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Preface

The world is currently experiencing increased environmental contamination with
solid waste, which is one of the greatest environmental threats today. As such, this
book provides guidance on treating this problem that requires the synergistic action
of the scientific community.

The development and application of approaches and technologies that provide
economic and safe management of such type of waste is an essential issue in the
treatment and disposal of solid wastes.

In this book, the authors summarize their experience and present advances related
to assessing the strategies of sustainable solid waste management. The book
contains ten chapters, organized into four sections that cover important research
aspects of solid waste management technologies. The first section includes the
introductory chapter prepared by the editor to present a brief background on solid
waste. The second section begins with the chapter “Reflections on the Influence

of Family Demographics on Food Waste Generation among the City of Tshwane
Households, Republic of South Africa,” in which the authors investigate the
influence of household demographics on food waste generation in the Republic

of South Africa. The chapter “Sustainable Pathway for Closing Solid Waste Data
Gaps: Implications for Modernization Strategies and Resilient Cities in Developing
Countries” addresses three peculiar challenges in solid waste management systems
of developing countries.

The third section contains chapters “Guide for Organising a Community Clean-up
Campaign”, “Economics of Solid Waste Management: A Review”, “Sustainable
Solid Waste Management in Morocco: Co-Incineration of RDF as an Alternative
Fuel in Cement Kilns”, “Effectiveness of Anaerobic Technologies in the Treatment
of Landfill Leachate” and “Hydrometallurgical Recovery of Gold from Mining

Wastes”.

The final section of the book includes chapters “Bioelectricity from Organic Solid
Waste” and “Agricultural Solid Wastes: Causes, Effects, and Effective Management”.

The editor wishes to thank all the participants in this book for their valuable
contributions. Thanks also go to the staff at IntechOpen, particularly Author
Service Manager Ms. Dolores Kuzelj, for her continuous assistance in finalizing
this work.

Hosam El-Din Mostafa Saleh
Egyptian Atomic Energy Authority,
Cairo, Egypt
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Chapter1

Introductory Chapter: Solid Waste

Hosam M. Saleh and Amal I. Hassan

1. Introduction

Solid wastes are solid or semi-solid materials that are produced as a result of
various activities. They are discarded materials, meaning they are to be disposed of,
although some of their components can be used [1]. In this case, the term “waste”
is used, not waste, since the latter means that the resources left over from human
activities cannot be used. Solid waste is all rotting and non-rotting waste in solid
or semi-solid form, including but not limited, trash, unwanted compounds, ash
or incinerator residues, street waste, dead animals, demolition and construction
waste, sanitation, solid or semi-solid commercial and industrial waste [2].

2. The two major types of solid waste
2.1 Agricultural and animal waste

It includes (remaining crops after harvest - residues from processing grains such
as rice. Additionally, peanuts, branches, and leaves of deciduous trees - the manure
of animals raised by farmers). Animal and agricultural waste is one of humanity’s
most ancient forms of solid waste [3].

The first man collected these wastes and used them as fuel before he knew coal.
These wastes are still used as fuel in many rural and semi-rural areas in most of the
developing countries [4]. Indoor burning of these wastes, whether in open stoves
or rural ovens, releases different contaminants in the indoor air, the carbon dioxide
and oxides of organic compounds that have been proven to be nitrogen and nitro-
gen, and some of them are nitrogen compounds are the most important of these
pollutants [5]. Field studies have shown high rates of chest diseases such as chronic
obstructive pulmonary disease and nasopharyngeal carcinoma as detrimental con-
sequences of these wastes. Besides, agricultural waste has been used for thousands
of years as organic fertilizer after composting to improve soil condition and nourish
the plants before synthetic chemicals were discovered. Organic fertilizers are still
used in many countries after the composting processes have developed. It is now
one of the main ingredients used in organic farming [6]. The number of residues
left after harvesting the crops depends on the type of crop, the yield per feddan,
and the method of harvesting. For example, the amount of waste produced from
cotton cultivation ranges from 3 to 5 tons of residues per ton of cotton produced
from the field [7]. The quantity of rice straw ranges from 1 to 3 tons of straw per
ton of rice produced from the field, and in the case of cultivation of high-yielding
rice varieties, the amount of straw ranges from 0.8-2 tons per ton of field rice [8].
The amount of animal manure also varies according to their types and weight. For
example, cows produce about 1.4-5 kg of dung. Also, goats and sheep produce from
0.3-0.6 kg/day. Therefore, estimates of agricultural and animal residues differ
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considerably from one region to another. In this regard, the amount of agricultural
waste in the world is estimated at 2000-2500 million tons annually [8].

2.2 Municipal waste

Domestic waste - waste of organizations and agencies Public facilities - waste for
hospitals and other care units - industry waste [9]. Demolition and construction -
sludge - other waste such as scrap vehicles, used tires, etc., are split according to
their sources. The man became familiar with the municipal waste about ten thou-
sand years ago when he began to settle in Human settlements [10]. They started by
transforming these settlements into the first cities known to humanity. The problem
of municipal solid waste that was dumped in the streets appears. With the world’s
massive rise in population, the expansion in urban areas, the increase in per capita
income, and the change in patterns of consumption, the amount of municipal solid
waste has risen dramatically, and its components have changed drastically. In the
face of these accelerating changes, the ability of municipalities in most countries of
the world to manage waste efficiently declined [11]. The amount of waste generated
varies from one country to another, according to living standards and consumption
patterns. In the United States of America, the rate of waste generation per capita is
estimated at 1.2 kilograms/day, it is assessed at 4.1 kilograms/day in the countries of
the European Union. In high-income Arab countries such as the Gulf countries, the
generation of municipal waste ranges [12].

The proper management of solid waste requires dealing with it from the per-
spective of an integrated multi-faceted, multi-components, and interconnected
system. Each episode depends on its predecessor, and at the same time, it represents
the basis on which it follows. In all cases, it is necessary at every stage to use appro-
priate means appropriate to the prevailing circumstances, available resources, and
existing determinants. Therefore, adopting the best options that meet the technical
standards, environmental safety, social compatibility, the lowest possible costs, the
highest possible recovery of resources, and compliance with legislation and regula-
tions while being flexible and able to respond to future changes. Thus, it implies
a context or life cycle that involves successive stages starting with the generation
or reduction from the source, storage, and collection from various sources, and
transport to proper locations for interim storage or processing [13]. Then the pos-
sibility of recovery of suitable recoverable resources for a variety of uses, and then
the final disposal of environmentally safe meth. It involves many other aspects and
considerations related to economic, social, planning, environmental health, legisla-
tive and institutional factors in addition to technical and engineering considerations
for the system. In addition to the technical and engineering concerns for the system,
it includes many other aspects and considerations related to economics, social,
planning, environmental, health, legislative, and institutional factors [14].

Greenhouse gases from waste are a significant factor in climate change. In 2016,
5% of global emissions were generated from solid waste management, excluding
transportation. It is estimated that human activities are causing global industrial
warming of approximately 1° C, with a weighted margin of 0.8 to 1.2°C [15]. Global
warming is likely to reach 1.5° C between 2030 and 2052 if it continues to increase
at the current rate [16]. Accordingly, the solid waste issue is one of the most critical
concerns facing sustainable development. Therefore, from a resource management
point of view, there is an immediate need to deal with solid waste and not waste
management [17]. Waste is an essential asset for reusability and recycling and offers
new opportunities for so-called green jobs. Integrated solid waste management is
the selection and application of appropriate methods, technology, and management
to accomplish waste management objectives, taking into account the economic,
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environmental, social, and legal conditions to achieve sustainability [18]. One of
the basic principles in integrated waste management is the principle of using the
golden quadruple rules. The reduction is part of those rules to reduce the amount of
waste either at the source or at subsequent levels and implies reducing the amount
of waste generated at the origin. Construction Producing longer life and reusable
materials. As for reuse, it means the direct use of the waste in the form in which it
was generated, and in the same process, it was generated without subjecting it to
any natural, chemical, or biological treatment that may affect its shape or formation
[19]. For instance, empty bottles of drinks are returned to stores in many countries,
especially developing countries, which in turn take them back to the manufacturing
companies to clean and ensure their protection, then fill them with their prod-

ucts and put them back on the market [19]. Thermal recovery and heat recovery
technology are used in many countries, especially Japan, for the safe disposal of
solid waste, solid and liquid hazardous waste, hospital waste, and sludge from
industrial and sanitary sewage, by burning these wastes under specific operating
conditions such as the temperature and duration of combustion, this is to control
the emissions and their compliance with environmental laws [20]. This method

is characterized by getting rid of 90% of the solid materials and converting them
into thermal energy that can be used in industrial processes or generating steam or
electric energy [21]. The recycling process involves treating the waste so that it can
be used as a raw material in the same process that it is generated or in other pro-
cesses. Recycling is considered to be one of the best alternatives for managing both
municipal and agricultural waste. The recycling of waste depends on the economic
viability of these processes and the demand for different products. Among the most
popular waste subject to recycling are paper - glass - bone - cloth - plastic - metal
waste - organic waste [22].

The manufacture of waste paper is a matter of particular environmental
importance because it contributes to reducing the depletion of forests for the use of
wood in the manufacture of pulp [23]. This is in addition to the fact that recycling
paper waste saves a large amount of water and energy needed to manufacture it
from raw materials, as recycling one ton of paper waste will save 4100 kilowatt
per hour of energy and 28 cubic meters of water, according to statistics made by
the Environmental Protection Agency in the states [24]. As for plastic recycling,
before recycling, the plastic is washed with caustic soda with hot water added [25].
After that, the dry plastic is broken and reused in making clothespins, hangers,
and plastic electrical hoses, and it is not recommended to use plastic waste in the
production of products that interact with foodstuffs. The plastic bags are re-crystal-
lized in the crystal machines. Metal scraps, which are mainly aluminum and steel;
Where it can be re-melted in iron foundries and aluminum foundries, and steel is
one of the waste that can be recycled by 100%, and for an infinite number of times,
and the process of recycling steel requires less energy than the energy required to
extract it from alloys, while aluminum recycling costs represent 20 Only 5% of its
manufacturing costs, and the aluminum recycling process requires only 5% of the
energy needed [26]. Recycling glass, glass from sand is a major energy-consuming
industry [27]. The manufacturing process needs temperatures up to 1600° C, and
recycling glass requires much less energy. Household organic waste (food residues)
represents about 50% of garbage residues, and the handling of organic waste differs
in cities than in villages, organic waste is used as food for birds and animals, which
is the best way to use organic waste. However, organic waste in cities is a problem of
serious health dimensions [28]. Therefore, care should be taken to dispose of these
materials safely or make use of them urgently to avoid their spoilage, decomposi-
tion, and the toxins and pollutants that remain behind. Therefore, the focus must be
placed on spreading awareness of the necessity to separate organic residues from the
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rest of the waste from the source, so that it can be collected and recycled to produce
fertilizer materials for agricultural lands [28].

Converting waste to energy, including municipal solid waste and waste fuels,
is a valuable source of renewable energy. Waste-to-energy plants have been suc-
cessfully operated all over the world, and the advantages of this technology and its
environmental efficiency have been confirmed and include the presence of nearly
100 waste-to-energy plants in North America, the presence of more than 500
operating stations in Europe as well as the 1600 operating stations in Asia [29]. A
waste-to-energy plant converts solid waste into electrical energy and/or heat - an
energy recovery method that is environmentally friendly and cost-effective. When
converting waste into energy - or obtaining energy from waste - the plant converts
municipal and industrial solid waste into electrical energy and/or heat for use in
industrial processing and central heating systems - energy recovery means that
take into account environmental safety and low cost [30]. The power plant oper-
ates by burning waste at high temperatures and using heat to generate steam. The
steam then powers the turbine, which in turn generates electricity. Getting energy
from waste is a way to recover valuable resources and not just a means of garbage
disposal. It is a way to recover valuable resources. Converting waste to energy is a
vital part of the sustainable waste management chain and perfectly complements
the recycling process. Today, 90% of the minerals in bottom ash can be reused [31].
The remaining combustion residues can be reused in pavement materials. Europe
is a pioneer in this field as 50 tons of waste is converted into valuable energy using
waste-to-energy technology, which provides electricity to 27 million people in
Europe, and yet 50 percent of municipal solid waste is still placed in landfills. It
leads to the release of greenhouse gases such as methane that is 21 times stronger
than carbon dioxide [31].
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Chapter2

Reflections on the Influence of
Family Demographics on Food
Waste Generation among the City
of Tshwane Households, Republic
of South Africa

Machate Machate

Abstract

This chapter presents the influence of households’ demographics on food waste
generation. A mixed method research approach consisting of meta-analysis, survey
(structured interviews), and experimental were used to collect opinions and weigh
the amount of waste generated in each household. Although not all demographic
variables were investigated, the influence of: (1) family size, (2) household monthly
income, (3) employment status, (4) educational level, and (5) age of respondents
on food waste generation were analyzed. The results of the study confirmed that age
and family size are positive factors that influence the amount of food waste gener-
ated in households of the City of Tshwane, as opposed to the level of education,
employment status, and monthly income levels. It should be noted, however, that
this study does not conclusively exclude the other factors as not having an influ-
ence in food waste generations. However, their influence in the current food waste
generation quantities was not conclusive. Further studies with larger sample size are
thus recommended.

Keywords: food waste, waste management, food losses, causes of food wastage,
household demographics waste socioeconomic profile, household

1. Introduction

The complexities of food waste generation in its entirety are a subject of social
and economic profile of the generator. Evidence from Gustavsson et al. [1], one
of the leading global authors in food waste management, shows that food waste
generation increases proportionally with the levels of development. As a result,
developed countries generate more food waste than their developing counterparts.
In this study, the influence of these development profiles at households’ level is
investigated because households are identified as the biggest food waste generators
than other institutions [1]. The European Commission [2] estimates that house-
holds are responsible for 42% of the total amount of food waste generation, while
the retail (including wholesale) contributes 5%, and food service and manufactur-
ing sectors contribute 14 and 39%, respectively.
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Thyberg et al. [3] points out that the amount of food waste generation increases
over the years. On average, the sub-Saharan Africa and South Asia generate 145 kg
of food waste per capita per year as compared to 290 kg in Europe and North
America [1]. Dhia et al. [4] found a difference of 50-170 kg of food waste generated
per person per year between developed and developing countries. In the sub-Saha-
ran African countries, FAO [5] estimated that on average a person produced 145 kg
of food waste generation per year in 2011. Using statistics on available food waste
generation rates per person per year from 14 developed and developing countries,
Figure 1 presents the profile.

Food waste generation ranges from 0.12 to 0.4 kg per person per day, with a range
of 0.28 kg as compared to 0.06-0.18 kg, with a range of 0.12 kg in developing coun-
tries. These statistics confirm the previous findings by Gustavsson et al. [1] about high
food waste generation per person per day in developed than developing countries.

Available literature also shows that development levels of countries differentiate
the stages at which more food wastes are generated, as evident from Abeliotis et al.
[20] and Graham-Rowe et al. [21]. The former studies confirmed Gustavsson et al.
[1] to the fact that developing countries generate more food waste during the early
stages of the food supply chain, as compared to developed countries. The generation
of food waste at early stages of food supply chain in developing countries proves
to be a contributing factor of the high prevalence of hunger in these countries, as
opposed to the high generation of food waste at later stages from developed coun-
tries. The former is attributed to oversupply of food and high quantity of leftover
food from these socioeconomically well-off households.

Parfitt et al. [22] attributes food wastage in developing countries to the lack of
advanced harvesting technologies, transport, storage, and harsh weather condi-
tions. It can be deduced from Parfitt et al. [22] that farmers in developing countries
loose more food at different agricultural stages ranging from harsh weather condi-
tions at the farm, during harvesting, and until during storage due to partly lack of
means of protecting their agricultural harvest, including preservation and process-
ing technologies. The socioeconomic strength of these farmers and the affordability
of the households who are the targeted market for these food products remain
central to the challenge. This vicious poverty circle entraps both the farmer and the
target end user of the food products.

Factors that differentiate households in developing countries from their
developed counterparts, which are viewed as drivers of food waste generation, are
the socioeconomic factors. For example, the affordability, levels of technological
sophistication, levels of education, etc. Hence, Gustavsson et al. [1] concluded that

Singapore 0.4
United Kingdom 037
South Korea 0.27
Australia 0.25
Taiwan 0.23
Sweden 022
Denmark 019
Romania 0.18
Malaysia 0.18
Turkey m———————— (.17
Jamaica —————————— (.15
South Africa  e——— ()15
Finland ~me———— (.12
India  —— (.06

Figure 1.

Food waste generation rate per person per year from 14 countries. Source: Compiled from Liu [6], Franke

[7, 8], Katajajuuri et al. [9], WRAP [10], Lisa [11], Taiwan EPA [12] and Danish Agriculture and Food
Council [13], Ioannis et al. [14], Zeeda and Keng [15], Yan [16], Oelofse and Nahman [17], Meghan [18], and
Manipadma [19].
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households in developed and developing countries produce more food wastes at
different stages of the food supply chain.

In addition to the influence of household socioeconomic factor in food waste
production, Munesue et al. [23] emphasizes the fact that food production involves the
use of variable input resources such as land, water, energy, etc. At a household level,
the accessibility of these resources also depends on the socioeconomic capacity of each
household. Similarly, food wastage is also attributable to multiple social, economic,
and environmental challenges facing communities, that is, hunger, poverty, land
degradation, water carbon footprint, climate change, and others. Thus food waste
generation has a significant influence on major global sustainability and climate
change-inducing pollutants such as carbon dioxide (CO,), methane (CH,), nitrous
oxide (N,0), and sulfur hexafluoride (SFe) per fluorinated compounds (PFCs) and
hydro fluorocarbons (HFCs) [24]. Hence, it became critically important for this study
to investigate and report on factors that influence household generation of food waste.

The influence of five selected demographic variables (age, family size, household
income, employment status, and educational levels) on food waste generation is pre-
sented in this study. The rationale beyond the selection of these variables is because a
precedent on their influence on waste management in general, has been established.
However, the influence of these household demographic factors on food waste has
not been established. Hence the focus of this study on this specific category of waste.

1.1 Influence of age

Jorissen et al. [25]; Secondi et al. [26] and Melbye et al. [27] independently
concurred that age influences the amount of food waste generation. According to
these authors, older people waste less food than the younger ones. Melbye et al. [27]
define old age as people at the age of 65 years or older. The reasons associated with
less food waste generation are that older people are more aware of saving and recy-
cling, because of their past and experience times of scarcity [27]. Evidence from the
above studies show that households with older people as compared to young ones
produce more food waste than those with older family members.

1.2 Influence of family size

According to Canali [28], the number of people in a household is associated with
the amount of food wasted per person. In previous studies by Jorissen et al. [25] and
Parizeau et al. [29], it was concurrently and independently concluded that bigger
size households wasted less food than their smaller counterparts on a per capita
basis. Based on the latter study, households with one person wasted more food per
capita than the ones with bigger sizes [25]. Although affordability of bigger families
and other factors could also be responsible for the food waste generation levels, they
remained untested and are outside the focal point of this study.

1.3 Influence of levels of education, employment status, and household income

Inconsistencies in the findings of different studies about the influence of household
income on food waste generation were observed. A study by Porpino et al. [30, 31]
concluded that low-income households generate more food waste. In contrast,
Hamilton et al. [32], Skourides et al. [33] and Gustavsson et al. [1] concluded that
higher-income households waste more food than lower-income ones. The argument in
support of high household income being proportional to high food waste generation is
supported by Gustavsson et al. [1] and Pearson et al. [34], who argue that in developed
countries, consumers buy more food than they need, whereas consumers in developing
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countries buy smaller amounts of food each time they shop. This practice is known to
influence the way food is prepared or cooked and, subsequently, the amount of food
discarded as waste. Quested and Johnson [35] argue that households prepare and serve
more food portions than what they are able to consume, which results in more left-
overs being generated. Rathje and Murphy [36], Pekcan et al. [37] and Evans [38, 39]
concluded that household income does not only influence food waste generation but
the generation of waste in its broad sense.

Inappropriate or lack of storage facilities for raw and cooked food in low-income
households contribute to food waste at household level [40]. The household income
levels are also interlinked with the levels of education and employment status of
household members. Hence, these factors are compounded in their exploration in
this study.

2. Materials and methods

A total of 122 females and 88 males participated in this study, representing a
total of 210 households across five suburbs in the City of Tshwane (Atteridgeville,
Lyttleton, Montana, Olievenhoutbosch and Silverlakes). Suburbs were purposefully
selected based on their differences in income levels or status. Individual households
within each suburb were selected based on convenience (accessibility of elders,
wiliness of participants to be interviewed, and the availability of a competent
respondent within a household). Structured interviews were used for all primary
data collection, except for the physical weighing of food waste generated by each
participated household, which followed experimental research design.

Meta-analysis (in-depth exploratory and explanatory analysis of authoritative
secondary data sources) was used to collect and analyses secondary data. Meta-analysis
studies primarily helped with the conceptualization and formulation of research
variables which were investigated in this study. These secondary data sources were
randomly selected through online search, using content analysis method. Subsequently,
selected a range of keywords, based on their frequency appearance from the in-depth
literature analysis were used to determine relevance of a secondary source for inclusion
in this chapter. Following Creswell [41] and Leedy and Ormrod [42], qualitative and
quantitative data (secondary and primary) data from literature sources and structured
interviews were used to determine the common household demographics that influence
food waste generation in general. Data analyses were descriptive and presented through
qualitative figures and table in accordance with Keller [43]. Semiquantitative analysis
of the factors that influence food waste generation was conducted as per Semenya and
Machete [41, 44].

3. Results and discussion

These results are based on mixed methods of meta-analysis, structured
interviews, and experimental research. The influence of five major household
demographic factors (age, family size, household income, employment status, and
educational levels) on food waste generation is presented in this study.
3.1 Influence of age on food waste generation

Figure 2 presents the relationship between age of respondents and food waste

generation. (a) Age profile of respondents, (b) Correlation of age and food waste
generated.
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Figure 2.

Influence of age on food waste generation per kilogram per day.

The respondents’ age ranged between 21 and 71 years. Majority of the respon-
dents (43%) were between the ages of 21 and 30 years, followed by 31-40 at
28% (Figure 2(a)). It is evident from these results that most households were
represented by the youth (age 35 and below). In line with earlier discussions of the
relationship between age and food waste generation rates, these results suggest that
more food waste is generated in the households with the study area. These assump-
tions were confirmed in Figure 2(b) which shows the correlational results between
age and the amount of food waste generated by households. The results confirm
appositive and strong correlation between age and amount of food waste generation
at regression coefficient of 0.7.

3.2 Influence of family size on food waste generation

There is a correlation between family size and food waste generation rates
(Figure 3).

According to the results in Figure 3(a), households who participated in this
study had between 1 and 8 2 family members at different ratios. In Figure 3(b), the
results show that there is a positive but weak correlation between family size and
the amount of food waste generation per household. The results confirm the previ-
ous findings by Canali [28], J6rissen et al. [25], and Parizeau et al. [29].

3.3 Influence of household income on food waste generation

Figure 4 presents the influence of household income on food waste generation
in the five City of Tshwane suburbs.

Three broad household income groups were categories from total household
income responses of the 210 households’ sampled (Figure 4(a)). According to the
results, 55% of the households earned more than ZAR9001 per month, while the
remaining 21 and 24% earned between ZAR1-5000 and ZAR5001-9000, respec-
tively. Adopted from Semenya and Machete [45], the affordability of households
was estimated by calculating:

“the 2018 minimum monthly threshold is determined using the World Bank’s
[46] updated global poverty line of $1.90. The following formula is used:

Y=Xx$1.90 (1)
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Figure 3.
Influence of family size on food waste generation. (a) Family sizes of households, (b) correlation of family size
and food waste generation rate.
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Figure 4.
Influence of household income on food waste genevation. (a) Monthly households income levels, (b) correlation
of household income and food waste generation.

where Y is the 2018 threshold, X is the 2001 threshold used by Schwabe [47] and
$1.90 is the international poverty line set by the World Bank [46] based on purchas-
ing power parity. According to the World Bank [46], the global poverty line is the
acceptable minimum amount a person can live on per day in any country consider-
ing exchange rates.”

Consequently, Semenya and Machete [45] record that the affordability of these
households is as per Table 1.

Ultimately, in Figure 4 (b), this study presents a strong, but negative correlation
between household income and the amount of food waste generated by the house-
holds in the five selected suburbs in the City of Tshwane. These results imply that the
higher the household’s monthly income, the lesser the amount of food wastes gener-
ated. Significant number of possibilities can be attributed to these findings, that is, the
educational levels, employment status, ages, and other demographic factors of indi-
vidual household members. The findings of this study are contrary to most previous
studies. However, these results are consistent with the findings of Koivupuro et al.,
(2012) who found no correlation between households’ income levels and the amount
of food wasted. Similarly, looking at the family sizes and income levels, this study can
reveal that more than 50% of the sampled households lived below poverty line.
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Family size R (2001) R (2013) R (2018/9)

1 R 587 (587) R 1174 (1174) R 1115 (1115)
2 R 773 (387) R 1546 (773) R 1469 (735)
3 R 1028 (343) R 2056 (685) R 1953 (651)
4 R 1290 (323) R 2589 (645) R 2451 (613)
5 R 1541 (308) R 3082 (616) R 2928 (586)
6 R 1806 (301) R 3612 (602) R 3431 (572)
7 R 2054 (293) R 4108 (587) R 3903 (557)
8+ R 2503 (313) R 5006 (626) R 4756 (595)

Source: Adopted from Semenya and Machete [45].

Table 1.
South African minimum monthly affordability standards in 2018/9.

3.4 Influence of household employment profile on food waste generation

Figure 5 presents the relationships between employment status of households
and food waste generation.

The study found that 72% of respondents were employed, 13% self-employed,
and others 15%represents housewives (house executives), retired, students and
other. Consequently, Figure 5(b) shows a weak and negative correlation between
households’ employment status of household members and food waste genera-
tion. Interestingly, the results suggest that employed people generate less food
waste followed by self-employed. From these results, it can be noticed that house
executives (housewives), students, and other categories were the ones generating
higher quantities of food waste than those who were employed and self-employed.
A number of scenarios may be responsible for the above, namely: (1) the main
food waste generators may be the people who prepare food in the households, (2)
the main waste generators may be those who spend most of their time within the
household than those who leave home in the morning and only come back late after
work, and (3) the main waste generators may be those who are not responsible for
making food available in the households.

6.8
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6.7
employed

66
65 .
R? =(.5333
6.4 ® Empteyed
6.3 h

6.2

House

6.1 .
Executives

= Employed = Self-employed Retired 5.9 & Swdents  # Other

= House wife = Student Other 5.8
s} 1 2 3 4 5 6

{a) {b)

Figures.
Influence of employment status on food waste generation. (a) Households’ employment profiles, (b) correlation
of household employment status and food waste generation rate.
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Figure 6.
Influence of household educational levels on food waste generation. (a) Educational levels of despondence,
(b) correlation of households’ educational levels on food waste generation.

3.5 Influence of household educational level on food waste generation

The last demographic variable investigated in this study was the influence of
educational level of respondents (households) on food waste generation (Figure 6).

These results show only 21 and 20% of the population achieved primary (grades
1-7) and secondary (grades 9-12) as their highest level of education. The remaining
59% of the population achieved vocational training and university undergraduate
and postgraduate levels. No correlation was proven between educational levels
of respondents and the amount of food waste generated. More than 90% of the
respondents had some form of education (e.g., matric, diploma, and degree), while
only 1% was unschooled (no form of education and no certificates).

4, Conclusion

This chapter presented the influence of households’ demographics on the amount
of food waste generated by five suburbs in the City of Tshwane. In-depth analysis
(meta-analysis) of secondary data sources, structured interviews, and experiments
were the mixed methods used for data collection and analysis. Through meta-anal-
ysis, five major household variables (potential factors) were identified and inves-
tigated, namely, (1) family size, (2) monthly household income, (3) employment
status, (4) educational level, and (5) age. The results confirmed that age and family
size are positive factors that influence the amount of food waste generated in house-
holds in contrast to households’ levels of education, employment status, and monthly
income levels. However, this study does not conclusively exclude levels of education,
employment status, and monthly income levels as non-potential factors that may
influence food waste generation. Instead, these factors may not be primary drivers
of food waste generation. They may be secondary factors, meaning they are trig-
gers of other factors that influence food waste generation. For example, educational
levels may influence household income and household head’s decision about family
size. Similarly, the employment status of individual household members influences
the household monthly income, which ultimately has proven to directly influence
food waste generation. Given the sample size of the current study and mixed results
thereof, it is recommended that further studies with bigger sample size and multi-
variable households be investigated to validate the outcomes of the current study.
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Chapter 3

Sustainable Pathway for Closing
Solid Waste Data Gaps:
Implications for Modernization
Strategies and Resilient Cities in
Developing Countries

Kwaku Oduro-Appiah and Abraham Afful

Abstract

This chapter addresses three peculiar challenges in the solid waste management
system of developing countries, namely: the chronic lack of reliable data for plan-
ning purposes, the absence of participatory engagement strategies in data gathering
for wider ownership and usage, and the lack of monitoring of the climate change
burden of existing waste disposal practices. A team of researchers has collaborated
with system managers and a responsible philanthropic organization to engage key
stakeholders to address these gaps in a sustainable manner. The strategy deployed
has been to work in a participatory and evidenced-based frame to solicit support,
enhance capacities, empower each other to understand the problems and find for
ourselves the practical routes by which solid waste data gaps can be closed in the
greater Accra region of Ghana. Stakeholders have participated in a comprehensive
waste audit and landfill emission monitoring exercise to develop a baseline, and
have used local resources and ideas to recommend steps to sustain reliable data
flows and the development of a climate action plan for purposes of modernization.
The methodological processes and research outcomes suggest that structural collab-
oration between researchers and system stakeholders is necessary to break the
vicious circle of chronic data gaps and substitute virtuous circles of reliable data for
planning purposes.

