups [43].

Figure 8 presents the E2/E3 and E4/E6 ratio curve during the OSW composting process with the 
facultative reactor.

The E2/E3 and E4/E6 ratios were seen to decrease during the process reaching values below 
5. These results indicated that the composting in reactors produced matured final compost 
probably due to the high degree of humic acids present in the humic substance structure.

Figure 8. Curve of E2/E3 ratio (absorbance between 250 and 365 nm) and E4/E6 absorbance between 465 and 665 nm 
during the process of composting food residues and sawdust.

Figure 7. Seed germination index during composting process of food residues (40%), cigarette tobacco (40%) and brush 
(20%).
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3.4. Fourier transform infrared spectroscopy (FT‐IR)

The infrared spectroscopy (IR) has been used to evaluate the transformation of organic mat-
ter at the different stages of the composting process [44]. The increase and reduction in peaks 
reveal the decomposition of immature residue and the formation of new compounds [45].

The main absorption peaks of the IR spectrum and their respective attributions are seen in 
Table 3 [44, 46].

The IR spectrum of the OSW composting process with the facultative reactor in different peri-
ods is presented in Figure 9.

After analyzing the main absorption peaks in the different periods of the composting process, 
it was seen that around 3400 cm−1 a band characteristic of OH alcohols, phenols and carboxyl 
acids occurred and another with aliphatic groups was seen around 2928 cm−1. These bands 
decreased along the process, due to the degradation of these groups characteristic of non-
humic substances (carbohydrates and fat acids) and the formation of humic substances due to 
the microbiological action during the process [39, 41].

The peaks between the absorbance 1700–1750 cm−1 conferred the C=O stretching vibration, of 
carboxyl acid groups, ketones, and aldehydes, characterizing structures made of the non-ionized 

Wave number (cm−1) Assignments

3550–3300 H−OH vibration elongation (phenol groups, alcohols and 
carboxylic acids); N−H (amides and amines)

2920 C−H vibration elongation of aliphatic structures

1715–1750 C=O vibration elongation of COOH of carboxylic acids 
and ketones

1620–1660 C=O vibration elongation of primary amides

C=O vibration elongation of ketones, acids and quinones

Vibration elongation C=C of aromatics

1505–1560 Vibration elongation C=C of lignin aromatics; N−H and 
C=N of amine and secondary amide

1460 Vibration elongation C=C of aromatics, O−H of phenols

1375–1390 Vibration elongation COO, C−O of carboxylic acids and/
or carbonates and nitrates and deformation of vibrations 
O−H of phenols

1220–1250 C−H and OH vibration deformation of carboxyl groups, 
C−O−C aromatic ether and N−H of secondary amides

1120 and 1030–1050 C−C vibration elongation of aliphatic

C−O vibration elongation of polysaccharides, C−O of 
aromatic-cycle ether

Source: Zittel [31].

Table 3. Peaks of absorption of the spectrum of IR and its attributions.
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carbonyl. The spectrum region between 1600 and 1660 cm−1 is related to the intensity of the 
C=O groups of ionized carboxyl (COO−) and conjugated to the aromatic ring and humic acids 
[39, 47].

The formation of a sharp peak between 1375 and 1390 cm−1 in 180 days of the process might 
be ascribed to the deformations of O=H of phenolic groups, present in the humic substance 
structure, while the vibrations in the 1010–1035 region indicated polysaccharide, C=O, 
stretching [41, 48].

The increase in the intensity of peak absorption at 1450 and 1390 cm−1 indicated the presence 
of oxidation reactions, with the formation of carboxyl and carbonate acids [46, 47, 49].

The IR spectrum presented absorption peaks which indicated the transformation of organic 
matter and matured compost production, characterizing the increase in the humic acids dur-
ing the process.

4. Conclusions

From the results obtained, it was possible to conclude that the facultative reactor presented the 
advantages of being a low-cost system, not attracting vectors, enabling moisture and tempera-
ture control without the need for handling, besides allowing the treatment of several organic 
waste characteristic of rural areas. Phytotoxicity tests showed that the compost reached 
maturity over a period of 90 days. The spectroscopic analyzes showed that degradation of 

Figure 9. IV spectrum of food waste samples and sawdust in different periods of the composting process.
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be ascribed to the deformations of O=H of phenolic groups, present in the humic substance 
structure, while the vibrations in the 1010–1035 region indicated polysaccharide, C=O, 
stretching [41, 48].

The increase in the intensity of peak absorption at 1450 and 1390 cm−1 indicated the presence 
of oxidation reactions, with the formation of carboxyl and carbonate acids [46, 47, 49].

The IR spectrum presented absorption peaks which indicated the transformation of organic 
matter and matured compost production, characterizing the increase in the humic acids dur-
ing the process.

4. Conclusions

From the results obtained, it was possible to conclude that the facultative reactor presented the 
advantages of being a low-cost system, not attracting vectors, enabling moisture and tempera-
ture control without the need for handling, besides allowing the treatment of several organic 
waste characteristic of rural areas. Phytotoxicity tests showed that the compost reached 
maturity over a period of 90 days. The spectroscopic analyzes showed that degradation of 

Figure 9. IV spectrum of food waste samples and sawdust in different periods of the composting process.
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compounds of simpler structure and the humification of the organic matter occurred. Thus, 
the compost obtained, with a substantial richness of stabilized organic matter and absence of 
toxicity, may be considered as an organic fertilizer. Finally, this study led to the conclusion 
that the facultative reactor proposed can be a promising technology to manage organic solid 
residue in rural areas.
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Abstract

Anaerobic digestion (AD) of organic municipal solid waste (OMSW) is considered as a 
key element in sustainable municipal waste management due to its benefits for energy, 
environment, and economy. This process reduces emission of greenhouse gases, gener-
ates renewable natural gas, and produces fertilizers and soil amendments. Due to its 
advantages over other treatment methods and waste-to-energy technologies, anaerobic 
digestion has attracted more attention so that numerous research works in this area are 
performed. In this chapter, an overview of previous studies on anaerobic digestion using 
OMSW as the feedstock is presented. First, the principals of anaerobic digestion includ-
ing chemical and biological pathways and microorganisms responsible for different 
steps of the process are discussed. Factors influencing the efficiency of the process such 
as temperature, pH, moisture content, retention time, organic loading rate and C/N ratio 
are also presented in this chapter. Different methods of pretreatment applied to enhance 
biogas production from anaerobic digestion of municipal solid waste are also discussed.

Keywords: anaerobic digestion, municipal solid waste, renewable resource, waste-to-energy, 
waste pretreatment, enhancing biogas production

1. Introduction

Municipal solid waste (MSW) management has become a serious environmental issue 
since the waste generation has rapidly increased with population explosion and economic 
development. Improper management of MSW can contribute to the degradation of environ-
ment quality [1]. For instance, the disposal of municipal solid waste in landfills can cause 
emission to the atmosphere as well as high nitrogen concentrations in the leachate [2, 3]. 
However, advancement of technology, establishment of environmental regulations, and 
emphasis on resource conservation and recovery have greatly reduced the environmental 
impacts of municipal solid waste management [4]. Emission of greenhouse gases through 
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municipal solid waste management systems can be reduced by using a series of different 
treatment and disposal techniques such as sorting, aerobic composting, anaerobic diges-
tion (AD), incineration, and landfill. Mata-Alvarez et al. [5] compared different municipal 
solid waste management systems including landfill (1.97 tons CO2/ton MSW), incineration 
(1.67 CO2/ton MSW), sorting-composting-landfill (1.61 CO2/ton MSW), sorting-composting-
incineration (1.41 CO2/ton MSW), and sorting-anaerobic digestion-incineration-landfill 
(1.19 CO2/ton MSW). The results showed that anaerobic digestion plays an important role in 
reducing CO2 emission from municipal solid waste.

Bioprocessing of organic fraction of municipal solid waste that comprises composting and 
anaerobic digestion is considered as a viable means of transforming organic wastes into prod-
ucts that can be used safely and beneficially as biofertilizers and soil conditioners [6]. Aerobic 
treatment has been found to cause large and uncontrolled emission of volatile compounds 
such as ketones, aldehydes, and ammonia [5]. Additionally, composting is an energy consum-
ing process (around 30–35 kWh/ton waste), while anaerobic digestion is a net energy produc-
ing process (100–150 kWh/ton waste) [7].

Energy from waste is seen as one of the most dominant future renewable energy sources, 
especially since that a continuous power generation from these sources can be guaranteed 
[8]. The most important property of alternative energy source is their environmental compat-
ibility [9]. Various methods have been applied to convert waste to energy such as combus-
tion, gasification, pyrolysis, fermentation, and anaerobic digestion. Among these methods, 
anaerobic digestion has attracted more attention because of following advantages: anaerobic 
digestion can process a variety of biomass materials (sewage sludge, municipal solid waste, 
agricultural wastes, manure, and industrial wastes); this process can easily treat wet wastes, 
which are problematic in other methods such as combustion; anaerobic digestion obtains 
valuable products which are useful for soil fertilization and energy generation; compared to 
common waste management processes such as incineration, pyrolysis, and gasification, this 
process causes the least amount of air and solid pollution. The other advantage is the small 
size of AD plants, which offers less footprint [10–12].

In this chapter, an overview of anaerobic digestion of municipal solid waste including funda-
mental of anaerobic digestion, microbiology of the process, important operating factors, and 
the techniques used for enhancing anaerobic digestion of municipal solid waste is presented.

2. Principals of anaerobic digestion

Anaerobic digestion is a series of biological processes in which microorganisms break down 
biodegradable material in the absence of oxygen. As shown in Figure 1, this process occurs in 
four stages including hydrolysis, acidogenesis, acetogenesis, and methanogenesis.

Hydrolysis, as the first stage of anaerobic digestion, is conversion of insoluble complex organic 
matter (carbohydrates, proteins, and lipids) into soluble molecules (sugars, amino acids, and 
long chain fatty acids). Hydrolysis reactions are carried out by extracellular enzymes called 
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hydrolase. These hydrolases can be esterase (enzymes that hydrolyze ester bonds in lipids), 
glycosidases (enzymes that hydrolyze glycosidic bonds in carbohydrates), and peptidases 
(enzymes that hydrolyze peptide bonds in proteins) [13]. These enzymes are produced by 
microorganisms called hydrolytic bacteria. Clostridium, Proteus vulgaris, peptococcus, bacteroi-
des, bacillus, vibrio, acetivibrio cellulolyiticus, staphylococcus, and micrococcus have been reported 
as typical species of hydrolytic bacteria [14]. For example, Cellulomonas bacterium produces 
cellulase enzyme which can degrade polysaccharides into simple sugar; Bacillus bacterium 
converts proteins to amino acids by producing protease enzyme; and lipase enzyme pro-
duced by Mycobacterium, converts lipids into fatty acids [15]. Hydrolysis was reported [13] as 
the rate-limiting step in anaerobic digestion process due to the slow depolymerization of the 
insoluble complex organic matter by hydrolytic bacteria.

In acidogenesis stage, fermentative bacteria convert soluble molecules produced in the hydro-
lysis stage into volatile fatty acids (propionate, b), lactate, alcohols, and carbon dioxide. There 
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formate, H2, and CO2. Clostridium aceticum is another identified microorganism which pro-
duces acetate from H2 and CO2 [14].

Methanogenesis is the final stage of anaerobic digestion in which formation of methane gas 
from acetate and molecular hydrogen occurs. Methanogens play a vital role as the consumer 
of acetogenesis products due to the fact that accumulation of hydrogen produced in aceto-
genesis can terminate activity of acetate-forming bacteria [15]. Different species have been 
identified as methanogenic bacteria including: (i) species which convert acetate to methane 
and carbon dioxide (acetoclastic methanogenic pathway) such as Methanothrix soehngenii and 
Methanosaeta concilii; (ii) species which produce methane from H2 and CO2 (hydrogenotro-
phic methanogenic pathway) such as Methanobacterium bryantii, Methanobacterium thermo-
autotrophicum, and Methanobrevibacter arboriphilus; and (iii) species which consume formate, 
hydrogen, and carbon dioxide and produce methane such as Methanobacterium formicicum, 
Methanobrevibacter smithii, and Methanococcus voltae [14].

3. Important operating factors

The anaerobic digestion of organic material is a complex process, involving a number of dif-
ferent degradation steps. The microorganisms that participate in the process may be specific 
for each degradation step and thus could have different environmental requirements [17]. 
Parameters affecting anaerobic digestion include temperature, moisture content, retention 
time, pH, organic loading rate, and C/N ratio.

3.1. Temperature

Operating temperature is the most important factor determining the performances of anaero-
bic digestion because it is an essential condition for the survival and growth of the micro-
organisms [18]. It also determines the values of the main kinetic parameters for the process 
and, hence, the rate of the microbiological process. There are two range of temperature with 
maximum anaerobic digestion rate (gas production rates, bacteria growth rate, and substrate 
degradation rate): thermophilic (50–60°C) and mesophilic (30–40°C) [19].

Mesophilic and thermophilic anaerobic digestion have been widely used for biogas produc-
tion from various types of waste and the results have shown these processes to have different 
advantages and disadvantages as listed in Table 1.

Results of a comparative study [21] on anaerobic digestion of organic municipal solid waste 
(OMSW) under mesophilic (35°C) ,and thermophilic (50°C) conditions showed that micro-
bial activity is favored working at thermophilic range; hence, higher specific growth rate and 
methane yields were achieved in the thermophilic anaerobic digestion. Thermophilic digest-
ers presented a higher rate of soluble chemical oxygen demand (sCOD) removal and meth-
ane production rate compared with mesophilic digesters in a study on anaerobic digestion of 
food waste [22]. Values reported for microbial activity (maximum specific growth rate) and 
methane production (specific methane yield) of anaerobic digestion of the organic fraction of 
municipal solid waste are presented in Table 2.
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3.2. Moisture content

Moisture content is one of the most important factors affecting anaerobic digestion. Moisture 
was reported [10] to aid digestion by (i) controlling cell turgidity; (ii) transporting nutrients, 
intermediates, products, enzymes and microorganisms; (iii) reacting in hydrolysis of complex 
organic matters; and (iv) modifying the shape of enzymes and other macromolecules [17]. High 

Advantages Disadvantages

Thermophilic Higher loading rate
Higher methane production.
Higher temperature shortens the 
required retention time.
higher pathogen destruction

Very sensitive to toxins and small 
environmental changes
The process is less stable, as the 
microbial population is less divers.
The system is harder to maintain
Additional energy input is required 
for heating

Mesophilic Operates with robust 
microorganisms which tolerate 
greater changes in the environment.
The system is more stable and easier 
to maintain.
Smaller energy expense

Longer retention time
Lower biogas production

Table 1. Comparison of thermophilic and mesophilic anaerobic digestion [10, 17, 18, 20].