Keywords: reliable data, participatory processes, municipal solid waste, waste
composition, calorific value, greenhouse gases, Ghana, developing countries

1. Introduction

Reliable solid waste (SW) data and information are essential to sustainable waste
management systems [1]. It supports decision-makers and professional solid waste
management (SWM) staff to build their knowledge-base to effectively plan and
develop strategies for modernization [2, 3]. Its usefulness has been recognized in
the developed and industrialized worlds, making it a prerequisite and a routine to
almost all planning processes [4]. Of the many data sets required in SWM, baseline
data on generation rates, composition analysis, and other chemical and mechanical
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properties are considered vital to the planning of collection and transportation
systems, to the choice of treatment and disposal technologies, and the design of
municipal solid waste (MSW) recycling and valorization pathways [5, 6].

But despite their significance and usefulness, there exist a chronic lack (or
absence) of waste characteristics data in most lower-middle income cities of devel-
oping countries, depriving managing authorities the basis to assess their systems
and further develop interventions and action plans for modernization [7].

Where some form of MSW data exist, their reliability is affected by many factors
such as the collection methodology, the baseline from which they were extrapolated,
the number of years since they were collected, and the purpose and circumstances to
which they were collected. More often than not, the limited available MSW data has
been the product of external consultants (working under time pressure for donors)
who have extrapolated from non-validated global or regional data sets. Such data sets
are mostly gathered in relation to planning a facility, and are likely to be
overestimated to capture the maximum amount of donor funding for the project.
Despite the fact that such data are not always readily accessible within the SWM
system, stakeholders rarely embrace its usage.

Conventional top-down ways of creating baseline information have also not
helped to address this issue, in part because they are most often derived from a
paradigm for engineering-based SWM, in which assuring that most waste reaches
engineered disposal is most often the main goal of waste system upgrading in many
a developing country city. For planning for disposal, generally the gross capacity of
the sink (landfill) is important, and so the tendency in most solid waste (SW) plans
is to take any available data and update it to make sure that the facility that is built
has more than sufficient capacity [3].

Such a strategy has not always been successful even in its own right, and when it
comes to planning integrated and sustainable waste management (ISWM), it pro-
vides too little basis for assessing the performance of the system, to allow for the
participatory formulation of interventions to fix what is failing, and strengthen
what is working.

Whilst disposal on land is the most inevitable MSW treatment option after
collection in most developing countries, its burden to climate change is seldom
assessed, preventing system handlers the opportunity of developing climate change
mitigation policies, such as the separation of waste at source and the diversion of
recyclables from disposal [8].

The contribution of this chapter is to address these data challenges by engaging
academic researchers, solid waste managers, the informal waste sector, and other
relevant stakeholders in a participatory process to comprehensively quantify and
characterize the solid waste of households, institutions and markets in the greater
Accra region of Ghana, and monitor the Greenhouse gas (GHG) emissions from
existing SW disposal landfills. Being the first of its kind, the objective has been to
strengthen local capacities in data collection and promote participatory research-
based decision-making towards SWM system modernization in Ghana. Ideally the
result of participatory engagement will work to create knowledge, awareness,
transparency, self- and collective-correction, and ownership of results in addition to
empowering stakeholders to use same to develop locally responsive interventions
and action plans for system improvement.

2. Overview of the solid waste data challenge in developing countries

The publications “What a Waste 2.0, Africa Waste Management Outlook
(AWMO) and Solid Waste Management in the World’s Cities,” encapsulate the MSW
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data challenge of Sub-Saharan African countries and the developing world [7, 9, 10].
The challenge is exacerbated by the absence of a common framework for comprehen-
sive data capture in especially Sub-Saharan Africa. The AWMO identifies the gravity
of this data challenge and articulates it in the statement: One of the limitations of the
AWMO is the lack of reliable, comprehensive and up-to-date data for Africa, which is
a constraint to effective waste management on the continent. This lack of comprehen-
sive data is further compounded by the different approaches to data collection [7].

This concern is followed by a question to which this chapter seeks to associate
with and attempts to find a solution to, namely: “If this issue (lack of data) has been
recognized for the past two decades, why have adequate measures not been put in
place to ensure the generation and reporting of reliable, comprehensive waste data
for Africa?”

Experience from the community of practice and the scholarly literature shows
that the generation of reliable data is dependent on a mixture of factors, namely:

* stakeholders realization that reliable data is vital to the planning and
development of a well-functioning and sustainable municipal solid waste
management (MSWM) system

* availability of the human resource capacity required to generate the data

* commitment of system managers and decision-makers to source the necessary
funds for generation of the data

But almost by design, most waste management departments in developing
countries are constrained with the required human resource capacity and technical
knowledge to support the collection of reliable data [11]. Whilst there may be a
growing awareness of the importance of reliable data to planning and system sus-
tainability, the competing need and high cost of waste collection and disposal pre-
vents system handlers from allocating already limited funds for capacity building
and data collection [12]. Failure in MSWM governance, characterized by the lack of
monitoring stakeholder performance and the continuous refusal to recognize the
contribution of informal sector actors, especially in most Sub-Saharan African cities
further denies the system of any operational-related MSW data.

The reality on the ground has been the use of consultants working on donor
financed projects to collect data, which most often are undertaken without the
participation of the local system handlers. Where they are involved in the process,
their roles are limited to objects of investigation and validation of information,
affecting ownership and eventual usage of such data for planning purposes.

If developing countries would be able to formulate sustainable MSWM plans to
modernize their systems, a new approach that create the enabling environment to
allow local authorities and system handlers to participate in the planning, collection,
analysis and validation of all waste-related data needs to be adopted [13]. The new
normal will have to equip those in charge with the necessary know-how and hands
on practices to support them generate, replicate and update their own data, and use
same for system assessment, intervention development, implementation and the
formulation of action plans for system modernization [14].

Interestingly, all the three publications that comprehensively discuss the data
challenge in developing country cities embrace participatory engagement strategies
as vital to the closing of such data gaps. Participatory action research processes
offer researchers and stakeholders the opportunity to build alliances with the
commitment and desire to understand, investigate and design solutions to the very
problems that affect their systems [13, 15].
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Figure 1.

The greater Accra metropolitan avea showing the 25 municipalities, MSWM facilities and the sampled area for
analysis. Source: The authors, 2020, Accra, Ghana.

3. The Greater Accra Metropolitan Area

The Greater Accra Metropolitan Area (“the GAMA”) comprises 25 municipali-
ties along the South-Eastern Coast of Ghana and covers an area of 1453.53 km*
(Figure 1). The region harbors the capital city, Accra, and the industrial hub, Tema,
of the country. The estimated population is 4.63 million with a daily MSW genera-
tion rate of 3293 tons [3]. Formal private companies have the concession to collect
waste, but poor performance have resulted in the growth of an informal waste
collection sector who are significantly filling gaps especially in low-income areas of
the region [16]. More than 90% of collected MSW ends up on a system of controlled
and uncontrolled landfills, with the informal waste pickers and recyclers contribut-
ing to 84% of the reported 8.4% recycling rate [3]. The level of user and provider
inclusivity in decision-making, the financial sustainability of the MSWM system,
the cohesiveness of the institutions managing the system, and the proactiveness of
the legislative and regulatory framework has been reported to be inadequate [17].
Although initially planned for the capital city, Accra, the working group to the
research in this chapter selected the GAMA to increase the scope of the assignment
and make the outcome more representative of the region.

4, Materials and methods

The research to this chapter has made use of a team of researchers, municipal
officials (planners, public health engineers), the informal waste sector (both ser-
vice- and value-chain actors) and policy institutions to use participatory research
action processes to plan and generate comprehensive MSW characterization and
landfill emission data for the GAMA. The goal has been to engage public-sector
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stakeholders as team members to seek their support and build their capacities as
part of efforts towards the closing of reliable MSW data gaps within the
municipalities. The main activities include the:

* training of stakeholders in MSW data collection processes and GHG monitoring

* determination of the physical (generation rate, composition analysis and bulk
density) and selected chemical properties (moisture content, calorific value
nutrient analysis and ash content) of the MSW of the region

* monitoring of the GHG (Carbon IV Oxide, Methane and volatile Organic
Compounds) directly, and through estimations from the city’s final disposal
sites to help measure the contribution of the existing MSWM practices to
climate change

4.1 Stakeholder mobilization, training and preliminary planning processes

The planning processes to the collection of data began with the mobilization of
eight relevant stakeholders to support the characterization exercise (Table 1). The
objective was to stimulate the potential for wider contribution, ownership, accep-
tance and eventual usage of the data and the outcomes of the processes. A second
objective was to equip the staff within the municipalities with the technical and
non-technical know-how to enable them replicate the processes and use same for
further planning of their MSWM system [14]. The authors, themselves stake-
holder’s and researchers worked with managers from the Waste Management
Department (WMD) of the Accra Metropolitan Assembly (AMA) as a focal plan-
ning and coordinating team. The following activities were agreed upon for imple-
mentation as part of the initial meetings between the stakeholders, namely the:

* development of a training manual on MSW characterization and landfill gas
monitoring for use in the training of municipal staff

* selection of the municipalities and determination of the scope of analysis

* consultation of private MSW service companies for support on venue and
personnel for the solid waste analysis

* scope of the quantification and characterization analysis
* development of the various forms for data capture
* identification of laboratories for chemical analysis of MSW samples

* agreement to outsource the GHG monitoring to a willing and capable
consultant

* consideration of the available budget, its sufficiency and the development of a
plan to solicit further support from local stakeholders where necessary

4.2 Sample size, scope, distribution of receptacles and collection of
demographic data

The MSW for the exercise was collected randomly from households within 10
(out of 25) municipalities, traders within the three largest markets in the GAMA,
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No. Stakeholder (no. of representatives)

Role

1 Accra Metropolitan Assembly (13)

Coordination, support, field work and data
collection

2 Ga North Municipality (3)

Mapping, field work participation and
observation

3 Ablekuma North Municipality (2)

Field work participation, observation &
distribution of receptacles

4 Okaikwei North Municipality (2)
5 Ayawaso West Municipality (2)

6  Ayawaso East Municipality (2)

7 Ayawaso Central Municipality (2)
8 Ashiedu Keteke Municipality (1)
9 Ablekuma West (1)

Field work participation and observation

10  Ministry of Sanitation and Water Resources (3)

11  Environmental Protection Agency (1)

Field work observation

12 Regional Coordinating Council (2)

Field work observation and sampling for
laboratory analysis

13 Jekora Ventures Limited 14)

14  Informal MSW collectors (10)

15  Informal MSW pickers (5)

16  Nation Builders Corps (NABCO) (10)

17  National Service Persons (4)

18  Foreign Intern, Netherlands (1)

19  University of Cape Coast (3)

Coordination, support, field work and data
collection

20 Nemas Consult Limited (2)"

Landfill Gas Monitoring

21  Kwame Nkrumah University of Science and
Technology 3)”

Laboratory Analysis, Wet and Dry Season

22 University of Ghana (2) "

Laboratory Analysis, Wet Season

23 C40 Cities

Funding

"A private waste management company that provided venue and personnel.
These stakeholders did not partake in the day to day activities. We sought their services for landfill gas monitoring
and laboratory analysis.

Table 1.
Stakeholders and their roles within the MSW characterization exercise in the GAMA.

and workers within 15 institutions (Figure 2). Twenty households were randomly
selected in each of the 10 municipalities (grouped into three income divides) for the
analysis (Figure 2). A total of 3150 samples of different weights and sizes (2000
samples from households, 700 from markets and 450 from institutions) were ana-
lyzed for 10 days during the wet season (August 2019). The process was repeated
for the dry season (December 2019). The minimum computed household sample
size of approximately 400 [18] was increased almost fivefold to 2000 to allow for a
large margin of representation. This decision was taken with the knowledge of
having stakeholder’s support and the financial resilience to contain the increase.

A 45 member team of service persons, Nation Builders Corps (NABCO) repre-
sentatives, informal solid waste collectors, municipal officers and the coordinating
team sought the consent of the various households, institutions and markets and
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SAMPLING SITE FOR MSW CHARACTERISATION IN THE GAMA DISTRICTS
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Figure 2.
The 10 municipalities, 3 main markets and the 15 institutions sampled for the MSW characterization exercise
within the GAMA of Ghana. Source: The authors, 2020, Accra, Ghana.

—

Figure 3.
The receptacles used for the collection of MSW from households, markets and institutions vespectively. Source:
The authors, 2020, Accra, Ghana. Legend: AMA: Accra metropolitan assembly.

distributed labeled and AMA embossed polyethylene bags of volumes 30 ml, 240 ml
and sacks (150 ml) respectively for the daily storage of their waste. The printing of
the AMA’s logo on the receptacles (Figure 3) was to promote trust and also to add
value and a high level of importance to the exercise.

The demographic data (name, house number, household size etc.) of the various
participants were taken in the process of distribution of the receptacles and each
participant was introduced to the informal solid waste collector tasked to collect the
stored MSW every morning from the participants. Each participant was expected to
use one receptacle per day but records were taken each day to justify the provision of
more receptacles to participants/institutions/traders who needed more than one a day.
A total of 6316 (30 ml) polyethylene bags, 3000 sacks and 400 (240 ml) polyethylene
receptacles were distributed for sample collection during the wet and dry seasons.

Participants were provided with telephone numbers and were encouraged to ask
questions about the process when the need arose. They were advised to opt out of
the process if they felt to do so.

A period of four days was left between the end of distribution of the receptacles
and the collection of the first set of samples for analysis in both seasons. In between
the four days:
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* the site for analysis was prepared

* tarpaulin on which the sorting of MSW was to be undertaken was procured
and laid

* canopies, tables and chairs to provide shade and convenience to the workers
were installed

* manual and digital scales for weights measurement were installed and calibrated
* plastic containers of different volumes were labeled and weighed
* special sampling bags for the laboratory aspect of the analysis were procured

The same period served the purpose for rehearsals to the characterization team on
the expected daily routines including the distribution of procured coveralls and other
personal protective equipment (PPEs). The demographic data collected from the
households were also analyzed and verified through telephone calls to the households
during the period. Selected representatives were tasked within the last two days before
collection of samples to remind all participants of the date of collection of samples.

4.3 Collection of MSW from participants for analysis

Tricycle operators from the informal waste sector collected the MSW from the
various households, markets and institutions across the 10 municipalities. Collected
samples were sent each day to the site for the various characterization analysis.
Samples of MSW received on the field were taken on the 6th, 7th, 9th and 10th days
in both seasons to the laboratory for various nutrient and heat value analysis.

4.3.1 Determination of generation rate

Samples received were weighed on an OHAUS Defender 3000 Digital Bench Scale
(model D31P150BX) of maximum capacity 150 kg and readability of 0.02 kg and
recorded against the identities of the various households, market participants and
institutions. The various quantities were divided by the corresponding household
sizes and the weighted average daily quantities per capita per day was computed.

4.3.2 Determination of MSW composition

A total of 35 participants, informal waste pickers and collectors were divided
into four teams for the segregation of the weighed MSW samples into various
fractions. Segregated fractions were placed into labeled containers, weighed and
recorded. The coordination team supervised and also recorded all daily measure-
ments/weights, initially on paper and later onto the field laptop. Each day’s mea-
surements were recorded unto the laptop to prevent backlog of entries and also to
identify and address any possible challenges in the daily data recording process.
Recorded data was later analyzed using Microsoft Excel. All samples for the com-
position analysis were based on the recommendation of ASTM D5231-92 [19].

4.3.3 Determination of bulk density

The bulk densities of both comingled and biodegradable MSW within the sam-
ples from the various economic divides were determined by filling a plastic bucket
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container of known volume with waste and then weighing the loaded container.
The bulk density was then computed by dividing the net weight of waste by the
volume and expressing the unit in kg/m>. Three bulk density measurements were
carried out each and every other day on samples from each municipality to allow for
the computation of means.

4.3.4 Determination of moisture content

The moisture content was determined by bulk drying the laboratory samples in
an oven at 105°C + 5°C for a 24-hour period until a constant weight was achieved.
The ratio of the weight loss of the sample to the initial weight of the sample was
computed and multiplied by 100% as depicted in Eq. (1).

_Mw_Md

M
M,

x 100% 1)

where M = Moisture Content, M, = Weight of wet sample received and My = Net
weight of waste sample after oven drying.

4.3.5 Determination of calorific value

The gross calorific value was determined using the PARR 6400 Bomb Calorimeter.
A known weight (0.5 g) of the representative samples (prepared after pulverizing the
combustible portions of the dried sample) was picked and combusted in the bomb
calorimeter. The equipment provides the user the opportunity to input the weight to
be combusted. The equipment calculates the calorific value by an internal program and
displays the dry-based higher calorific value (HCV). A reference material (Benzoic
Acid) whose calorific value is known was used to ascertain the proper functioning of
the bomb calorimeter before the samples were analyzed. The calorific value of the
benzoic acid was within the recommended range (26.454 MJ/Kg + 0.50 MJ/Kg). The
lower heating value (LHV) was then computed from the HCV.

4.3.6 Nutrient analysis

The following methods were used in the determination of the various nutrients
within the samples

» Walkley-Black wet oxidation method for the determination of Carbon (C)

Kjeldahl method for Nitrogen (N)

* Titrimetric method for Hydrogen (H)

* Spectrophotometric method for Sulfur (S)

* Flame Photometery for Potassium

Phosphorus was determined using methods recommended by Motsara and Roy [20].
4.3.7 Determination of ash content

5 g+ 0.1 g of dried waste was accurately weighed with a precision of 0.0001 g
and placed into a crucible that had been dried to a constant weight at 815 &+ 5°C.
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The crucible and its content was then placed into a muffle furnace. The furnace was
heated slowly to 300°C within 30 mins. Heating was continued until 815 + 5°C.
The crucible was scorched for 3 hours at this temperature. The scorching was stopped
and the crucible taken out of the furnace after the temperature had dropped to
about 300°C. The crucible was then placed on asbestos wire gauze, covered and
cooled for 5 minutes in a drier and weighed at room temperature after cooling.

The crucible was scorched again for 20 mins and weighed at room temperature after
cooling until the difference in value of the two measurements was less than

0.0005 g. The Ash content was computed using Eq. (2).

Weight of Ash

A - SN T AT
sh Content Mass of Sample

x 100% (2)

5. Results and discussion of the MSW characterization exercise
5.1 Generation rate

The analysis in the GAMA points to an average MSW generation rate of 0.70 kg
per capita per day and 0.83 kg capita per day for households and institutions
respectively. Markets recorded an average of 1.32 kg per shop per day. The result for
households is closer to the averages (0.72 kg) and (0.71 kg) respectively in earlier
solid waste characterization studies for metropolitan cities of Ghana [17, 21], but
above the average 0.54 kg estimate for developing countries [9]. Whilst average per
capita generation rates within low-income areas is 0.51 kg, that of their high-income
counterparts is 0.91 kg; confirming already known trends in which the affluent in
society is reported to generate more MSW than their urban poor counterparts [5].

The waste generation trend within each income divide is provided in (Figure 4).
There are reasonable deviations about the MSW generation means in low- and
middle-income areas but not in high-income areas. The significantly high genera-
tion rates for the first and sixth days in high-income areas are possible contributory

Waste Generation Rate Trend

1.20
=
g 1.00
= .
=
3
<
2 0.80
=
=
g
g 0.60 i~ N . .
g - - - --._‘ A ——
5 R Gl S Seeeer
] 0.40 L ]
w
5
= = 4= = Low Income
=3 0.20 :
3 ~——@— Medium Income
i
& —#—— High Income
0.00

WED. THU FRI SAT SUN MON TUE WED THU FRI
Days of the Week

Figure 4.
Household MSW generation trends within three income divides in the GAMA.
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factors. Whilst the generation rate per capita per day for the first-day is considered
an outlier (likely due to the suspicion that the first day MSW received for analysis
might not be a true reflection of the previous day’s waste). The relatively high
generation rate per capita on the sixth day (Monday) is likely a result of real
generation rates from the weekend. Most middle- and high-income dwellers gener-
ate more waste during the weekends than the other days since they might mostly be
at work; away from home during the weekdays.

There is a negative correlation between generation rate and household size
(Figure 5) which is also indicative of earlier research findings in which smaller
household sizes, mostly in single family dwellings within sparsely dense and afflu-
ent areas generate more MSW per capita per day than their poor urban counterparts
in multifamily dwellings (locally known as compound houses) within densely
populated areas [5].

5.2 Composition analysis

The three most significant components within households MSW are organics,

a combination of food waste and garden waste (53.84%), plastics (16.05%) and
inorganics (12.89%). Inorganics referred to here are virtually silts and ash swept
from dirt floors and fetched from coal pots respectively in low income areas of the
region [17]. The seasonal variation in composition is shown in (Figure 6). The high
organic component is indicative of similar reports in developing countries that
points to a large percentage of biodegradables in the household MSW [7].

System managers and other stakeholders will need to look for a locally respon-
sive intervention to not only reduce the biodegradable content of the MSW of the
municipalities, but also to find sustainable handling and treatment options to
reduce its climate change burden on the environment. There is however significant
variation in the MSW composition of institutions. Whilst there is relatively higher
percentage of plastics within the MSW of government agencies, hospitals and
schools, the MSW of restaurants/eateries, hotels and banks are rather dominated by
organic wastes. Expectedly, schools generate the highest of paper waste followed by
government institutions and banks. The MSW from markets is highly composed of
organics (56.27%) followed by plastics (13.59%), textiles (13.17%) and paper
(8.75%).

Correlation between Household Size and Waste Generation Rate

5.0
45 ® ® Waste Generation
4.0

35 s
3.0 L] ¥ = 1.4619x7°57
95 . R2 = 0.1629

2.0

® ®
15 | ¢
1.0 4.
05 Sy T

0.0

‘Waste Generation Rate (kg/cap/day)
.0 @ o

Household Size

Figure 5.
MSW generation rates as a function of household size within the GAMA.
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Seasonal Comparison of MSW Components
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Seasonal comparison of household MSW composition within the GAMA.

5.3 Bulk density and moisture content

The bulk density of MSW plays a major role in the determination of the lifespan
of landfills, an inevitable disposal option for most developing countries. The aver-
age bulk densities for food waste (517. 73 kg/m’) and mixed waste (331.39 kg/m°)
are typical of the MSW of developing countries. These relatively high densities are
mostly due to the high moisture content of the MSW, which more often than not is
open to precipitation before collection [10]. The average moisture content is 50%,
which is highly unlikely to support the adoption of waste to energy (e.g. incinera-
tion) as a treatment option within the municipalities.

5.4 Calorific value of the MSW of the GAMA

The calorific value of the MSW was determined by two approaches: through
model prediction based on the composition and water content of the MSW [22] and
also by the bomb calorimetric method. The model prediction provides information
on the net calorific value is also known as the lower calorific value (LCV); while the
bomb calorimetric method provides the gross calorific value (higher calorific value,
HCV), which is then converted to LCV for informed decision-making. The LCV is a
technical criterion for the incineration of solid wastes. The LCV must on average be
at least 7 MJ/kg and must not fall below 6 MJ/kg in any season if a particular waste
stream is to be considered for incineration [22].

The estimated LCV of the MSW of the GAMA, based on the waste composition
computation and water content of Eq. (3) is 6.74 MJ/kg (Table 2). The estimated
LCV for the wet and dry season analysis are 6.47 MJ/kg and 7.01 MJ/Kg
respectively.

LCV =40 (A+B+C+D)+90E — 46W (3)

Where A, B, C, D, E and W represents the wet weight composition (%) of the
MSW of the GAMA as shown in (Table 2).

The results of the Bomb calorimetric method (Table 3) has been converted to
the net calorific value using Eq. (4) [23, 24].
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Variable Parameters Wet season Dry season Ave. GAMA
A Paper 3.74 3.65 3.70

B Textile 3.21 3.26 3.24

C Wood and Leaves 16.44 15.42 15.93

D Food waste 36.11 41.07 38.59

E Plastic and Rubber 16.29 16.01 16.15

w Water 49.97 50.03 50.00
LCV (kcal/kg) 4.18E-03 1547.48 1675.52 1611.90
LCV (MJ/kg) 6.47 7.01 6.74

Table 2.

Estimated lower calorific value based on the wet MSW composition values of the GAMA.

Community Mean  Water Hydrogen Wetbase  Mean calorific
HCV, (%) (%) HCV, value LCV,
(MJ/Kg) (KJ/Kg) (MJ/Kg)
Wet Jamestown 19.15 48.20 8.74 9919.70 7.75 7.71
Season " Odorkor 2058 4190 735  11,956.98 10.00
Tesano 21.25 51.70 6.90 10,263.75 8.27
New Achimota 20.90 50.00 8.70 10,450.00 8.27
Roman Ridge 17.96 60.00 8.18 7184.00 5.00
Nima/Mamobi 17.64 48.50 8.29 9084.60 6.96
Dry New Achimota 16.25 45.70 8.80 8823.75 6.66 6.71
Season o dorkor 19.08 5280  9.80 9005.76 6.70
North Ridge 16.61 56.80 8.68 7175.52 4.97
Tesano 19.04 45.20 6.96 10,433.92 8.49
Average calorific value (MJ/Kg) 7.31
Table 3.

Bomb calovimetry heating values for the MSW of the GAMA.

HCV %1000 * (100 — M)
100

(100 — M)
100

LCV = —24(M+9«H=x (4)

Where LCV, HCV, H and M represents net calorific value, gross calorific value,
hydrogen (%) and moisture content (%) respectively of the MSW of the city.

The average net calorific value (LCV) of the city’s MSW is 7.31 MJ/Kg. The LCV
for the wet and dry season analysis are 7.71 MJ/kg and 6.71 MJ/Kg respectively
(Table 3). The results from both methods present LCVs which are close to 7 MJ/Kg,
required in literature for probable consideration of incineration as a treatment
choice for the MSW towards the recovery of energy.

5.5 Ultimate analysis of the MSW of the GAMA
The ultimate analysis of MSW involves the breakdown of the MSW into its

elemental components. It plays an important role in the determination of the energy
recovery potential of the waste as well as its application to support agricultural

37



Strategies of Sustainable Solid Waste Management

SN Community %C %H %S %N %P %K %Ash C:PP CN

1 Wet Season New Achimota 249 87 07 14 04 0.7 18.1 58.9 18.1

2 Roman Ridge 26 82 07 13 02 21 25.0 1201 17.4
3 Nima/Mamobi 189 83 06 11 02 15 28.0 1121 17.0
4 Odorkor 270 74 05 12 02 1.0 17.6 1211 224
5 Jamestown 291 87 06 12 02 07 88 169.6 24.6
6 Tesano 266 69 06 18 02 25 20.8 1549 14.6
7  DrySeason  New Achimota 279 88 07 14 02 1.0 196 1441 207
8 Odorkor 275 98 06 14 01 13 212 1942 204
9 Kaneshie Market1 289 10.1 0.7 17 02 13 157 1657 17.4
10 Kaneshie Market2 283 74 04 14 02 0.6 7.6 1459 21.0
11 North Ridge 281 87 04 22 07 13 152 427 128
12 Tesano 321 70 06 15 02 21 127 1622 215
Table 4.

Ultimate nutrient analysis of the MSW of the GAMA.

needs. Composting is increasingly being considered as a favorable SWM strategy in
most developing countries where larger portions of the waste are biodegradable.
The Carbon to Nitrogen (C: N) and Carbon to Phosphorus (C: P) ratios are essential
parameters for the sustainable valorization of MSW. Carbon to Nitrogen ratios of
25:1 and 30:1 of raw MSW is recommended by literature [6] for achieving maxi-
mum efficiency in composting and anaerobic digestion processes. Carbon to Phos-
phorus (C: P) ratio, on the other hand, has received little attention in literature even
though it can be a limiting factor. A C: P ratio of 120:1 to 240:1 is necessary when the
C: N ratio is 30:1.

The C: N ratio of the MSW of the GAMA ranges from 12.8:1 (North Ridge) to
24.6:1 (Jamestown) as shown in Table 4. The low C: N ratio means that material
with high Carbon content such as wood and saw dust must be added to the waste to
support composting and anaerobic digestion treatment technologies as part of the
city’s MSWM strategy. With the exception of the results from New Achimota and
Nima/Mamobi in the wet season and North Ridge in the dry season (Table 4), the
C:P ratio for the city’s waste falls within the recommended range in literature.

6. Greenhouse gas monitoring and estimations within the GAMA

This section presents the methods and results of the GHG emissions from the
waste sector (specifically, the MSW disposal practices) within the GAMA. Two
methods were used: field measurement using the Aeroqual series 500 (A-S500)
portable gas sensor method and indirect estimation using the auto-populated
Microsoft Excel tool of the City Inventory Reporting Information System (CIRIS).

6.1 Field monitoring of the greenhouse gases

The concentration levels of the gases Methane (CH,4), Carbon IV Oxide (CO,)
and volatile organic compounds (VOCs) were monitored directly for four continu-
ous days each during the wet and dry seasons, using an A-S500 potable gas meter
instrument. The A-S500 portable gas sensor meter is a highly-rated device that
enables accurate real time monitoring of common indoor and outdoor air pollutants
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Figure 7.
The A-S500 portable gas instrument with sensors being mounted on the Nsumia landfill and a control site for
GHG measurements.

and gas emissions, all in an ultra-portable air quality monitor [25]. The Instrument
(Figure 7) consists of a monitor base and a gas sensor head of the respective gas under
investigation. A particular gas was measured, when the sensor head of the gas was
connected to the monitor base. The Nsumia landfill and one control site located about
500 meters away from the landfill was selected to monitor the various gases. The
Global Positioning System (GPS) locations were, 5° 46’ 59.1” N, 0° 21’ 14.1"W for the
landfill site and 5° 46’ 53.5”N, 0° 21’ 03.1”W for the control site.