Bacterial group Mesophilic Thermophilic Refs.

μmax (d‒1) CH4 production 
(m3 CH4/g VS)

μmax (d‒1) CH4 production (m3 CH4/g VS)

Acetoclastic methanogens 0.192–0.256 0.0079 0.243–0.410 0.0149 [21]

Hydrolysis 0.024 0.0019 [23]

Acidogens 2.4

Acetoclastic methanogens 0.1392

Hydrogenotrophic 
methanogens

1.39

Hydrolysis 0.08–0.18 0.016 [24]

Acidogens 0.13–0.16

Acetoclastic methanogens 0.23–0.28

Hydrogenotrophic 
methanogens

0.33–0.40

Overall 0.118–0.178 0.023 m3 CH4/g COD [25]

Acetoclastic methanogens 0.13–0.19 0.0047–0.0079 [26]

All methanogens 0.15–0.26

Overall 0.58 – [27]

Table 2. Microbial activity and methane production of mesophilic and thermophilic anaerobic digestion of OMSW.
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moisture contents usually facilitate the anaerobic digestion due to the fact that water contents 
are likely to affect the process performance by dissolving readily degradable organic matter.

Based on the total solids content of the slurry in the digester reactor, anaerobic digestion 
processes are classified to low solids or wet digestion (less than 10% TS), medium solids or 
semidry (10–20% TS) and high solids (more than 20% TS). Most of the studies on degradation 
of organic fraction of municipal solid waste were performed using dry anaerobic digestion 
process due to the high-solid content of OMSW [21, 24, 27, 28]. However, adding water or 
codigesting with low-solid wastes such as sewage sludge and manure can increase the mois-
ture content of OMSW and make it suitable for semidry anaerobic digestion process [26, 29].

Lay et al. [30] reported that increasing initial moisture content of mesophilic anaerobic digest-
ers from 90 to 96% increased the methanogenic activity in high-solids sludge digestion. In 
another study [28], digesters operated at higher initial moisture content obtained higher 
methane production rate, as well as better dissolved organic carbon (DOC) removal efficiency 
in mesophilic anaerobic digestion of OMSW. However, it was reported [31] that increasing the 
moisture content of OMSW decreased methane production rate of anaerobic digesters with 
periodic cycles of leachate drainage and water addition. The bioreactors operating at 80% 
moisture content presented a poorer volatile solids (VS) content compared to the ones operat-
ing at 70% moisture content due to the fact that water readditions into the bioreactors could 
contribute to washing out of nutrients and microorganisms.

3.3. Retention time

Retention time is the required time for decomposition of organic matter, which is determined 
by measuring chemical oxygen demand (COD) or biochemical oxygen demand (BOD) of the 
influent and the effluent. Longer retention time will result in more degradation of organic 
matter [18]. Required retention time for complete AD is controlled by the applied technology, 
process temperature, and waste composition. Mesophilic anaerobic digestion requires reten-
tion time of 8–40 days; while less thermophilic AD offers less retention time [32]. Fdez-Güelfo 
et al. [27] investigated the effect of solids retention time (SRT), from 8 to 40 days, on the dry 
thermophilic anaerobic digestion of OMSW. They reported that SRT of 15 days obtained the 
highest VS removal and methane yield.

Reducing retention time reduces the volume required for the reactor and consequently 
reduces the capital costs of anaerobic digestion. Therefore, different approaches have been 
suggested [20] for reducing the retention time such as mixing, decreasing solid content, sepa-
rating stages of anaerobic digestion, and alternating flow pattern and pretreatment.

Proper mixing ensures that bacteria have rapid access to as many digestible surfaces as 
possible and that environmental characteristics are consistent throughout the digester [20]. 
Recirculating water and biogas in the chamber to keep material moving has been used as 
a promising mixing method to enhance anaerobic digestion. Cavianto et al. [33] reported 
that water recirculation improved methane production in a two-phase thermophilic anaer-
obic process with hydraulic retention time of 3 days. Decreasing solid content can reduce 
the retention time, because  bacteria can more easily access liquid substrate and because the 
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 relevant reactions require water. Additionally, mixing is more complete when the solid con-
tent is lower [20]. Retention time can be reduced by separating the stages of the digestion 
into individual chambers so that the bacterial population in each chamber is optimized for its 
purpose [20]. Two-phase anaerobic digestion has been used advantageously to treat wastes 
with high-solid content such as municipal solid waste and reported to be warranted from the 
kinetic point of view [34].

Using various methods of pretreating waste (discussed later) can also reduce the retention 
time by increasing digestibility.

3.4. pH

Operating pH is another important factor due to the sensitivity of methanogenic bacteria, 
their growth as well as methane production to acidic. Biological activities during different 
stages of anaerobic digestion change the pH level. Production of organic acids during the 
acetogenesis phase lower the pH down to 5 which is lethal for methanogens and can cause 
digester failure [18].

High VFA levels could occur due to overloading, poor mixing, nutrient shortage, variation of 
temperature, and loss of bacteria in the discharge. If there is enough alkalinity available, the 
acids may be buffered; thus, buffering reagents may be needed. However, buffering can be 
provided by the reaction of the ammonium ions with bicarbonate ions to form ammonium 
bicarbonate [10].

In the start-up when fresh waste is introduced, before methanogenesis stage starts, organic 
acids are formed. This lowers the pH. Therefore, pH control is delicate during the early stages. 
Addition of buffers such as calcium carbonate or lime to the system in order to increase the 
pH is necessary [20].

Ward et al. [11] reported that the pH range of 6.8–7.2 is ideal for anaerobic digestion. They also 
reported that the optimal pH of methanogenesis is around pH 7.0 and the optimum pH of 
hydrolysis and acidogenesis is between pH 5.5 and 6.5. This is an important reason why some 
researchers prefer the separation of the hydrolysis/acidification and acetogenesis/methano-
genesis processes in two-stage processes. Recirculation of process liquid was also reported to 
have a beneficial effect on the performance of anaerobic codigestion of OMSW and manure 
by stabilization of the pH [29].

Zhang et al. [35] investigated the effect of pH, the first stage (hydrolysis and acidogenesis) of 
anaerobic digestion of kitchen waste adjusting pH values of 5, 7, 9, and 11. They reported that 
pH adjustment improved both hydrolysis and acidogenesis rates as well as TS removal rate 
and biogas production during the two-phase anaerobic digestion of kitchen wastes.

3.5. Organic loading rate

Organic loading rate (OLR) is another important parameter to control since the biogas produc-
tion rate is highly dependent on the loading rate [36]. Basically, for the higher volatile solids, 
more bacteria is needed for anaerobic digestion. Increasing the OLR increases the population 
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of acidogenic bacteria which produce acids and multiply rapidly. However, methanogenic 
bacteria that take longer to increase their populations would not be able to consume the acids 
at the same pace [20]. Consequently, pH of the system will fall, which can kill methanogenic 
bacteria and lead to the crash of the system [18].

Dhar et al. [48] investigated the effect of organic loading rate during anaerobic digestion 
of municipal solid waste using mesophilic reactors with initial loading of 5.1 and 10.4 g/L 
sCOD. The results showed that the reactor with higher organic loading rate obtained a higher 
methane yield (168 mL CH4/gVSremoved) as well as higher CODs reduction (84.2%) than the 
other reactor (methane yield of 101 mL CH4/gVSremoved and 78% CODs reduction). Bouallagui 
et al. [37] tested anaerobic digestion of fruit and vegetable wastes using three two-phase 
mesophilic digesters operated with organic loading rates of 3.7, 7.5, and 10.1 g COD/L.d. 
The results indicated that with the increase in the organic loading rated, the biogas yield 
increased from 363 to 448 L/kg CODinput and COD removal of the total process increased from 
79 to 96%.

3.6. Carbon and nitrogen content

As a matter of fact, carbon constitutes the energy source for the microorganisms and nitrogen 
serves to enhance microbial growth. If the amount of nitrogen is limiting, microbial popula-
tions will remain small and it will take longer to decompose the available carbon [38]. Excess 
nitrogen, on the other hand, inhibits the anaerobic digestion process. Since it has been found 
that microorganisms utilize carbon 25–30 times faster than nitrogen, a ratio of 20–30:1 was 
reported as the optimum carbon/nitrogen ratio for anaerobic digestion [11]. Elsewhere, a 
nutrient ratio of the elements C:N:P:S (carbon:nitrogen:phosphorous:sulfur) at 600:15:5:3 was 
reported sufficient for methanization [17]. A low C/N ratio, or too much nitrogen, can cause 
ammonia to accumulate which would lead to pH values above 8.5 [20]. In order to improve 
the nutrition and C/N ratios, codigestion of different organic mixtures has been employed. 
C/N ratio and methane yield reported in some of the studies on codigestion of municipal solid 
waste and other types of organic waste are summarized in Table 3.

Sosnowski et al. [39] investigated anaerobic codigestion of sewage sludge (primary sludge 
and thickened excess activated sludge) and organic fraction of municipal solid wastes (25% 
total volume). The results showed that addition of the OMSW to the sewage sludge improved 
the C/N ratio from 9/1 to 14/1 and increased cumulative biogas produced.

Heo et al. [40] studied anaerobic biodegradability of food waste (FW), waste activated sludge 
(WAS) in a single-stage anaerobic digester operating at 35°C. They reported that as the FW 
proportion of the mixture increased from 10 to 90%, C/N ratio of the mixtures improved (from 
6 to 15), biodegradation of the mixture increased and the methane production increased.

In another study [41], the mesophilic anaerobic codigestion of food waste and cattle manure 
was tested. The results indicated that the total methane production was enhanced in codi-
gestion, with an optimum food waste (FM) to cattle manure (CM) ratio of 2:1. The C/N ratio 
and the higher biodegradation of lipids were the main reasons for the biogas production 
improvement.
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Nitrogen plays an important role in anaerobic digestion due to the fact that in the form of 
ammonium, nitrogen contributes to the stabilization of the pH value in the reactor. Nitrogen 
can cause problems in anaerobic digestion because of its metabolic products (ammonia/ammo-
nium) [46]. Ammonium ion may inhibit the methane producing enzymes directly; while 
ammonia molecule may diffuse into bacterial cells, which causes intracellular pH change by 
conversion into ammonium and consequently, inhibition of specific enzyme reactions [47]. 
The NH3 fraction of total ammonia nitrogen depends on pH and temperature. For three differ-
ent operating temperatures, the dissociation balance of ammonia and ammonium with change 
in pH is plotted in Figure 2, showing that at high value of pH rapid conversion of ionized 

AD process substrates Dry weight ratio C/N Methane yield 
(LCH4/gVS)

Refs.

Thermophilic 
batch

OMSW:Sludge 2:1 14.19 0.14 [39]

Two-stage 
thermophilic-
mesophilic

OMSW:Sludge 2:1 14.19 0.18 [39]

Single-stage stage 
mesophilic

Food 
waste:Sludge

1:9 5:97 0.186 [40]

3:7 6.99 0.215

1:1 8.9 0.321

7:3 11 0.336

9:1 14.7 0.346

Mesophilic batch Foodwaste:Cattle 
manure

2:1 15.8 0.388 [41]

Two-phase OMSW:Cow 
manure

10:1 20 0.10 [42]

Mesophilic batch OMSW:Sludge 1:34 17.68 0.15 [43]

1:19 20.55 0.20

Singles stage Food 
waste:Sludge

1:2.4 7.1 0.303 [44]

1:0.9 10.2 0.350

1:0.4 11.4 0.400

Mesophilic OMSW 14.1 0.382 [45]

OMSW:Vegetable 
oil

5:1 0.699

OMSW:Animal 
fat

5:1 0.508

OMSW:Cellulose 5:1 0.254

OMSW:Protein 5:1 0.288

Table 3. Results of some studies on codigestion of municipal solid waste and other types of waste.
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ammonia nitrogen (NH4
+) into free ammonia nitrogen (NH3) occurs. Increasing amount of NH3 

inhibits the methanogenic microflora and resulted in accumulation of VFAs, which again leads 
to decrease in pH and thereby declining the concentration of NH3. The interaction between 
NH3, VFAs and pH may lead to lower methane yield [46]. Due to the effect of temperature on 
dissociation of ammonia/ammonium, anaerobic digestion can be more easily inhibited and 
less stable at thermophilic temperature than at mesophilic temperature [47].

The ammonia-induced inhibition was reported to occur during the anaerobic digestion of 
organic waste materials rich in proteins. The inhibiting concentrations was found between 30 
and 100 mg/L ammonia or 4000 and 6000 mg/L ammonia (at pH value ≤7 and temperature 
≤30°C) [46].

Different strategies such as pH and temperature control, acclimation of microflora, and dilut-
ing reactor content were suggested in order to prevail over the ammonia inhibition during the 
anaerobic digestion process [47].

4. Municipal solid waste as the feedstock

Municipal solid waste is the most variable feedstock as the methane yield value depends not 
only on the sorting method, but also on the location from which the material was sourced and 
the time of year of collection [11]. Anaerobic digestion became possible because of the intro-
duction of source separation collection of a clean biodegradable fraction, otherwise a presort-
ing step is necessary to remove compounds which are not suitable for anaerobic digestion. 
However, adding a presorting step significantly increases the treatment costs [8].

Figure 2. Dissociation balance between ammonia and ammonium at different operating temperatures, adapted from 
Ref. [46].
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Food waste is a significant proportion of organic fraction of residential waste and contains 
a high moisture content, which can generate leachate and odor. Other contents of OMSW 
are yard waste and paper products. The characteristics of municipal solid waste used as the 
feedstock in anaerobic digestion process along with the reactor type, operation condition, VS 
or COD removal efficiency and methane yield reported by some authors are presented in 
Table 4.