The instrument once fitted with a particular sensor head is also activated to
measure ambient temperature (T) and relative humidity (RH) by inserting the TRH
sensor into the PS/2 connector at the base of the monitor. Connection of the
required sensor head to the monitor was done prior to the turning on of the
equipment before measurement. The monitor was switched on and allowed to
warm up for 3 minutes to “burn off” any contaminants trapped in the sensor prior
to monitoring. The gas concentrations logged by the instrument were automatically
saved in high capacity internal flash memory built within the instrument. The
results of the measurement were then transferred to a laptop for analysis and
reports were created using the A-S500 V6.5 Software.

The following sensor heads were used for the determination of the various gases

* Gas Sensitive Semiconductor (GSS) for CH, gas
* Non-Dispersive Infrared (NDIR) for CO, gas
¢ Photoionization Detector for VOCs

For the sake of brevity, the time series of the measured CH4 and CO, gases, for
both the wet and the dry seasons are displayed in (Figure 8).

6.2 Greenhouse gas computation using the city inventory reporting
information system

Methane (CH,4) and biogenic Carbon IV Oxide (COy(,)) are the two GHGs
considered in this section since they predominate the GHG from solid waste
degradation and decomposition. The landfill data used in the estimation of GHGs
was sourced from a recent research output in Ghana [26].

6.2.1 Method of estimation

The Methane Commitment Method within the CIRIS Excel tool was used to
calculate the GHGs originating from solid waste disposed of in the GAMA.
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Figure 8.

Time series of hourly averaged CH, and CO, from measurements made by the Aeroqual CH, and CO, gas
monitors during the wet and dry seasons.

The CIRIS make use of landfill disposal data of the year of inventory, the city’s
background information, the city’s global warming assessment report, the city’s
waste composition data, and the city’s landfill depth and management criteria as
inputs for GHG estimation.

The GHG emissions computations are based on the total emissions from the two
main repositories for the MSW of the GAMA (Figure 1). Both landfills are considered
unmanaged and have depths more than 5 metres. The consideration of the landfills as
unmanaged stems from the fact that daily covering is absent and highly inconsistent,
and gases are not collected for controlled release. Although the Kpone landfill, which
falls within the boundaries of the GAMA has a network of gas seams for the collection
of gases, these seams have virtually been covered in the process of waste deposition
into the fill, preventing the smooth release of gases, a situation which led to fire
outbreak on the landfill in the second half of 2019. The other landfill (Nsumia)
outside the boundaries of the GAMA, however, has no gas collection system.

There is, however, daily records and control of waste tipping on both landfills.
The total MSW disposed on these two landfills in the year 2019 was 688,482.65
metric tons; 346,633.17 and 341,849.50 metric tons at Kpone and Nsumia respec-
tively. The composition data (Table 5) was used for the computations. The loca-
tions of the two landfills (within and outside the city’s boundaries) respectively
required the use of Scope 1 and Scope 3 of the Excel tool of the CIRIS.

6.2.2 Results of estimation

The total emissions of the various GHGs are presented in tonnage of Carbon IV
Oxide equivalence, tCO,-eq in (Table 6). The Methane Commitment Method sup-
ports the computation of the total quantity (metric tons) of Methane (CH,) and
biogenic Carbon IV Oxide CO, ) produced from the disposed waste. These values
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Component Composition (%)
Food waste 36
Paper/cardboard 4
Wood 1
Textile 3
Garden & park waste 16
Nappies 5
Rubber/leather 1
Plastics 16
Metal 2
Glass 2
Other, inert 14
Total 100
Table 5.

MSW composition averages of the GAMA.

Scope Disposal site Waste quantity Methane, Carbon IV Methane, Carbon
disposed (tons) CH,4 oxide, CO,(b) CH,4 dioxide,
(tons) (tons) CO,_eq tCO,_eq

1 Kpone landfill 346,633 14,250 39,187 356,247 39,187

3 Nsumia landfill 341,849 14,053 38,646 351,331 38,646

Total 688,482 28,303 77,833 707,578 77,833

Total emission in carbon dioxide equivalence, tCO,_eq (Tons) 785,411
Table 6.

GHG computations from the two main landfills using the CIRIS method.

are then converted to Carbon IV Oxide equivalence, tCO,_. (Table 6). The regions
two main landfills produced 28,303 tons of CH, and 77,833 tons of CO,(,) in 2019.
The total emissions for CH, have been converted to tCO,_cq.

The total GHGs emissions from Scope 1 compares approximately to the emis-
sions from scope 3 (Table 6). The management criteria, the MSW quantities and
composition disposed of at the two main landfills remain almost equal. A total
395,434 tCO,.q of GHGs are emitted from the solid waste generated and disposed
on the Kpone landfill in 2019. The corresponding emission realized on the Nsumia
landfill site was 389,977 tCO,_q. These together put the total GHG emissions arising
from the MSW of the GAMA in 2019 to 785,411 tCO,e. Methane (CH,) accounts for
90% of the GHGs emissions with CO,, contribution as 10%. The quantity of GHGs
emissions from solid waste disposal is highly influenced by the depth and the
management of the landfill. A limitation of this approach at estimating GHG emis-
sions is the possible likelihood of overestimation resulting from the assumption that
all the computed methane was generated in the year of computation.

7. Implications and recommendations for system modernization

Characterizing MSW of households, markets and institutions in addition to
monitoring and estimating greenhouse gas emissions from solid waste disposal
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practices in a lower-middle-income city of 4.63 million people is both an elaborate
and quite expensive venture. It starts well when solid waste managers and local
government decision-makers realize and accept that, they lack the requisite baseline
data for planning purposes and are committed to bridge such data gaps. These two
factors initiate the thought processes of looking for the requisite funding and the
relevant stakeholders to support the participatory gathering of relevant data.

Although funding might be obtained (as the city of Accra received some funding
from C40 Cities), it might not be enough to conduct a comprehensive exercise.
There is therefore the need for collaboration with researchers and other local stake-
holders for technical assistance and logistical support towards participatory and
inclusive planning processes. In Accra, the WMD of the city had since 2015 shown
commitment to work together with researchers in a locally conceived project to
develop interventions to modernize the MSWM system [17].

This structural cooperation was essential to the conception, implementation and
delivery of the study to this chapter. The coordinating team was able to secure some
logistical support (in terms of sorting grounds and human resources to add to the
numbers planned and budgeted for) from a local solid waste management com-
pany. There is no doubt, the municipalities of developing countries and economies
in transition need technical assistance towards capacity building and research to
sustain SWM at the local level [27].

The lead researchers and their counterparts from the municipalities of the
GAMA made a firm but difficult decision during budget preparation to refuse
remuneration commensurate with international best practices for such an assign-
ment. This was necessary to ensure that the available funds could procure the
necessary items for the work and pay for field staff.

Participatory action research processes that strengthens the capacity of MSWM
system handlers and relevant stakeholders presents a unique opportunity and a
greater potential to support cities of developing countries, to not only close their
reliable MSWM data gaps, but also use such data to further assess their systems to
assist them to strengthen what works and fix what is failing.

The ISWM Wasteaware framework methodology for assessing the performance
of MSWM systems of cities presents an open and free-to-use shareware [28] which
can be adopted for use across cites of developing countries as a starting point
towards the closing of chronic MSWM data gaps [7]. The framework allows for the
collection of background information of a city and baseline waste related data
similar to what has been presented in this chapter. It further supports the use of a
comprehensive set of indicators to measure and benchmark the performance of all
cities, irrespective of their Gross National Income (GNI) levels, in both the physical
components (collection, treatment and disposal, recycling) and the governance
aspects (user and provider inclusivity, financial sustainability, sound institutions
and proactive policies) of the MSWM systems.

The team of stakeholders has evaluated the methodological processes and the
results of the characterization and GHGs monitoring exercises in the GAMA and
has made the following recommendations towards further research and system
improvement.

1. The training programme and the participatory action research approach (PAR)
has contributed to strengthening capacities of municipal staffs towards data
collection and inclusive decision-making which is essential for continuous
development of locally responsive interventions based on the baseline data
collected. Municipal authorities and system handlers are encouraged to continue
in such participatory processes to stabilize gains, sustain data flows and possibly
improve the dynamics of good MSW governance within the GAMA.
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2.The use of relevant stakeholders (formal and informal service providers),
researchers, municipal officials, policy makers, etc. for the MSW
characterization exercise and the validation of the data provide a greater
potential for data ownership and usage. We recommend the establishment of a
working group of relevant stakeholders to continue with the development of
interventions and action plans based on the data obtained.

3.The average daily household solid waste generation rate per capita of 0.7 kg,
though lower than that of other similar cities in the developing world is of
great concern; partly due to the fact that SW generation rates in lower-middle
income cities like Accra is projected to increase by more than threefold by
2050 [9], against the background of population growth, urbanization,
improved living standards and inadequacies in system service delivery.
Decoupling generation rates from economic growth is the way to go, but that is
no easy task [29]. A holistic mix of policies that addresses citizen education
and awareness, responsible production and consumption, and extended
producer responsibility may provide a pathway. We do not have direct
answers to the problem of increasing generation rates, but a possible charging
of service user fees based on tonnages generated and collected (different from
what is currently practiced) can prove to be a successful intervention towards
MSW minimisation in the GAMA.

4.The composition data shows that a significant amount of the city’s MSW
stream is putrescible organics (within household, market and institutional
solid waste streams) in addition to increasing plastics. A planned diversion of
these components from disposal has the potential to reduce the GHG emission
burden of the current MSW handling practices.

5.We recommend further deliberations among the proposed working group
towards the development of locally appropriate interventions for organic
waste valorization and plastic recycling purposes. This would require an
urgent development of an action plan towards diversion from disposal. The
action plan may include among others:

* introduction and piloting of a three-stream separation of biodegradable
waste, plastics and all others at source (the point of generation)

* investments into infrastructure for locally appropriate and low cost
composting and anaerobic digestion [30]

* establishment of bring-back (buy-back) centres to encourage recycling
behavior

* recognition and integration of the informal waste sector (both in the
service- and value-chains to play an integral role in the collection and
recycling of segregated materials

* training of municipal staff and system handlers in the processes of
recycling, composting and anaerobic digestion

Introducing a MSW segregation process must precede with a behavioral study
of the latent variables (attitudes, personal norms, subjective norms, and
perceived behavioral control) and the dynamics that has the greatest potential
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to influence waste generators intentions towards MSW separation at source.
This also means that plans geared towards the use of results based financing
mechanisms as an incentive towards an efficient source separation process
needs to be explored further for consideration as part of the action plan.

6.The average calorific value (7.31 MJ/kg) of the MSW of the GAMA is in
conformity with the recommended threshold for consideration of the use of
Waste-to-Energy (WtE) plants for the treatment of the MSW of the GAMA.
But we do not recommend the adoption of such treatment (WtE) technologies,
since there are many other factors which need to be addressed if WtE
treatment technologies are to be adopted by cities of developing countries [31].
Some of the factors worth addressing include but not limited to:

* the high moisture content (50%) and high biodegradable fraction (54%)
of the MSW of the GAMA;

* the relatively significant amounts of silts and fines (13%) within the
waste;

* existing inefficiencies in service delivery and the absence of an integrated
and sustainable MSWM strategy

* limited financing in the SWM sector of the GAMA

7.The average carbon to nitrogen ratio of the MSW of the GAMA is below
recommended averages to support efficient aerobic and anaerobic valorization
processes (composting and aerobic digestion). This can be improved upon by
the addition of carbon related materials such as saw dust if valorization
processes are to be considered as part of the treatment options in the action
plan.

8.Soliciting for support from local stakeholders is a necessary undertaking to
support the efforts of external funding organizations in such research studies.
When planned well, local stakeholders can provide support in many aspects to
reduce the budgetary constraints which often prevents system handlers in
generating such relevant baseline data.

8. Conclusion

The Chinese Confucian philosopher Xun Kuang is credited to have written the
statement paraphrased as: “Tell me and I forget, teach me and I may remember,
involve me and I learn.” The work in this chapter has demonstrated how participa-
tory engagement strategies can support the planning and closing of reliable data
gaps in MSW quantities, composition, chemical proprieties and GHG emission
burdens of the municipalities of the GAMA; a recurring challenge for most devel-
oping countries. The average household MSW generation rate per capita for the
municipalities of the GAMA is 0.7 kg per day. That for institutions is 0.83 kg per day
and markets are recorded to generate 1.32 kg per stall per day. The composition of
the waste has significant percentage of biodegradable (54%), plastics (16%), silts
and fines (13%). Bulk density is 518 kg per cubic metre and the moisture content of
the waste is 50%. The average C: N ratio is 19:1 well below the recommended 30:1
for efficient waste valorization processes. The laboratory measured calorific value
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of 6.74 MJ/kg is comparable to the computed value of 7.31 MJ/kg. The methodolog-
ical process of gathering the data in addition to the monitored and estimated con-
centrations of MSWM-related GHG will support system handlers to not only
replicate and update data flows but most importantly develop locally responsive
interventions to address the mirage of SWM challenges confronting the GAMA and
other developing countries.
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Chapter 4

Guide for Organising a
Community Clean-up Campaign

Innocent Rangeti and Bloodless Dzwairo

Abstract

While it is the government’s and municipality’s mandate to ensure that its
citizens stay in a clean and safe environment, it is of concern that waste manage-
ment remains a big challenge in urban areas especially in developing countries.
Increased economic development, rapid population growth and improvement of
living standards are among the factors attributed to increased quantity and com-
plexity of solid waste being generated. On the other hand, while people generate
wastes, they continue to be looked at as passive recipients of municipality services.
Ultimately, citizens fail to recognise their role in waste management and become
unwilling to either pay for service delivery or participate in clean-up campaigns.
Waste dumps are prime breeding sites for communicable disease vectors such as
rodents, mosquitoes and houseflies, which can exacerbate the prevalence of water,
food and waterborne diseases such as cholera and typhoid. This chapter thus
describes the methodology of successfully conducting a community-led cleanup
campaign. It is based on experience gained during implementation of an urban
water, sanitation and hygiene (WASH) project. Ward level clean-up campaigns
were organised and conducted by community members and local leaders. Besides
clearing illegal dumpsites, the activity was also used to raise awareness on the
consequence of waste dumping. The experience showed that organising a clean-up
campaign only requires careful timeous planning. Overall, it was concluded that
not only does the activity serve the practical purpose of cleaning, but it also creates
a greater sense of unity and friendship among community members. Additionally,
the power of beautification in a clean-up campaign wold naturally motivate resi-
dents to believe that their problems could be solved, resulting in a shared responsi-
bility for sustainable management of waste and commons at local level.

Keywords: clean-up campaign, solid waste manage, community participation, illegal
waste dumping, waste dumps, community volunteers

1. Introduction

Solid waste is any material that is primarily not a liquid or gas and is unwanted
and/or unvalued, discarded by its owner, and can be from domestic, commercial
or industrial operations [1]. Globally, there are ongoing campaigns to promote
sustainable use of the environment while considering the negative effects of waste
in general as well as climate change, which have become evident in a number of
regions [2-5]. In particular, the primary aim of sustainable solid waste manage-
ment is to address concerns related to environmental pollution, public health, land
use, resource management and socio-economic impacts associated with improper
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disposal of waste. However, as urbanisation continues, the management of solid
waste in particular, remains a major public health and environmental concern.
Specifically in Zimbabwe’s urban areas, more than 2.5 million tonnes of industrial
and household waste is produced per annum [6]. The bulk of this waste has been
noted to end up in open, illegal dump sites, urban streams and wetlands, resulting
in blocked drainage systems, contaminated surface and groundwater, which causes
several environmental, health and economical challenges.

Even though several studies have been conducted globally on waste management
and the effects of pollution [7-11] this unfortunately, has not translated into an
improvement in solid waste management especially in developing countries such as
Zimbabwe. Various factors, for example, rapid urbanisation, population and economic
growth as well as elevated human standard way of living have also been cited as key
determinants enhancing waste generation in developing countries [12]. Zimbabwe,
despite having some well crafted legislations on waste management (Environmental
Management Act (EMA), Chapter 20: 27, Urban Councils Act, Chapter 29:15), has not
been spared from solid waste management challenges. These include low collection
coverage, irregular collection services, crude open dumping and burning. Section 70
(1) of the country’s EMA Act stipulates that ‘No person shall discharge or dispose any
waste in a manner that causes environmental pollution or ill health to any person’
Additionally, Section 83 (1) of the same Act prohibits littering by stating that: No per-
son shall discard, dump or leave any litter on any land or water surface, street, road or
site in or at any place except in a container provided for that purpose or at a place which
has been specially designated, indicated, provided or set apart for such purpose [13].

Solid Waste management entails the collection, transportation and disposal
services. While it is a mandate of governments and local authorities to ensure that
their citizens stay in clean and safe environments, it is of concern that solid waste
management still remains a big challenge in urban areas, especially of developing
countries. Various studies have highlighted that active community participation is
essential for improved service delivery including solid waste management [14-16].
Community participation can comprise varying degrees of involvement of the local
community ranging from contribution of cash, labour, consultation, adaptation
of behaviour, involvement in administration, management and decision-making.
Countries continue to be expected to progress in improved waste management by
2020; through the sharing of knowledge, experience and best practices [17]. The
benefits of this integrated sustainable solid waste management approach includes
natural resource conservation, reduction of the amount of waste to be recycled or
transported for land filling, decrease in air pollution and greenhouse production,
reduction in production of toxic waste and ultimately reduction in cost related to
the collection and disposal of waste [18]. Countries thus need to take all possible
measures to prevent unsound management or illegal dumping of waste particularly
hazardous waste especially given the negative effects of waste.

2. Effects of illegal waste dumping

Poorly managed wastes have several effects and impact on human and animal
health, economic development and social impact [19-21]. Waste dumps are prime
breeding sites for communicable disease vectors such as rodents, mosquitoes and
houseflies [22]. These vectors tend to exacerbate the prevalence of food, water
and waterborne diseases such as cholera, typhoid and malaria, among other. For
example, Zimbabwe experienced a huge cholera outbreak between from 2008 to
2009, recording 98,952 cases and cases and a mobidity of 4288. Key drivers cited
for this huge outbreak was inadequate supply of good quality water as well as poor
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solid waste management [23]. On the other hand, waste incineration, which had
and continue as common practise in urban areas, releases fumes that naturally cause
acute respiratory infections as well as odours that make the environment uninhabit-
able. It is reported that less than 30% of urban waste in developing countries is
collected and disposed appropriately.

Leachate from dumpsite pollutes underground water, which has emerged as an
alternative water source in most urban areas such as Harare in Zimbabwe, as the
city continues to experience serious municipal water supply challenges. Besides the
public health concern, illegal waste dumps tend to reduce the aesthetic status of a
neighbourhood, thus reducing the economic value of properties within the vicinity
[24]. Solid waste tends to clog drains thus causing flooding. Additionally, solid waste
may also harm animals that consume it unknowingly, as well as affect economic
development through diminished environmental value and tourism, which are
generally viewed as externalities as they are negative costs [25], which need to be
incorporated into sustainable development models.

The proliferation of rubbish is attributed to many factors, key among them being,
population increase, rapid urban growth, lack of environmental education, inad-
equate bins and irregularities in waste collection by the responsible authority [12].
While efforts are being made by some local authorities to secure modern state of art
waste management equipment such as compactors, this development has not yielded
the desired results as communities still continue to dump waste. Insufficient techni-
cal services, lack of spare parts and low maintenance budgets are among the factors
attributed to the poor performance of advanced waste management technologies
currently being adopted by some local authorities in low developed countries. When
such sophisticated equipment breaks down the entire waste management system fails.
On the other hand, generally people litter because for lack of ownership for the public
facilities and areas, because they believe someone else will do it, eg the municipality,
or that they find the litter tolerable or even that they would have given up since the lit-
trer had already accumulated anyway. Hence the challenge where common resources
are subject to neglect and the widely used phrase “tragedy of the commons” [26-29].

Rangeti, Tendere [16] highlighted that the failure of the top-down approaches
towards waste management especially in developing countries, cannot only been
attributed to technical and financial challenges, but also to the low involvement of
communities in service delivery. Whereas every person generates waste, they continue
to be looked at as passive recipients of municipality services. Ultimately, citizens fail
to recognise their role in waste management and become unwilling to either pay for
service delivery or participate in clean-up campaigns. Dillon and Steifel [30] further
elaborated that people’s engagement involves the deliberate and systematic mobilisation
of local communities around issues and problems of common concern. Even LeBan,
Perry [31] attested to the understanding that people gain information, skills, and
experience in community involvement that helps them take control of their own lives
and challenge social systems. Thus the success of any programme of action depends
on the response by citizens, particularly the targeted beneficiaries [32, 33]. With that
background, this paper is based on experiences by the author during implementation
of a water, sanitation and hygiene project in Bindura, Zimbabwe, where the community
was engaged to voluntarily clean up there neighbourhoods. The paper provides lessons
on how to organise an effective community ward based clean-up campaign [34].

3. Study area

Bindura (Figure 1) is the administrative capital of Mashonaland Central
Province, Zimbabwe. It is located in the Mazowe Valley, about 88 km north-east
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of Harare. It is made up of 12 wards. According to the 2012 census, Bindura had a
population of has 46,275.

During implementation of a water, sanitation and hygiene project, the project
team successfully mobilised communities to conduct 27 ward based clean-up
campaigns over a period of eight months (February — September 2015). This was
done following some ward-based sensitisation on the importance of improved
waste management and hygiene issues. The Citizen Supporting Service Delivery
(CSSD) concept was used to sensitise the community on the need for participation
in waste management efforts. In addition, five waste management groups under-

taking various waste recoveries and recycling projects as shown in Figure 2, were
established.
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Figure 1.

Bindura town map.

Figure 2.
Illegal waste dumping at Chipadze shopping Centre (left) and waste recycling through making of bins (right).
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4. Methodology

While considering that a collaborative effort to clean the local environment
can send a clear message to community members on the need for them to be good
stewards of their environment, sensitisation meetings were conducted in the 12
residential wards of the study area to educate communities on the consequences of
waste dumping. Communities were encouraged to take action and be responsible
to the environment. The result was a series of community-led ward based clean-
ups to clear illegal dumpsites at street corners, shopping centres and open spaces.
The clean-ups were initiated and coordinated at ward level by community health
facilitators and councillors who were local leaders at ward level. Figure 3 summaries
the methodology developed from the experience.

4.1 STAGE 1: Planning
4.1.1 Organising a committee and supervisors

Organising a working committee is one of the crucial initial steps when planning
to conduct a clean-up campaign. The committee should be led by a coordinator who
oversees the activity and is the primary contact person during the event. Committee
size depends on various determinants such as tasks to be performed and number of
volunteers expected to participate. In general, committee members should be ener-
getic, responsible and able to enforce the schedule while motivating participants
to complete their assigned tasks. Choosing a community member with an interest
in hygiene and environmental protection issues such as community health facilita-
tor makes sense given their dedication. However, it is critical that each member is
comfortable with his/her tasks.

Among the responsibilities of a committee is to (1) set the agenda, (2) secure
tools and ensuring their return, (3) mobilise volunteers and (4) solicit contributions
and donations. Where a large number of volunteers are expected, consider forming
some sub groups and selecting group coordinators. A group coordinator should
be a good communicator and able to handle arising situations. To avoid confu-
sion, the committee and coordinators should visit the proposed site for action for

-Organising a committee. \
-Setting objectives

-setting indicators of sucess

PLANNING identifying an appropiate area

- Setting date and time

-Contact Local Authority

-Promoting your clean up

-organising equipment and logistical

support
_Review Planning and Preparation d

Stage 1

{the event)

Stage 2 [ Site Supervisorns) responsibiities )
During the event -safety reviews and incident
e
‘ ~Thank volunteers and sponsors ™

-Collection and disposal of waste
-Assessment and review of the clean

up

After the Event -safe cleaning and storage of

equipment.

sfeedback to the Local Authority , sharing

lessons for future plans _.J

Stage 3

Figure 3.
Methodology for organising a clean-up.

55



Strategies of Sustainable Solid Waste Management

familiarisation prior to the clean-up day. On the day of the clean-up, group coordi-
nators must arrive earlier than the rest of the community, at the event meeting point
and when possible, identifiable by reflectors.

4.1.2 Setting objectives of a clean-up campaign

To ensure that participants work towards the same outcome, the committee
needs to set specific goals and define the scope of the campaign. The scope should
clearly detail what is to be done, when, how and by whom. The objectives must
be clear, achievable and measurable, with common goals for a clean-up campaign
being to remove waste, environmental protection awareness and fundraising.

4.1.3 Setting indicators for success

It is important for the committee to clearly define how success will be evalu-
ated. The working committee will define and list measurable indicators of success.
Examples of such indicators are; (1) number and types of participants (e.g., com-
munity members), (2) amount/weight of refuse collected (3) approximate area
cleaned, (4) time spent and (5) the impact of clean-up activity on the targeted area.
It is also important to remember collecting that information on the day of activity.
Taking photos before and after the event will assist in measuring the impact of the
event.

4.1.4 Setting up the campaign date

Advance planning is crucial for the smooth conducting of a clean-up campaign.
Because good planning takes time, it is reasonable to set a date about one or two
months in advance. When deciding the date, consider several factors such as;
weather, availability of volunteers and availability of waste haulage truck. In most
cases, Saturdays are ideal for a community clean-up since most people do not go to
work. Beside the availability of participants, 16 clean-up campaigns conducted in
Bindura were conducted on Saturdays given the availability of waste haulage trucks
from the municipality. Considering a day that coincides with the municipality
refuse collection routine in that given area also makes sense. It is reasonable to avoid
a day that conflicts with a local event such as a major sporting game, church event
or political rally as people will end up having to choose to attend to the more priori-
tised events. Clean-up campaigns are better attended in the morning especially in
warmer weather.

4.1.5 Identifying a place

When determining a place to conduct the campaign, consider various factors
such as; (1) the amount of waste, (2) safety of participants (3) location and
(4) accessibility. For example, choosing an area that is meaningful or in close
proximity to where the volunteers live, work, play or worship makes sense given
that people are normally motivated to clean their own area. The proposed area
should be easily accessed by a waste hauler and emergency services. It is worthwhile
considering an area that needs attention rather than one that is already clean and
well maintained. Where the goal of the clean-up campaign is to raise awareness,
public places such as the recreational park and shopping centres will have a huge
impact. In some instances, the local authority may recommend an area that needs
to be cleaned. Visiting the proposed area during the planning stage would assist in
refining the project goals and logistical arrangements. For example, where a school
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health club or youth are volunteers, consider an area that is safe. Creating a site map
showing ‘hotspots’, dumpsite would assist in evaluating the results. Once the area
has been chosen, decide on a convenient meeting point for participants.

4.1.6 Coordinate the activity with the local authority

Since a clean-up campaign significantly contributes towards the delivery of
the local authority’s environmental sustainability commitment, it is important
to register your event with them. Beside, local authorities can provide support
logistically and financially, and thus it is always worth discussing the proposal
with relevant personnel. Assistance may be in form of; (1) recommendations for
aclean-up area, (2) permission to access public area, (3) promotion of the event,
(4) free waste haulage service and (5) free disposal of collected waste at designated
dumpsite. Once permission has been granted and date confirmed by the local
authority, the committee can start mobilising volunteers.

4.1.7 Mobilisation of volunteers

While a clean-up campaign can be conducted using any population size, finding
volunteers can be the hardest part of this activity. However, it is still the key for con-
ducting a successful event. One of the best practises of a community based clean-up
is the participation by all ages despite cultural background and abilities. Involving
children would assist in efforts to foster them into adult that are responsible to the
environment and who are able to work harmoniously with others (Figure 4). It is
important to quantitatively determine the number of volunteers needed and be
prepared to accommodate others who might hear about the activity and also want to
participate.

Depending on the targeted volunteers, various methods can be used to invite
volunteers. Newsletters, notice boards, email, flyers etc. are effective in low density
community. Community organisations such churches, community health clubs,
school health clubs etc., are also effective ways of inviting volunteers. In Bindura,
community health clubs and the local leaders played an important role in mobilising
the volunteers. Inviting representatives of relevant stakeholders such government

Figure 4.
Community briefing and organising before the start of a clean-up.
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ministries, religious and traditional bodies would be influential in the program and
in mobilising volunteers.

Volunteers should be reminded on relevant information such as: location, date
and time of the clean-up and clothing (e.g. enclosed footwear, gloves, hat, etc.), a
week or two before the event.

4.1.8 Soliciting funding

Where possible, consider mobilising donations in the form of refreshments or
financial assistance for the event. Local businesses are normally willing to sponsor
clean-ups to demonstrate their commitment to the protection of the environment.
In some cases, the organiser might encourage the business community to advertise
their business by printing t-shirts for volunteers, which also bears an environmental
protection message. In Bindura, the councillors which are local leaders were more
involved in soliciting for donations.

4.1.9 Promotion and media coverage

It is important for the community to know what the facilitators are doing.
Publicity and promotion of an event depend on various factors such as budget and
time. When possible, consider inviting the local media such as local newspaper
to ensure that inspiring success stories are published. Environmental protection
organisations also normally have interest in such event and would be delighted to
promote. In Bindura, a government parastatal, the Environmental Management
Agency (EMA) supported the clean-ups with awareness raising vehicles as shown in
Figure 5. It is important to recognise that publicity includes promoting the clean-up
before, sharing the results and thanking volunteers and sponsors afterwards.

4.1.10 Organising equipment and logistical support

The number and type of tools required vary depending on the area to be cleaned,
number of participants and type of waste. Ensuring that there are enough tools for

|

9 ’: |
Ry

Awareness raising during community-led clean-up campaign using a vehicle provided by the environmental
management agency in ward 7.
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the clean-up is critical to a successful event. It is important to also ensure that all
equipment is checked during and after the event. In some cases, volunteers might
be required to bring their own equipment for the event. Prior arrangement should
be made with the local authority department responsible for solid waste manage-
ment to determine if a waste haulage truck can be arranged for this day. Where the
municipality is not able to collect the garbage, consider alternatives such as a private
waste haulage company.

4.2 STAGE 2: Day of the event

Group coordinators should arrive first and register all participants. Thereafter,
the project coordinator should (Figure 4);

1. thank volunteers for coming

2.highlight the goals and importance of the campaign

3.highlight the roles and responsibility of the participant

4.review of safety and emergency procedures

5.schedule for the event

6.site plan review, and

7.distribution of the equipment.

Group coordinators should be reminded of their roles in assisting their respec-
tive working groups. They should encourage their teams to accomplish their
assigned tasks and coordinate the removal of the collected litter.

4.2.1 Safety review and compliance

Ensure that all participants have gloves and dust mask. Protective gloves prevent
cuts associated with the handling of sharp objects with bare hands. Be clear with
your volunteers about how to handle hazardous waste such as pesticide containers,
cleaning chemicals containers and sharp objects such broken glass. Closed feet
shoes are safer than sandals or flip-flops. Where children will be participating, plan
for adequate adult supervision (Figure 6).

4.3 STAGE 3: After the clean-up

After, the clean-up, the project coordinator should thank everyone who volun-
teered their time and effort. A follow up thank you letters should be written to all
stakeholders including sponsors who would have assisted. Remind participants to
wash their hands especially when refreshments are to be served. Where a hand-
washing facility is not available, arrangements must be in place for an alternative
facility such as a portable water dispenser and soap.

4.3.1 Disposing of garbage

One of the most important aspects, when organising a community clean-up, is
organising for removal of trash. Waste should be removed as soon as possible after
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Figure 6.
Chipadze primary school health Club cleaning up Chipadze shopping Centre.

Figure7.
Community members clearing a dumpsite during a clean-up campaign.

the event to prevent the creation of unhygienic conditions and to avoid it becoming
an eyesore and an environmental externality (Figure 7). It is the responsibility of the
project coordinator to make arrangements with the local authority for the collection
of garbage collected. Where the local authority is not able to provide haulage service,
prior arrangements should be done for alternative methods such as private companies.

4.3.2 Assessment of the results

It is important to assess the event as soon as possible after it occurs. Success is
measured using the indicator listed during the planning stage. A report detailing
the number of volunteers (aggregated by sex and age group), hours worked, area
covered, illegal dumpsite cleared, weight of waste removed among other indica-
tors should be produced. Including lesson learnt and suggestions should help in
improving the next clean-up. It should be remembered to share the results and
photographs, where possible, with all stakeholders.
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5. Lessons Learnt

1. Community participation is indispensable to the success of solid waste man-
agement at the local level.

2. Clean-up campaigns offer the residents an opportunity to demonstrate their
willingness to do community development work and show that they are good
citizens.

3. Community participation is key to the successful implementation of any initia-
tive towards solid waste management in urban areas.

4. A clean-up campaign is an effective platform to show communities that waste
management is important.

5.1f educated, a community has the power to police each other on littering and
waste dumping

6. Urban communities, are more “reactive” than “proactive”

7.The demand for improved solid waste management needs to be facilitated by
community groups such as health clubs.

8.Residents are willing to look after their environment, if educated

6. Conclusion

Lack of awareness and low participation of communities tend to exacerbate
solid waste management challenges that are being experienced by the urban
population especially the poor communities. People’s attitudes towards waste and
understanding of the consequences of poor waste management play a significant
role in encouraging their participation in improved solid waste management.

By participating in clean-ups, citizens can contribute in creating immediate and
long-term solutions for their neighbourhoods. Clean-ups can serve as catalysts for
permanent changes in behaviour and attitude as well as encouraging communities
to adopt good practices such as reuse and recycling, which have a profound effect
on waste management in a community. The experience also showed that organising
a clean-up campaign requires careful timeous planning. Overall, it was concluded
that not only did the activity serve the practical purpose of cleaning up, but it also
created a greater sense of unity and friendship among community members. A
clean-up provides community members an opportunity to bond with one another. It
also assists to cross or dissolve racial, cultural, ethnic and other established neigh-
bourhood divides. Further, the power of beautification in a clean-up campaign
would naturally motivate residents to believe that their problems could be solved.
This would then result in a shared responsibility for sustainable management of
waste and commons at local level. This activity assisted the community to measure
(hypothetical) how much control they had over their lives if they worked together
for a common goal. Therefore, communities need to consider clean-up campaigns as
ongoing activities that they could turn into neighbourhood tradition.
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Chapter 5

Economics of Solid Waste
Management: A Review

Muniyandi Balasubramanian

Abstract

Solid Waste Management is one of the importance environmental issues at
many developing countries. There is a lack of studies on economic analysis of solid
waste management in the many cities at the national and international level. Most
of the Municipal Corporation or city management is the major responsibility for
better waste management. However, the local governments has been allocated
budget for solid waste management without analysing cost and benefit of solid
waste. Although, waste management budget is focusing on collected waste but,
uncollected waste has been creating a number of socio, economic and health issues.
Therefore, this chapter has presents a details review on economics of solid waste
management at the various developing and developed countries. The main policy
implication of the paper is to emphasis on better understanding of economic impor-
tance of solid waste management to the local policy makers.

Keywords: economics, solid waste, cost, recycling

1. Introduction

Solid waste is the byproducts of human activities such as production, consump-
tion and distribution of various goods in the society. There are a number research
has been investigated in the various aspects such as technology, innovation, recy-
cling of solid waste management in the developing and developed countries. There
are a lack of studies on economic analysis of solid waste management particularly
in the developing countries, for example cost and revenue aspects [1, 2]. Most of
the municipal corporation has not been maintained proper data on solid waste
generation, collection, transportation and final disposal. Therefore economists are
confused economic estimation of solid waste management [3]. Moreover, economic
analysis of solid waste management is the most helpful to local policy makers on
various aspects for instance, designing waste management tax/charges or subsidies
at the municipal level [4]; cost and benefits of waste to energy [5] and determining
of urban property through the better environmental amenities [6, 7]. There are
various economics estimation of per ton of solid waste management in India, For
example, National Institute of Urban Affairs [8] had estimated at Rs 135 for per ton
of solid waste collection and disposal and another study by National Solid Waste
Association [9] had calculated at Rs 417 per ton of solid waste management [3, 10].
Therefore, this chapter has discussed the economics of solid waste management and
public policy at the municipal level in various developing and developed countries.
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2. Economics of solid waste management

Harisch [11] was the first author who had made an important methodology
contribution to study the methods of Solid Waste Management. Attention had then
been shifted to the second generation of research, particularly to the work of Stevens
[12] who had made substantial improvements in the Model of Hirsch [11] and those
of Dubin and Navarro [13] whose papers had included some methodological innova-
tions also. Don Fullerton and Thomas Kinnaman [14] and Beede and Bloom [15] had
made generation reforms and had introduced new methods of making an econo-
metric analysis of Solid Waste Management. Finally, a few Indian studies had made
use of new methodological approaches and innovations which had used more of the
statistical methods. So, more recent studies had been considered in greater detail in
this section.

The First empirical study to use econometric analysis for determining, among
other things, as to which form of service delivery (public or private) had an effect
on the municipal cost, was that of Hirsch [11], who had studied a sample of 24
Municipalities in St. Louis country (Missouri). However, this study had used
econometric model in terms of the explanatory variables were limited to the data
that was an available in 1960s, the year for which he had collected the information.
Therefore, the variables that were finally used to explain cost (the average costs
per service) were the number of waste collection locations, the weekly collection
frequency, whether the collection point was an alone or a collective agencies, the
residential area, sources of finance and the form of service management, and
the distinction between the municipal and the private delivery. The Article had
concluded that there were significant differences in the service cost between the
municipal and the private delivery. This study did not find any economies of scale
with respect to the output in the service. Hardy and Greission [16] had analysed the
possibility of saving costs through cooperative efforts in the collection and the dis-
posal of the solid waste material. Heuristic algorithms had been used to determine
the best locations for landfills and the best routes for the collection trucks to follow
in the study area in five countries. They had discussed about the rural public service
delivery problems, and had designed a method to determine the least cost solid
waste management system for the selected areas. According to them the economies
of scale to be realised in the disposal phase of a solid waste management system and
the costs of collection were dependent on the population density and the size of
the service area. The combined collection and disposal costs had indicated that the
regional system could be justified for the selected study areas. The least cost system
for the five countries have two regional landfills. The annual costs associated with
this system of § 447.275, was found to be substantially lesser than the amount of $
519,815 estimated for the system with each county operating the system indepen-
dently. The results of the economic analysis had indicated that a regional system
for the solid waste collection and disposal could be justified from the standpoint of
view of costs.

Kumar et al. [17] had applied the fuzzy regression approached of forecasting for
the years 2007 to 2024. The Study had emphasised the importance of forecasting
the waste composition and the significance of the waste segregation for the effi-
cient operation of the various reuse-recycle treatment and for producing efficient
disposal facilities. The fuzzy regression coefficient was estimated based on the
historical data of socioeconomic conditions (in this study, per capita income, GDP,
persons per household, Total Population and Density) and the respective solid
waste compositions (in this study; paper waste, plastics, food items, metals, glass
pieces and other wastes). The fuzzy regression analysis had estimated the variations
in the composition of the wastes: the percentages of wastes paper and food wastes
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were expected to decrease from 29.50 to 24.58 per cent and from 36.37 to 27.55 per
cent, respectively, between the years 2007 and 2024. On the other hand, the waste
of plastic contents was expected to increase from 2.74 to 3.55 per cent. The most
significant changes were expected in respect of the percentage changes in the case
of metals and glass, which had been estimated to increase by three times and two
times, respectively, as compared to the present percentage levels. Maria Eugenia
Ibarraran Viniegra [18] had attempted to examine the people’s willingness to pay
for making improvements in the quality of the environment that could be brought
about by a proper garbage collection system. The Study had carried out an econo-
metric estimation of the determinants of Willingness to pay for environmental
quality in San Pedro Cholula and was focused on the Municipality of San Pedro
Cholula, located to the North of the city of Atlixco and to the West of the city of
Pueble. Its area was 712 square kilometres and its population was approximately
150,000 inhabitants. The majority (36.5 per cent) of them was agricultural engaged
in activities, and next in important were people engaged in arts and crafts and
workers (14.5 per cent); and businessmen (8.3 per cent). An average Willingness
to pay for the Project was $ 1.85 dollar her month per household. Age was a factor
of significance and it was having an inverse relationship with to Willingness to Pay.
The relationship between environmental ethics and that of Willingness to pay had
shown a contradiction between people’s willingness to pay and their interest for
environmental quality. This might be due to the fact that they did not express their
true Willingness to pay because they feared that the garbage collection fees might
increase. Finally, they had suggested a step towards valuation of the environmental
quality and had allowed for making investment decisions with more and better
information in Developing Countries.

Sarkhel and Banerjee [19] had calculated the economic value of municipal solid
waste management in West Bengal. This study had interviewed 570 individual
households and the mean Willingness to pay from the responses to the open-ended
questions was calculated to be Rs. 12. with a median at Rs. 5.00 and a 75 per cent
of the respondents expressing their willingness to pay at less than Rs.10.00, the
distribution appeared to be skewed to the left with a very few extreme observations
in the right-tail, pulling the mean substantially to a higher had level than that of the
median. The Authors had also estimated the benefits that could derive by adopting
the improved system of municipal waste management in Bally the Municipality
in West Bengal. Altaf and Deshazp [20] had studied about the problem of the
“Household Demand for Improved Solid Waste Management in: Pakistan” and the
objectives of the study focused on integrating the demand side information into
the planning process. Most of the attempts at improving the performance had been
focused on the supply-side issues such as the collection, disposal and the capac-
ity but had not yielded significant results. The sampling frame was provided by
the Federal Bureau of Statistics (FBS). This census sampling frame work divided
Gujranwala into 436 enumeration Blocks which represented the neighbor hoods
containing 200 to 250 households. The Blocks were stratified according to income
by the FBS. This stratification was retained for the study as the municipal solid
waste services were provided at the block level and not at the household level. This
study had followed stratified random sampling method for 1000 households. The
distribution of the wastes from both the houses and the streets were tabulated at the
disposal sites. About 20 per cent of the households had reported that their wastes
were collected directly by the municipal disposal collectors using handcarts. The
remaining households had disposed of the wastes outside their in houses with only
2 per cent of them doing so in bins provided by the municipal corporation. The
most common disposal site, reported by 30 per cent of households, was an empty
plot in the neighbourhood.
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3. Economic instruments for solid waste management

Economic instruments are the major role in the effective solid waste manage-
ment sectors of many developed and developing countries. There are a number
of instruments available in the literature. The economic instruments have been
used for the different aspects, for instance, reducing waste generation, improv-
ing environmental quality and human well-being [21]. Economic instruments
are listed revenue generating instruments, revenue providing instruments and
non-revenue instruments. First, Revenue generating instruments such as Charges
taxes and subsides. Second, revenue providing instruments are includes charges and
tax reductions, fiscal incentives, development rights, funds. Finally, non-revenue
instruments are trade off arrangements, deposit refund system, and take back
systems. Table 1 highlights various type of economic instruments of solid waste
management have adapted many developing and developed countries. Economic
instruments have also help for cost-effectiveness, economic efficiency of solid waste
management sector Nahman and Godfry [22]. However, the implementations of
the economic instruments are especially in the developing countries very difficult
due to involvement of institution and governance. For instance, in India has been
generated more tones of solid waste from several years, therefore, economists they
want to estimate cost of waste disposal, but there is lack of economic analysis of
solid waste management [3].

Revenue generation Revenue provide Non-revenue

Disposal Taxes Tax credits Deposit refund system
Pollution Taxes Environmental improvement fund Tradable permit
Eco-taxes Development rights Eco-labeling

Pollution charges Research grants Product stewardship
Waste generation taxes Host community compensation Liability insurance
Producer charges Tax rebates Take-back system
Waste tipping charges Charge reduction Disclosure requirements
Product charges Carbon sequestration fund Bonds and sureties

Source: Adapted from [21]

Table 1.
Types of major economic instruments.

4. Policy issues in the solid waste management

Callan and Thomas [23] in their study on “Adopting a Unit Pricing System for
Municipal Solid Waste: Policy and Socio-Economic Determinants” had carried
out a detailed analysis by adopting a unit pricing system for municipal solid waste
in USA. 351 Towns are included in the estimation, with 79 of these communities
employing the MSW unit pricing approach and they had used the logistic regres-
sion equation for their estimation. The estimated parameters and their asymptotic
standard error and each parameter gave the estimated change in the log of the
odds of adopting unit pricing associated with a unit change in the corresponding
independent variable. This study had empirically estimated the influence of the
various theorised determinants of unit pricing adoption. From a broad perspective,
this study had found that certain socio-economic and demographic characteristics
appeared to have influenced the adoption decision. Although such factors were
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not controllable by the policy makers, an awareness of these determinants could
correct false expectations and hence diminish the risk of costly failure. This Study
had suggested that a community’s decision to adopt unit pricing was explainable
and therefore predictable to some extent. In certain instances, the decision may be
directly or indirectly controllable through policy initiatives. The relevance of these
findings to MSW policy initiatives development should motivate further empirical
investigations of unit pricing adaptation and the associated implications for policy
makers and for the society at large.

Kinnaman [24] had used a skeletal model to develop and to frame a discussion
of optimal policy design. This Model employed the virgin and the recycled materi-
als so that the ratio of input prices was equal to that the ratio of marginal products.
The Households might choose between the garbage and the recycling in a similar
manner. Since agents in this simple model internalized all of the costs and benefits
of their choices, resources were allocated efficiently and the optimal quantities of
garbage and recycling were produced. The household utility would have an impact
due to by these effects. So assume now that u = u (c,g), where ug < 0. Under this
assumption, households failed to internalise the fuel social costs of their disposal
decisions. Too much garbage and too little recycling could be adopted by a decen-
tralized economy. The majority of the households are paid traditional ways such as
garbage removal fee or local property tax to the municipalities. Miranda [25] in the
study on “Unit based Pricing in The United States: A Tally of Communities” had
highlighted 21 communities with unit-pricing programmes and had compared the
quantity of garbage and that of recycling over the year preceding the implementa-
tion of the unit-pricing system with the year following it. Results had indicated that
these towns had reduced garbage by 17 per cent and had increased recycling by 128
per cent. These large estimates could not be attributed directly to pricing garbage,
since in every programme curbside recycling programsme were implemented dur-
ing the same year as that of the adoption of the unit-pricing programme. Callan and
Thomas [26] had predicted that the implementation of a user fee had increased the
portion of the wastes recycled by 6.6 percentage points. This impact increased to
the level of percentage 12.1 points when the user fee was accompanied by a curbside
recycling program.

Kinnaman and Fullerton [27] had demonstrated that the disposals of household
wastes were constrained by two disposals an option that is garbage disposal at land-
fill and recycling, and then marginal cost pricing which would tend to substitute
recycling for garbage disposal. But if illegal disposal or burning features was a third
alternative in the household disposal choice set, then unit pricing would encourage
illicit dumping. If marginal cost pricing resulted in an increase in illegal dumping,
and if the externality costs are high, the efficiency losses from under- pricing ser-
vices might be smaller to bear with. In fact, the initial introduction of the unit pric-
ing system resulted only in a modest reduction in waste disposal through dumping
[28]. Fullerton and Kinnaman [29] had estimated that 28 per cent of the reduction
in garbage resulting from pricing garbage disposal at the curb might be due to of
illegal dumping. Jenkins [30], Blume [31] and Miranda and Aldy [32] had also come
out with similar findings. The unit pricing model was used in a household produc-
tion framework Morris and Holthausen [33] had shown that a price increase on the
conventional disposal method did not affect recycling. In the system of unit pricing,
the households found it more convenient to increase the total waste reduction
efforts. The resources like Time and the prices of the purchased inputs devoted to
the recycling process were high but they became less effective because of the reduc-
tion of wastes. Maraco Runkel [34] had attempted to develop a partial equilibrium
vintage model of a durable good in which the producers determined the output
and the product durability either under perfect or under imperfect competition.
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The Model differed from the previous durable goods Models in explicitly accounting
for the consumption waste and for the disposal costs. This Paper had investigated
as to how the Extended Producer Responsibility (EPR) in waste management had
influenced the product durability and welfare. At the end of the products’ life the
households had to pay a unit-based waste tax that coved the marginal disposal costs
also. When purchasing consumption goods, rational households anticipate the tax,
adjust their demand such that less waste was generated and rendered the resource
allocation very efficient. The analysis derived the first-best and the second-best
regulatory schemes and, on the basis of these schemes and had, investigated as to
how EPR had influenced durability and welfare. All considered EPR instruments
had exerted a positive effect on durability. Under perfect competition, the first-
best outcome was attained provided the EPR had assigned a few marginal disposal
costs to producers at the end of the products’ life; for example, through a take-back
requirement combined with a regulated private disposal by the firms.

Marcello Basili et al. [35] had analysed and evaluated the costs and benefits of the
New Garbage Plan (NGP), and had used hypothesis that Willingness To Pay (WTP)
should reflect the value of the community of having a better environmental qual-
ity according to the contingent valuation literature. The study sample was divided
into two subsets: firms and households, through the information gathered with
the help of a detailed questionnaire and the, parametric and the non-parametric
estimates were elaborated to analyse the willingness to pay of the population for
the benefits flowing from increased SWC, increased incineration and through the
cutting down of the landfills. The non-parametric from (using the double-bounded
format) had produced an estimation of the minimum willingness to pay for the
households and the firms, without the need to make any assumption about the true
probability distribution of the values in the population. The mean willingness to pay
for an increasing SWC was € 15.89 for households and € 20.89 for firms. The mean
willingness to pay was easy to calculate but did not convey enough information for
the policy makers. This was because of the fact that it was not possible to know the
possibility of the willingness to pay to the socio-economic characteristics which
could be obtained through parametric estimation producers. The Non — parametric
estimates were robust, whereas the parametric estimates gave more information, and
the authors had combined the non-parametric with the parametric estimates.

There are some recent literature have focused on economics of solid waste man-
agement at the national level. For example, cost and revenue aspects of municipal
solid waste management, Al-Salem et al. (2014) had estimated the cost and revenue
aspects of municipal solid waste management in the Great London. This study
had found material resource recovery is more favorable in the context of economic
in the city. Another study, Nahman [4] estimated the external cost of solid waste
landfill in Cape Town, South Africa. The external costs are includes environmental
as well as social cost in the estimation methodology. This study had estimated at the
US$ 16 per tons of waste which has energy generation process from the municipal
solid waste in the Cape Town. Aleluia and Ferrdo [1] calculated the costs of solid
waste management in the Asian Countries. The cost have included such as capital
and operational expenditure for the municipal solid waste management. This study
had estimated the average capital expenditure cost per ton US$ 21,493 for the Asian
cities. Casado et al. [6] had calculated that the cost of municipal waste incineration
through the Hedonic Pricing Method in England. This study had found that the
impact of effective incineration the house prices range between 0.4 % to 1.3% in the
study area. Sun et al. [7] had estimated the value of real estate price due to munici-
pal solid waste landfill in Shenzhen, China through the hedonic price method. This
study has found that the property value has been increased by 1.30% if the landfill
away from houses.
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5. Conclusion

There is lack of primary investigation on economics of solid waste management
at the various municipalities in the many developing countries. The present chapter
has discussed the various aspects on economics of solid waste management such as
economic instrument, policy issues etc. However, the implementations of economic
instruments are the major problems. Therefore, need to strengthen local institution
and governance. In many developing countries like India, economists are facing
many difficulties for estimating economics of solid waste management due to lack
of data on waste generation, disposal and recycling [3, 36-38]. Economic estimate
of solid waste is better understanding for local policy makers for designing healthy
urban planning towards achieving sustainable cities. Most of the developing coun-
tries are in lack of finance and technology for effective solid waste management.
Economics of solid waste management could provide a good framework for solid
waste management especially cost and benefit aspects at the local and regional level
[39]. Further, economics estimation of solid waste is more helpful to decision mak-
ers for designing tax/charges or other economic instrument for efficient allocation
of financial and technological resources at the city level [24]. A number of Asian
countries are difficult to design better solid waste management due to lack of stud-
ies on economic estimation in terms of cost of collection, transportation, segrega-
tion and final disposal [1]. Although, there are other economic problems raised due
to lack of economic estimation of solid waste, for example negative externality [2].
Therefore, need to support economics of solid waste related studies at the regional,
local and national level through the grants, support and guidance for better solid
waste management for achieving environmental sustainability.
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Sustainable Solid Waste
Management in Morocco:
Co-Incineration of RDF as an
Alternative Fuel in Cement Kilns

Aziz Hasib, Abdellah Ouigmane, Otmane Boudouch,
Reda Elkacmi, Mustapha Bouzaid and Mohamed Berkani

Abstract

The management of municipal solid waste (MSW) is a major obstacle for the
majority of municipalities in developing countries because of the impacts related to
the landfilling of waste. Garbage is an energy-rich material. As a result, energy
recovery is considered to be a sustainable waste management method. In Morocco,
7.4 million tons are produced annually; most of the waste is landfilled without any
recovery despite the impacts related to this method of disposal. The objective of this
chapter is to characterize combustible fractions (RDF) from household waste in
Morocco and to study the economic and environmental benefits of their use as
alternative fuels in cement kilns. The results of this research show that the combus-
tible fractions contained in household waste in Morocco constitute a potential sus-
tainable energy source with a high lower calorific value (4454 kcal/kg). The study of
the advantages of co-incineration shows that the substitution of pet coke by 15%
RDF reduces the pollution linked to gaseous emissions. In addition, the cement plant
can make financial savings 389 USD/h by minimizing the use of fossil fuels.

Keywords: municipal solid waste, energy recovery, RDF, cement plant, Morocco

1. Introduction

With population growth and improved living standards, the generation of
household waste continues to increase throughout the world [1, 2]. Despite its
health and environmental impacts, landfilling remains the most common method of
waste disposal in developing countries [3, 4]. Several treatments can be used to
recover the material and energy contained in the waste. The main energy recovery
methods that can be used are incineration, pyrolysis, gasification, bio-methanation
and RDF production [5]. The choice of treatment method depends on the qualita-
tive and quantitative characteristics of the waste. A study conducted by Ouigmane
et al. [6], showed that household waste in Morocco is a potential source of combus-
tible fractions [6]. These fractions are the basic element of RDF production. Indeed,
studies have been carried out in developed countries related to the use of RDF in
cement kilns as an alternative fuel for petroleum coke have shown several economic
and environmental advantages of this line of recovery [7-18].
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World cement and fossil energy production until 2016 [21, 22].
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Overall thermal energy consumption for cement production by fuel [25].

The cement sector is a major energy consumer [19], a simple change in the
management of energy consuming sources can have a positive effect on the plant’s
energy consumption [20]. Indeed, the cement sector is largely linked to the con-
sumption of fossil fuels (Figure 1) [21, 22].

Improving the energy efficiency of energy-intensive industries (e.g. cement
plants) will contribute significantly to improving their economic competitiveness in
the global market [23, 24]. In order to improve their image, cement plants are trying
to replace petroleum coke, which is a polluting fossil fuel, with less polluting
alternatives such as RDF or renewable energies. To achieve the 2030 sustainable
development goals, the share of fossil fuels must decrease as shown in Figure 2 [25].

The objective of this chapter is to assess the economic and environmental benefits
of using RDF as a substitute for fossil fuels in a cement plant for a region in Morocco.

2. Waste management in Morocco
2.1 Legislative framework for waste management in Morocco

The management of municipal solid waste (MSW) requires knowledge of the
legal and institutional contexts that concern this sector. In Morocco, the main
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problem of the MSW management sector is manifested in the legal and institutional
context, in particular the weakness of the means available to the competent local
authorities in terms of solid sanitation and the inadequacy of legal and regulatory
texts. Despite all these problems, Morocco has made several efforts and launched
Law 28-00 on waste management in 2006 and the national plan for household
waste management. Thus, the new Organic Law of Territorial Communes 113-14
relating to communal organization, specifies in its Article 83 that solid sanitation,
household waste collection and waste treatment fall within the competence of the
communities [26].

2.2 The production of household waste in Morocco

The production of waste in Morocco, as in the rest of the world, does not stop
increasing due to the intervention of several factors (population, standard of living,
urbanism etc.). The waste production rate in urban areas is 0.76 kg per capita per
day and 0.28-0.3 kg per capita per day in rural areas [6-28]. Waste production
varies from one region to another, in the region of Rabat the production ratio is
0.96 kg per capita per day [29] and in the city of Beni Mellal the rate is 0.89 kg per
capita per day [30].

2.3 The composition of household waste in Morocco

The qualitative aspect of waste is a key parameter in the choice of treatment
method. The general composition of waste in Morocco is characterized by a high
content of biodegradable material with a percentage that varies according to urban
and rural areas and decreases over time as a result of the improvement in living
standards. The average composition of MSW in Morocco is shown in Figure 3 [28].

2.4 Waste disposal in Morocco

Prior to the implementation of the National Plan for Household Waste, almost
all of the waste generated in Morocco is disposed of in uncontrolled landfills with-
out any control. The country has become increasingly sensitive to the impacts of
uncontrolled dumping and the costs of environmental degradation that can result.
As a result, the Ministry of the Environment has launched the National Plan for
Household Waste to rehabilitate all uncontrolled landfills and replace them with
controlled landfills or landfill and recovery centers (LRC) with a 20% recovery
by 2022.

Others
Glass
Plastic

Metals

Organic material
Paper and cardboard

Figure 3.
Average composition of household waste in Morocco [28].
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Municipal solid waste Average cost (Million MAD)
Dommage
Cost of non-coverage of the population by collection 1118
Cost of groundwater pollution 195
Depreciation of land in the vicinity of landfills/disposal sites 19
Loss of opportunity
Lost electricity potential 848
Lost recycling potential 204
Total in Million MAD 2384
% GDP 0.26
Table 1.

Costs related to environmental degradation by the waste sector [31].

2.5 The cost of environmental degradation through waste management in
Morocco

Environmental deterioration is not limited to damage to health and ecosystems,
but can affect a country’s economy. Morocco’s efforts in recent years have led to an
improvement in the situation of the environmental sector, which is proven by the
results of the studies of the cost of environmental degradation in Morocco in 2000
and 2014. These studies are carried out by the World Bank and have shown a 20%
reduction in this cost in 14 years. Indeed, the cost of environmental degradation has
gone from 590 MAD per inhabitant in 2000 to 450 MAD per inhabitant in 2014
[31]. The costs of environmental degradation related to waste management are
presented in Table 1 [31].