5. Enhancement of anaerobic digestion

In order to enhance biogas production and volatile solids reduction, various pretreatment 
techniques have been applied. These techniques can be classified as physical pretreatment, 
chemical pretreatment, biological pretreatment, and thermal pretreatment and combination 
of these methods such as thermochemical pretreatment.

Reactor 
type

Vol. (L) T (°C) Waste characteristics pH HRT  
(d)

OLR 
gCOD 
/L.d

VS or 
COD 
removal

CH4 yield  
(L/gVS)

Refs.

TS 
(g/L)

VS (g/L) COD (g/L) TKN 
(g/L)

Single 
stage

2 38 24.7 
g/kg

78.6 % TS 21.3 – 6.4–7.5 4 3.85 84% 
CODr

0.168 [48]

Two 
phase

1.5, 5 35 100 88 120 3.8 6.9–7.5 10 1.65 96% 
CODr

0.450  
(L/gCOD)

[37]

Single 
stage

4.8 37 184 172 176 3.1 6.5–7.5 19 9.65 64% 
VSr

5.3 (L/LRd) [49]

55 65% 
VSr

5.6 (L/LRd)

Single 
stage

1 37 29% 77 % TS – 1.83 – 21 2.36 – 0.382 [45]

Single 
stage

1 37 1.56% 54.14 % 
TS

– 3.03 % 
TS

>6.5 35 – 63% 
VSr

0.17 [43]

Two 
phase

200, 
760

55 241  
g/kg

203 g/kg 206 g/kg 7.2 4.3, 7.6 6 21 g 
VS/Ld

– 0.78 [33]

Single 
phase

3000 55 201.4 
g/kg

124.3 g/kg 85.9 g/kg 14 g/kg 7.1–7.7 13.5 9.2 g 
VS/Ld

– 0.23 [49]

Single 
phase

4.5 55 0.90 
g/g

0.71 g/g – – 7.7 15 11.8 g 
VS/Ld

89% 
VSr

1.15 L/LRd [27]

Single 
phase

200 38 67% 75 % TS 1100 11.7 7.2 20 – 43.2% 
CODr

0.19 [23]

Single 
phase

1 35 18.5% 17% – 3.16% 7.3–7.5 18 8 gVS/
Ld

– 0.41 [41]

Two 
stage

9 dm3

14 dm3
56
36

7% – – – – 8.9
20.9

2.76 
gVS /
dm3d

– 0.3 [39]

Table 4. Results of some studies on anaerobic digestion OMSW.
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5.1. Physical pretreatment

Particle size reduction, also known as mechanical pretreatment, is a classic method to increase 
the efficiency of anaerobic digestion process. This type of treatment improves the biological 
process by increasing the specific surface available to the microorganisms and leads to more 
rapid digestion [36]. In addition, the size of the feedstock should not be too large otherwise 
it would result in the clogging of the digester [5]. Zhang et al. [41] reported that change in 
the particle size of OMSW did not change the methane yield in the wet anaerobic diges-
tion system. They also reported that the finer materials in the dry digesters caused process 
failure at high organic loading rates due to the rapid acidification. Advantages of mechani-
cal pretreatment include no odor generation, an easy implementation, better dewaterability 
of the final anaerobic residue and moderate energy consumption [50]. Nopharatana et al. 
[23] used hammer-milled MSW with an average particle size of 2 mm and coarsely shredded 
MSW with an average particle size of 5 cm as feedstock in mesophilic anaerobic digestion. 
The results showed that reduction of particle size increased the methane yield. However, the 
author reported that for particle sizes considered, the surface area has no appreciable effect 
on the kinetics of digestion. Elsewhere [51], methane production rate of mesophilic anaerobic 
digestion process increased 28% when the mean particle size of food waste was decreased 
from 0.888 to 0.718 mm by bead milling pretreatment. The authors also reported that exces-
sive size reduction of the substrate decreased methane production due to VFA accumulation.

Rotary drum reactor process was used as a mechanical pretreatment method providing an 
effective means for separating the organic fraction of municipal solid waste prior to anaero-
bic digestion [52]. A methane yield of 0.522 m3 CH4/kgVS was achieved from thermophilic 
anaerobic digestion of municipal solid waste pretreated in a rotary drum reactor for 1 day. 
However, lower methane yields were reported for the same MSW pretreated with rotary 
drum for longer retention times; 0.509 and 0.489 m3 CH4/kgVS for 2–3 days retention time was 
reported, respectively.

Hansen et al. [53] used different pretreatment technologies such as screw press, disc screen 
and shredder plus magnet prior the anaerobic digestion process. Considering the sorting 
effect of screw press and disc screen, the screw press was reported to have a larger selective 
effect than the disc screen by routing more water and easy degradable organic matter and 
less slowly degradable organic matter. In terms of biogas production, anaerobic digestion of 
MSW pretreated with the shredder plus magnet yielded a higher amount of methane (102 m3 
CH4/ton waste) than those of the two other pretreatment methods (40–60 m3 CH4/ton waste).

5.2. Chemical pretreatment

Chemical pretreatment methods including acidic pretreatment, alkali pretreatment and 
ozonation are used to achieve the destruction of the organic compounds and consequently 
enhance the biogas production and improve the hydrolysis rate [50]. Alkali treatment was 
reported to be particularly advantageous when using plant materials with high lignin content 
in anaerobic [11]. Torres et al. [54] investigated the effect of alkali pretreatment on anaerobic 
digestion of OMSW by lime addition (Ca(OH)2). The results indicated that the alkaline pre-
treatment improved anaerobic digestion by increasing the soluble COD (enhancing the COD 
solubilization). Consequently, the methane yield increase from 0.055 to 0.15 m3 CH4/kgVS.

Solid Waste Management in Rural Areas134



5.1. Physical pretreatment

Particle size reduction, also known as mechanical pretreatment, is a classic method to increase 
the efficiency of anaerobic digestion process. This type of treatment improves the biological 
process by increasing the specific surface available to the microorganisms and leads to more 
rapid digestion [36]. In addition, the size of the feedstock should not be too large otherwise 
it would result in the clogging of the digester [5]. Zhang et al. [41] reported that change in 
the particle size of OMSW did not change the methane yield in the wet anaerobic diges-
tion system. They also reported that the finer materials in the dry digesters caused process 
failure at high organic loading rates due to the rapid acidification. Advantages of mechani-
cal pretreatment include no odor generation, an easy implementation, better dewaterability 
of the final anaerobic residue and moderate energy consumption [50]. Nopharatana et al. 
[23] used hammer-milled MSW with an average particle size of 2 mm and coarsely shredded 
MSW with an average particle size of 5 cm as feedstock in mesophilic anaerobic digestion. 
The results showed that reduction of particle size increased the methane yield. However, the 
author reported that for particle sizes considered, the surface area has no appreciable effect 
on the kinetics of digestion. Elsewhere [51], methane production rate of mesophilic anaerobic 
digestion process increased 28% when the mean particle size of food waste was decreased 
from 0.888 to 0.718 mm by bead milling pretreatment. The authors also reported that exces-
sive size reduction of the substrate decreased methane production due to VFA accumulation.

Rotary drum reactor process was used as a mechanical pretreatment method providing an 
effective means for separating the organic fraction of municipal solid waste prior to anaero-
bic digestion [52]. A methane yield of 0.522 m3 CH4/kgVS was achieved from thermophilic 
anaerobic digestion of municipal solid waste pretreated in a rotary drum reactor for 1 day. 
However, lower methane yields were reported for the same MSW pretreated with rotary 
drum for longer retention times; 0.509 and 0.489 m3 CH4/kgVS for 2–3 days retention time was 
reported, respectively.

Hansen et al. [53] used different pretreatment technologies such as screw press, disc screen 
and shredder plus magnet prior the anaerobic digestion process. Considering the sorting 
effect of screw press and disc screen, the screw press was reported to have a larger selective 
effect than the disc screen by routing more water and easy degradable organic matter and 
less slowly degradable organic matter. In terms of biogas production, anaerobic digestion of 
MSW pretreated with the shredder plus magnet yielded a higher amount of methane (102 m3 
CH4/ton waste) than those of the two other pretreatment methods (40–60 m3 CH4/ton waste).

5.2. Chemical pretreatment

Chemical pretreatment methods including acidic pretreatment, alkali pretreatment and 
ozonation are used to achieve the destruction of the organic compounds and consequently 
enhance the biogas production and improve the hydrolysis rate [50]. Alkali treatment was 
reported to be particularly advantageous when using plant materials with high lignin content 
in anaerobic [11]. Torres et al. [54] investigated the effect of alkali pretreatment on anaerobic 
digestion of OMSW by lime addition (Ca(OH)2). The results indicated that the alkaline pre-
treatment improved anaerobic digestion by increasing the soluble COD (enhancing the COD 
solubilization). Consequently, the methane yield increase from 0.055 to 0.15 m3 CH4/kgVS.

Solid Waste Management in Rural Areas134

Acid pretreatment was reported to be more desirable for lignocellulose substrates, not only 
because it breaks down the lignin, but also because the hydrolytic microbes are capable of 
acclimating to acidic conditions [11]. However, this type of pretreatment has some disad-
vantages. Strong acidic pretreatment may result in the production of inhibitory by-products 
such as furfural and hydroxymethylfurfural. Other disadvantages associated with the acid 
pretreatment include the loss of fermentable sugar due to the increased degradation of com-
plex substrates, high cost of acids and the additional cost for neutralizing the acidic conditions 
prior to the anaerobic digestion [50].

Ozone is a strong oxidant, decomposes itself into radicals and reacts with organic substrates. 
As the result, the recalcitrant compounds become more biodegradable and accessible to the 
anaerobic [50]. Cesaro et al. [55] investigated the effect of ozone pretreatment (at different 
doses) on mesophilic anaerobic digestion of organic fraction of municipal solid waste. The 
results indicated that ozonation with a dose of 0.16 gO3/gTS increased biogas volume by 37%.

Ultrasonic pretreatment is another technique which is commonly used to break down com-
plex polymers in the treatment of sewage sludge. Mechanical shear forces caused by ultrasonic 
pretreatment as a key factor for sludge disintegration can significantly alter the sludge char-
acteristics in sewage sludge treatment and increase the methane production [11]. Ultrasonic 
pretreatment of OMSW obtained 16% increase in biogas production of mesophilic anaerobic 
digestion [55].

5.3. Biological pretreatment

Aerobic and anaerobic methods can be used prior to anaerobic digestion to enhance the bio-
gas production as well as VS reduction. As an anaerobic pretreatment, the first step (hydro-
lytic-acidogenic) of a two-phase AD process acts as a biological pretreatment method. The 
advantages of such systems include: (i) increased stability with better pH control; (ii) higher 
loading rate; (iii) increased specific activity of methanogens resulting in a higher methane 
yield; (iv) increased VS reduction and (v) high potential for removing pathogens [50]. The 
addition of microbial strains (such as cellulolytic bacteria and fungi or cell lysate) increases 
the substrate digestibility [56]. Strains of some bacteria and fungi have also been found to 
enhance gas production by stimulating the activity of particular enzymes involved in cel-
lulose degradation [36]. Preaeration was found to improve the thermophilic anaerobic diges-
tion of OMSW by reducing the excess easily degradable organic compounds which are the 
main cause of acidification during the start-up. Charles et al. [57] reported that preaeration 
of OMSW for 48 hours generated enough biological heat to increase the temperature of bulk 
OMSW to 60°C which was sufficient self-heating of the bulk OMSW for the start-up of ther-
mophilic anaerobic digestion without the need for an external heat source. Fdez-Güelfo et al. 
[25] investigated the effect of different biological pretreatments such as using mature com-
post, sludge and the fungus Aspergillus awamori on the anaerobic digestion of OMSW. The 
results showed that pretreatment with mature compost obtaining the highest increases in 
DOC (dissolved organic carbon) removal and methane production was the best of all the pre-
treatments. Sosnowski et al. [39] investigated the anaerobic codigestion of OMSW and sludge 
in thermophilic batch wise and two-stage quasi-continuous, acidogenic digestion under ther-
mophilic conditions (56.8°C) and mesophilic methane fermentation (36.8°C). They reported 
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that the separation of acidogenic and methanogenic stages two-stage anaerobic digestion was 
effective increased the methane yield from 0.14 to 0.18 L CH4/gVS. Elsewhere [37], phase 
separation with conventional anaerobic sequencing batch reactors resulted in high process 
stability, significant biogas productivity and better effluent quality from fruit and vegetable 
wastes anaerobic digestion.

5.4. Thermal pretreatment

The use of high temperatures can also be used as a pretreatment method. The main effect of 
thermal pretreatment is the disintegration of cell membranes, thus resulting in solubiliza-
tion of organic compounds. Thermal pretreatment also leads to pathogen removal, improves 
dewatering performance and reduces viscosity of the digestate, with subsequent enhance-
ment of digestate handling [50]. Results of a study [58] on the effect of thermal pretreatment 
of sludge, kitchen waste and fruit/vegetable waste showed that thermal pretreatment at 175°C 
obtained a doubled methane production rate. While, the thermal pretreatment decreased the 
methane production by 8 and 12% for kitchen waste and fruit/vegetable waste, respectively. 
Shahriari et al. [59] used microwave heating at different temperature ranging from 115 to 
175°C to enhance anaerobic digestion of OMSW. The biogas production increased 4–7% using 
115 and 145°C pretreatment while pretreatment at 175°C decreased the biogas production 
due to formation of refractory compounds, inhibiting the digestion.

6. Anaerobic digestion for rural communities

Need for fertilizers and soil conditioners in rural areas and also, popularity of biofertil-
izer compared to chemical products make aerobic/anaerobic composting favorable [60, 61]. 
Due the aforementioned advantages of anaerobic digestion such as minimizing greenhouse 
gas emissions, reducing pathogens and sustainable energy production, this method can be 
considered as the best option for the treatment of organic solid waste in urban as well as 
rural areas.