3. Cement sector in Morocco
3.1 Data on the cement sector in Morocco

Cement is one of the oldest industries developed in Morocco, with a first plant in
Casablanca at the beginning of the 20th century. Today, the activity is structured
and covers the whole territory. The Moroccan cement sector is made up of four
companies that operate a total of 12 production plants distributed throughout the
country (Figure 4) with an annual production capacity of almost 21 million tons
[32]. All the plants benefit from modern technologies and an efficient management
system. In addition, the professionalism and expertise of the staff and the support of
three of the world’s largest cement groups guarantee product quality.

The development of the cement industry is linked to the economic development
of the country and the upgrading of the construction and housing sectors. In 2011,
cement consumption peaked at 16 million tons. Since 2012, the construction materials
market has been in decline, mainly due to the drop in construction activity [32].

4. Case study
The objective of this part is to make a case study on a region in Morocco in order

to assess the economic and environmental benefits of the co-incineration of RDF in
a cement kiln.
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Distribution of cement production plants in Morocco.

4.1 Materials and method
4.1.1 Waste management in the study area

The province of Khenifra is located in the center of Morocco and is made up of 22
communities (Figure 5) with an estimated population of 379,639 inhabitants in 2019
[33]. The management of household waste is a major obstacle for the territorial
communes, especially in the disposal phase. Since 2017, an evolution in the mode of
waste management in the province of Khenifra has been noticed, with the organiza-
tion of burial by changing the mode of uncontrolled dumping to a mode of controlled
landfill. Despite the efforts made by the communities and the Ministry of the Envi-
ronment, current waste management is encountering problems and does not meet
expectations, since the energy and matter contained in the waste is lost underground.
In addition, the controlled landfill is poorly located, as its geographical location can
cause several impacts on health and the environment (Figure 5). Therefore, it is
necessary to look for sustainable and cost-effective solutions to take advantage of the
material and energy without causing any impact on the environment.

4.1.2 Presentation of the cement plant in the study area

The closest cement plant to the Study Area is located in the province of Beni
Mellal and is 81 km from the Study Area landfill (Figure 5). The potential for
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Figure 5.
Location of the study area and cement plant.

cement production at the plant is 1,600,000 million tonnes per year. The dry
process is used to produce clinker. Calcination is done in a rotary kiln using fossil
fuels (petroleum coke) (Figure 6).

4.1.3 Dry fractions potential in the study arvea

The scenario taken for this work is the recovery of all dry fractions that can be
extracted from household waste following a sorting into two fractions (Figure 7).
The percentage of dry fractions in household waste in Morocco is 30% of the total
flow of household waste [30]. The lower caloric value (LCV) of these fractions has
been determined in the laboratory according to the EN 15400 standard [34] the
value found is 4454 kcal/kg.

The annual RDF potential in the study area is estimated based on the population
of the municipalities in the province and the national average waste generation in
urban and rural areas. The results of the RDF production estimated are presented in
Table 2.

4.1.4 Calculation method

In order to demonstrate the economic and environmental benefits of co-
incineration of RDF in cement kilns, several aspects will be evaluated in this case
study. The economic gain of the cement plant and the carbon dioxide reduction will
be determined. Several data have been collected in order to complete this study,
including information on the cement plant in the study area (petroleum coke
consumption, LCV of petroleum coke, clinker production, etc.), data on waste
management in Khenifra province (potential in combustible fraction, PCI of RDF
waste, etc.).
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An economic model has been proposed taking into account the quantity of RDF
produced, cost savings of fossil fuels, CO, emissions. Formula (1) is used to
calculate the net savings of the cement plant.

Net savings = ((Savings on traditional fuels + CO, emission cost reduction
—RDF production cost reduction) # (100 — Energy loss)) /100

(1)
4.1.4.1 The substitution rate

The substitution rate of RDF in cement plants can reach very high percentages
up to 45% depending on the process. In the case of the present study, a substitution
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Communitie Number of Population Rate of waste Waste RDF
communities 2019 [33]  generation kg per  generation production
capita per day [6] in tons/ in Tons/
year’ year
Urban communities 2 174,176 0.76 48,316 14495
Rural communities 20 205,463 0.29 59,584 17,875
Total of RDF in the study area 32,370

“Calculated using the number of population and the waste generation ratio.
Calculated using waste generation and percentage of RDF in waste (30%).

Table 2.
Estimated RDF production in the Study Area.

rate of 15% was chosen based on the results of the study by Kara [8] and Hemidat
et al. [9] who found that 15% is the most optimal substitution rate from a technical
and environmental point of view [8, 9].

4.1.4.2 RDF requirement in cement plant

In order to calculate the amount of RDF required achieving 15% substitution
percentage of pet coke, the energy content of RDF was taken into account based on
the LCV value determined for the waste in the study area. In fact, a ton of pet coke
does not have the same calorific value as a ton of RDF. The data used for the
calculation of RDF required to substitute 15% of the pet coke are presented in

Table 3.

4.1.4.3 Energy vequivement

The amount of energy required to produce one kilogram of clinker is 730 kcal/
kg. Therefore the amount of energy to be extracted from RDF with 15% substitution
is given in Egs. (2) and (3).

730 x 15
ERDF = BT 109.5 kcal )
730 x 85

where ERDF is the energy required from RDF with a 15% substitution rate to
produce one kilogram of clinker; EPC is the energy required from pet coke with a
substitution rate of 85% to produce one kilogram of clinker.

Energy required to produce one kilogram of clinker [35] 730 keal/kg

LCV of petroleum coke 7500 kcal/kg

LCV of RDF 4454 kcal/kg

Annual production of petroleum coke 1,000,000 tons
Table 3.

RDF requivement calculation data.
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4.1.4.4 Requivement in mass quantity

The NCV of the RDF in the study area is 4453 kcal/kg, hence, the amount of
RDF required to produce one kilogram of clinker in the case of 15% substitution is
given by Eq. (4).

Mass of RDF corresponding to 109.5 kcal = 109, 5 kcal x = 0.024kg

(4)

where LCV RDF is the lower calorific value of RDF (for the case of this study, it
equals 4454 kcal/kg).
The quantity of pet coke required is given according to Eq. (5).

1
LCV RDF

Mass of pet coke corresponding to 620.5 kcal = 620.5 kcal x = 0.083 kg

(5)

o
LCV PC

where LCV PC is the lower calorific value of Pet coke (for the case of this study
it is equal to 7500 kcal/kg).

The production of one ton of clinker requires the mixture of 0.024 ton of RDF
and 0.083 ton of pet coke.

4.1.4.5 Fuel consumption as a function of time

The production capacity of the cement plant close to the study area is 1,600,000
tons of cement per year, the calculation to be made in this study will concern the
economic cost of using RDF to produce 1 million tons of clinker per year. Table 4
shows the daily and hourly production of clinker. The cement plant is shut down for
a period of one month in order to maintain the combustion furnace.

On the basis of clinker production as a function of time, the tonnage of fuel used
will be deducted according to Eq. (6).

. . clinker
fuel consumption per hour = Production of

hour

x The amount of RDF needed to produce one tonne of clinker
(6)
RDF consumption per hour = 124.37 x 0.024 = 2.99 tons per hour (7)

The same formula (6) is used to calculate pet coke consumption per hour:
pet coke consumption per hour = 124.37 x 0.083 = 10.32 tons per hour  (8)

4.1.4.6 CO, emissions

The amount of carbon dioxide (CO,) saved has been estimated by assuming that
70% of one kilogram of petroleum coke is emitted as CO, [8]. It is then converted

Production (tons/year) Production (tons/day) Production (tons/hour)
1,000,000 2985 124.34
Table 4.

Clinker production per year, per day and per hour.
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into CO; savings in the form of an emission of 1 kg of CO,, which is estimated at
USD 0.015 [36].

5. Results and discussion

As shown in the experimental study by Hemidat et al. [9] and Kara [8], the use
of 15% RDF as a substitute for pet coke for the generation of thermal energy for
clinker production does not cause any quality problems [8, 9]. The consumption of
pet coke in kg/hour is 10,320 if the substitution rate is 15% and 2990 kg/hour of
RDF which will save 1782 kg/hour of petroleum coke (Table 5).

Hence, the use of 15% RDF will save 1782 kg/h of pet coke, so the annual saving
of pet coke is:

h
tons g hour  335days _ 4357 9t 9)

1.782
7 hour day year year

As a result, 15,610. 32 tons of pet coke will be saved annually if 15% RDF is used
in the cement plant kiln.

Table 6 shows the results of the calculation of the CO, emission parameters as
well as the net savings in USD per hour.

The price of petroleum coke is variable and depends on the price of oil. In this
study a price of 150 USD/ton was taken as the annual average selling price of
petroleum coke, so the annual saving in terms of petroleum coke if 15% RDF is used
as a substitute is:

14 327.28?7“: « B20USD _ 5 149,092 USD /year (10)

ton

Since the consumption of RDF is 2.99 ton/h, then the annual consumption is:

annual consumption of RDF = 2.9%tons % 24h y 335day
h day = year

=24 039.6 tons/year (11)

Rate of RDF Consumption  Consumption of = Consumption Pet coke
substitution %  of pet coke %  pet coke (kg/h)  of RDF (kg/h) saving
(kg/h)
Scenario 1 0 100 12,102 0 0
Scenario 2 15 85 10,320 2990 1782

Table 5.
Calculation results for the pet coke saving.

Rate of RDF Pet Pet coke CO, CO, Cost of Loss of Net
substitution  coke saving emissions emissions RDF efficiency  saving
% saving (USD/h) saving saving production % (USD/h)
(kg/h) (kg/h) (USD/h) (USD/h)
Scenario 1 0 0 0 0 0 0 0 0
Scenario 2 15 1782 151.47 1247.7 18.72 247.68 3 37.19

Table 6.

The velation between emission and saving in the view of CO,.
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The market price of one ton of RDF is 24 USD/ton, hence, the annual purchase
price of RDF is:

24 039.6tons

x 24USD = 576,950.4 USD/year (12)
year

The real financial economy is:

D D 1,572,141.6USD
2,149,092 PP _ 576.950.4 USP _ 1,572,141.6US
year Year year

(13)

The results obtained show the real savings achieved through the use of RDF in
the cement plant.

In addition, savings related to the substitution of petroleum coke by the more
expensive RDF, indirect savings related to CO, emissions can be achieved.

Given that the price of a ton of pet coke is USD 150, with 15% substitution by RDF.

Therefore, the financial saving on pet coke is:

1782kg  0.15USD

. Re = 267.3USD/h (14)

The amount of CO, emissions to be saved is:

1782kg
h

x 0.7 =1247.7 kg/h (15)

The saved cost related to CO, emissions is:

1247.7 kg " 0.015USD — 187 USDh (16)
h kg h

The cost of RDF is:

10 320kg o 0.024USD

= 247. D/h 1
h kg 7.68 USD/ (17)
The loss of efficiency is given as follows:
20% x RDF%conumtion x 100 (18)

(0.2 x 0.15) x 100 = 3%
The net saving per hour is:

Net Savings = ((Savings on Conventional Fuels + CO, Emission Cost Reduction

— RDF Production Cost Reduction) * (100 — Loss of Energy))/100 (19)

[(267.3 +18.72 — 247.68 ) x (100 — 3)]
100

—37.19 USD/h

The energy recovery of RDF in the cement plant has shown the economic and
environmental advantage of substituting fossil fuels (Petroleum Coke) by alterna-
tive fuels (RDF). This case study shows that the cement plant can save its pet coke
consumption as well as CO, emissions with a saving of 37 USD/hour. Such a study
on a cement plant in Turkey showed that it can save 19 USD/h [8]. In Jordan,
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Hemdiat et al. found that the savings that a cement plant can make by substituting
15% RDF for petroleum coke can be as high as 389 USD/h [9]. The results found and
the potential for the combustible fraction in Moroccan waste [6, 30] are encourag-
ing in order to develop an RDF production chain in all the regions where there are
cement plants in Morocco. In addition to the advantage of sustainable disposal of
household waste, other types of waste such as medical waste, pandemic waste such
as COVID-19, and sludge from wastewater treatment plants can be thermally
treated in the kilns of cement plants [37, 38].

6. Conclusion

Energy recovery is considered to be a sustainable way of managing household
waste. The study concerns the case of a developing country with several problems
related to the waste management sector. In this chapter, the RDF recovery process
in cement kilns has been studied for the case of a region in Morocco. The results of
the evaluation have led to the conclusion that the substitution of petroleum coke
with RDF with a percentage of 15% saves 389 USD/hour. In addition to these
benefits, the co-incineration of RDF reduces the volume of waste, increases the life
of the landfill and provides sustainable and renewable energy.
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Abstract

Improper Solid Waste Management leads to the generation of landfill
leachate at the landfills. To reduce the negative impacts of highly toxic and recal-
citrant leachate on the environment, several techniques have been used. A lot of
research is conducted to find suitable methods for the treatment of landfill leachate
such as biological processes, chemical oxidation processes, coagulation, flocculation,
chemical precipitation, and membrane procedures. The biological process is still
being used widely for the treatment of leachate. The current system of leachate treat-
ment consists of various unit processes which require larger area, energy and cost.
In addition, the current aerobic treatment is not able to treat entirely the pollutants
which require further treatment of the leachate. Anaerobic wastewater treatment
has gained considerable attention among researchers and sanitary engineers primar-
ily due to its economic advantages over conventional aerobic methods. The major
advantages of anaerobic wastewater treatment in comparison to aerobic methods
are: (a) the lack of aeration, which decreases costs and energy requirements; and (b)
simple maintenance and control, which eliminates the need for skilled operators and
manufacturers. Several anaerobic processes have been used for leachate treatment
such as up-flow anaerobic sludge blanket (UASB) reactor, anaerobic filter, hybrid
bed reactor, anaerobic sequencing batch reactor and Anaerobic baffled reactor. The
following chapter provides an insight to the solid waste management at the landfills,
generation of leachate and details of some of the highly efficient anaerobic treatment
systems that are used for the overall treatment of landfill leachate.

Keywords: landfills, leachate, anaerobic reactors, biological, removal

1. Introduction

Currently, Municipal Solid Waste (MSW) generation is increasing day by day
with the rapid growth of population, industrial developments to match the changing
life standards of the people followed by uncontrolled urbanization are triggering
the generation of municipal solid waste. It is estimated that currently about 2 billion
tonnes per year of MSW is generated globally, which accounts to an average of about
0.74 kg/cap/day. It is predicted to reach a value of 3.4 billion tonnes in the year 2050.
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The tragic situation even worsens when from the waste which is collected by munici-
palities (~67% of the total waste) about 70% is disposed in landfills and dumpsites,
19% gets recycled, about 11% goes for energy recovery [1]. Since most of the under-
developed and developing countries are still far behind the efficient solid waste man-
agement system, therefore the study reveals that about 46% of the world population
is unable to avail basic waste management facilities [2]. Researchers are suggesting
the concept of circular economy where the preference of solid waste management is
modified to the order of reduce, reuse, recycle, recovery (4R) and disposal of waste
[3]. When the waste is disposed and carried forward to anaerobic digestion then
biogas and the digestate is produced, this digestate is very rich in nutrients therefore
it can be used as fertilizers creating the possibility of a fifth R that is rejuvenate.

The practice of landfilling is the organized disposal of MSW at a designated
site called as landfill. But in terms of by-products landfill is extremely threaten-
ing to environment. Sanitary landfill is the most common MSW disposal method
due to the simple disposal procedure, low cost, and landscape-restoring effect on
holes from mineral workings. The primary objective of the landfill site design is
to provide effective control measures to prevent negative effects on surface water,
groundwater, soil and air [4]. Nevertheless, inappropriate management of the
landfills and especially landfill leachate as it is declared as a hazardous substance
leads to ecological and social problems, such as air, soil, surface water and ground-
water pollution, flooding, noise from the garbage collection vehicles, and scaveng-
ing activities next to the landfills [5, 6]. Landfills can broadly be classified as open
dumping landfills, semi-controlled landfills and sanitary landfills [7]. The details
are clearly shown in Figure 1 [8]. Open dump landfilling is mostly practiced in
almost all the developing countries where the solid waste is dumped arbitrarily in
open and low-lying areas causing serious environmental and health hazards. Semi
controlled landfills are having basic facilities like sorting, segregation, shredding
and compaction of solid waste followed by soil covering. While sanitary landfills
are engineered and technologically advanced landfills. In addition to all the facilities
of semi controlled landfills they have proper leachate collection and recirculation
system, appropriate lining system and gas collection system [9].

When rainwater and the moisture is mixed and gets percolated with the waste
it forms highly polluted, toxic, colored, and odorous liquid called as landfill leach-
ate (LFL). LFL is highly concentrated liquid containing organic and inorganic
chemicals, heavy metals, nitrogen, ammonia, humic acids, fulvic acids and xeno-
biotics [10, 11]. The characteristics and composition of landfill leachate is varying,
depending upon its age (young, intermediate, and old) and this governs primarily
the selection of the treatment technology (Table 1). Till date, most of the research
on the treatment of landfill leachate is focused on using physical, chemical, and
biological processes. Young landfill leachate contains significant amount of bio-
degradable organic fraction and therefore conventional biological techniques can
be employed while intermediate and old landfill leachate contains high amount
of recalcitrant compounds and low BOD/COD ratio thereby requiring combined
or integrated technologies [12]. Leachate treatment include anaerobic biological
treatment technologies i.e. anaerobic bioreactors; aerobic biological treatment
methods i.e. aerobic ponds/lagoons, activated sludge; physico-chemical treatment
including coagulation, flocculation, air stripping, chemical precipitation, filtration
and adsorption [13].

The selection of the optimum treatment technology depends upon the charac-
teristics of landfill leachate and its composition [14]. Landfill leachate treatment
generally involves multistage or integrated technologies for better removal effi-
ciency, as any single technology cannot obtain desired results for the effluent of LFL
to be discharged into water bodies [15]. The previous studies suggest that biological
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Parameters Young Intermediate old
Age(years) <5 5-10 >10
pH <6.5 6.5-75 >75
COD (mg/l) >10,000 4000-10,000 <4000
BODs/COD >0.3 0.1-0.3 <01
Biodegradability High medium low
NH;-N (mg/l) <400 — >400
Organic composition VFA (80%) VFA (5-30%), humic and fulvic Humic and fulvic
acid acid
Heavy metals Low- low low
medium
Table 1.

The composition of leachate based on age [15, 19].

treatment can be utilized to treat the biodegradable matter present in waste,

ammonia is removed by ion exchange, coagulation/flocculation is used for colloids,
adsorption is adopted for the metals and organics while advanced oxidation process
for the organic compounds [16, 17]. Anaerobic digestion of municipal solid waste is
very advantageous because we can obtain biogas which contributes to about 35% of
the bioenergy obtained from different biomass sources [18].
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2. Anaerobic treatment

Anaerobic treatment technology is an attractive and demanding pathway because
it serves the purposes of pollutant removal and energy recovery. Anaerobic treat-
ment can be achieved efficiently for the complex industrial wastewater which may
contain toxic substances [20]. Anaerobic treatment of landfill leachate can become a
viable option as it has following advantages: (i) less space is required (ii) low energy
requirement (no aeration is required) (iii) no or little sludge production (iv) Methane
production and recovery thus helping to reduce the emission of green-house gas (CH4
potential is 25 times more than that of CO,, [21]. Anaerobic digestion of waste includes
biological action of different types of microorganisms acting together to breakdown
the biomass typically in the absence of oxygen [22]. Anaerobic digestion is a process
carried out by microorganisms that can live in an oxygen-deprived environment. The
disintegration of organic substance happens in four stages: hydrolysis, acidogenesis,
acetogenesis and methanogenesis are shown in detail in Figure 2 [23, 24].

The first stage of anaerobic digestion is called as hydrolysis in which the anaero-
bic microorganisms convert the organic matter into basic organic substances like
monomers, while, the proteins, carbohydrates and fats are converted to amino
acids, monosaccharide and fatty acids, respectively.

Eq. (1) explains how a hydrolysis reaction converts organic waste into a simple
sugar (glucose) [25].

C.H,,0, +2H,0 - CH,,0, +2H, 1)

During the second stage of anaerobic digestion the acidogenic bacteria convert
the products of the hydrolytic reaction into alcohols, short chain VA, ketones,
hydrogen, and carbon dioxide. The products obtained in the acidogenesis stage
are propionic acid (CH;CH,COOH), butyric acid (CH;CH,CH,COOH), acetic acid
(CH3COOH), formic acid (HCOOH), lactic acid (C3HgO3), ethanol (C,HsOH) and
methanol (CH;0H). From these products, the hydrogen, carbon dioxide and acetic
acid will omit the acetogenesis stage and be utilized by the methanogenic bacteria
in the methanogenesis stage (Figure 2). Egs. (2)-(4) [25] represent three typical
acidogenesis reactions where glucose is converted to ethanol, propionate and acetic
acid, respectively.

CH,,0, <> 2CH,CH,0H +2CO, )
C¢H,,0, +2H, «<» 2CH,CH,COOH +2H,0 3)
C¢H,,0, - 3CH,COOH “)

Acetogenesis is the stage in which all the acidogenesis products (butyric acid
propionic acid and alcohols) are converted into carbon dioxide, hydrogen and acetic
acid with the help of acetogenic bacteria (Figure 2). Eq. (5) shows the conversion of
propionate to acetate. Glucose and ethanol are also converted to acetate during the
third stage of anaerobic fermentation (Egs. (6) and (7)) [25].

CH,CH,COO™ +3H,0 <> CH,COO +H" +HCO,™ +3H,. )
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CH,,0, +2H,0 <> 2CH,COOH +2CO, +4H, 6)

CH,CH,0H +2H,0 «>» CH,COO™ +2H, +H" 7)

The last accomplishing stage of the anaerobic digestion is termed as methano-
genesis. During methanogenesis the microbes convert the acetic acid and hydrogen
to methane gas and carbon dioxide [25]. The anaerobic microorganisms that help to
perform this conversion are called as methanogens. Waste is considered completely
reduced in anaerobic treatment when methane gas and carbon dioxide are produced.

CO, +4H, - CH, +2H,0 (8)
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2C,H,0H +CO, —» CH, +2CH,COOH 9)

CH,COOH — CH, +CO, (10)
2.1 Factors Affecting the Anaerobic treatment of landfill leachate

Anaerobic digestion of the pollutants present in landfill leachate depends on
several factors such as temperature, pH, OLR and HRT, they are discussed below:

i. Temperature: Bacteria need an optimum temperature to grow, generally
for anaerobic reactors, it is 25 to 35°C. The removal efficiencies dropped if
the temperatures are below the optimum range [26]. The temperature was
found to influence the SS removal, and high VFA concentration prevailed at
low temp, showing that the reaction rates were influenced by the decrease
in temperature in an ABR [27]. In another case, the reaction rate decreased
when the temperature was reduced to below 15°C in an ABR system [28].

ii. pH: pH is an important controlling factor for operation of the ABR. The pH
in the ABR is determined by the alkalinity and the VFA concentration. As
mentioned above, there is compartmentalization in the ABR, and the favora-
ble pH of each compartment differs. Due to fermentative bacteria, the VFAs
accumulate in the initial chambers, but the pH increases down the reactor
due to a decrease in VFA concentration and an increase in alkalinity [26]. The
souring caused by excessive accumulation of the VFAs can lead to the process
failure. Therefore, to prevent these fluctuations, pH can be adjusted using
different substances like NaOH and NaHCO; [29].

—.

iii. Organic Loading Rate (OLR): The OLR refers to the amount of organic
material per unit reactor volume, which is subjected to the anaerobic diges-

tion process in the reactor per unit time. OLR can be expressed as
QxCOD | upon simplifying 5y p _ COD where OLR is organic

14 HRT
loading rate (kg COD/m>d), Q is flow rate (m®/d), COD is chemical oxygen
demand (kg COD/m?), and V'is reactor volume (m?). OLR does not directly
influence the performance of an ABR but has an impact on the removal
efficiencies. ABR treating a complex wastewater was operated at different
OLRs ranging from 0.6 to 2 kg COD/ m3/day, for about 600 days without
wasting sludge at temperatures of 20 to 38°C.The average COD removal
decreased with a decrease in OLR. At max OLR i.e. at minimum HRT, the
COD removal exceeded 88% [30]. It can be concluded that the OLR is an
indicator of the nutritional condition of microorganisms.

OLR=

Therefore, when low-concentration wastewater is being treated, lower HRT and
higher OLR are preferred to ensure the availability of nutrients to the microorgan-
isms. When high-concentration wastewater is being treated, lower OLR is suggested
to enable complete biodegradation of the substrate and prevent sludge floating
caused by higher yields of biogas [26].

iv. Hydraulic Retention Time (HRT): Hydraulic retention time is the volume of
the aeration tank divided by the influent flow rate can be shown by the

Vol f t 3
expression HRT [d] = olume of reac or[m ] = v where HRT is in days
Influent flow rate[m3/d] Q
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or hours, V is volume of reactor in m® and Q is influent discharge in m*/d
[31]. HRT is the macro-conceptual time of the stay of organic material in the
reactor the inverse of which is called as dilution rate and if the dilution rate is
greater than the growth rate of microorganisms the microbes will be washed
out. Otherwise the accumulation of microbes will take place [24]. The decrease
in efficiencies at very lower HRTs could be because the bacteria did not get
enough time to consume the substrate. Hydraulic shock loads can also result in
process souring and failure due to the accumulation of VFAs, as they could not
be degraded effectively by the heterotrophic bacteria and methanogens. HRTs
also can influence the dead space volume, at lower HRTs, hydraulic dead space
increases, and at higher HRT, biological dead space increases [26].

3. Anaerobic technologies treating landfill leachate

Anaerobic technologies are widely utilized for the treatment of wastewater,
more precisely for the treatment of landfill leachate as they have following merits
over aerobic technologies; Remarkably less sludge production, energy production in
the form of methane, and efficient removal of pollutants [32]. Some of the treat-
ment technologies/reactors are mentioned in Table 2.

Anaerobic reactor Process parameters Leachate type CcoD References
removal
(%)
Anaerobic contact reactor COD = 16,250 mg/1 Young 375% [33]
Anaerobic membrane COD =7000 mg/1 Young 90% [34]
bioreactor
UASB reactor COD = 6000 mg/1 Intermediate 77% [35]
Anaerobic filters COD = 15,200 mg/1 Young 40% [36]
HRT = 4.5 days
Fluidised bed reactor COD =2000 mg/1 Young 80% [37]
HRT = 0.6 days
Table 2.

Some of the anaerobic treatments of leachate.

3.1 Anaerobic contact reactor

Anaerobic contact reactors are widely used for anaerobic treatment process.
ACR consists of a main reactor and a sedimentation tank from where the settled
sludge is brought back into the parent reactor. The ACR reaches steady state due to
proper mixing and can even work for short HRTs getting higher removal efficien-
cies. The drawback usually encountered is the gas formation in the settling tank
which causes reactor upset [38]. The drawback of this reactor is the development
of gas in the settling tank, which upsets the solid settlement process. Sentiirk
et al. [39] studied an anaerobic contact reactor treating potato-chips wastewaters
(COD = 5500 mg/l, OLR = 0.6 to 8 kg COD/m>/d). The performance of ACR was
evaluated based on COD removal, VFA production and the composition of biogas.
The removal of COD was 86-97% and the methane content of the biogas produc-
tion was about 68-89% accounting an yield of 0.42 m> CH,/ kg COD removed.
El-Gohary and Kamel [33] recently found that an anaerobic contact reactor was able
to remove 37.5 and 40.5% COD and BOD, respectively, from young leachate.
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3.2 Anaerobic membrane bioreactor

The membrane bioreactor works on the application external membrane filter
before/after the anaerobic reactor. This helps to capture the solids preventing the
solids washout and getting them returned to the reactor sludge. Membrane bioreac-
tor (MBR) technology became viable and popular as compared to activated sludge
systems because of the following additional merits; MLSS concentration is high, low
cost of treatment, less sludge production and quality of effluent is high [12]. The
limitation of the system is the high probability of organic fouling in the membrane.
Bohdziewicz and Kwarciak [40] found that using an anaerobic membrane bioreac-
tor as much as 90% COD removal was possible for landfill leachate treatment. In
another study by Zayen et al. [41], 90% COD removal was obtained using this type
of reactor. In a separate study, an anaerobic membrane bioreactor achieved 26%
COD removal at alow HRT of 0.4 days during the anaerobic treatment of leachate
[34]. However, Trzcinski and Stuckey [42] demonstrated that the same reactor
achieved 60% COD removal during the treatment of young leachate. Nuansawan
etal. [43] found that treatment of young leachate using an anaerobic membrane
bioreactor attained 81 and 92.1% removal of COD and BOD, respectively.

3.3 Up-flow anaerobic sludge blanket (UASB)

In an UASB reactor the sludge blanket provided at the bottom of the reactor
serves the purpose of a filter and medium helping the anaerobic microbes to grow
and utilize the organic matter. Influent wastewater is introduced by an inlet at the
bottom and goes in an up-flow manner with the help of a pump. When the waste-
water passes the anaerobic sludge blanket it is being treated by the microorganisms.
This is the principle which governs the mechanism of UASB globally. Singh and
Mittal [44] found that treatment of old leachate by UASB was only able to remove
35% of COD. Abood et al. [45] studied leachate treatment by UASB and found
that the treatment could achieve COD, NH;-N, and BODs removal percentages of
69.27%, 92.18% and 23.81%, respectively. In a separate study by Tauseef et al. [46]
found that leachate treatment by UASB was able to remove 80% COD and produce
70% methane. Montalvo et al. [47] found that treatment of leachate via UASB was
capable of removing 92.4% nitrate, whereas a study conducted by Liu et al. [48]
reported that leachate treatment by UASB could achieve removal of NH;-N, TN and
COD as high as 99.3%, 85.4% and 90.3%, respectively. In support of this, Moharram
et al. [49] also found out that UASB could achieve 50 to 75% of COD removal. Lu
et al. [50] stated that UASB could achieve COD removal rates between 77% and
91%. Alvarino et al. [51] stated that they could achieve 96.7% COD removal via
UASB. Intanoo et al. [52] discovered that by using UASB, up to 60% COD removal
could be attained, while according to Wu et al. [16] leachate treatment via UASB
could achieve COD removal of 95%. Lu et al. [53] found that leachate treatment by
UASB could attain COD removal rates of 93%.