In addition to organic fraction of household solid waste generated in rural area, there are 
other sources including plantation solid waste, residues from animal feed production and 
livestock manure [62, 63]. This offers the possibility of codigestion which is beneficial for the 
enhancement of biogas production by adjusting C/N ratio and moisture content mentioned 
before. Furthermore, different types of “energy crops” (such as maize, grass, and cereals) 
which have become attractive for biomethanation can be used as cosubstrate in anaerobic 
digestion and increase the methane yield [63, 64].

Anaerobic digestion in rural communities can be carried out by small-scale or family size 
biogas plants which utilize animal manure [65, 66]. Rural household biogas was reported 
to promote agricultural structural adjustment, raise rural incomes, enhance the ecology of 
rural areas, and improve the quality of both rural life and agricultural products [67]. The 
other opportunity for anaerobic digestion in rural areas is central anaerobic digestion (CAD) 
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in which different farms cooperate to feed a single large digestion plant with a variety of 
 cosubstrates. CAD plants have the potential to optimize the biogas production with codiges-
tion and benefit a large community [68].

Small-scale household digesters are mostly built below ground and the produced biogas is 
mainly used for cooking. They are most commonly used in China and India [66]. Two types 
of digesters are used for household biogas production: constructed digesters (set up in 1920s) 
which are made of clay, brick, and concrete and commercial biogas digesters (introduced in 
2000) made of glass fiber-reinforced plastics (GRP) [67].

7. Summary

Among the waste treatment technologies, anaerobic digestion can be considered as the best 
available technique for the treatment of organic fraction of municipal waste treatment tech-
nologies. This technology offers benefits for environment, energy, and economy.

This biological process consists of different stages. Through these stages, organic fraction of 
municipal solid waste is converted to biogas by different pathways in each of which, different 
species of microorganisms are responsible. Environmental factors such as temperature, mois-
ture content, pH, organic loading rate, and carbon/nitrogen ratio, which influence different 
stages of the process and consequently the efficiency of the whole system. One of the impor-
tant factor is C/N ratio of the feedstock which has been suggested to be in the range of 25–30 
to obtain the best efficiency. In order to improve the nutrition and C/N ratios, codigestion of 
OMSW and other organic wastes can be employed.

Availability of different types of waste materials (which can be codigested) in rural areas as 
well as need for biofertilizer makes anaerobic digestion attractive in these areas. Biogas pro-
duction can be carried out using household digesters or in a central anaerobic digestion plant 
which benefits a large community.
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Abstract

Palm oil is one of the major oil crops in the world, producing important vegetable oils in 
the world oil and fats market. Its production generates solid wastes whose sustainable 
management is crucial for the oil chain development in oil palm producing countries. 
Benin Republic is a small oil palm producing country where oil palm plays social, cultural, 
and economic roles for farmers. This chapter analyzes the linkage between improvement 
of palm oil process extraction and palm oil mill solid waste (POMSW) management for 
sustainable palm oil production. Composed mainly of fibers, the two kinds of POMSW 
are empty fruit bunches (EFBs) and press mesocarp fibers (PMFs), which are rich in units’ 
fertilizers and are renewable energy. POMSW in Benin Republic is used in agriculture, in 
cosmetic, or as energy. The upgrade of traditional mills generates POMSW use as a boiler 
fuel to reducing wood necessity and increasing farm profit. As this use is not sustainable, 
research must be made to generate electricity with POMSW and its use for crop fertiliza‐
tion, to ensure environment protection, enhance contribution to food security, restore 
degraded soils, and increase earnings of producers of rural areas.

Keywords: POMSW, improvement of palm oil process extraction, electricity, fertilization, 
rural area

1. Introduction

Within these last decades, with the population growth and food security, both developed 
and developing countries face many environmental challenges as waste management [1, 2]. 
Nowadays, the sustainable management of waste is a global issue, because of their  permanent 
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increase and their harmful effects on the environment. According to Sotamenou and Kamgnia 
[3], wastes are produced during household, agricultural, industrial, and commercial activi‐
ties. In Benin Republic, a new national waste strategy adopted in 2008, concerns mainly 
solid household wastes and market wastes [4]. Despite population bury and burn household 
wastes, the solid waste disposal rate is very low in cities and villages. The systems of collec‐
tion, evacuation, and treatment being little operational and garbage are evacuated in the side 
streets and empty plots. The situation is worse in rural areas. The survey demographic and 
health, conducted in Benin in 2001, evaluated the garbage evacuation rate at 39% in urban 
and 3% in rural areas [5]. There is no specific national strategy to manage agricultural and 
industrial wastes in Benin. For agricultural wastes, farmers had to burnt them or return them 
to the field. Almost all research studies on waste management concern household wastes in 
urban areas [4, 6–8]. Industrial wastes are mostly come from food processing. Small‐scale 
food industries are important in the rural areas because they generate employment; reduce 
rural‐urban migration, and associated social problems. They are vital to reducing postharvest 
food losses and increasing food availability [9]. Food processing has traditionally been the 
domain of women. They had to produce little quantities and manage all wastes quantities. 
Nowadays, food processing had been improving by introduction of new technologies and 
engines. This is the case of palm oil production in Benin Republic. Oil palm is an oleaginous 
crop. It provides 39% of vegetable oil world production with 7% of oleaginous plantation 
areas compared with soybean (61%), colza (18%), and sunflower (14%) [10]. Benin Republic is 
a small oil palm producing country, where oil palm plays social, cultural, and economic roles 
for farmers. In 1848, palm oil gradually replaced slave trade. Oil palm through its products, 
the palm oil and “sodabi” (local palm wine), highly contributes to the income and social 
capital accumulation; this also discriminates operators and their households socially and eco‐
nomically. In Southern Benin, the more the oil palm acreage is wide, the more farmers are 
wealthy [11]. Oil palm is cultivated by many farmers and retailed to secure a decent retire‐
ment. They used this crop to affirm and secure their land. In addition, incomes from palm 
kernel sales help households to pay their children school fees. The local wine is used in festivi‐
ties and ceremonies (weeding, mourning, receptions, etc.). This made the oil palm a serious 
component in populations’ culture where it is grown [12]. Moreover, during revitalization of 
this sector by the government and NGO, oil palm become as a cash crop that means “money 
symbol” and palm oil become a great interest for people in this production chain, who began 
to produce palm oil by themselves. These people improved the extraction method by intro‐
ducing engines [13, 14]. According to the type of machine used for palm oil production in a 
partial or total process, they are categorized into four palm oil mill processes: traditional palm 
oil process (no machine use), small mechanized or improved palm oil process (integration of 
digester engine in the process), motorized or modern palm oil process (integration of digester 
and press engines in the process), and semi‐industrial or mechanized palm oil processing 
(integration of large cookers, presses, digesters, sterilizers, clarifiers, and other facilities in 
the process) [15] (Figure 1). Despite of that, only 40% of national needs in vegetable oils were 
covered [16]. These improvements consequently increase palm oil mill wastes to an extent 
that some mills struggle to recycle all quantities produced. These wastes cause environmen‐
tal nuisances. According to Ojonoma and Nnennaya [17], the sustainability of the palm oil 
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 sector is questioned in the majority of oil palm producing countries because of environmental 
harm due to the mismanagement of palm oil mill wastes. In Benin Republic, traditional palm 
oil mills had to use these wastes for many purposes. The present study analyzes the link‐
age between the improvement of palm oil process extraction and palm oil mill solid waste 
(POMSW) management for sustainable palm oil production in Benin Republic.

Figure 1. Types of palm oil processing [18].
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2. Methodology

The data were collected from (i) literature review on the characterization and uses of palm oil 
mill solid wastes in the world and (ii) research project fieldwork. An approach used for the 
research project fieldwork was based on the survey in the six departments of the Southern 
part of the Republic of Benin (Figure 2). This part of Benin Republic extends from the coast at 
6°25’ to 7°30’ N latitude. It belongs to the Guinea‐Congolese zone and submits to subequato‐
rial with two rainy seasons (March–June and September–mid‐November) and two dry sea‐
sons (July–September and November–March). The annual rainfall of this area, which varies 
between 1100 and 1400 mm, makes this part of the country adequate for oil palm production. 
The average daily temperature ranges from 25 to 29°C. The soils are in 66% (700,000 ha) deep 
lateritic soils of low fertility, and the rest are more fertile alluvial soils and heavy clay soils 
(360,000 ha) located in the river valleys of Mono, Couffo, Oueme, and in the Lama depression 
[19]. The survey was carried out from November 2011 to March 2012 and 335 palm oil mills 
were randomly surveyed using a semi‐structure questionnaire. The collected data concerned 
the method of palm oil production, management of wastes produced, and management prac‐
tices of waste quantities use (Did he use it? Did he sell it? Did he dump it? How did he use 
it?). The percentage usage (Pu) or proportion of interviewees who used palm oil mill wastes, 
the commercial value (CV) or proportion of mills who sell the wastes and rejection rate (RR) 
or proportion of mills who discard the wastes were calculated as follows:

  Pu =   Nusers ______ N    (1)

where Nusers is the number of informants who use a waste;

  Cv =   Nw ____ N    (2)

where Nw is the number of informants who sell wastes;

  RR =   Nr ___ N    (3)

where Nr is the number of informants who discard wastes; and N is the total number of 
informants.

All these parameters vary between 0 and 1.

Concerning POMSW nutrient composition analyses, samples were collected in one semi‐indus‐
trial palm oil mill. The palm oil extraction process was followed three times and at each time, 
sample of 1 kg of each kind of wastes was randomly selected. All the samples were mixed and 
a sample of 500 g was taken. The analyses were performed with ion chromatography system 
Dionex ICS 1000. Nitrogen was determined by the Kjeldahl method.

Double principal component analysis (PCA) was performed using SAS software to explain 
the relation between palm oil mill categories and POMSW uses.
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Figure 2. Study area.
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3. Results and discussion

3.1. Types, chemical and mineral composition of POMSW

Palm oil mills generate two kind of solid wastes during palm oil fruits transformation: empty 
fruit bunches (EFBs) and palm mesocarp fiber (PMF) (Figure 3). EFB is obtained after the removal 
of oil seeds from fruit bunches. It is the supporting structures of the oil‐bearing fruits in a bunch 
and comprises spikelet (68–80% dry matter) and stalks (20–32% dry matter) [20, 21]. PMF is 
the fibrous residues separated from the mesocarp and kernel during palm oil extraction [22]. 
POMSW is mainly composed of fibers. Spikelet contains more fibers than stalk. Fibers of spike‐
let are stronger than those of stalk. PMFs are richer in cellulose and lignin than EFB (Table 1).

The chemical and mechanical proprieties of these fibers vary with the type of waste. Fibers 
are the wastes that contain the most ammonium and nitrates. Stalks and spikelet contain low 
amount of phosphorus. All these wastes contained large amount of calcium (0.6–1.6%) and 
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Malaysia, and Thailand. These differences can be explained by the variety of fruits used to pro‐
duce oil. “Dura” variety possesses more shell than the kernel, while “Tenera” possesses more 
kernel than the shell [34] and the quantities of PMF produce by Dura are less than those from 
Tenera [35]. In Benin Republic, POMSW quantities vary with the oil extraction process (Figure 4).

The semi‐industrialized process produced significantly more EFB and PFM than the traditional 
process. In fact, mills that extracted palm oil by semi‐industrialized process used only Tenera 
fruit variety. Mills that use traditional method transform more Dura variety [18]. The other 
mills use the two seed varieties. POMSW quantity trends were similar to palm oil produced 
(Figure 5). From 1961 to 1968,  1980 to 1985 and 1991 to 1999, POMSW was relatively stable. 
After 1968 and  1985, POMSW  drop in 1971 and 1997. A pic evolution of POMSW was obtained 
in 176 (78,600.8 tons of EFB and    35458,3 of PMF. After 1999, POMSW increased quickly from 

Main fraction/
Parameters

EFB (literature) 
[20, 23–30]

Spikelet 
(study)

Spikelet 
(literature) [20, 32]

Stalk 
(study)

Stalk 
(literature) 
[31, 32]

PMF 
(study)

PMF (literature) 
[33]

C (%) 44.1–54.5 na 50.23–51.67 na 43.62–48.6 45.61

N (%) 0.44–1 0.95 0.5–0.96 1.2 0.7–071 1.4 1.36

C/N 58.9, 77.7 na – na – 50.3 33.54

Lignin (%) 10.5–36.6 na 23.5–29.10 na – na 11–20.5

Cellulose (%) 33.7–63 na 20.6–20.7 na 26.9–28.8 na 14–39.9

Hemicellulose (%) 20.1–35.3 na 23.9–28.9 na 24–28.8 na 20.8–28.9

P (%) 0.03–0.7 0.001 0.05–0.19 0.001 0.07–0.3 0.17 –

K (%) 1.4–2.8 16.9 1.75–1.78 16.2 3.31–4.03 4.6 –

Ca (%) 0.16–0.9 0.9 2–2.41 0.6 0.09–0.31 1.5 –

Mg (%) 0.008–0.8 0.003 0.12–0.17 Traces 0.13–0.15 0.9 –

Na (%) – 0.6 0.001–0.03 0.5 0.004–0.05 1.4 –

Cl− (mg/g) – 4.7 – 21.4 – 20.68 –

SO4
2− (mg/g) 0.1–1.4 0.7 – 0.19 – 0.27 –

Table 1. Mineral and chemical composition of POMSW.

Country Benin Indonesia Indonesia Mwalaysia Nigeria Thailand Thailand

References [15] [36] [37] [38] [35] [39] [40]

Varieties – Tenera Tenera Tenera Dura Tenera Tenera Tenera

EFB (kg) 254.7 225 210 230–250 237–324 257–282 240 214–316

PMF (kg) 114.9 143 144 130–150 232–281 191–203 140 120–130

Palm oil (l) 152.3 218 235 160–200 94–128 260–282 – 250–280

Table 2. Palm oil wastes and crude palm oil quantities generated from 1 t of full fruit bunch in different country.
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60,204.86 and 27,159.6 tons in 2000 to 93,652 and 42,248 tons in 2013 for EFB and PMF, respec‐
tively. This period corresponds to the entrance of men in palm oil chain value. These men pos‐
sess large areas of exploitable selected oil palm plantation and have a high financial capacity 
to buy modern engine or build big palm oil extraction engine and to employ a large number 
of laborers [13, 14, 18]. In 2022, POMSW quantities generated by mills are projected to reach 

Figure 4. Quantities of POMSW generate by each category of mills. a; b and c: figures followed by different letters are 
significantly different (Tukey HSD test, p<0.05) (adapted from Ref. [15]).