3.4 Anaerobic filters

An anaerobic filter consists of a filter media usually made up of packed material
(non-degradable polymer) having high surface area to volume ratio. These filters
facilitate microorganisms to get developed as a biofilm and forming an anaerobic
channel mat. The problem in such type of reactors arises when the wastewater is rich
in solids causing clogging. Wang et al. [54] revealed that by applying an anaerobic
filter in leachate treatment more than 90% COD removal could be accomplished. A
recent study by Zayen et al. [17] reported 40% COD removal from young leachate.
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Nanayakkara et al. [55] studied the treatment of 10% diluted landfill leachate using
downflow anaerobic filters. One of the columns was filled with a mixture of Washed
Sea Sand (WSS), Dewatered Alum Sludge (DAS) and Firewood Charcoal (FWC)
while in the other the same materials were used but in layers. The parameters
studied and their removal efficiencies using both columns are given below.

Parameters COD BOD; TN NH;-N TP PO -P Pb Cd Cu Mn

Mixed 59% 87% 49% 26% 71% 78% 40% 48% 41% 52%
column
Layered 73% 84% 61% 55% 76% 79% 54% 37% 54% 57%
column

3.5 Fluidised bed reactor

In a fluidised bed reactor, the biomass grows as a biolayer around particles made
up of plastic, polymer or sand which are suspended and remain fluidized because of
upward movement of water. Some of the advantages are higher treatment capacity,
no clogging as in the case of anaerobic filters but the limitation is that sometimes
particles aggregate too much with biomass and settles after becoming dense [38].
Tisa et al. [56] found that fluidised bed reactor could remove 80% COD from
landfill leachate. The role of the fluidised bed reactor in removing metal ions was
explored by Sahinkaya et al. [37] who found that it was able to remove 80 to 99.9%
of metals. According to Eldyasti et al. [57], their fluidised bed reactor was capable
of achieving COD, nitrogen, and phosphorus removal efficiencies of 85%, 80%,
and 70%, respectively at a low carbon-to-nitrogen ratio of 3: 1 and nutrients loading
rates of 2.15 kg COD/m?/d, 0.70 kg N/m’/d, and 0.014 kg P/m’/d).

In another study by Sahinkaya et al. [37], treatment of young leachate using a
fluidised bed reactor resulted in 80% of COD removal and 60% of sulphate removal.

3.6 Leach bed reactor

This reactor works on an opposite principle to a UASB reactor in that the flow
of wastewater is in the opposite direction: downflow direction. However, it shares
some similarities with the UASB in terms of the sludge blanket. The difference is
that effluent will leach out of the sludge bed and will be re-circulated as influent
back into the reactor until maximum treatment is achieved [38]. According to Xu
etal. [58] aleach bed reactor is capable of removing up to more than 80% COD.

In a recent study by Degueurce et al. [59], a leach bed reactor was able to remove
27% COD from a young leachate; whereas, according to Ko et al. [60], treatment of
young leachate via leach bed reactor was able to remove 80% COD.

3.7 Hybrid bed filter

A hybrid bed filter with a filter volume of 2.75 L and HRT of 2.4 d consisted
of the combination of an anaerobic filter at the top and an up-flow sludge blanket
situated at the bottom resulted in the removal efficiency of 37.5 to 76% COD from
landfill leachate [61]. Karabelnik et al. [62] showed that at steady state a hybrid
bed filter achieved COD removal efficiencies of 83 to 88% under an OLR of 2.50
kgCOD/m?/d. Deng et al. [63] found that under the similar operational condition
the hybrid bed filter was capable of achieving COD removal of more than 90%
from leachate. In another study by Dastyar et al. [64] a hybrid bed filter was able to
remove 45% COD from young leachate.
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3.8 Anaerobic baffled reactor (ABR)

This reactor comprises of a progression of UASB reactors in series. The waste-
water will stream over and under every baffle, which acts to isolate every chamber
or compartment, thus counteracting solids washout and thus helping to retain the
solids in the reactor. The successful compartmentalisation of the reactor guarantees
phase division inside the compartments of acidogenic and methanogenic stages
[38]. According to Rongrong et al. [65], an ABR demonstrated COD and Polyvinyl
alcohol (in leachate) removal efficiencies around 42.0% and 18.0%, respectively.
In a recent study by Yu et al. [66], leachate treatment by an ABR resulted in 80%
of total nitrogen removal. Overview of landfill leachate treatment using different
configurations of ABR is shown in Table 3.

Performance of an ABR treating landfill leachate was evaluated by Amin et al.
[67], The influent COD of landfill leachate was 2700 mg/1 and the pH during the
treatment varied from 6.1 to 8.2 the maximum COD and nitrate removal obtained
were 86 and 96.6%, respectively at an HRT of 48 h. Burbano-Figueroa et al. [68]
studied the effect of OLR and sulphate loading rate (SLR) on landfill leachate treat-
ment by a lab-scale ABR. The COD of landfill leachate was 3966-5090 mg/L with
no traces of sulphate. Iron-sulphate was fed at a SLR of 0.05 g SO, /L/d during the
reactor start-up. The range of organic loading rate was 0.30 up to 6.84 g COD/L/d,
while SLR of 0.06-0.13 g SO,*” /L/d was adopted for SO,* in the influent. The
maximum value of COD removal obtained at an OLR of 3.58 g COD/L/d and SLR
0of 0.09 g SO,*/L/d with a (COD/SO,* = 40) was 66%. Sulphate is added for the
consumption of molecular hydrogen and the organic content is degraded during
methanogenesis.

ABR system of four compartments (volume = 64 L and HRT = 4 days) was
used by Mohtashami et al. [69] to treat the landfill leachate and obtained the
COD removal efficiencies of 82.38, 85.19, 82.53, 82.22, and 80.12% for OLR of
1.2,2,3,5,and 7.75 kgCOD/m3/d, respectively. The performance of an ABR was
evaluated by Wang and Shen [70] as a hydrolysis-acidogenesis unit in treating the
wastewater (landfill leachate mixed with municipal sewage) in different volu-
metric ratios. The study revealed that ABR substantially improved the biological
treatability of the mixed wastewater by increasing its BODs/COD ratio to 0.4-0.6
from 0.15-0.3. The effects of the ratios of NH,*-N/COD and COD/TP in mixed

Anaerobic process/reactor Studied pollutants Performance Reference
ABR COD, TKN, Nitrate and 86%, 92.4%, 96.6% and [67]
(S5compartments) Total dissolved salts 64%, respectively
ABR COD 66% [68]
(Scompartments)
ABR COD 80% COD [69]
(4compartments)
ABR BODs/COD ratio BODs/COD ratio [70]
(4compartments) improved to 0.4-0.6

from the initial values of

0.15-0.3
MABR COD, color and COD Removal-82% [71]
(4 Compartments) Heavy metals Color Removal-78%

(As, Cr, Fe) As Removal-88%

Cr Removal-89%
Fe Removal-88%

Table 3.
Different configuration of ABR in the treatment of landfill leachate.
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wastewater on the operational performance were also studied, from which it was
found that a reasonable NH,"-N/COD ratio should be lower than 0.02, and the
phosphorus supplement was needed when the volumetric ratio was higher than 4:
6 for stable operation of ABR.

3.9 Anaerobic ammonium oxidation (Anammox)

It is an auto trophic nitrogen removal method which uses ammonium and
nitrite as electron donor and acceptor respectively to attain nitrogen removal.
Anammox is specially recommended for mature type of leachate, which has
non-biodegradable COD and high concentration of nitrogen [72]. Anammox
process overcomes the requirement of organic carbon for nitrification in activated
sludge process, reduces the amount of energy required for aeration and there is
less production of excess sludge and CO, emission [73]. A continuous flow process
having nitrification and anammox has been studied to treat mature type of landfill
leachate. The efficiency for removal of TN and COD were found to be 94 and 62%
respectively [74].

3.10 Comparison of anaerobic reactors

Anaerobic reactors are comparable by the common features they share, such
as HRT, COD removal and OLR (Table 4). Supposedly, the best reactor should be
able to obtain high OLR, have short HRT and should have high COD removal. Of
all the reactors discussed above OLR range from 1 to 30 kg COD/m*/d. The reac-
tors have an HRT ranging from 1 to 360 hours and COD removal of all anaerobic
reactors ranges from 60 to 90%. From Table 4 the fluidised bed reactor is the
best reactor having an OLR of 2 to 50 kg COD m™ d™", an HRT of 1 to 4 hours and
a COD removal of 80 to 90%. Batch scale anaerobic digestion treating landfill
leachate in Nepal (Sisdole landfill) obtained removal of COD as 50% at a reten-
tion time of 10 days while it was increased to about 85% using anaerobic sequen-
tial batch reactor (SBR) [75]. Due to obstacles in the operation of the fluidised
bed reactor, UASB steals the spot of being the best type of reactor with OLR of 2
to 30 kg COD/m?/d, an HRT of 2 to 72 hours and COD removal of 80 to 95%. This
is also after considering issues of convenience in operating these types of reac-
tors. That does not mean other types of reactors are not as good as each situation
depends on the type of wastewater and the motivation to treat that specific type
of wastewater.

Reactor type OLR (kgCOD/m3/d) HRT (hr) COD removal (%)
Conventional anaerobic reactor 1-5 240-360 60-80
Anaerobic contact reactor 1-6 24-120 70-95
Anaerobic sequencing batch reactor 1-10 6-24 75-90
Anaerobic filter 2-15 10-85 80-95
Fluidised bed 2-50 1-4 80-90
UASB 2-30 2-72 80-95
Anaerobic baffled reactor 3-35 9-32 75-95
Two phases anaerobic digestion 5-30 20-150 70-85
Table 4.

Comparison of various anaerobic reactors [53].
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4. Combined technologies for landfill leachate treatment

Since the characteristics of landfill leachate is varying and the nature is recalci-
trant, therefore no single technology is said to be sufficient for the overall treatment.
To overcome this issue the technologies are applied as an integrated system in which
various physicochemical and biological techniques with their different combinations
are implemented for the removal of pollutants from landfill leachate. Table 5 con-
sists of some of the combined technologies used in the treatment of landfill leachate.

Claudia et al. [76] coupled the processes of photo electrooxidation (PEO) and
activated carbon (AC) to treat highly concentrated stabilized leachate from a
landfill and obtained the removal of 67.2%, 58.3% and 48.4% for COD, ammoniacal
nitrogen and total Kjeldahl nitrogen respectively.

Mojiri et al. [77] performed the treatment of landfill leachate using the application
of dual techniques by using electro-ozonation followed by sequencing batch reactor
(SBR) process augmented with a composite adsorbent (P-BAZLSC) and obtained
high efficiency in the removal of COD, color and nickel. In the electro-ozonation
treatment the optimum ozone dosage and reaction time were kept as 120 mg/l and
96.9 min, respectively. The removal obtained was 64.8%, 90.4%, and 52.9% for COD,
color and nickel, respectively. Sequentially the leachate was transferred to PB-SBR
system. PB-SBR improvised the removal efficiencies from 64.8% to 88.2%, from
90.4% to 96.1%, and from 52.9% to 73.4% for COD, color, and nickel respectively.

The anaerobic treatment of landfill leachate having high concentration of
(341.6 + 21.3 mg/L) was combined by coagulation flocculation (CF) process in
which the coagulant and flocculant used are ferric chloride and cationic polymer
respectively. The removal efficiencies obtained at an optimum dose of 4.4 g/L of
coagulant and 9.9 ml/L of flocculants: 80 + 8.7, 69 + 4.8, 94 + 1.3 and 89 + 6% for
COD, turbidity, color and phenolic compounds respectively [78].

The treatment of landfill leachate was investigated using electrocoagulation
process, the anode and cathode in the electrocoagulation system was both of iron.
The conditions which were optimized to get the desired results were pH: 7.73, inter-
electrode distance: 1.16 cm, and electrolyte concentration (NaCl): 2.00 g/1 (key
factors playing significant role). The process obtained the removal efficiency for

Type of treatment COD/Pollutants Performance Reference
Photo-electro oxidation 1113 mg/L 69% [76]
with activated carbon
Electro-ozonation and a composite adsorbent COD 3018 mg/L 88.2% [77]
augmented SBR Color 96.1%
Anaerobic combined with COD 11520 mg/L 80% [78]
coagulation and flocculation Color 94%
(ferric chloride and cationic
Polymer)
Electro coagulation COD 7230 mg/L 45.1% [79]
(iron as electrodes) Color 82.7%
Two stage anoxic/oxic 4000-20,000 mg/L 80.6% [80]
combined membrane bioreactor
Up-flow anaerobic 68,500 mg/L 81% [81]
sludge and semi fixed filter
(UASB + AF)

Table 5.

Combined technologies for landlfill leachate treatment.
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COD and color as 45.1% and 82.7% respectively [79]. A two-stage anoxic/oxic (A/O)
combined membrane bioreactor (MBR) developed by Liu et al. [80], was operated
for 113 days to treat landfill leachate. The removal for different parameters obtained
were COD = 80.6%, ammonia (NH; -N) = 99.04% and total nitrogen (TN) = 74.87%.

Hua et al. [81] developed an up flow anaerobic sludge semi-fixed filter for the
treatment of landfill leachate by using soft polyurethane belt packing as the sup-
porting carrier. The removal of COD increased with the gradual increase of OLR
while the removal of sulphate decreased. However, the study showed that when the
reactor was operated at the designed value of 9 kgCOD/m’/d the removal of sul-
phate and COD were found to be 90 and 81% respectively. The results indicate that
the semi fixed carrier can form an effective biofilm and the UASSF system can work
efficiently in the treatment of landfill leachate.

5. Conclusion

Municipal solid waste disposal is a critical global issue which needs to be addressed
to check the environmental hazards associated with improper disposal. Sanitary land-
filling is the widely adopted method of disposal throughout the globe, but it is linked
with the severe consequences of the generation of landfill leachate, which should
be treated before disposal because of its toxic and recalcitrant nature. The chapter
provides the brief overview of the landfills, landfill leachate and different treatment
technologies suggested by the previous studies. Extensive details are incorporated
about the anaerobic technologies treating landfill leachate followed by the hybrid
or combined technologies. Hopefully, the chapter will give an understanding about
different anaerobic bioreactors efficiently treating the landfill leachate.
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Abstract

Gold is a highly required material for a wide range of personal and industrial
applications. The high demand for gold, together with the shortage of natural
resources and high pollution potential of wastes generated during mining and
ore processing activities led to search for alternative sources of gold. A possible
source is represented by mine wastes resulting from the processing of polymetallic
or sulfidic ores. The reprocessing of wastes and old tailings with moderate to low
content of gold offers not only a business opportunity, but also enhances the quality
of the surrounding environment, changes the land use and offers a wide range of
socio-economic benefits. Cyanidation, the most widespread Au leaching option, is
progressively abandoned due to the high risk associated with its use and to the low
public acceptance. Therefore, alternative methods such as thiocyanate, thiourea,
thiosulphate and halide leaching gained more and more interest. This chapter
presents the most important features of some Au leaching methods, emphasizing
their advantages, limitations and potential applications.

Keywords: gold recovery, nonferrous mining wastes, leaching, technology,
circular economy

1. Introduction

From ancient times, gold was associated with power and wealth, being used for
the manufacture of tools and weapons, decorative objects and jewelries. Nowadays,
gold is a highly required element in the field of electronics, nanotechnology, medicine,
food, cosmetics, decorative or creative fashion, as well as in space technology [1-4].

Despite their economic importance, mining and ore processing have a low
public acceptance and a high environmental pollution potential as they generate
great amounts of wastes consisting in a mixture of solid waste materials (sand,
fine grained ground-up rock with a size of 1-600 pm), water, chemicals and high
concentrations of hazardous metals (Cu, Cd, Fe, Mn, Pb, Zn), metalloids (As, Se),
together with precious metals (Au, Ag) [5-9].

The mining waste disposal and the long-term management of tailing storage
facilities are critical issues of the mining process, as they can cause landscape dam-
ages and can lead to severe environmental contamination and destruction of living
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ecosystems [10, 11]. Worldwide, several tailing dam accidents with significant
environmental damages and sometimes also with human lives loss were reported
[11, 12]. One of the most important tailings dam failures occurred in 2000 in Baia
Mare, Romania, due to an improper design and lack of effective management of the
tailings impoundment, causing catastrophic damages to the environment [13, 14].
Another severe mining failure was reported in 1971 in the Certej River catchment,
Romania, where a large volume of mine tailings flooded the valley and generated
a significant pollution of the surrounding environment, together with 100 human
lives loss [15]. An important pollution accident occurred in Spain in 1998, when a
massive amount of acid water and mud containing toxic metals were released into
the Agrio and Guadiamar River from the dam of the Aznalcollar tailings pond [16].
Mining wastes and by-products are valuable secondary resources since they
contain important amounts of base, precious or strategic metals that can be
recovered [17]. Beside their economic importance, the wastes valorization by
reprocessing could improve the quality of the environment. The recycling, reuse
and recovery of extractive wastes is also encouraged in the Extractive Waste
Directive 2006/21/EC as it could lead to sustainable mining by resources conser-
vation and reduced environmental impact [17, 18]. Therefore, new processing
methods and technologies need to be developed and implemented. The most
used method for Au leaching from wastes is based on cyanidation. However, in
the context of raising social awareness and straightening environmental regula-
tion, cyanide has become a socially and environmentally undesirable method
for Au recovery. Therefore, the interest in finding other alternatives to cyanide,
with low impact on the environment increased [19-22]. There are a considerable
number of gold leaching methods which are currently tested or developed as
pilot-scale studies, but only a few are available on commercial scale. The most
tested leaching agents for gold are thiosulfate, thiourea, thiocyanate and halides
[19-21]. An effective Au recovery process from mining wastes could provide new
resources for various industrial fields [23]. This chapter presents an overview
of the most used leaching methods for Au recovery with their advantages and
limitations.

2. Gold leaching methods
2.1 Cyanide leaching

Cyanide is a cheap but highly toxic reagent that is very effective in leaching
gold from low-grade minerals and mining wastes. Therefore, cyanidation is the
most widely used method for the extraction of gold from mining wastes. Despite
its advantages, is considered an unacceptable and highly hazardous approach.
The health and safety concerns related to the use of cyanide as a leaching agent
were raised after the occurrence of several technological accidents that severely
damaged the environment [20, 24, 25]. Such incidents led to the development of a
voluntary program in the gold mining industry entitled the “International Cyanide
Management Code” with the objective to safely manage cyanide and safeguard
human health and the environment [26, 27].

The cyanide leaching is based on the Au complexation with cyanide ions in the
presence of oxygen in an alkaline solution according to Eq. (1) [22].

4Au+8CN™ +0, +2H,0=4[ Au(CN), | +40H" 1)
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Cyanide compounds are classified into three main types: free cyanides
(hydrogen cyanide (HCN), ionic cyanide (CN")), weak acid dissociable (WAD)
cyanide complexes (with Cd, Cu, Ni, and Zn) and strong cyanide complexes (with
Co, Au, Ag, and Fe). The chemistry of these compounds offers perspectives on their
actions regarding performance, safety and environment [28]. There are a couple
of main ways through which cyanide can damage the environment: leakages, spills
and evaporation from open leaching basins [21]. To reduce the negative impact on
the environment, the naturally occurring cyanide dissociation mechanisms such as
volatilization, complexation, precipitation, adsorption, biological transformation,
and sulfidation can be artificially enhanced [27]. By complexation, most often
with formation of iron cyanocomplexes, cyanide can be removed from wastes.
However, considering that these complexes can dissociate photochemically into free
cyanides, some concerns regarding the environmental risks were raised [27]. The
adsorption of weak and strong cyanometallic complexes on goethite, manganese
oxides, aluminum oxides, silica, and clays is another option for cyanide reduction
[27]. Biological transformations assisted by bacteria, fungi or plant species may
break down cyanide via oxidative, reductive, hydrolytic or assimilatory pathways to
carbon and nitrogen species used for their growth [27]. The rate of cyanide attenua-
tion in tailings is influenced by cyanide speciation, pH of the solution, temperature,
redox conditions, exposure to sunlight and microbial activity [27].

2.2 Thiourea leaching

Thiourea (SC(NH,),) dissolves gold by forming a complex in acidic solution
according to Eq. (2) [20, 22, 29, 30]. In the leaching process, ferric sulfate is added
as a catalyst to enhance the gold oxidation [20, 22].

Au’ +2SC(NH, ), = Au(SC(NH, ), ) ()

s
2

Gold dissolution in thiourea is faster than in cyanide, but high volumes of
thiourea solutions are needed in the dissolution process [22]. This shortcoming is
avoided by using a mixture of thiourea, thiocyanate and ferric sulfate [21]. Thiourea
presents low sensitivity to base metals present in mining wastes and tailings used
as raw material for Au recovery [29]. Regardless of its low toxicity compared to
cyanide, thiourea is classified as a potential carcinogen [20, 29].

Extensive research has been carried out on Au leaching using acid thiourea
solution at laboratory scale. Moreover, thiourea leaching of Au was tested in pilot
plants and industrial operations [28, 30]. The pH of the solution, leaching potential,
ferric sulfate concentration, thiourea concentration and leaching time are critical
parameters for the leaching efficiency [20]. The optimum conditions for thiourea
leaching can be achieved by using an appropriate quantity of oxidant to ensure the
oxidation of 50% of the thiourea to formamidine disulfide. An excessive amount
of oxidant will lead to high thiourea consumptions. High consumptions combined
with the use of reagents for pH adjustment and potential control will increase the
cost of the leaching process [28].

2.3 Thiocyanate leaching
Thiocyanate (SCN”) forms two stable and soluble complexes with gold,

Au(SCN)," (aurothiocyanate) and Au(SCN)," (aurithiocyanate), out of which
Au(SCN),  is the most stable (Egs. (3) and (4)) [28, 31].
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Au+2SCN" =Au(SCN) " +e” 3)
Au+4SCN™ = Au(SCN), +3e" )

Thiocyanate has low toxicity, high stability, but also slow leaching rate. Thus,
ferric ion as an oxidant is used to increase the leaching rate. Gold leaching using
thiocyanate takes place in the presence of ferric ions, according to Eq. (5) [19].

Au+4SCN™ +3Fe’” = Au(SCN), +3Fe* (5)

The thiocyanate/ferric sulfate system proved to be suitable for a wide range
of ferric ion/thiocyanate molar ratios and slowed the rate of thiocyanate decom-
position [32]. Generally, gold leaching using thiocyanate (0.01-0.05 M) occurs
at a potential of 0.4-0.45V, pH 1-3, in the presence of an oxidant like ferric ions
(2-5 g/L) or peroxide. It has been shown that, under optimal conditions, a gold
extraction yield of 95% can be achieved [21]. Thiocyanate concentrations in the
range of 0.5to 5 g/L and Fe (IIT) concentrations in the range of 6 to 12 g/L have
been used in laboratory and small-scale pilot tests. The thiocyanate concentration
must be maintained for the effective leaching of Au [28]. Thiocyanate leaching
has not yet been commercialized due to its complex operating process [32]. As
the leaching takes place at low pH, special reactors are required to resist in highly
corrosive and oxidizing media [29]. Before its large-scale implementation, more
research is needed to identify the optimum conditions of the process and to reduce
the thiocyanate consumption.

2.4 Thiosulfate leaching

The thiosulphate leaching proved to be a very promising, environmental-
friendly alternative to cyanide leaching for Au and Ag recovery [20]. Usually it is
used under alkaline conditions to avoid thiosulfate decomposition in the presence
of oxygen as oxidation agent (Eq. (6)) [20, 21, 28].

4Au+8S,0,” +0, +2H,0=4Au(S,0,),” +40H 6)

Generally, the dissolution rate of Au in alkaline thiosulphate is slow, but it can be
enhanced in the presence of ammonia and Cu** [20, 21]. The stability of thiosulfate
and copper complexes depends on the pH of the solution [22]. The Au dissolution in
ammoniacal-copper thiosulfate takes place according to Eq. (7) [28].

Au+58,0, +Cu(NH,),” =Au(S,0,),” +4NH, +Cu(S,0,),”  (?)

The main advantages of thiosulphate leaching compared with other methods are
the low toxicity, high reaction selectivity, ability to recirculate the leaching solu-
tions, lower reagent cost and the possibility to recover the dissolved gold by adsorp-
tion and electrodeposition [8, 33]. The main disadvantage of alkaline thiosulphate
leaching is the high reagent consumption and low extraction rates [21].
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Recently, Ubaldini investigated the use of thiosulphate for Au extraction
using mine tailings from Ribita and Criscior [8]. A gold extraction of 75% after
leaching and a recovery of 90% Au after purification (adsorption-desorption-
electrodeposition cycle) was obtained, while the overall process achieved a recovery
of 65-67% Au [8]. The Au and Ag recovery from mineral tailings using glycine and
sodium thiosulphate showed a leaching recovery of Au more than 80% after 48 h
leaching tests with thiosulfate at a solid-liquid ratio of 1:1 [34].

Several studies have been carried out over the last decades to establish the
commercial feasibility of Auleaching using thiosulphate. The high consumption
of thiosulfate during Au leaching represents a disadvantage for scaling up the
process as thiosulphate is easily oxidized by the copper ions added as catalyzer
[33]. Moreover, the low affinity of activated carbon for the gold complex makes the
recovery of Au more difficult [33].

Mahmoud and Awad studied the recovery of Au from thiosulfate solution on
activated carbon in the presence of ammonium persulfate [35]. The obtained results
showed that increasing the ammonium persulfate concentrations to 0.01 M, an effi-
ciency of 85% for gold adsorption after only 10 min was obtained, and 95% of Au
was recovered after 90 min [36]. The recovery of Au from the thiosulphate leachate
using strong base anion resins compared with weak base anion resins presents
several advantages such as higher adsorption capacities of gold complex and inde-
pendence of the adsorption performances on the pH of the solution. However, their
selectivity for [Au(S;05),] 3 against [Cu(S,0;);5]° islow and complex processes are
required for the complete separation of gold and copper from the anion resin [33].

2.5 Halide leaching
2.5.1 Chlorination

Before the large-scale use of cyanide leaching, chlorination was widely applied

for gold recovery [20, 21]. Gold dissolution occurs in two stages according to Egs.
(8) and (9) [28].

Au+Cl" =AuCl+e” (8)
AuCl,” +2C1I" = AuCl,” +2e” 9)

Compared to alkaline cyanide leaching, chlorination offers a high dissolution
rate, but requests acidic media, high temperatures and high concentrations of
chloride [21]. In the case of minerals containing silver and lead the metal recovery
is low. Moreover, during the leaching process highly toxic and corrosive chlorine
gases are released [21]. The reagent consumption is high when low concentrations
of sulfides are present in the wastes, leading to the reduction of the gold complex to
metallic gold [20].

Recently, Ahtiainen and Lundstrom studied cyanide-free gold leaching in mild
chloride media obtaining a gold extraction of 72% at a redox potential <520 mV vs.
Ag/AgCl [37].

The combination of chlorination with roasting for the Au extraction showed
that 91.6% of Au was recovered using 4% CaCl,, while heating at 1323 Kfor2 h
[38]. Li studied the gold extraction from tailings using sulfuric acid as a pretreat-
ment before calcium hypochlorite leaching [39]. The obtained results showed that
the leaching rate of Au was 81% using 8% calcium hypochlorite, 333 K chlorination
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temperature and 2 h chlorination time [39]. The use of chlorine for gold extrac-
tion remains difficult to use due to the high reagent consumption, its corrosive
effect, high cost of the overall process and challenges experienced in Au recovering
process [28].

2.5.2 Bromine

Gold dissolution in bromide (Eq. (10)) is influenced by the concentration
of bromide and Au, the pH and the electrochemical potential of the anodic and
cathodic processes [21, 40].

Au+4Br =AuBr, +3e” (10)

Bromide leaching has the advantages of short extraction time, high dissolution
rates, high selectivity and adaptation to a wide range of pH values. However,
bromide is not suitable to be used as a large-scale industrial process as it is difficult
to handle and has high reagent costs [20-22, 40].

Over the last years, gold dissolution was investigated using different oxidants
like ferric ion, hydrogen peroxide and hypochlorite. The results showed a slow
dissolution of gold using hydrogen peroxide and ferric ion [40]. The efficiency of
bromine produced in-situ using NaBr, NaOCl and HCI to dissolve auriferous gold
ore from the Castromil deposit (Portugal) was proven to be comparable with that of
cyanide leaching and twice higher than of thiosulfate [40].

2.5.3 Iodine

Triiodide ion formed by iodine (I,) and iodide ions (I") acts as an oxidant
complexing gold (Eq. (11)) [21, 29].

Au+4l =Aul, +3e (11)

Iodine gold leaching can be a promising alternative to cyanide leaching because
of its low volatility and hazardousness [22]. The process presents high leaching rates
and the formed gold iodide complexes are more stable in aqueous solutions than
the complexes with other halogens [20]. However, iodine was not used at industrial
scale due to its high cost [22]. The electrolytic deposition could be an efficient
method to reduce the costs through electrolytic recovery of gold and regeneration
of iodine [29]. Recently, electrodeposition of gold from iodine leaching solution
using response surface methodology was used to study the interactions between
variables and their effect on gold deposition rate. The proposed method showed a
high deposition rate (94.02%), but a low coulombic efficiency (2.53%) [41].

Presently, the application of halide systems is limited due to the difficulties
encountered in maintaining the gold complex in the solution [20].

2.6 Aqua regia leaching
Aqua regia is a mixture of concentrated nitric acid (HNO;) and hydrochloric

acid (HCI). The dissolution of gold with aqua regia is a simple, fast and effective
process, but the amount of NOj released in the atmosphere can be a significant
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source of air pollution [42]. The HNO; favors the formation of trivalent gold ions,
which further react with chloride to form tetrachloroaurate anions, according to
Eq. (12) [21, 43].

Au+HNO, +4HCl=AuCl", +H" +NO+2H,0 (12)

The aqua regia leaching is mostly used for alloys with high gold content [36]. In
case of higher Ag content, it is necessary to reduce the amount of Ag to prevent the
incomplete dissolution of gold by blending doré materials with feedstocks contain-
ing low amounts of Ag or by pretreatment with HNO; for Ag removal before disso-
lution. Aqua regia is known as an effective leaching agent due to its high dissolution
rate, but is extremely corrosive [21]. During the leaching process, toxic NO, gases
are released. The NO, emissions depend on the acid concentrations, temperature
and air flow rates of the dissolution process [42]. The effectiveness of the dissolu-
tion process in aqua regia is influenced by the material granulation which can offer
alarge surface area to enable the reaction kinetics. In addition, the solution can be
heated during dissolution to allow a rapid reaction.

2.7 Microbial leaching

Recovery of value-added metals from various wastes using microbial species has
attracted much interest in recent years due to the long-term decline of ore grades
and concentrates. Microorganisms play an important role especially in the gold
recovery process from mining wastes and tailings. Some specialized bacteria, fungi,
yeasts, algae or actinomycetes are increasingly being used to facilitate the extraction
of gold from low-grade auriferous ore [44]. These microorganisms can enhance the
oxidation of metallic minerals and may be used as flotation agents or as biosorbents
in the gold recovery process [24, 45].

In recent years, two different types of biomining processes have attracted
researchers’ interest as alternatives to conventional methods: bioleaching and
biological oxidation, as they proved to be cost-efficient, sustainable and non-
hazardous [46-48].

Bioleaching is a solubilization process in which bacteria help to dissolve gold
from ores or wastes, while in the biooxidation process, the acidophilic microor-
ganisms release gold from minerals during sulfide oxidation [49]. Biooxidation
of gold can be applied as heap or dump leaching and stirred tank leaching. The
static biooxidation techniques are based on the principle of circulating water and
air through waste heaps to activate the growth of microorganisms that amplify
the oxidation [50]. Cyanogenic microorganisms as Chromobacterium violaceum,
Pseudomonas fluorescens and Pseudomonas plecoglossicida were able to mobilize gold
when grown in the presence of various metal-containing solids. Compared to
chemical oxidation, biological oxidation offers the advantages of low production
costs, low temperatures, low pressures, partial sulfide oxidation, decreased leachate
consumption and no atmospheric pollution [51]. In polymetallic sulfidic ores sev-
eral acidophilic, chemolithotrophic iron and sulfur oxidizing bacteria are present.
Mesophilic iron and sulfur oxidizing bacteria as Acidithiobacillus ferroxidans, sulfur-
oxidizing Acidithiobacillus thioxidans, iron-oxidizing Leptospirillum ferriphilum
and Leptospirillum ferrooxidans, moderately thermophilic bacteria, such as sulfur-
oxidizing Acidithiobacillus caldus and sulfur and iron oxidizing Sulfobacillus spp. has
been reported to assist in the oxidation of sulfides [44, 52].
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Various microorganisms were tested for gold biomining [51]. A recent study has
reported the Au recovery from polymetallic sulfide minerals using biooxidation
followed by acid washing and citrate leaching [53]. Thus, the biooxidation stage
removed the refractory ores, increasing the gold extraction from 17.3 to 86.4% [53].
In the biooxidation process, sulfides are oxidized by mixed mesophilic culture
mainly consisting of Acidithiobacillus ferrooxidans. A combined procedure for Au,
Ag and Pb recovery from sulfide minerals was proposed by Lorenzo-Tallafigo [54].

Biosorption by microbial biomass is another promising, cost efficient and eco-
friendly method for the gold recovery from wastes [23, 54]. Biosorption is a passive
sorption and/or complexation method of gold in the cell wall of diverse algae,
fungi and bacteria biomass [54, 55]. Stationary or dead microbial biomass bind
and concentrate gold ions from pregnant leachates [56]. In biosorption processes
a series of green and brown algae (Chlorella vulgaris, Fucus vesiculosus, Sargassum
natans), fungi (Aspergillus niger, Mucor rouxii, Rhizopus arvihus, Aspergillus
oryzae, Chaetomium globosum, Gibberella fujikuroi, Mucor hiemalis, Penicillium
chrysogenum, Purpureocillium lilacinum), yeast (Candida krusei, Candida robusta,
Candida utilis, Cryptococcus albidus, Cryptococcus laurentii, Debaryomyces hanseni,
Endomycopsis fibuligera, Hansenula anomala, Hansenula saturnas, Kluyveromyces
Spp., Saccharomyces cerevisiae, Sporobolomyces salmonicolor, Torulopsisaeria) or bac-
teria (Streptomyces phaeochromogenes HUT6013, Acinetobacter calcoaceticus, Erwinia
herbicola, Pseudomonas aeruginosa, Pseudomonas maltophilia) are used for gold recov-
ery [24]. Some microbial species (Bacillus subtilis, Escherichia coli, Streptomyces albus,
Candida utilis, Aspergillus niger) can contribute to the passive sorption of gold from
solution or have the capacity to accumulate gold in an EPS capsule (Hyphomonas
adhaerens MHS-3) [51]. A gold recovery rate of 85% has been reported by Kenney
when non-metabolizing bacteria cells of Bacillus subtilis and Pseudomonas putida
were used [57].

Recent studies revealed effective results for Au recovery with other biomining
methods as bioprecipitation, biomineralization, bioflotation, bioflocculation, bio-
sorption and bioaccumulation [58-60]. All these methods are based on gold harvest-
ing microorganisms, which are either isolated from the gold enriched areas and
domesticated or bioengineered strains with exceptional gold retrieval efficiency [48].

Due to the fact that various microbial communities have different structure, func-
tions and dynamics in the gold metabolization, their use in bio-hydrometallurgical
processes still remain a challenge. Even if many thermophilic or acidophilic bacteria,
archaea or other types of microorganisms have been isolated, characterized, and
even used for extracting precious metals, new strains isolated from different sources
of wastes are needed [47]. At the same time, it is necessary to find combinations
of chemicals compatible with efficient microbial agents to recover high levels of
gold [61].

In the mining industry, naturally-occurring microorganisms which can be
exploited through different strategies for the extraction and recovery of gold have a
great potential [62]. The use of microorganisms for the recovery of precious metals
from waste is economical and can avoid environmental pollution [44]. Furthermore,
microbe driven technologies based on processes like biofiltration using specialized
biofilters can assure a specific recovery of the gold ions [63]. Future gold recovery
processing systems based on microorganisms will revolutionize the gold production.

3. Conclusions

Mining wastes represent a valuable resource for various elements, among which
precious metals like gold. These wastes present both challenges and opportunities,
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as it require long term management to reduce the environmental risks, but could
act as important resources for base and precious metals. In order to secure the high
global demand for gold, new, low-cost, highly efficient but also environmentally
friendly methods need to be developed. Although there is a lot of research in the
field of developing less-toxic alternatives to cyanide and several leaching agents
proved their efficiency, till now, there is no viable industrial scale alternative to cya-
nide. Another important challenge is the recovery of Au from mine waste leachates
containing several soluble metals in various concentrations.

Acknowledgements

This research was funded by a grant of the Romanian National Authority for
Scientific Research and Innovation, CCCDI-UEFISCDI, project number 52/2018,
COFUND-ERANET-ERAMIN-MINTECO-2, within PNCDI III.
Conflict of interest

The authors declare no conflict of interest.

Author details

Emilia Neagl, Eniko Kovacs"?, Zamfira Dinca!, Anamaria Iulia Térok?,
Cerasel Varaticeanu® and Erika Andrea Levei™

1 INCDO-INOE 2000, Research Institute for Analytical Instrumentation,
Cluj-Napoca, Romania

2 University of Agricultural Sciences and Veterinary Medicine, Cluj-Napoca,
Romania

*Address all correspondence to: erika.levei@icia.ro

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. 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.

121



Strategies of Sustainable Solid Waste Management

References

[1] Ahmad B, Hafeez N, Bashir S,
Rauf A, Mujeeb Ur R. Phytofabricated
gold nanoparticles and their
biomedical applications. Biomedicine
& Pharmacotherapy. 2017;89:414-425.
DOI: 10.1016/j.biopha.2017.02.058

[2] Berners-Price SJ. Gold-Based
Therapeutic Agents: A New
Perspective. Bioinorganic Medicinal
Chemistry2011. 197-222 p. DOI:
10.1002/9783527633104.ch7

[3] Hwu S, Garzuel M, Forro C, Ihle §J,
Reichmuth AM, Kurdzesau F, et al.
An analytical method to control the
surface density and stability of DNA-
gold nanoparticles for an optimized
biosensor. Colloids and Surfaces. B,
Biointerfaces. 2020;187:110650. DOI:
10.1016/j.colsurfb.2019.110650

[4] Langley RC. Gold coatings for
temperature control in space exploration.
Gold Bulletin. 1971;4(4):62-66. DOI:
10.1007/bf03215144

(5] Edraki M, Baumgartl T, Manlapig E,
Bradshaw D, Franks DM, Moran CJ.
Designing mine tailings for better
environmental, social and economic
outcomes: A review of alternative
approaches. Journal of Cleaner
Production. 2014;84:411-420. DOI:
10.1016/jjclepro.2014.04.079

[6] Park I, Tabelin CB, Jeon S, Li X,
Seno K, Ito M, et al. A review of recent
strategies for acid mine drainage
prevention and mine tailings recycling.
Chemosphere. 2019;219:588-606. DOI:
10.1016/j.chemosphere.2018.11.053

[71Wang L, Ji B, Hu Y, Liu R, Sun W.
A review on in situ phytoremediation
of mine tailings. Chemosphere.
2017;184:594-600. DOI: 10.1016/j.
chemosphere.2017.06.025

[8] Ubaldini S, Guglietta D, Veglio F,
Giuliano V. Valorization of mining

122

waste by application of innovative
Thiosulphate leaching for Gold
recovery. Metals. 2019;9(3). DOI:
10.3390/met9030274

[9] Levei E, Frentiu T, Ponta M,
Tanaselia C, Borodi G. Characterization
and assessment of potential
environmental risk of tailings stored in
seven impoundments in the Aries river
basin, Western Romania. Chemistry
Central Journal. 2013;7(1):5. DOI:
10.1186/1752-153X-7-5

[10] Rintala L, Leikola M, Sauer C,
Aromaa J, Roth-Berghofer T, Forsén O,
et al. Designing gold extraction
processes: Performance study of a
case-based reasoning system. Minerals
Engineering. 2017;109:42-53. DOLI:
10.1016/j.mineng.2017.02.013

[11] Adiansyah JS, Rosano M, Vink S,
Keir G. A framework for a sustainable
approach to mine tailings management:
Disposal strategies. Journal of Cleaner
Production. 2015;108:1050-1062. DOI:
10.1016/jjclepro.2015.07.139

[12] Owen JR, Kemp D, Lébre E,
Svobodova K, Pérez Murillo G.
Catastrophic tailings dam failures
and disaster risk disclosure.
International Journal of Disaster Risk
Reduction. 2020;42. DOI: 10.1016/j.
jdrr.2019.101361

[(13] LyuZ, Chai], Xu Z, Qin Y, Cao J.
A comprehensive review on reasons
for tailings dam failures based on
case history. Advances in Civil
Engineering. 2019;2019:1-18. DOI:
10.1155/2019/4159306

[14] Macklin MG, Brewer PA,

Balteanu D, Coulthard TJ, Driga B,
Howard AJ, et al. The long term fate

and environmental significance of
contaminant metals released by the
January and March 2000 mining tailings
dam failures in Maramures County,



Hydrometallurgical Recovery of Gold from Mining Wastes

DOI: http://dx.doi.org/10.5772/intechopen.94597

upper Tisa Basin, Romania. Applied
Geochemistry. 2003;18(2):241-257. DOI:
10.1016/s0883-2927(02)00123-3

[15] Sima M, Dold B, Frei L, Senila M,
Balteanu D, Zobrist J. Sulfide
oxidation and acid mine drainage
formation within two active tailings
impoundments in the Golden
quadrangle of the Apuseni Mountains,
Romania. Journal of Hazardous
Materials. 2011;189(3):624-639. DOIL:
10.1016/jjhazmat.2011.01.069

[16] Grimalt JO, Ferrer M,

Macpherson E. The mine tailing
accident in Aznalcollar. Science of The
Total Environment. 1999;242(1-3):3-11.
DOI: 10.1016/s0048-9697(99)00372-1

[17] Kinnunen PHM, Kaksonen AH.
Towards circular economy in mining:
Opportunities and bottlenecks for
tailings valorization. Journal of Cleaner
Production. 2019;228:153-160. DOI:
10.1016/jjclepro.2019.04.171

[18] Directive 2006/21/EC of the
European Parliament and of the Council
of 15 March 2006 on the management
of waste from extractive industries

and amending Directive 2004/35/EC.
2004.

[19] Aylmore MG. Alternative
Lixiviants to cyanide for leaching
Gold ores. Gold Ore Processing.
2016:447-484. DOI: 10.1016/
b978-0-444-63658-4.00027-x

[20] Hilson G, Monhemius AJ.
Alternatives to cyanide in the gold
mining industry: What prospects for the
future? Journal of Cleaner Production.
2006;14(12-13):1158-1167. DOI:
10.1016/jjclepro.2004.09.005

[21] G6kelma M, Birich A, Stopic S,
Friedrich B. A review on alternative
Gold recovery Re-agents to cyanide.
Journal of Materials Science and
Chemical Engineering. 2016;04(08):
8-17. DOI: 10.4236/msce.2016.48002

123

[22] Birich A, Stopic S, Friedrich B.
Kinetic investigation and dissolution
behavior of cyanide alternative

Gold leaching reagents. Scientific
Reports. 2019;9(1). DOI: 10.1038/
s41598-019-43383-4

[23] Calderon ARM, Alorro RD,
Tadesse B, Yoo K, Tabelin CB.
Repurposing of nickeliferous pyrrhotite
from mine tailings as magnetic
adsorbent for the recovery of gold

from chloride solution. Resources,
Conservation and Recycling. 2020;161.
DOI: 10.1016/j.resconrec.2020.104971

[24] Syed S. Recovery of gold from
secondary sources—A review.
Hydrometallurgy. 2012;115-116:30-51.
DOI: 10.1016/j.hydromet.2011.12.012

[25] Rico M, Benito G, Salgueiro AR,
Diez-Herrero A, Pereira HG. Reported
tailings dam failures. Journal of
Hazardous Materials. 2008;152(2):846-
852. DOI: 10.1016/jjhazmat.2007.07.050

[26] International Cyanide Management
Code for the Gold Mining Industry.
Available from: https://www.
cyanidecode.org/

[27] Johnson CA. The fate of cyanide
in leach wastes at gold mines: An
environmental perspective. Applied
Geochemistry. 2015;57:194-205. DOI:
10.1016/j.apgeochem.2014.05.023

[28] Marsden JO, House CI. The
Chemistry of Gold Extraction. 2nd ed.
Gold Bulletin. Littleton, Colorado:
Society for Mining, Metallurgy, and
Exploration (SME); 2006

[29] Liang CJ, Li JY. Recovery of gold
in iodine-iodide system — A review.
Separation Science and Technology.
2018;54(6):1055-1066. DOI:
10.1080/01496395.2018.1523931

[30] LiJ, Miller JD. A review of Gold
leaching in acid Thiourea solutions.
Mineral Processing and Extractive



Strategies of Sustainable Solid Waste Management

Metallurgy Review. 2006;27(3):177-214.
DOI: 10.1080/08827500500339315

[31] Li ], Safarzadeh MS, Moats MS,
Miller JD, LeVier KM, Dietrich M,

et al. Thiocyanate hydrometallurgy for
the recovery of gold. Part I: Chemical
and thermodynamic considerations.
Hydrometallurgy. 2012;113-114:1-9.
DOI: 10.1016/j.hydromet.2011.11.005

[32] Li], Safarzadeh MS, Moats MS,
Miller JD, LeVier KM, Dietrich M, et al.
Thiocyanate hydrometallurgy for the
recovery of gold. Hydrometallurgy.
2012;113-114:10-18. DOI: 10.1016/j.
hydromet.2011.11.007

[33] Xu B, Kong W, Li Q, Yang Y,
Jiang T, Liu X. A review of thiosulfate
leaching of Gold: Focus on thiosulfate
consumption and Gold recovery from
pregnant solution. Metals. 2017;7(6).
DOI: 10.3390/met7060222

[34] Munive GT, Encinas MA,
Salazar Campoy MM, Alvarez VE,
Vazquez VM, Choque DC. Leaching
Gold and silver with an alternative
system: Glycine and thiosulfate from
mineral tailings. Journal of Metals.
2019;72(2):918-924. DOI: 10.1007/
s11837-019-03652-z

[35] Mahmoud M, Awad HM. Improved
recovery of gold and silver from
thiosulfate solution on activated carbon
in presence of ammonium persulfate.
Physicochem Probl Miner Process.
2019;55:5:1271-85. DOL: https://doi.
org/10.5277/ppmpl9051

[36] Habashi F. Gold — An

Historical Introduction. Gold Ore
Processing2016. 1-20 p. DOI: 10.1016/
b978-0-444-63658-4.00001-3

[37] Ahtiainen R, Lundstrom M.
Cyanide-free gold leaching in
exceptionally mild chloride solutions.
Journal of Cleaner Production.
2019;234:9-17. DOI: 10.1016/jjclepro.
2019.06.197

124

[38] Li H, Ma A, Srinivasakannan C,
Zhang L, Li S, Yin S. Investigation on
the recovery of gold and silver from
cyanide tailings using chlorination
roasting process. Journal of Alloys and
Compounds. 2018;763:241-249. DOL:
10.1016/jjallcom.2018.05.298

391 LiH,Yin S, LiS, Zhang L,

Peng J, Yang K. Investigation on the
recovery of gold from pretreated
cyanide tailings using chlorination
leaching process. Separation Science
and Technology. 2019:1-9. DOI:
10.1080/01496395.2019.1708108

[40] Sousa R, Futuro A, Fitiza A,

Vila MC, Dinis ML. Bromine leaching
as an alternative method for gold
dissolution. Minerals Engineering.
2018;118:16-23. DOI: 10.1016/j.
mineng.2017.12.019

[41] Meng Q, Li G, Kang H, Yan X,
Wang H, Xu D. A study of the
electrodeposition of Gold process

in iodine leaching solution. Metals.
2019;10(1). DOI: 10.3390/met10010050

[42] Mooiman MB, Simpson L. Refining
of Gold- and Silver-Bearing Doré. Gold
Ore Processing2016. 595-615 p. DOI:
10.1016/b978-0-444-63658-4.00034-7

[43] Rao MD, Singh KK, Morrison CA,
Love JB. Challenges and opportunities
in the recovery of gold from electronic
waste. RSC Advances. 2020;10(8):4300-
4309. DOI: 10.1039/c9ra07607g

[44] Fashola M, Ngole-Jeme V,
Babalola O. Heavy metal pollution
from Gold mines: Environmental
effects and bacterial strategies for
resistance. International Journal of
Environmental Research and Public
Health. 2016;13(11). DOI: 10.3390/
ijerph13111047

[45] Aitimbetov T, White DM,

Seth I. Biological gold recovery from
gold-cyanide solutions. International
Journal of Mineral Processing.



Hydrometallurgical Recovery of Gold from Mining Wastes

DOI: http://dx.doi.org/10.5772/intechopen.94597

2005;76(1-2):33-42. DOI: 10.1016/j.
minpro.2004.09.003

[46] Johnson DB. Development and
application of biotechnologies in the
metal mining industry. Environmental
Science and Pollution Research.
2013;20(11):7768-7776. DOI: 10.1007/
s11356-013-1482-7

[47] Pollmann K, Kutschke S, Matys S,
Kostudis S, Hopfe S, Raff ]. Novel
biotechnological approaches for the
recovery of metals from primary

and secondary resources. Minerals.
2016;6(2). DOI: 10.3390/min6020054

[48] Rana S, Mishra P, Za W, Thakur S,
Pant D, Singh L. Microbe-mediated
sustainable bio-recovery of gold from
low-grade precious solid waste: A
microbiological overview. Journal of
Environmental Sciences. 2020;89:47-64.
DOI: 10.1016/jjes.2019.09.023

[49] Johnson DB. Biomining—
Biotechnologies for extracting and
recovering metals from ores and
waste materials. Current Opinion in
Biotechnology. 2014;30:24-31. DOI:
10.1016/j.copbio.2014.04.008

[50] Morin D, Lips A, Pinches T,
Huisman J, Frias C, Norberg A, et al.
BioMinE - Integrated project for the
development of biotechnology for
metal-bearing materials in Europe.
Hydrometallurgy. 2006;83(1-4):69-76.
DOI: 10.1016/j.hydromet.2006.03.047

[51] Kaksonen AH, Mudunuru BM,
Hackl R. The role of microorganisms

in gold processing and recovery—A
review. Hydrometallurgy. 2014;142:70-
83. DOI: 10.1016/j.hydromet.2013.11.008

[52] Chingwaru W. Potential of
biotechnology for metals extraction
in Zimbabwe: A review. Journal of the
Southern African Institute of Mining
and Metallurgy. 2017;117(4):381-

386. DOI: 10.17159/2411-9717/2017/
v117n4a10

125

[53] Lorenzo-Tallafigo J, Iglesias-
Gonzalez N, Mazuelos A, Romero R,
Carranza F. An alternative approach to
recover lead, silver and gold from black
gossan (polymetallic ore). Study of
biological oxidation and lead recovery
stages. Journal of Cleaner Production.
2019;207:510-521. DOI: 10.1016/j.
jclepro.2018.10.041

[54] Mata YN, Torres E, Blazquez ML,
Ballester A, Gonzdlez F, Mufioz JA.
Gold(III) biosorption and bioreduction
with the brown alga Fucus vesiculosus.
Journal of Hazardous Materials.
2009;166(2-3):612-618. DOI: 10.1016/j.
jhazmat.2008.11.064

[55] Mao ], Won SW, Vijayaraghavan K,
Yun Y-S. Surface modification of
Corynebacterium glutamicum

for enhanced reactive red 4
biosorption. Bioresource Technology.
2009;100(3):1463-1466. DOI: 10.1016/j.
biortech.2008.07.053

[56] Dobson RS, Burgess JE. Biological
treatment of precious metal refinery
wastewater: A review. Minerals
Engineering. 2007;20(6):519-532. DOI:
10.1016/j.mineng.2006.10.011

[57] Kenney JPL, Song Z, Bunker BA,
Fein JB. An experimental study of

Au removal from solution by non-
metabolizing bacterial cells and their
exudates. Geochimica et Cosmochimica
Acta. 2012;87:51-60. DOI: 10.1016/j.
gca.2012.03.023

[58] Achinas S, Achinas V,

Euverink GJW. A technological
overview of biogas production from
biowaste. Engineering. 2017;3(3):299-
307. DOI: 10.1016/j.eng.2017.03.002

[59] Fairbrother L, Etschmann B,
Brugger J, Shapter ], Southam G,
Reith F. Biomineralization of Gold in
biofilms ofCupriavidus metallidurans.
Environmental Science & Technology.
2013;47(6):2628-2635. DOI: 10.1021/
es302381d



Strategies of Sustainable Solid Waste Management

[60] Nancharaiah YV, Mohan SV,

Lens PNL. Biological and
bioelectrochemical recovery of

critical and scarce metals. Trends in
Biotechnology. 2016;34(2):137-155. DOI:
10.1016/j.tibtech.2015.11.003

[61] Singh R, Pant D. Polyvinyl chloride
degradation by hybrid (chemical and
biological) modification. Polymer
Degradation and Stability. 2016;123:80-
87. DOI: 10.1016/j.polymdegradstab.
2015.11.012

[62] Olson GJ, Brierley JA, Brierley CL.
Bioleaching review part B. progress

in bioleaching: applications of
microbial processes by the minerals
industries. Appl Microbiol Biotechnol.
2003;63(3):249-257. DOI: 10.1007/
s00253-003-1404-6

[63] Yang C, Qian H, Li X, Cheng Y,
He H, Zeng G, et al. Simultaneous
removal of multicomponent VOCs in
biofilters. Trends in Biotechnology.
2018;36(7):673-685. DOI: 10.1016/j.
tibtech.2018.02.004

126



Section 4

Sustainable Products
from Solid Wastes

127






Chapter 9

Bioelectricity from Organic Solid
Waste

M. Azizul Mogsud

Abstract

Resource recovery and recycling of organic waste is a great challenge in the world.
The unmanaged organic waste causes a great damage to the environment and the
public health both in the developing countries and industrial parts of the world. In this
research, an innovative method was adopted to generate bioelectricity from the organic
waste by using the Microbial Fuel Cell (MFC). Various types of organic wastes such as
livestock waste, food waste, fruit waste were used as the substrates of the microbial fuel
cell. All the experiments were carried out in the same sized one chamber microbial fuel
cell and the similar electrode materials. It was observed that all the organic wastes can
be used to generate bioelectricity through microbial fuel cell. The generated electricity
can be used in several environmental monitoring sensors and can be used as an alternate
power source in the developing countries. The by-products of the bioelectricity genera-
tion can be used as soil conditioner in the organic depleted soil and agricultural fields.

Keywords: organic waste, bioelectricity, voltage generation, soil conditioner

1. Introduction
1.1 Organic waste state

Organic waste is generated in our everyday life. The amount of organic waste is
increasing all over the world. By comparing other types of waste materials such as plastic
waste, paper waste or metal waste, organic waste is the least cared waste in the world.
The recycling rate of organic waste is not prominent both in developing countries and
the developed countries. In Japan, the organic waste is burnt in the incineration plants
[1]. However, to burn the organic waste is not good as the calorific value of the organic
waste was not so high. The higher content of moisture of the organic waste can reduce
the calorific value. The unmanaged organic waste has created several environmental
pollutions and health hazards, especially in the developing countries. The traditional
method of organic waste management such as composting is often not suitable and
caused problems in the urban areas [2]. The landfill of organic waste is again causing a
huge burden to the waste collection systems and the transportation and final disposal
system in the hot and humid countries. So, to find some innovative method to recycle
and resource recovery from organic waste is very crucial in recent time.

1.2 Microbial fuel cell to generate electricity

Microbial fuel cell is a biochemical device in where the bacteria can decompose
the organic contents and generate the electricity [2-6]. In the previous research,
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it was observed that this MFC method can be used to clean the wastewater, bio-
remediated the sulfide contaminated sediment, and consequently bioelectricity
generation [7-9]. The benefit of this method is that it can generate bioelectricity
while cleaning the environment. Mogsud et al. showed that MFC can also generate
electricity from the organic waste in a compost type MFC [1]. Since then, other
researchers are trying to use this novel technology to generate bioelectricity and
recycling the organic waste as a resource recovery options from the organic waste.
The modified version of MFC with the employment of plants are called the plant
microbial fuel cell (PMFC). It was observed that in PMFC, by using the compost
from the organic waste, the bioelectricity can be generated more [3].

1.3 World energy status

Due to the population increase in the world, the demand of clean energy is
increasing day by day. It needs to find the new source of electricity as most of the
fossil fuels are decreasing. The global warming challenge make this problem more
critical. To find a new source of green energy is the major challenge in the world
in this current state of the world. In this background, microbial fuel cell can be
a potential candidate for the future green energy in the world. The accidents of
nuclear power plant are devastating in many cases. So, it is also needed to generate
bioelectricity from the safe source for the sustainable future generations.

The main objective of this research is that to evaluate the efficiency of the
MEFC by using the different types of organic wastes. Another objective is to check
the feasibility of organic content as a soil conditioner from the by-products of
bioelectricity generation.

2. Materials and methods
2.1 What is bioelectricity?

Bioelectricity is the electricity which can be generated from the biological
sources and with the help of living materials [2]. Many times, the microorganism
such as bacteria are the main working factors to generate electricity while biode-
gradable the organic waste both in the aerobic and anaerobic bacteria. The electro-
active bacteria are most responsible for the electricity generation.

2.2 Organic waste composting

Organic waste poses exceptional challenges during waste collection, particularly
in hot and humid climates, where timely collection and disposal are critical. In
some cities as much as 79% of municipal waste is organic [4]. Thus, organic waste
management needs priority attention. The composting process which is the most
common method for organic waste management, involves microorganisms feeding
on organic material and consuming oxygen. The composting process generates
heat, drives off moisture, and reduces bulky organic waste into a beneficial soil-like
material containing nutrients, humus, and microorganisms in just a few months.
Material in an unmanaged pile of organic debris will eventually break down but the
process will take a long time and may result in odor or other nuisance problems due
to poor aeration. Composting efforts may be easier to start if organic waste from
food industry entities is used rather than household organic waste, because the
quality of the organic inputs can be more closely controlled.
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2.3 Biogas generation from organic waste

Many researchers are trying to produce the biogas from different organic waste.
The bacteria can decompose the organic waste and consequently generate the bio
gas which are mainly methane and the carbon di oxide. The management of organic
waste is a critical problem and biogas generation can be a solution of it, however,
there are some socio-economic problems associated with the biogas production
from the organic waste. The design of biogas plant in the urban area is a very dif-
ficult task due to the land requirements. Again, the use of biogas in the kitchen for
cooking has not become popular among the users in the developing countries due to
the misconception of the bad odour and aesthetic point of view [7, 8].