Figure 5. Evolution of POMSW biomass generated in Benin Republic [41].
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155,821.3 tons of EFB and 70,294 tons of PMF. Koura et al. [18] identified four classes of oil 
mills based on the quantity of waste produced: small, medium, large, and very large producers 
of waste. The analysis of POMSW quantities generated by mills of regional union of oil palm 
producers (RUOPPs) union régionale des producteurs de palmier à huilie (URPPH) during the 
last years reveals that EFB and PMF increased only in mills that used the modern and semi‐
industrialized process (Figure 6).

3.3. Palm oil mill solid waste management in sustainability context

In Benin Republic, some mills do not use all of their generated POMSW. Consequently, they 
sell and/or discard the excess (Table 3). The PMFs are more used and sold than EFB. When tra‐
ditional mill owners decide to upgrade their mills by using the improved extraction method, 
most of them used these wastes. However, fewer mill owners who practice the modern extrac‐
tion method use POMSW. Compared to other mill categories, most semi‐industrialized mills 
sell and reject PMF. The problem of fiber and empty fruit bunches management is not related 
to the amount of waste generated. In fact, palm oil mills are facing problems of management 
of fiber and empty fruit bunches even if they are produced in small quantities.

3.3.1. Uses of POMSW according to mill categories in the south of Benin Republic

POMSW was used as energy, in agriculture and cosmetic (Figures 7 and 8). EFB was burned 
and the ash was used as potassium in preparation of local soap called “Koto”. According to 
FAO [43], this ash is also used as a fertilizer by some mills. Analyses of the physicochemi‐
cal parameters of this ash by Udoetok [44] in Nigeria reveal that it contains appreciable 
amount of plant nutrients such as calcium (146.15 mg/kg), potassium (139.35 mg/kg), nitrate 
(97.6 mg/kg), phosphate (47.5 mg/kg), sodium (0.63 mg/kg), magnesium (1.68 mg/kg), 

Figure 6. Evolution of POMSW biomass according to extraction palm oil process [42].
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and zinc (0.38 mg/kg) and that it justifies its use as an organic manure. POMSW was used 
directly or indirectly in agriculture as the fertilizer. Fresh POMSW was applied in palm 
plantation (33.1% of informants) by using two methods. The most common method is 
local application and the second is mulching [15]. Schuchardt et al. [45] stated that EFBs 
need to be applied in fresh state to reduced erosion, decreased nitrogen losses, controlled 
weed growth, improved soils nutrients, and avoided the danger of Ganoderma boninense 
and Oryctes rhinoceros (rhinoceros beetle) build up, important oil palm pathogen and pest. 
Bakar et al.’s study [46] shows that the application of 300 kg of POMSW per year in heaps 
in the middle of every four palms during 10 years improved the soil physicochemical char‐
acteristics of the top of soil (0–60 cm) and increased the fresh fruit bunch (FFB) yield more 
than 150 kg EFB and NPK. Nwoko and Ogunyemi [47], Embrandiri et al. [48], and Kolade 
et al. [49] stated that these wastes are very rich in nutrients and improve soil fertility and 
crop growth and yield. However, composting of POMSW is considered as the sustainable 
method of POMSW use [49–55]. In Benin Republic, composting was less practiced (13.6% 
of informants) using the heaping method (87.5% of informants) or pig breeds on POMSW 
(8.3% of informants) or holing POMSW (4.2% of informants) [18]. The compost made from 
palm oil mill wastes obtained by producers is used in plantations or vegetable production. 
Koura et al. recommended the use of POMSW and cattle manure compost applied at 10 t/ha 
for best tomato yield and the use of POMSW and poultry manure composted altogether in 
covered system and applied at least at 20 t/ha for best amaranth growth and yield produc‐
tion [56, 57]. Sabrina et al. [58] reveal in their study that fresh, composted, and field com‐
posted EFB produced phenol compounds, whereas no phenolic compounds were detected 
in vermicomposted EFB. EFB was also used for mushroom production. POMSW was used 
in energy production directly as a boiler fuel and PMF was used indirectly as energy after 
mixed it with palm oil mill effluent for fire starting cake production.

However, POMSW use as a boiler fuel was prohibited in some countries [59] to preserve 
human and ecological health [60–62]. The double PCA shows that two axes explain 82% 
of different POMSW uses according to mill categories. Table 4 shows the coefficients of 
correlation between the POMSW uses and mill categories and the first two PCA axes. 

% users (Up) Commercial value (CV) Rejection rate (RR)

Mills categories EFB PMF EFB PMF EFB PMF

Traditional (50) 72 98ab 0.02b 0.1b 0.4 0.1b

Improved (134) 83.6 100a 0b 0.3a 0.5 0.1ab

Modern (142) 87.3 94.4b 0.03b 0.1b 0.4 0.01c

Semi‐industrialized (9) 88.9 88.9ab 0.1a 0.6 a 0.4 0.6a

P (0.05) 0.09 0.02 <2.2e−16 3.2 e−6 0.37 3.9e−10

Notes: Values in bracket are the number of mills surveyed in each category. The p‐values displayed indicate a significant 
difference among the mill categories according to each parameter (p < 0.05). a, b, and c: figures followed by different 
letters are significantly different.

Table 3. Management of palm oil mill waste quantity generated according to each mill category.
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This table shows that axis 1 explains modern (modern) and semi‐mechanized (minimech) 
mills and uses of PMF for fertilization (ffert) and fire starting cake production (ffire). The 
axis 2 explains traditional (traditio) and improved (improved) mills and EFB uses as a 
boiler fuel (eboil) or mushroom production (emush) and PMF uses as a boiler fuel (fboil). 
Figure 9 shows the projection of the POMSW uses by palm oil mill category in the system 
axes 1 and 2.

Figure 7. Uses of POMSW as energy and in cosmetic in Benin Republic. Source: Koura pictures. (a) Woman in mixing 
PMF and POME to make fire starting cake; (b) fire starting cake produce in industrial palm oil mill; (c) fire starting cake 
produce in traditional palm oil mill; (d) use of EFB as boiler fuel; (e) use of PMF as boiler fuel; (f) local soap making with 
POMSW called “Koto”.
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The results show that modern mills use more PMF for fire starting production and EFB as a 
boiler fuel. Mini industrial mills use fibers for fertilization and boiler fuel and EFB for soap 
production. Traditional mills use EFB for fertilization, mushroom production, and PMF for 

Figure 8. Uses of POMSW in agriculture in Benin Republic. Source: Koura pictures (2012). (a) Local application of 
EFB in plantation; (b) mulching system of EFB and PMF application in plantation; (c) heaping POMSW near mills for 
decomposition; (d) pig breeding on POMSW; (e) old compost obtain from pig breeding system.
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fertilization and fire starting production. Improved mills use more POMSW as the boiler 
fuel and sometime EFB for soap production. These wastes can be used for other purposes. 
According to Abdullah and Sulaiman [63], EFB and PMF are clean, noncarcinogenic, free 
from pesticides, and soft parenchyma cells. Consequently, they can be used in erosion control, 
mattress cushion production, soil stabilization, horticulture and landscaping, ceramic and 
brick manufacturing, paper production, and acoustics control [63]. In great oil palm coun‐
tries, such as Malaysia, Indonesia, and Thailand, others potentialities of oil palm wastes had 
been studied [64]. These results demonstrate the possibility of employing hydro thermal for 
producing solid fuel as well as nutrient recovery from EFB. POMSW can also use as a source 
of renewable energy [64, 65]. In fact, they can produce steam for processing activities and for 
generating electricity [64].

3.3.2. Factors that influence palm oil mill waste management in rural area

The wastes management choice must be influencing by many factors. In Garissa municipal‐
ity, a study shows that understaffing, lack of education, poor supervision, lack of appropri‐
ate facilities, and lack of resident’s support are among reasons leading to poor solid waste 
management [66]. In Benin Republic, the use of POMSW by a mill does not depend on waste 
quantities [18] but on the knowledge of producers on this waste uses, the importance and 
economical input of these wastes. In fact, it had been shown by Koura et al. [67] that the use 
values of these wastes depend on their importance for mill owners and by Koura et al. [15] 
that the uses of POMSW for new purposes as composting depends on farmers’ knowledge 
on what is compost, composting method and possibilities to compost POMSW. Contrary to 
traditional mills, all others mills use POMSW as the boiler fuel. These mills reduce the quanti‐
ties of wood use to cook palm fruits with POMSW.

Parameters Axis 1 Axis 2

Traditional −0.021 0.159

Improved 0.04 −0.06

Modern −0.059 −0.005

Semi‐industries 0.509 −0.102

EFB uses for soap 0.017 −0.015

EFB uses as boiler fuel 0.008 −0.046

EFB uses for fertilization −0.073 0.174

EFB uses for mushroom production 0.034 0.297

Fiber uses for fertilization 1.084 0.367

Fiber uses as boiler fuel 0.021 −0.034

Fiber uses for fire starting cake production −0.134 0.06

Table 4. Correlation between the POMSW uses and mill categories and the first two PCA axes (in brackets is the 
proportion of variation explained by each axis, expressed in percentage).
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Figure 9. Projection of POMSW uses by mill categories in the system axes 1 and 2.
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3.4. Future outlook for sustainable POMSW management in rural area

POMSW is useful for farmers in Benin Republic. However, because of the large quantity of 
wastes produced, some palm oil mills face waste management problem. The choice of one use 
of these wastes depends on its importance and economic input. By improving oil extraction pro‐
cess, mills are confronted to wood necessity as fuel for stoves and boilers. Consequently, these 
wastes are priority use as the boiler fuel. This use must be prohibited for environment protection. 
POMSW is mainly composed of fibers that can be used as renewable energy and solve electricity 
problems in rural areas. Table 5 presents the estimation of energy content on POMSW in differ‐
ent oil palm countries. Energy content of these wastes is very lower in Benin Republic than the 
others palm oil producer’s countries. However, this is an opportunity for palm oil mill owners’ 
country, where there is a predominance of wood energy (fuel wood and charcoal) in the national 
energy balance. Fuel wood represents 59.4% in the final energy total consumption in 2005, while 
petroleum products accounted for 38.4%. Electricity represents only 2.2% of these intakes [14].

On the other hand, POMSW is agricultural waste, rich in unit fertilizers in particular nitrogen 
and potassium. The best manner to valorize agricultural wastes is their use as fertilizers to 
improve soil fertility and increase crop yields, hence enhance food security since waste gener‐
ation had increased with population expansion and industrialization [72]. The present study 
reveals that the use of POMSW as fertilizer was practiced in traditional mills and was abandon 
with the upgrade of traditional mill to improve and modern palm oil mills. This use was prac‐
ticed in semi‐industrial mills that produce big quantities of POMSW. Further research must 
conduct on the possibilities of using biogas derive from composting to produce electricity for 
the mill and compost for soils fertilization. It is important to integrate raw materials rich in 
phosphorus such as poultry manure for POMSW composting because they are poor in this 
nutrient. These two kinds of POMSW uses will ensure environmental protection, contribute to 
food security, restore degraded soils, and increase earning money of producers of rural areas.

4. Conclusion

Mainly formed of fibers, EFBs composed of spikelet and stalk, and PMFs are the solid wastes 
generated during palm oil fruit transformation. These wastes contained large amount of 
nitrogen, calcium, potassium, sulfur, and chloride and less phosphorus. In Benin Republic, 
POMSW had increased only in mills that used modern and semi‐industrialized process dur‐
ing the 5 last years. Some mills sold and/or discarded these wastes.

POMSW Benin Republic [68] Nigeria (Rivers state) [69] Nigeria (Imo state) [70] Malaysia [71]

EFB (MJ/kg) 4.4 17.75 – 18.84

PMF (MJ/kg) 9.6 18.75 19.67 19.07

Table 5. Energy content of POMSW.
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The present study reveals that as mini industrial mill that produces big POMSW quantities, 
traditional mills are confronted to waste management. POMSW was used as energy, in agricul‐
ture and cosmetic. The upgrade of traditional mill to improve or modern mills creates the need 
of wood to feed boiler and stoves. However, this use must be avoided preserving environment. 
Since  the use of POMSW depends on its importance and economic input, furthers studies must 
be made on its use for electricity generation and cropping soil fertilization through composting.
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Abstract

There are two problematic solid residues from agriculture and agro‐industry, produced in 
vast amounts in rural areas: those from coffee bean production and processing and those 
deriving from the extraction process of olive oil. Notwithstanding these residues originat‐
ing in different geographical areas, they have striking similarities. They both derive from 
traditional, conventional and organic agriculture; they have a high content in lignins, cel‐
luloses and (poly)phenols; they are produced in million tonnes annually; they pose rel‐
evant environmental problems for disposal; they contain bioactive compounds; and the 
approach for their re‐use is often similar, sometimes overlapping. The most promising 
re‐uses in rural areas are for agriculture, as animal feed and for energy production. There 
are also minor uses, suitable for the production of added‐value commodities. The re‐use 
will be dependent on a variety of factors according to the diversity of (a) pedoclimatic 
areas that include altitude and latitude, soil texture and organic matter content, water 
regime and availability, (b) level of expertise of the small farmers, (c) social environment 
that includes training opportunities and availability to create associative forms among 
producers, (d) access to trade and communication networks and (e) easy access to com‐
munity‐level processing installations. The perspectives of agronomic management and 
valorization are compatible with the objectives of a regenerative, sustainable agriculture.

Keywords: rural areas, coffee solid waste, olive oil extraction solid waste, re‐use of agricultural 
waste, rural areas, regenerative agriculture, valorization of solid residues

1. Introduction

The rural areas where coffee is cultivated are located mainly in the equatorial and sub‐equatorial  
zone in Africa, Asia and South America. The top ten producing countries are Guatemala 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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(224,871 tonnes/year), Mexico (257,940), Uganda (314,489), Honduras (380,296), India (385,786), 
Ethiopia (423,287), Indonesia (814,629), Colombia (892,871), Vietnam (1,818,811) and Brazil 
(2,859,502) [1]. Coffee production and processing, the latter step often taking place in loca‐
tions distant from the beans production sites, generate yearly over 20 million tonnes of liquid 
and solid waste to be disposed of by farmers and processing plants. Although the farms in 
these areas range in size from 0.5 to 6 hectares (ha), typically they are 1–2 ha and coffee is 
generally grown along with other cash and food crops, such as maize, as well as cattle. An 
example is provided by coffee farmers in Uganda [2] having larger‐than‐average farm plots, 
while farmers growing coffee and maize tend to have larger plots than coffee farmers without 
maize (2.69 ha compared to 1.86 ha, respectively). Thus, coffee and maize production is a key 
determinant for household incomes and poverty, and some land is dedicated to traditional 
staple food with low‐added value. Indeed coffee and maize producers have significantly 
lower poverty rates compared to coffee farmers that do not grow maize. In general, we can 
assume that coffee farm economics is dependent upon a wide variety of factors, including 
productivity, quality, costs of production and waste disposal, price premiums, the latter to 
achieve quality or sustainability standards. The options for the valorization of the coffee resi‐
dues, not focusing on waste management in rural areas, have been recently reviewed [1, 3–6].

The rural areas where olive trees are cultivated are located mainly in the Mediterranean basin, 
where in the northern side over 82.5% of the world production of olive oil (i.e. 2.34 out of 
2.84 million tonnes) takes places (Spain, Italy, Greece, Portugal, France, Cyprus, Slovenia and 
Malta) [7]. This figure rises up to 94.1% of the world olive oil production, i.e. 2.63 million 
tonnes, if the countries of the southern side of the Mediterranean basin are included (Morocco, 
Algeria, Tunisia, Lybia, Egypt, Jordan, Israel, Lebanon, Syria and Turkey). Olive trees cultiva‐
tion and olive oil processing, the latter step often taking place in locations distant from the 
olive production sites, generate every year in the northern side of the Mediterranean basin 
6.01 million m3 of liquid waste (Figure 1) and 8.06 million tonnes of solid waste (Figure 2) 
as an average. This amount rises up to 30 million m3 of olive mill wastewater and 20 million 
tonnes of solid waste, called wet husks [6] if the southern side of the Mediterranean basin is 

Figure 1. Ponds for the confinement of the wastewater (left = before filling, right = after filling) from the extraction of 
olive oil at the facility of Coop. Sor Ángela de la Cruz, Estepa (Sevilla, Spain). Due to the environmental toxicity of the 
liquid phase, the large amounts produced from intensive olive tree cultivation in that area need to be stored separately 
before further processing, e.g. for biogas production (Source: Marco Nuti).
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included. The farming system in the Mediterranean area consists of a majority of small farms 
(e.g. in Italy 60% of olive farms are <2 ha, and less than 10% are >10 ha), and olive trees are 
generally grown along with other cash and food crops, infrequently with livestock. Overall 
farm economics is dependent upon a wide variety of factors, including productivity, quality, 
and costs of production and waste disposal. To achieve quality and sustainability standards, the 
costs are on the premises of the farmers, while premiums are limited to larger agro‐industrial 
installations transforming the waste into energy, i.e. electricity (Figure 3). The options for the 
valorization of the olive oil extraction solid residues, not focusing on waste management in 
rural areas, have been recently reviewed [8, 9].

Figure 2. Olive pomace (wet husks) from the two‐phase decanter centrifugation olive oil extraction. The wet husks have 
an initial relative humidity of 65–70% (Source: Marco Nuti).
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There are many similarities between the chemical composition and end‐of‐use of the solid 
residues of the two production chains, besides their vast amounts available yearly. Both solid 
residues (i.e. coffee husks, defective coffee beans and spent coffee grounds on one side, and 
olive wet husks, olive stones on the other side) are problematic in terms of disposal, having 
similar environmental impacts, decontamination needs, similar possible re‐uses and similar 
chemical nature of the components, i.e. a high content in ligno‐cellulosic materials, low con‐
tent of fat and protein, presence of (poly)phenols recalcitrant to degradation. The main end‐
of‐uses in the poorer and less accessible rural areas are the production of heat and recycling 
into agriculture after modest composting. Production of heat for household heaters, electric‐
ity, recycling into agriculture after modest composting and minor uses for the production 
of commodities with high added‐value (e.g. cosmetics, mushrooms, fodder) characterize the 
end‐of‐use of the solid residues in areas with more intensive agriculture.

In this chapter, the two types of solid wastes are critically reviewed separately and assessed 
for their valorization in the rural areas for production of coffee and olive oil, respectively.

2. The management of residues of coffee production and transformation 
in rural areas

Over 90% of the coffee production (Coffea arabica, Coffea canephora and the Ethiopia’s natural  
C. arabica cultivar Harrar) takes place in developing countries. In these countries, economy depends 
to a large extent on agriculture, coffee being one of the most important crops. In fact, countries like 
Vietnam, India, Kenya, Nicaragua, Ecuador and Mexico encouraged the cultivation of coffee in 
rural areas as a national economy strategy. About 70% of the world coffee production is cultivated 
in rural areas on small farms less than 6 ha [10]. The implemented policies, subsidies and incen‐
tive programs which promoted the conversion for land to intensive, technified mono‐crop coffee 
cultivation resulted in a catastrophic impact to the environment. Coffee farms are located indeed 
in some of the biologically most diverse, and most threatened, environments in the world [11].

Figure 3. Power generation plant (1 Mw) fed with wet olive husks and wastewaters from the olive oil extraction. Biogas 
is generated in the digestor (right) and stored (left), then converted into electricity. Installation Friel Ionica Srl ‐ BTM Srl 
spinoff of the University of Pisa, located in Manduria (Taranto, Italy) (Source: Marco Nuti).
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The isolated rural areas where the best coffee is grown are extreme poverty zones (Figure 4). 
They have limited or no basic services (Figure 5), access roads are in poor condition and farm‐
ers have little or any basic education. For coffee growers in many countries, coffee provides 
their sole source of cash income and it is a family activity. Farmers have relatively weak trade 
positions and, in spite of it, they have to hold the same high productions standards as the 
large‐scale producers who have additional resources to invest and access technological tools. 
To join the forces and improve the marketing of coffee, marginalized farmers created small 
communities called ‘cooperatives’ or ‘beneficios’ that are collection centres where they gather 
the crops and process the fruit until obtaining the coffee beans. The process of separation of 
the commercial product (beans) from coffee cherries generates enormous volumes of waste 
material in the form of pulp, residual water and parchment. Almost all these waste are dis‐
posed in the natural environment, causing bad odours, bad aspect, pathogenic insects’ attrac‐
tion, and pollution of soils and water bodies. In fact, they represent the major source of river 
pollution in Ethiopia and northern Latin America [12, 13]. The appropriate use of coffee by‐
products would help circumventing these problems, and valorization of the residues would 
represent a value addition from the point of view of environment protection [14]. The main 
chemical traits of the coffee processing residues at farm level, relevant for their valorization,  

Figure 4. The small ‘coffee farms’ in the Amazonas very often look like an orchard exhibiting great plant biodiversity 
(Source: Marco Nuti).
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are summarized in Table 1. The degradation process, occurring in natural conditions, is 
extremely slow and incomplete despite a favourable C/N mass ratio of 40, due to the recalci‐
trance of (poly‐)phenols and complex glucides, thus giving rise to toxicity problems.

Various attempts have been made to circumvent these environmental problems and minimize 
the toxicity levels, e.g. improving production systems, reducing the volume of wastewater 
or recycling wastes to obtain value‐added compounds such as enzymes and caffeine [1]. Out 
of the alternatives, only a few have been implemented in rural areas because of the costs 
and unavailability of the technology in these small communities. The valorization of coffee 
residues in agriculture, as animal feed and for energy production is still the most attractive 
application to solve in part the problems of people in these areas.

During the years 2000–2004, many farmers started a transition to organic coffee production, 
encouraged by the growth of certified coffee markets and development projects. This transi‐
tion involved the use of new forms of fertilization [11, 15]. From this point of view, large quan‐
tities of coffee pulp are available for those organic farmers. Approximately three‐quarters of 
the nutrients extracted to obtain the coffee beans are found in the pulp. Co‐composting the 
solid waste with animal manure is the most used alternative to minimize the environmental 
impact of the residue. However, in most cases the compost is not obtained under controlled 
conditions to ensure its stabilization and sanitization. Pulp is typically left to degrade in piles 
without any treatment, thus resulting in an organic material incorrectly named ‘compost’. 
Introducing a non‐stabilized organic matter into the soil has caused a negative effect on crops 

Figure 5. Coffee beans are air‐dried by small farmers in the western Amazonian forest at 1200 m of altitude (facility of the 
‘Asociación de cultivadores y comercializadores de café organico Bosque Nublado Río Golondrinas ‘, Parroquia Jijon y 
Caamano, Carchi, Ecuador) (Source: Cristina Echeverria).
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production [16]. Vermicomposting is an alternative widely used in Colombia and Ethiopia 
showing better results in terms of organic fertilization [17].

Small projects to obtain bioethanol and biogas have been also implemented in some key areas 
of Africa and Central America [18–20]. The production of energy from coffee wastes partially 
meets the energy needs in rural areas. Furthermore, the technology needs further improve‐
ment in order to be applied in the most remote or marginalized places.

The use of pulp as an animal feed has had limited use due to the high content of caffeine which 
affects ruminants. In Ethiopia, it has been used as a nutrient supplement to sheep feeding [21, 22].

In conclusion, there is still a lot of pollution because of the lack of knowledge and government 
 policies. There is a vital need to counterpart this production with an appropriate utilization of coffee  
by‐products. The valorization of the liquid and solid residues should be regarded as a value 
addition from an environmental point of view. However, it is essential that coffee production 
and processing take into account environmental needs to ensure sustainability, reasonable 
living standards for the populations involved with coffee, and ensure the maintenance of 
quality. Such an effort is one of the objectives of the International Coffee Agreement 2007, i.e. 
to encourage members to develop a sustainable coffee sector in economic, social and environ‐
mental terms [23].

Component Spent coffee grounds Coffee pulp Coffee husk

g × 100 g−1 d.w. g × 100 g−1 d.w. g × 100 g−1 d.w.

Proteins 6.7–13.6 10.1 5.2–11

Total lignin 33.6 – –

Cellulose 8.6–13.8 – 16.0–43.0

Carbohydrates – 63.2 35.0–85.0

Reduced sugars – 12.4 0.71

Ash 0.43–1.6 8.3 0.7–6.2

Fat 6.3–28.3 – 0.3–3.0

Tannins 1–9 1.80–8.56

Caffeín 1–2 1.3 1.0–1.3

Organic carbon – – 50.8

N – – 1.27

Polyphenols – – 1.22

Data collated from different authors ([65–67] and references cited therein), showing a fairly wide range of values, 
possibly due to the diversity of tested materials, i.e. Arabica or Robusta variety, not specified by Aa. The ligno‐cellulose 
component and tannins are the most recalcitrant components to degradation.

Table 1. Main chemical components of the solid coffee residues (spent coffee grounds, coffee pulp, and coffee husk) 
relevant for their valorization at small farm level.
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3. The management of residues of olive oil extraction process in  
rural areas

The olive tree cultivation in the Mediterranean countries of EU (ca. 400 cultivars in Italy, 
150 in Spain, 40 in Greece) takes place in 4.8 million ha, and the olive oil extraction process 
is carried out in about 12,000 olive‐mills, most of which are small and medium enterprises 
(SMEs), involving 800,000 jobs [6, 24]. Olive oil is obtained essentially via traditional press‐
ing (TP), two‐phase decanter process (2‐PDP) and three‐phase decanter process (3‐PDP) 
[25], each of them generating different amounts of wastes (Table 2). There is an uneven dis‐
tribution of the type of extraction process in southern Europe: in Spain 99% of the adopted 
technology is 2‐PDP, while in Italy 55% is 3‐PDP, 15% is 2‐PDP and 15% is TP. In Greece, 
82% of the olive mills have adopted 3‐PDP and 18% 2‐PDP. However, there is an increas‐
ing interest in these last two countries for the two‐phase system, possibly coupled with the 
de‐pitting of the olive wet husks (synonyms: crude cake or pomace). In this way the stones 
can be separated and used for heating purposes, particularly at small community level and 
for household heaters.

As far as the residues from the olive trees cultivation are concerned, in the rural areas of 
southern Europe, two main components of biomass burning are the incineration of wood as 
household fuel, and the combustion of crop residues (i.e. prunings and leaves of olive trees) 
in open fields. At the same time, as the population continues to rise in the African side of 
the Mediterranean basin, the contribution from these two types of biomass burning tends to 

Extraction process Input Amount of input Output

Traditional pressing Olives 1 tonne Oil

Washing water 0.1–0.12 m3 Solid waste (ca..25% 
water + 6% oil)

Energy 40–63 kWh Waste water (ca. 88% 
water)

3‐Phase decanter (3‐PDP) Olives 1 tonne Oil

Washing water 0.1–0.12 m3 Solid waste (ca. 50% 
water + 4% oil)

Fresh water 0.5–1 m3

Water to wash the impure 
oil

10 kg Waste water (ca.94% 
water + 1% oil)

Energy 40–63 kWh

2‐Phase decanter (2‐PDP) Olives 1 tonne Oil

Washing water 0.1–0.12 m3 Solid waste (ca. 60% 
water + 3% oil)

Energy <90–117 kWh

Table 2. Solid and liquid waste generated using different olive extraction technology. The solid waste contains olive 
pits [25].
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increase. In the northern side of the Mediterranean basin burning olive branches and leaves 
in open fields is allowed (Figure 6) under an increasingly stringent legislation as they can 
contribute to greenhouse gas emissions (GHG). These burnings can be avoided once the 
agro‐residues are employed for sustainable, cost‐effective and environment‐friendly options 
such as composting and subsequent ploughing of the compost. A quantitative description of 
the spatial distribution of biofuel and open‐field burning has been attempted to assess the 
impact of this burning on the budgets of trace gases [26], but no real attempts to discourage 
burnings are currently made on the basis of continuous educational programs for small olive 
farmers. Therefore, open‐field burning of olive crop residues is still the most traditionally 
adopted end‐of‐use in rural areas. From a purely agronomic standpoint, the delivery of ashes 
in cropped agriculture would be meaningful for fertilization purposes only when the content 
of soil organic matter and organic nitrogen at plough depth is high, which seldom occurs in 
both northern and southern side of the Mediterranean basin [27–29].

The use of in‐house pressing (i.e. with large stone wheels or stone cones) of the olives in small 
farms has almost disappeared, and this type of extraction is often confined to demonstration 
farms for teaching or museum purposes. The traditional pressing is also decreasing in favour of 
the decanter‐centrifugation systems, either two‐ (olive oil and wet husks) or three‐phases (olive 
oil, husks and wastewater). The small olive mills in rural areas work preferably with 3‐PDP, 
but the availability on the market of 2‐PDP decanter extractors with reduced energy consump‐
tion is gradually offering new opportunities. On the contrary, in agriculture‐intensive areas, 
the preferred technology is 2‐PDP with large working capacity (Figure 7) or the last‐generation 
decanter extractors combining the modern extraction technology without the addition of water 
with batch processing, thanks to the bowl discharging device (Figure 8). Using the latter sys‐
tem, the waste is represented by a dehydrated husk similar to the one coming from the three‐
phase decanter, along with the pulp from the husk, the so‐called ‘pâté’, i.e. wet husks without 
any trace of kernel directly inside the bowl. This pâté can be used for various purposes, includ‐
ing agronomic use, animal feeding, or can be mixed with other biomass for biogas production.

The biochemical and physical‐chemical traits of the solid waste ‘wet husks’ are reported in 
Table 3, where for convenience they are compared with the traits of the wet husks after micro‐

Figure 6. Burning olive leaves and prunings in the open field in controlled (left) and uncontrolled (right) conditions. 
In the olive oil producing EU countries burning is submitted to stringent legislation (Source: https://i2.wp.com/www.
quiantella.it/wp‐content/uploads/2016/06/a.jpg?fit=533%2C348&resize=350%2C200).
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bially enhanced composting in mechanically turned static piles. The re‐uses at small farm 
level include (i) further oil extraction as the wet husk still contain 2–4% oil, (ii) delivery by 
soil treatment into the legally allowed soil acreage, (iii) sale to larger companies, (iv) re‐use as 
fodder for animals, which requires pre‐treatment with appropriate enzymes and process, (v) 
delivery into soil after composting, as a green (i.e. only plant materials) or mixed (i.e. plant 

Figure 8. Last generation decanter extractors of olive oil, which combines the two‐phase extraction technology without 
the addition of water with batch processing, thanks to the bowl discharging device. The installed power ranges from 
7.5 Kw (more adapted to small quantities of olives to be extracted, i.e. process capacity of 0.5 tonnes/hour) to 45 Kw (for 
very large quantities of olives to be extracted, i.e. process capacity of 9 tonnes/hour) (Source: courtesy of Pieralisi SpA, 
Ancona, Italy).

Figure 7. Two‐phase decanters in series in an olive mill for the extraction of olive oil (Picualia, Proyecto de traslado y 
perfeccionamento de almazaras por fusiòn de Cooperativas ‘Agricola de Bailén virgen de Zocueca’, Jaen, Spain) (Source: 
Marco Nuti).
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material plus manure) fertilizer. None of the first three options is considered really profitable 
by small farmers, because pomace oil has a low price with very marginal profit, direct delivery 
into soil requires a lot of bureaucracy and intoxicates the soil and selling the husks as a fuel is 
poorly profitable and needs transportation of a material with 70% humidity. If air‐dried before 
transportation, the volatile phenolics can cause air pollution. The fourth option would be fea‐
sible, provided that the technology is available to the farmer. The last option is probably the 
most feasible in‐house, provided the farm has a tractor for the mechanical turning of the piles.

4. Agronomic and legislative aspects

Agricultural utilization of residues as organic amendments and fertilizers has been shown 
to be a sound alternative for both residue recycling and soil fertility improvement [16]. The 
latter goal can be achieved in the frame of a modern agronomic management such as the con‐
servative and regenerative agricultural practices. Regenerative agriculture stands on the three 

Parameter Time (days)

0 60

pH 6.4aA 8.1bB

EC (dS m−1) 1.28aA 0.79bA

TN (UoW) 2.05aB 1.88bB

TOC (UoW) 46.8aA 31.9bA

C/N 22.8aB 16.9bB

HA (UoW) 15.6aA 41.6bB

FA (UoW) 14.3aA 19.5bA

HA/FA 1.10aA 2.14bB

HI 1.1aA 0.1bB

HD 48aA 94.5bB

HR 6.4aB 19.2bB

Ash (%) 8.3aA 11.6bB

Fats (UoW) 21.5aA 2.9bB

Lignin (UoW) 47.7 27.8

Phenols (UoW) 14.0bA 1.6 bB

Respiration (CO2–C)mg g‐1) 1087.8aB 678.3bA

UoW = units of weight. The microbially enhanced composting (static piles with mechanical turning) was carried out 
with the use of selected microbial starters [60]. Different letters indicate statistically significant differences (P < 0.05). Low 
case letters, comparison between sampling times within each treatment. Capital letters,comparison between treatments 
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Table 3. Chemical‐physical properties of the initial olive wet husks (t = 0) and of the stabilized compost after 60 days of 
composting (t = 60) in controlled conditions.
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pillars of the conservative agriculture (use of crop rotation, reduction in tillage, retention of 
adequate levels of crop residues and soil surface cover) plus the maintenance of soil carbon 
sink. All these management practices can lead to a significant increase of carbon content in 
soil [30]. In turn, the increase of organic matter and humic fractions in soil determine the 
increase of soil richness and diversity of microbiota [31]. Therefore the utilization of residues 
of both coffee and olive cultivation, along with the utilization of the residues of the first step 
of processing (i.e. those feasible at small farm level in rural areas) cannot be merely identified 
with their disposal. On the contrary, the utilization of these residues is advisable, particularly 
because advantages to crops and soil are expected, either in the short‐ or in medium‐term.

More specifically, the good agronomic practices (GAP) adopted for coffee cultivation by both 
top and low‐producing countries, e.g. [32–34], define the criteria leading to a product conform‐
ing quality and safety criteria in regimes of both conventional and organic agriculture, and 
include the use of organic fertilizers and their quality. Though the aims are the same, the rules 
and recommendations can vary, reflecting the different pedo‐climatic characteristics of the cul‐
tivation area. The density and productivity of coffee plants per hectare for small holders coffee 
farms can range from 1332 plants of Arabica, with a very low productivity of about 400 kg in 
the traditional organic coffee orchards of the Galapagos Islands (Ecuador) [35] to 1100 plants 
producing up to 3.5 tonnes per ha in Vietnam with Robusta variety grown with high farm 
inputs [36], or high yields in intensified monocultures with a density of 10,000 plants [37].

Maximizing the small coffee farms seems to be linked nowadays more to the quality of the 
beans rather than to the yields per ha. In this sense, enhancing the bean quality by minimiz‐
ing or avoiding chemical inputs and maximizing the re‐use of correctly composted residues 
could help in achieving the task. On the contrary, in intensive coffee cropping systems where 
the predominant criterion is the harvesting cost, the trend is to have much higher plantation 
density since it costs almost as much to harvest a low‐yield as a high‐yield field. But in this 
case, additional costs could emerge for shading management systems (arborization), for more 
irrigation inputs, and more plant protection products usage. For the legislative framework 
of organic fertilizers, biostimulants and microbial‐based amendements in coffee‐producing 
countries, most of them have installed recent rules for the safe use, production or import. As an 
example see the rules in Brazil [38], Vietnam [39] and Colombia [40] among the top producers, 
and Ecuador [41] among the smaller coffee‐producing countries.

The olive tree is considered as one of the cultivated trees with the lowest demand for soil 
nutrients. This is the main reason why the tree can survive and be productive even in poor, 
rocky areas with soils mostly derived from hard limestone, e.g. in Greece, Italy and Spain, 
or in sandy soils in the southern side of the Mediterranean basin, e.g. Tunisia and Morocco. 
A significant portion of the olive groves can be found, in the small farms of the EU countries, 
on steep hill and mountain slopes which have been terraced with stone walls to hold the soil. 
For the olive chain residues, the amount of residues at farm level will be strongly dependent 
on the density of olive tree plantations. In the actual agronomic management of olive groves 
in the Mediterranean basin, the density of olive trees plantations ranges from 10 to 15 trees per 
ha of Tunisian or 40–50 trees per ha of Puglia’s (Italy) small farms (due to low water availabil‐
ity) and soil often maintained without cover, to more than 1500 trees per ha in the intensive 
new cultivation areas of Spain and Italy. The inter‐row space, in the intensive cultivation areas, 
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is often left without cover in Andalusia, while many small farmers in Italy have continued to 
adopt the traditional intercropping of olive groves with vineyards and arable crops (Figure 9). 
In northern and central Greece, farmers have historically combined olive production with 
arable crops in the same plot. This practice is reputed to be appropriate to ensure a steady 
economic return year‐after‐year, irrespective of the weather conditions. The positive contribu‐
tion of agroforestry mixed with olive groves include continued olive production along with 
benefits in terms of animal health, appropriate control of manure usage and the creation of 
wildlife habitats. In a recently started project in the province of Chalkidiki (Crete, Greece), 
the olive production that takes into consideration both biodiversity maintenance and wildlife 
habitats showed high performances, whereas the main negative effects included extra costs of 
management, administrative overburden, the complexity of the planning and field work and 
aspects related to mechanization [42]. Small farmers in Greece and Italy have identified that 
intercropping is probably only appropriate where the principal product is represented by the 
olives for olive oil production, rather than the edible olives which require a relevant use of 
pesticides. The presence of some understory species in the cropped area is thought to enhance 
both quality and flavour of the olive oil.

For the residues from olive cultivation and olive oil extraction, in the Mediterranean basin 
there is an increasing trend to frame the soil application with unprocessed residues into 
a more stringent legislation. At EU level the matter is regulated by the Waste Framework 
Directive 2008/98/EC [43], the Directive on Industrial Emission of 2010 [44] implemented by 
the European Commission in 2012 [45]. For landfill disposal during the whole life‐cycle of the 
landfill, the relevant rules to prevent or reduce the pollution of surface water, groundwater, 
soil and air, and the resulting risks to human health, are provided by the Landfill Directive 
99/31/EC [46]. The EU legislation on this issue has been critically reviewed [47]. At national 
level, in Spain the disposal of olive chain wastes is regulated [48]. In Italy, the disposal of olive 
wastes is regulated by the national Law n. 574 of 1996 [49]. In Greece, the disposal of olive 
wastes is regulated by the national Laws n. 1650/86 and 3010/2002. The present legislative sta‐
tus in Greece does not allow the application of untreated olive mill wastes to soil surface [47]. 

Figure 9. Extensive olive tree (var. Picual) cultivation (left) along the ‘Carretera de los olivares’ between Jaen and Sevilla 
(Spain). In the province of Jaen there are over 40 million olive trees. The olive cultivars (cv.) mostly grown in Andalucia 
are Hojablanca, Picual, Lechin, Picudo, Verdial, Cornicabra, Empeltre, Arbequina. In Tuscany (Italy) the small farms 
often grow olive trees (cv. Leccino, Moraiolo, Frantoio, Pendolino, Leccio del corno, Maurino) intercropped with vines 
(right) (Source: Marco Nuti).
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Process and 
essential 
components

Minimum 
content/useful 
substances

Obligatory to 
be declared

Notes

Green 
composted 
amendment

Product obtained 
through a 
transformation 
and stabilization 
process, in 
controlled 
conditions, of 
organic residues. 
These can be 
prunings, olive 
husks, crop 
residues, other 
residues of plant 
origin.

Max humidity: 
50%

Humidity The content of other forms of N, total P and 
total K can be declared.

pH 6–8.5 pH Plastics, glass and metals cannot be higher 
than 2%

Minimum 
organic carbon: 
20%

Organic C Stony inerts (diameter ≥ 5 mm) cannot be 
higher than 5%.

Humic and fulvic 
carbon: min 2.5%

Humic and 
fulvic C

Salmonella: absent in 25 g of the sample w.w. 
(where n = 5, c = 0, m = 0, M = 0)

Organic N ≥ 80% 
of total N

Organic N Escherichia coli lower than 1.000 cfu (where n 
= 5, c = 1, m = 1000 cfu/g, M = 5000 cfu/g)

Max C/N: 50 C/N Germination index (diluted 30%) ≥ 60%.

Salinity Algae and aquatic plants are allowed, 
such as Posidonia left on the shores, after 
separation from sand of the organic fraction. 
Their content must be lower than 20% of the 
initial mix.

Na content Thallium must be lower than 2 mg kg−1 (only 
in amendments containing algae).

Mixed 
composted 
amendment

Product obtained 
through a 
transformation 
and stabilization 
process, in 
controlled 
conditions, 
of organic 
residues. These 
can be by the 
organic fraction 
of USR from 
differentiated 
recycling of 
animal waste 
including liquid 
waste, residues of 
untreated wood 
processing and 
of the untreated 
textile industry, 
organic residues 
from effluents 
and muds, and 
all residues 
allowed for green 
composts.

Max humidity: 
50%

Humidity The muds (defined according the Legislative 
Decree 27 January 1992 n.99, cannot 
represent more than 35% (w/w) of the initial 
mix. The content of other forms of N, total 
P and total K can be declared. Plastics, glass 
and metals cannot be higher than 2%

pH 6–8.5 pH Stony inerts (diameter ≥ 5 mm) cannot be 
higher than 5%.

Minimum 
organic carbon: 
20%

Organic C Salmonella: absent in 25 g of the sample w.w. 
(where n = 5, c = 0, m = 0, M = 0)

Humic and fulvic 
carbon: min 7%

Humic and 
fulvic C

E. coli lower than 1.000 cfu (where n = 5,  
c = 1, m = 1000 cfu/g, M = 5000 cfu/g).

Organic N ≥ 80% 
of total N

Organic N .Germination index (diluted 30%) ≥ 60%.

Max C/N: 25 C/N Algae and aquatic plants are allowed, such as 
Posidonia left on the shores, after separation 
from sand of the organic fraction. Their 
content must be lower than 20% of the initial 
mix.

Salinity Thallium must be lower than 2 mg kg−1 (only 
in amendments containing algae).

All requirements are expressed in dry weight. The category ‘Amendments’ includes also manure, artificial manure, 
green non‐composted amendment, composted turf, acid turf, neutral turf, humified turf, leonardite, vermicompost from 
manure, lignite. Cultivation substrates are in Annex 4, and the products with specific action on plants (e.g. mycorrhizal 
inoculants) are in Annex 6 of the same Legislative Decree [52].

Table 4. Specifications and requirements of the Italian Legislative Decree n. 75 of 2010 (Annex 2) for green composted 
amendments and mixed composted amendments.
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Essentially, for the three major olive oil‐producing countries the disposal is prohibited or 
strongly restricted in quantity, land area and timing. Unfortunately, the small farms in mar‐
ginalized rural areas sometimes tend to overcome the restrictions, mainly because of the 
small quantities produced, the transportation costs and road difficulties. Also the production 
and quality of amendments, including those derived from a composting process of the olive 
cultivation and olive oil extraction process, are regulated by national laws in the EU countries 
of the Mediterranean basin. In Spain, the matter is regulated by the Fertilizer Act n.7540 [50] 
and n.13094 [51]. In Italy, the matter is regulated by the Annex 2 to the Fertilizers Act n. 
75 [52]. As an example, the requirements of the Italian law for green and mixed amendments 
are reported in Table 4. Emphasis has been given to the source of materials to be used and 
the transformation process, to the physical‐chemical traits of the amendments with  particular 
attention for the level of humification, and to the hygienization and safety aspects. All the 
different types of amendments (non‐composted, green composted, mixed composted) must 
conform to the limits of heavy metals, namely (in mg per kg dry matter: Pb 140, Cd 1.5, Ni 
100, Zn 500, Cu 230, Hg 1.5, Cr6+ 0.5). In Greece, the matter is regulated by the Fertilizer 
Act n. 30(I) of 2006, and n. P.I. 118 of 2006. At EU level, the legislation on fertilizers, i.e. the 
Regulation (EC) No. 2003/2003 of the European Parliament and of the Council of 13 October 
2003 [53], which was cantered on chemical fertilizers only, is actually being repealed by a new 
legislation that includes the organic fertilizers, biofertilizers and amendments. The approval 
of the new Regulation is expected by the end of 2017. The agronomic benefits from the use of 
a correctly composted amendment include a positive effect on soil structure, an increase of 
phytostimulatory substances, and a direct effect on crop yield. The latter is obtained through 
an increase of nutrient availability. In addition, as secondary effect it has been often observed 
that these amendments act as biosimulants or bio‐effectors providing an increased biocontrol 
activity of soil‐borne phytopathogens and a substantial soil detoxification. These traits may 
lead to some difficulty in placing these borderline products into an appropriate legislative 
framework [54]. The agronomic advantages of delivering green compost from olive waste as 
a fertilizer for olive groves include the possibility to run organic agriculture, to maintain and 
increase the soil carbon stocks and to detoxify the cropped area.

5. Perspectives of management practices

Different approaches are clearly needed to upgrade the residues of coffee and olive tree cul‐
tivation, as well as the processing residues. The variety of approaches is a consequence of the 
diversity of (a) pedoclimatic areas that include altitude and latitude, soil texture and organic 
matter content, water regime and availability, (b) level of expertise of the small farmers, 
(c) social environment that includes training opportunities and availability to create associa‐
tive forms among producers, (d) access to trade and communication networks, (e) easy access 
to community‐level processing installations.

In the case of coffee, the valorization of residues (Figure 10) in agriculture, as animal feed and 
for energy production, apart from a few minor uses, is still the most attractive application 
to respond to the challenges of the rapidly evolving socio‐economic and poverty problems 
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of the farmers in these areas. A minor use of plant leaves in organic coffee farms could be 
the production of herbal teas, whereas for the extraction of functional products for human 
food supplement, probably only more centralized processing installations can provide the 
appropriate machinery and food grade safety standards. Another minor use could be the 
production of edible mushrooms from (co)composted solid waste, i.e. mucilages and spent 
coffee grounds. This re‐use has long been studied by Cenicafé in Colombia and interesting  
results were obtained with shiitake [55] and Pleurotus [56] as simple technology among 
 low‐income communities in the urban areas of the city of Manizales. However, sanitization 
and detoxification of the substrate remain the major problems and further development of 
substrate pre‐treatment would help to obtain a mushroom production meeting food‐grade 
safety standards.

The coffee prunings, actually mostly left in situ as a mulching agent or as an amendment, 
may retain their phytotoxity and presence of plant pathogens. Therefore their valorization 
in situ implies that they are processed via composting (or co‐composting in farms where cattle 
manure is available). (Co‐)composting will then be made by mixing prunings, leaves, coffee 
husk (i.e. the skin, pulps and parchment generated by pre‐ and post‐fermentation de‐hulling) 
and eventually manure. The residue amounts are relevant: for 1 tonne of coffee beans pro‐
duced, ca. 1 tonne of husks are generated (dry coffee processing), while where wet process‐
ing is adopted, there will also be a relevant amount of wastewater from washings. The latter 
could be used to feed biodigesters for biogas production at community level since the process 
requires installations and machinery of capacity larger than the ones of a single small farm. 
In this case, transportation difficulties and costs should be taken into account.

The transformation of coffee plantations residues at farm level, along with the residues up 
to the production of the coffee beans, for agricultural end‐of‐uses, requires a remarkable 
improvement of the process as it is actually adopted in most cases by small farmers. The 
composting process of cultivation residues (prunings, leaves) should lead to the production 

Figure 10. Solid residues of coffee first step processing (i.e. up to the production of beans) in a small coffee farm in the 
Andean region (Ecuador). If not properly stored or quickly bio‐transformed, the residue can be easily re‐colonized by 
spoilage and pathogenic microorganisms (Source: Cristina Echeverria).
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on‐farm of a detoxified, sanitized green composted amendment, suitable for use in organic 
agriculture, containing living microbial consortia. This goal can be properly achieved if these 
residues are bio‐transformed together with the coffee processing solid waste. The actual 
composting process, far from being a science‐based technology, needs the use of indigenous 
microbial starter cultures capable to degrade the recalcitrant substrates, to detoxify the phe‐
nolic toxic substances, transforming the intermediate and still toxic chemical compounds into 
useful phytostimulatory substances. In those farms where manure (preferably cow‐dung and 
horse manure) is available, the process of co‐composting should lead to a detoxified, sanitized 
mixed composted amendment. The two processes are different and require different exper‐
tises. In both cases, the use of selected starter cultures, bio‐compatible among them, allows 
to include those microbial cultures having relevant phytostimulatory activity to the plants 
and also bio‐control activity towards the most commonly encountered soil‐borne pathogens. 
The use of the mature, sanitized, humified compost obtained in this way as a fertilizer could 
substantially contribute to strengthen the natural plant defence traits and therefore minimize 
the density of the soil‐borne disease.

The second alternative in small farms could be the re‐use of the solid residue as animal 
feed [57]. In different field trials, pigs and cows fed with up to 15% ensiled coffee pulp and 
5% of bagasse showed no negative effects on weight compared to those fed with commer‐
cial concentrates, and the pulp used as a fodder in milking cows was shown to replace up 
to 20% of commercial concentrates. The advantages are that coffee husk and pulp are rich 
in glucides and minerals. However the presence of (poly)tannic complexes and of caffeine 
decreases the palatability of husk by animals. Furthermore, the caffeine has stimulatory and 
diuretic effects and tannins diminish the protein availability and inhibit digestive enzymes. 
By consequence, the removal of these two anti‐physiological components would require pre‐
treatments consisting in repeated washings and the use of commercial inoculants to enhance 
the fermentation (i.e. silage) process. Therefore this alternative looks less feasible economi‐
cally at single farm level, and would be probably feasible at more centralized facilities level.

The third alternative of valorization could be the energy production. The use of biogas would 
fit for heating purposes at single farm level. Some case studies on the coffee processing fac‐
tories indicate that the exploitation of the residues for the production of electricity is feasible. 
Studies carried out in Tanzania suggest that from coffee residues it is possible to obtain high 
methane yields: 650 m3 of methane per tonne of volatile solids for Robusta variety solid waste 
and 730 m3 methane per tonne of Arabica variety solid waste [58]. However, this alternative is 
probably more easily accomplished at a centralized facility level due to the engineering and 
expertise needed, rather than at single small farm level.

It appears, in conclusion, that for the small coffee farms the valorization of solid wastes are 
in any case tightly linked to initiatives of socio‐economic nature, i.e. organize formal training 
and ‘hands‐on courses’ for farmers, improve the road system and accessibility of the single 
farms, and facilitate the formation of ‘cooperatives’ among farmers.

In the case of olive tree cultivation waste, i.e. prunings and leaves, when they are still in 
the field can be finely cut and used as mulch (Figure 11) or ploughed into the soil. Another 
 valorization would be to transform these residues into a humified compost. Recently a 
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 composting process of prunings and leaves enriched with phosphate rock has been 
described in Saudi Arabia [59]. This bio‐transformation process has a duration of 8 months, 
presumably because of the recalcitrance of the lignocellulosic substrate to degradation. In 
the case of olive oil extraction solid waste (wet olive husks), the most feasible option for 
small farmers is the re‐use in agriculture through composting. This process is a knowledge‐
based technology, requiring some basic training for farmers. The process has been described 
by Echeverria et al. [60] at industrial level and can be applied also at farm level [61, 62]. 
Essentially it is a solid fermentation process carried out with the help of loaders for peri‐
odical turning the piles, and is different from static piles composting with/without forced 
ventilation. The biochemical transformation can be enhanced through the use of starters, 
prepared with virgin husks enriched with selected microbial cultures. The latter approach, 
with respect to composting without the use of the starter, allows to achieve deeper humi‐
fication (i.e. higher content of humic substances), faster deodorization (disappearance of 
bad smells), shorter maturation time and better detoxification of the starting material. The 
process duration is, on average, 60– 90 days during which the initial material undergoes 
profound changes of its mechanical (e.g. particle size, texture), physical‐chemical (e.g. pH, 
humidity, phenol/lignocellulosic content, humification indexes), and biological traits (e.g. 
sanitization of all potential human pathogens, appearance of bioactive phytostimulatory 
substances, different microbiological profile). Microorganisms are the main drivers of the 
transformations occurring in the substrate, and their degradation activity leads to the pro‐
duction of carbon dioxide and minor amounts of other gases which evolve in the atmo‐
sphere, and to the production of heat (which, if let uncontrolled, can easily go to >70˚C 

Figure 11. A common agronomic practice in small farms for disposal of the olive tree prunings and leaves in situ: they 
are first placed inter‐rows, then finely cut and finally used as mulch or ploughed into the soil (facility ‘Azienda La 
Cerreta’, Castagneto Carducci, Livorno, Italy). This practice represents a step forward compared to the burning practice 
and is considered cost‐effective for small farms (Source: Marco Nuti).
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leading to pasteurization of the matrix). From a biochemical point of view, the composting 
of wet husks must be viewed as a respiratory process which needs oxygen (the appropriate  
porosity and oxygen presence in the matrix is ensured by turnings and the presence of 
prunings) and gives rise to carbon dioxide. One of the consequences of the degradation of 
the substrate components with concurrent carbon dioxide formation is the loss of weight 
of the substrate, as an average 30–40% expressed in dry matter. Due to heat formation and 
periodical turnings, the water evaporates and as an average the humidity content decreases 
from the initial 65–70% to ca. 40% of the compost after 90 days. Complex biochemical reac‐
tion does occur too, which involves polycondensation and polymerization reactions lead‐
ing to the formation of the humic substances useful for the soil fertilization purposes. The 
initial fresh matrix is toxic to plants, but after composting turns into a plant growth stimula‐
tor, due to the presence of auxins and other substances synthesized during the composting 
process and to the concurrent degradation of phenolic plant growth‐inhibitory substances, 
both processes being of microbial nature. The success of the composting process will ulti‐
mately depend on (a) the initial quality of the wet husks and starters and (b) the ability of 
the operator(s) to maintain the appropriate process conditions leading to the formation of 
mature compost in the time limits. The conditions will consist mainly in keeping under 
careful control the main process factors, i.e. oxygenation, heat and humidity. Appropriate 
oxygen presence and heat control will be achieved through periodical turning the piles 
when the temperature rises above 50˚C (indicated by long‐stem thermometers). The appro‐
priate humidity will be ensured through the addition of wastewater, i.e. 60–70% (initial 
humidity, before composting) to obtain a compost with ca. 40 % (final humidity). The 
mature compost can be delivered to the farm soils as such for fertilization purposes [63]. In 
alternative, humidity can be further adjusted by air‐drying to the desired level. Humidity 
below 25% will allow longer storage of the product until use. The use of such a fertilizer 
on‐site is highly compatible with the principles of the regenerative agriculture, i.e. pro‐
vides the opportunity to maintain and increase the carbon stocks in soil at farm level. This 
goal, if achieved until the threshold value of organic carbon reaches the minimum value 
of 3.5%, which allows to maintain the functional soil biodiversity [64]. If, on the contrary, 
the wet husks are not composted correctly, they will retain their bad odour and phytotox‐
icity, along with little or any humification of the initial material. In addition to the above 
described advantages using a correctly made compost as a fertilizer, the presence of micro‐
bial consortia, having phytostimulatory activity for the plants besides their fundamental 
role in the biotransformation of the initial matrix, would help substantially to strengthen 
the plant natural resources, minimize the attack by soil‐borne phytopathogens, and by con‐
sequence would allow the use of more eco‐friendly land management approaches.
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