2.4 Laboratory experiments for microbial fuel cell

One chamber MFC has been used for different types of organic wastes to gener-
ate bioelectricity. Figure 1 illustrates the schematic diagram of the MFC which has
been used in the laboratory experiment. Anode was embedded into the biomass
while cathode was placed on the surface. The anode was set approximately 5 cm
below the surface of the biomass, while the cathode was placed immediately above
the biomass surface, but under the water.

The biomass used in the MFC were livestock waste such as cow dung, chicken
droppings, rice waste, food waste and fruit waste. The basic properties of moisture
content and organic content are listed in Table 1. It was noticed that the organic
content of the different organic waste is not so much varied among them. It was also
observed that the pH value of the initial condition of the different organic waste
are within the range of 6.1-7.2 which was relatively suitable for the microorganisms
working in the microbial fuel cell.

The design of the MFC was kept constant while changing the substrates inside the
MEFC as shown in Figure 1. The cylindrical shaped MFC chamber is 15 x 10 cm. The
cross-section of the cell was 10 x10 cm. The electrode materials which were used in
the MFC was carbon fiber, carbon felt for all the cases. The electrode amount was kept
constant for all type of organic substances. The effective area of electrodes (anode and
cathode) was kept the same as the cell areas (100 cm?).

The organic wastes such as cow dung was collected from the Department of
Agriculture, Yamaguchi University at Yoshida campus, Japan while the chicken
droppings, rice bran leaf were collected from Japan Agricultural Office, Ube city
branch. The food waste and fruit waste were collected from the student’s cafeteria
of Yamaguchi University, Japan. In microbial fuel cell (MFC), bacteria used as
biocatalyst to convert biodegradable organic substrates harmless by-products
with the simultaneous production of electrical energy. The blended sample was
poured into the container and placed the electrode and make the MFC. The
external circuit was created by using the insulated copper wire connecting with
an external resistor.

The voltage which generated across the resistor and capacitor was monitored
every day at 1 pm by a multimeter. Polarization curve and power density—current
curves were investigated by using different resistors and internal resistances and
power densities were calculated as described elsewhere [8, 9]. Electrode output was
measured in volts (V) against time. The current I in amperes (A) and power (P) was
calculated using Ohm’s law.

Statistical analysis was carried out and significant was taken when the p value
was less than 0.05.

Experiments were conducted under a constant room temperature of 25°C [4].
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Figure 1.
Schematic diagram of the MFC used in the laboratory.
Sample used in the experiment Moisture Content (%) Loss on ignition (%) pH
Fruit waste 70 80.33 6.9
Cow dung 79 87.24 6.1
Chicken dropping 65 82.55 6.3
Food waste 77 85 6.9
Rice bran 23 80 71
Leaf waste 20 87 72

Table 1.
Some basic properties of organic waste.

3. Results and discussion

Figure 2 illustrates the variation of voltage generation with time when using the
feedstock waste as an organic waste in the MFC. It was found that when the cow
dung and chicken dropping were used then the voltage generation was increasing
sharply during the initial time. After one week the peak voltage reach at 450 mV and
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Figure 2.
Variation of voltage generation with duration by using live stock waste.

340 mV for the cow dung and the chicken droppings, respectively. It was also found
that the cow dung generated more voltage than the chicken dropping. The organic
content of cow dung was higher than the chicken dropping. This could be a reason
why the voltage is higher while using the cow dung. Nevertheless, both feedstock
waste can be used for the bioelectricity generation in the microbial fuel cell. The
management of the feedstock waste was a great challenge for many years all over the
world. The biogas generation is one option for recycling this waste however to setup
a biogas plant is another big challenge in the urban area and the area where is densely
populated. The use of cow dung and the chicken dropping in MFC as a substrate can
be a great help for the future resource recovery in the future. The future research
will be needed to control the smell from the MFC to make it more practicable for the
household applications. The cost is significantly small in this system while compar-
ing the biogas system. The feedstock waste can cause many environmental problems
in the developing countries. The mismanagement of this waste is causing various
environmental pollution such as water pollution and the soil pollution. In the future,
if this feedstock can be used as the organic substance of the MFC system and gener-
ate bioelectricity, then it will be a source a resource. Many developing countries need
to generate electricity for their development even in small amount.

Figure 3 shows the variation of the voltage with duration while using food waste and
the fruit waste in the single chamber microbial fuel cell. It was found that when fruit
waste was used then the MFC system can generate more electricity by comparing with
the food waste. The fruit waste which were collected from the student’s cafeteria con-
tained a lot of fruit sections which were rich in sugar and carbohydrates. This sugar and
the carbohydrates are the main source of energy for the electroactive bacteria. On the
other hand, the food waste which are mainly comprised of the vegetable leftover and the
other food remaining were not rich in sugar content and the carbohydrate content. This
reason has influenced the result of the voltage generation while using the food waste and
the fruit waste. The peak voltage reach at 380 mV and 300 mV when used as biomass
in MFC in the fruit waste and food waste, respectively. While the voltage generation is
lower when the food waste was used, it was also generated significant amount of voltage.
This result reveals that the food waste which are currently disposed and burnt in the
incineration plants in Japan can be recycled to generate bioelectricity in the MFC system.

Figure 4 illustrates that voltage generation with duration while using rice bran and
the leaf waste. It was found that the bioelectricity can be generated from the rice bran
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Figure 3.
Variation of voltage generation with duration by using food waste and fruit waste.
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Figure 4.
Variation of voltage generation with duration by using rice bran and leaf waste.

and the leaf waste. The rice bran is produced in most of the time it was not reused or
recycled in Japan. So, the use of this is very important for the bioelectricity generation
in the MFC system. The garden waste often includes the dead leaves. Many times,

this garden waste was not recycled and burnt with the other burnable waste. In this
research this leaf can be used as the potential biomass in the MFC system. The carbon
nitrogen ratio is very important for the microbial growth and the other activities for
the best performance of MFC. However, this study showed that the voltage genera-
tion can be well even the garden waste was used in the MFC system. The peak voltage
reached at 320 mV and 300 mV when using the rice bran and leaf waste, respectively.
The interesting thig is that for the case of rice bran, the voltage generation was
becoming constant after 8 days. The probable reason for that, the amount of food is
depleted for the bacteria and the further biodegradation was not possible. The voltage
generation by using the leaf mold decreased gradually after it reached the peak. The
probable reason of this type of trend could be the substrates and the microbial deg-
radation inside the biomass. As all the other factors are constant such as temperature,
moisture content and sunlight, so it can be said that the organic content of the sub-
stances from the organic waste has the main influence to the voltage generation in this
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study. Nevertheless, the reason of this trend is, the organic waste from rice production
and the garden waste can be used as a biomass in the MFC system for bioelectricity
generation. In this research, the additional bacteria or food for the bacteria were not
used to make the system uniform and compare it carefully. As a result, the electricity
generation is the affected by the organic waste compositions mainly.

There are several types of organic waste all over the world. The management of this
organic waste is always a great challenge for the people. So, the researchers are conduct-
ing their research to find out the innovative solutions to get rid of this problem. It is true
that the MFC system needs to be more studied before it is practically used. The weather
factors and the activities of the bacteria will be the major challenge in the future for
the sustainable application in the real world. It is necessary to check the various factors
which will be affecting in the field application of this system without any delay.

Resource recovery from organic waste is a long time due for the human society.
The depletion of fossil fuels, global warming and climate change has increased the
demand to find a new way to get rid of energy problems. The waste to energy is a
popular term among the researchers all over the world. In these circumstances, the
bioelectricity generation form the various organic waste is the very important part
of advancement in this field.

One of the objectives of this experiment is to use the by-products from gen-
erating bioelectricity with MFCs of kitchen garbage and bamboo waste as soil
conditioner or organic fertilizer in the agricultural fields. Hence, it is impor-
tant to examine the values of different nutrients as presented in Figure 5 [10].
Decomposition of organic matter is brought about by micro-organisms that use
the carbon as a source of energy and nitrogen for building cell structure. From the
results of both MFCs, nitrogen (N), phosphorus (P) and potassium (K) in the soil
after bioelectricity generation were found to be in the range of 1.5-1.7%, 0.6-0.8%
and 1.3-1.7% respectively, which is similar to the value of compost yielded by others
[11]. It was observed that the values of nutrients, namely nitrogen, phosphorus, and
potassium, were very similar to the soil reported in other countries [11]. As a result,
the decomposed sample can be used as potential fertilizer or soil conditioner, offer-
ing a resolution to the problem of organic matter depletion in soil across the globe.
Solid waste creation is a global dilemma due to development and industrialization.
About 1.3 billion metric tons of municipal solid waste (MSW) is generated annually
in the world and this quantity is expected to increase about 2.2 billion tons by 2025
[12-17]. The important thing is that the organic waste is all zero cost materials. It
must be reused to get some resource for the future sustainable society.

Nimrogen Phosphorus

Nutrients

Figure 5.
Nutrient content of the by-products of bioelectricity generation.
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4, Conclusion

Organic waste management is very critical in most of the developing countries in
hot and humid conditions. It can pollute the environment including the surface water
pollution and air pollution. These studies illustrate that the planet’ tiniest inhabitants
can address two of biggest environmental challenges our society faces today: generat-
ing clean renewable energy and handling vast quantities of organic waste. Through
these studies, it is proven that MFCs are practical technology for the aforementioned
problems. The generated bioelectricity can power devices such as LED lamps, phones,
and geo-environmental sensors. Various kinds of organic waste such as livestock
waste, kitchen garbage, agricultural waste can be used as a source of biomass for
bioelectricity generation through MFC. The nutrient contents of the by-products of
the MFC are rich and in a suitable range of a compost. Furthermore, the by-products
from the decomposition of organic waste accelerated with the use of MFC can be used
as soil conditioner, increasing the soil’s organic content, and as a fertilizer to aid plant
growth. In fact, there will be no by-product of generating bioelectricity by using the
organic waste. The applicability of this study’s results extends to both developing and
developed countries where solid waste management and or sourcing of energy is a
great concern. However, the future challenges for this research including the sustain-
able supply of organic waste will be a major problem in the industrialized parts of the
world. Nevertheless, it can solve the problem of the waste management problems in
the developing countries. In the future, the biomass such as algae can be used in the
MFCs to generate the bioelectricity. MFCs can contribute to the maintenance of a
healthy and pollutants-free environment for the future generation.
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Chapter 10

Agricultural Solid Wastes:
Causes, Effects, and Effective
Management

Isaac Oluseun Adejumo and Olufemi Adebukola Adebiyi

Abstract

The role of the agricultural sector in human development and economic
development cannot be overemphasized. Awareness for increased agricultural
production is on the increase, arising from the need to feed the ever-increasing
human population. Interestingly, almost all agricultural activities generate wastes,
which are generated in large quantities in many countries. However, these wastes
may constitute a serious threat to human health through environmental pollution
and handling them may result in huge economic loss. Unfortunately, in many devel-
oping countries where large quantities of these wastes are generated, they are not
properly managed because little is known about their potential risks and benefits if
properly managed. There are studies that address some of the challenges of agri-
cultural solid wastes as well as suggestions on how they can be properly managed.
In this chapter, we intend to explore the major sources of agricultural solid wastes,
their potential risks, and how they can be properly managed.

Keywords: agricultural solid waste, animal feed, composting, environmental safety,
recycling

1. Introduction

Increasing growth in human population has necessitated increased agricultural
production. Agricultural production in the last five decades has been said to increase
more than three times. Other factors responsible for increased agricultural production
include technological advancement toward green revolution and expansion of soil for
agricultural production [1, 2]. It has been estimated that agricultural sector provides
about 24 million tons of food globally [1] with accompanying health risks and threat
on ecosystems [3]. We cannot do without agriculture because food is a necessity
across the globe, but the impact of agriculture on the environment is also evident. For
example, it has been documented that about 21% of greenhouse gas emission comes
from agriculture. The negative influence of agriculture on the environment, aquatic
lives and human health have necessitated improvement in agricultural production,
involving effective and efficient ways of handling agricultural solid wastes [4].

The global leaders have been mandated to prioritize production of more food
and energy for increasing human population which is estimated to exceed 10 billion
by 2050 as well as to tackle the impacts already caused. However, this mandate is
expected to be achieved with lower emissions of pollutants, zero solid waste and
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less fossil fuel [5, 6]. The future prediction for increased agricultural production
involves food production for human population, industrial needs, and animal feed
[7]. However, every step of agricultural production, processing and consumption
generates quantities of agricultural solid wastes, depending on the type of agricul-
tural produce or product, processing techniques and purpose of use.

The agricultural sector is one of the main sectors generating the largest quanti-
ties of agricultural solid wastes, which may be allowed to accumulate indiscrimi-
nately and constitute nuisance to global health and threat to food security or used as
raw materials for bio-economy [8, 9]. The benefits of recycling of agricultural solid
wastes include reduction of greenhouse gas emissions and use as fossil fuel as well
as contributing significantly to the development of new green markets, creation of
jobs, production of bio-energy and bio-conversion of agricultural solid wastes to
animal feed [10, 11].

The emphasis on the management of agricultural solid wastes cannot be over-
emphasis. Agricultural solid wastes are generated from many sources. One of such
sources are pesticides, including herbicides and insecticides. It has been estimated
that the global food production would fall by an estimate of about 42% if the use
of pesticide is completely stopped [12]. The influence of agricultural solid wastes
on human health, animal health, and the environment is significant and all hands
must be on deck to tackle the menace posed by mismanagement of agricultural solid
wastes. Agricultural solid wastes are mismanaged largely owing to ignorance. Many
of the farmers and household managers who generate these wastes do not know
how to effectively manage them. Many of them do not know the health implications
of what they toy with, while some who know are ‘handicapped’ Year after year,
large tons of agricultural solid wastes are being produced, with an annual increase
of about 7.5% [13, 14]. In many parts in developing countries, agricultural solid
wastes are indiscriminately dumped or burnt in public places, thereby resulting in
the generation of air pollution, soil contamination, a harmful gas, smoke and dust
and the residue may be channeled into a water source thereby polluting the water
and aquatic environment [15-17].

2. Classification and causes/sources of agricultural solid wastes
Agricultural solid wastes are produced mainly from farming activities. However,

it is not limited to the production but other activities associated with farming and
food chain. Every stage and phase of the agricultural-food chain can generate
significant agricultural solid wastes. The broad classification of agricultural solid
wastes includes the following:

a.Animal production solid wastes;

b.Food and meat processing solid wastes;

c. Crop production solid wastes;

d.On-farm medical solid wastes;

e. Horticultural production solid wastes;

f. Industrial agricultural solid wastes;

g.Chemical wastes.
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1. Animal production solid wastes—animal production solid wastes are
solid wastes generated from the production of livestock for whatever pur-
poses. Examples of such wastes include bedding/litter, animal carcasses,
damaged feeders, and water-trough, etc.

2.Food and meat processing solid wastes—this class of agricultural solid
wastes are produced from the processing of crop or animal products for
human consumption, such as abattoir or slaughterhouses. Examples of
food and meat processing agricultural solid wastes include hoofs, bones,
feathers, banana peels, etc.

3. Crop production solid wastes—crop solid wastes are associated with
agricultural solid wastes typically produced from agricultural activities
involving crop production. Examples of such agricultural solid wastes are
crop residues, husks, etc.

4.0n-farm medical solid wastes—on-farm medical solid wastes refer
to solid wastes that are generated from the use of drugs, insecticides or
vaccines used on or animals. Examples of such wastes include vaccine
wrappers or containers, disposable needles, syringes, etc.

5.Horticultural production solid wastes—this group of agricultural solid
wastes refer to solid wastes generated from cultivation and maintenance
of horticultural plants and landscape for beautification. Examples of such
wastes are prunings and grass cuttings.

6. Industrial agricultural solid wastes—agricultural produce and livestock
are not only cultivated and produced for dietary consumption. They are used
for other uses and it is not unlikely that such activities result in agricultural
solid wastes. Wood processing and cuttings readily come to mind as a source
of agricultural solid wastes. Paper production using agricultural products as
raw materials also generate some quantities of agricultural solid wastes.

7.Chemical wastes—chemical wastes in this context have to do with
agricultural solid wastes generated from the use of pesticides, insecticides
and herbicides on the farm or store, such as pesticide containers or bottles.
Agricultural activities still depend on the use of pesticides, insecticides,
and herbicides, being handled by many uneducated and untrained
farmers in developing countries, resulting in abuse by these uneducated
farmers [18, 19]. Some uneducated farmers mishandle pesticide contain-
ers, thereby resulting in unpredictable environmental hazards. It has been
reported that about 2% of pesticides remain in the containers after use,
which some ignorant and uneducated users may throw in the ponds or
on the open field resulting in food poisoning, environmental and water
pollution, causing death of many lives [20, 21].

Agricultural solid wastes are usually generated through agricultural activities

involving preparation, production, storage, processing and consumption of agricul-
tural produce, livestock and their products. Agricultural solid wastes are produced via:
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iii. Poor electricity or lack of rural electrification
iv.Inadequate drying technique and storage facilities
v. Food spoilage

vi. Kitchen-generated agricultural solid wastes

1. Farming activities—the main source of agricultural solid waste genera-
tion is agriculture. Beginning from land clearing till harvest, every phase
of farming activities results in the generation of agricultural waste. From
preparing the pen for the arrival of the animals to the farm, preparation
of pasture/paddock till the animals are slaughtered and sold, solid wastes
are generated.

2. Poor road network for transporting harvested produce from the farm
to the market or storage is another avenue of generating large quantities
of agricultural solid wastes. This happens largely as a result of the bad
road network in some developing countries, which may result in a road
accident or delay of agricultural produce from farms to markets. When
road accident occurs, perishable agricultural produce result easily in
wastage, and when delayed, the same result may occur. The spoilt pro-
duce is either thrown away on the road or separated to be discarded once
the farmer gets to the market. Figure 1 shows agricultural produce being
transported in a city in Nigeria.

3.Poor electricity or lack of rural electrification—the epileptic power
supply and lack of rural electrification in some parts of developing
countries with significant agricultural activities are contributing in
no small measure to the generation of agricultural solid wastes. Stable
electricity could have facilitated the cold storage of the harvested
produce and thereby reduce spoilage and consequently agricultural
solid wastes.

4.Inadequate drying technique and storage facilities—spoilage of much
agricultural produce could be prevented with adequate drying tech-
niques. If farmers have access to adequate drying technique or moisture
monitor, it would have gone a long way in militating against food spoil-
age and agricultural solid waste, thereby enhancing food security and
reducing the impact of agricultural solid waste on human health and the
environment. Many of the farmers depend largely on the unpredictable
solar system to dry their produce before they are stored, as well as rely
on the conventional method of moisture monitoring which is neither
effective nor accurate. Inadequate monitoring of moisture content in
grain before storage has been reported to result in aflatoxin infesta-
tion. Aflatoxin is produced by Aspergillus flavus. Aflatoxin infestation
is both a cause and a product of food spoilage [23] and its contamina-
tion of food and livestock feed can lead to significant annual crop losses

globally [24].
It has been estimated that about 10% of global crop harvest is destroyed by

filamentous fungi through contamination of food and feed with mycotoxins.
Aflatoxins have been reported to produce liver carcinogens, impair human health in
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Figure 1.
Transportation of agricultural produce in Nigeria. Source: Vanguard Newspaper [22].

developing countries, and result in the huge economic losses, in the U.S. corn alone
amounting to about $280 million annually. The economic losses could be as high

as 1 billion dollars if other crop-infestation such as cotton, peanuts and tree nuts
are included. Aflatoxins Bl and B2 which cause preharvest and postharvest crop
infestation are produced by Aspergillus flavus [23].

1. Food spoilage is another important source or cause of agricultural solid wastes.

It has been estimated that about 40% of food is wasted in the US alone annu-
ally. This waste has been estimated to cost about 162 billion dollars Natural
Resources Defense Council [25]. Pest and insect infestation may also increase
wastage owing to spoilage.

2. Kitchen-generated agricultural solid wastes: in most cases, the end result
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of agricultural activities is family consumption. Usually, the consumption

of agricultural produce at the family level is not without the production of
agricultural solid wastes. Some of these wastes are generated out of necessity.
For example, orange peels and banana peels are discarded as agricultural solid
wastes in many homes. However, agricultural solid wastes may also be gener-
ated unintentionally, arising from food spoilage. Kitchen-generated agricul-
tural solid wastes become significant when restaurants are included as kitchens
(commercial kitchens). Of all the kitchen wastes considered in cities in China,
agricultural solid wastes (food wastes) constitute between 88 and 94% [26].
Figure 2, Tables 1 and 2 respectively show home-generated agricultural solid
wastes, the composition of kitchen wastes and nutritional characteristics of
kitchen wastes in selected cities in China.
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Figure 2.

Home-generated agricultural solid wastes.

Cities Food waste Paper Metal Bone Wood Fiber Plastic
Guiyang 92.09 0.80 0.10 5.20 1.01 0.10 0.70
Shenyang 92.16 042 0.08 522 131 0.12 0.69
Chonggqing 94.13 0.31 0.00 5.24 0.02 0.13 0.19
Wuhan 88.40 2.80 0.20 5.20 1.00 0.30 210
Source: Li et al. [26].
Table 1.
Composition of kitchen wastes in Chinese cities (unit: %).
Cities Moisture® Volatile Crude Ether oil* Salinity®
solid® protein® extract”
Beijing 74.34 80.21 25.86 24.77 312 0.36
Tianjin 70.99 85.64 24.30 25.96 263 0.70
Chonggqing 85.07 92.66 14.45 17.02 1.96 0.24
Suzhou 84.43 82.98 21.80 29.30 3.28 0.70
Hangzhou 74.94 91.50 16.46 2431 2.09 132
Source: Li et al. [26].
“Wet basis.
Dry basis.
Table 2.

Nutritional chavacteristics of kitchen wastes in Chinese cities (unit: %)).
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3. Influence of agricultural solid waste on human health and
environment

The influence of agricultural production on human, health, change in climate,
animal healthy and the environment cannot be over-emphasized. For example, it has
been suggested the greenhouse gas emissions need to be reduced drastically to avert
the impeding threat on the planet, earth and its inhabitants to avert temperature
rise by at least an average rise of 35.6°F [27]. Animal production has been indicted
to produce about 37 and 65% of global methane and nitrous oxide emissions respec-
tively [28], which are more potent than carbon dioxide. Indiscriminate burning of
agricultural solid wastes produces climate-relevant emissions. Improper handling of
agricultural solid wastes influence change in climate and change in climate in turn
hampers food production. The effects of indiscriminate disposal of agricultural solid
wastes cannot be overemphasized. Some of the effects are outlined below:

i.Flood
ii. Health and environmental implication
iii. Food security

1. Flood: One major cause of flood has been the blockage of waterways.
Waterways are blocked primarily when human beings build on waterways
or when the canals or waterways are blocked by solid wastes. In an agri-
cultural environment, the indiscriminate dumping of agricultural solid
wastes can result in blockage of waterways which when that happens will
result in floods which may result in losses of lives and properties.

2. Health and environmental implication—arising from indiscriminate
burning of generated wastes. Indiscriminate dumping and burning of
agricultural solid waste have resulted in pollution, a threat to human lives
as well as other environmental problems, calling for global attention,
although these wastes can be recycled to improve soil fertility, being rich
in nutrient required for sustainable agricultural production [13, 29, 30].
Figure 3 shows the agricultural solid wastes being dumped in open space.

3. Food security and agricultural solid wastes: Continuous human population
growth has been linked with increased agricultural activities which conse-
quently results in increased generation of agricultural solid wastes. There
are currently about 7.5 billion people around the globe and a significant
portion of this population still do not have enough food to eat. Figure 4
is a chart comparing the human population according to continents while
Table 3 shows the current human population parameters according to
continents. The effects of food insecurity are enormous, ranging from poor
health, slow progress in education and employment development [34].
One of the important 17 Global Sustainable Goals is to end hunger, achieve
food security and improve nutrition and promote sustainable agriculture
by 2030. Unfortunately, 10 years ahead of the deadline for this goal, there
are still about 821 hungry people across the globe [34]. It has been argued
that the main problem of food insecurity is not that we are not producing
enough food, but agricultural solid wastes, mainly food wastage is respon-
sible. Africa and Asia have been noted as the fast-growing population in the
world, incidentally, these are the regions with most food insecure people
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and inefficient waste management [33, 35]. It has been estimated that one-
third of the food we produce annually is lost or wasted, costing about one
trillion US dollars annually. Wastage occurs mostly in developing countries
during the production and supply chain while it occurs mainly in developed
countries on the plate [34]. Agricultural solid wastes can be recycled as
nonconventional feed ingredients to enhance food security by enhancing
animal protein production [36]. Figures 5 and 6 respectively show food
wastage chart in America and estimate of unconsumed food by an average
American family.

Figure 3.

Dumping of agricultural solid wastes at the public. Sources: Akande and Olorunnisola [31] and Olayiwola

etal. [32].

Figure 4.
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Current population of the seven continents. Source: Worldometers [33].
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Rank Continent Population Area, km® Density, World population
P/km” share, %
1 Asia 4,641,054,775 31,033,131 150 59.5
2 Africa 1,340,598,147 29,648,900 45 172
3 Europe 747,636,026 22,134,900 34 9.6
4 North America 592,072,212 21,330,000 28 76
5 South America 430,759,766 17,461,112 25 55
6 Australia/Oceania 42,677,813 8,486,460 5 0.6
7 Antarctica 0 13,720,000 0 0.0

Source: Worldometers [33].

Table 3.
List of continents ranked by current human population parameters.

Food unconsumed, %

m Milk

1 Meat

= Grain

Seafood

m Produce

Figures.
Unconsumed food by an average American family. Source: Rescuing Leftover Cuisine [25].
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Figure 6.

Food wastage chart in America. Source: Rescuing Leftover Cuisine [25].
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4. Effective management of agricultural solid wastes

There are options on how agricultural solid wastes could be handled. This
chapter is necessary because of the need to focus people’s attention on efficient
ways of managing these wastes. Traditionally, shafts from palm oil processing could
be used as fuel in fuel wood for cooking and heating. In the recent time, some of
these wastes are put into better uses. Some of these agricultural solid wastes could
be used as additives in cement mixes, water glass manufacturing, paper making,
ethanol production, animal feed, electricity and biogas generation, heavy metal
removal, mulching, organic fertilizers, and compost. An effective means of manag-
ing agricultural solid wastes is to recycle them to produce useful products. This can
be achieved through:

i. Compositing/organic manure
ii. Substrates for edible fungi cultivation
iii. Nonconventional feed ingredient
iv. Traditional soap making
v. Alternative energy sources and bio-fuel production
vi. Production of silica

1. Compositing: Li et al. [26] recommended that kitchen wastes, largely
agricultural solid waste from food wastage could be used as an animal
feed via sterilization, fertilizer via composting and bioenergy via anaero-
bic digestion. These wastes are important candidates for compositing
owing to their high organic matter content and nutrients, although their
high salt, moisture content and oil may impair composting.

2. Substrates for mushroom cultivation: mushroom has been grown on differ-
ent agricultural solid wastes as substrates [32, 37]. Steps involved in mush-
room cultivation and its benefits are highlighted by Olayiwola et al. [32].

3.Nonconventional feed ingredient. Several attempts have been made to
feed agricultural solid wastes to livestock as a means of recycling as well
as a cheap source of feed for raising animal-source protein. A non-
conventional feed ingredient, mycomeat has also been produced from
agricultural solid wastes. The wastes served as substrate and a mixture of
the substrates and the cultivated fungi (mushroom) was feed to broiler
chicks, as a nonconventional feed ingredient, mycomeat [36-40] fed
some agricultural solid wastes to albino rats and recommended process-
ing of the wastes in order to obtain a better result. Adebiyi et al. [41]
recommended the combination of 40% cassava peel +40% concentrate
+20% watermelon wastes for feeding grower pigs. Poultry feathers could
be used for several products instead of being indiscriminately discarded
or burnt. Traditional, feathers are used for decoration, pillows and could
be converted as nonconventional feed ingredients to feed livestock.

Feathers are a group of agricultural solid wastes that are generated in
large quantities annually as a by-product of poultry processing [42].
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It may account for about 6% of the total live weight of a mature
chicken. They are rich in a keratinous protein, which is a fibrous and
insoluble protein [43]. Adejumo et al. [44] reported protein content of
between 84 and 87% for feather meal, hence, effective use of feather
meal as livestock feed ingredient may payoff than its use as other
produce. Feathers can be used in erosion control, for diaper filling,

as biodegradable composites, in the greenhouse industry, animal
feeds, upholstery, artwork, paper alternatives, light-weight structural
materials, water filtration fibers, fabric, aircraft, and automotive
industries and thermal insulation [45, 46]. The major limitation to the
use of feathers as a livestock feed ingredient is the insoluble keratinous
protein, but recent studies are suggesting ways of overcoming the
limitation [38, 44, 47]. It has been documented that about 80% of
kitchen wastes, largely food wastage are fed to pigs in China, although
direct feeding of kitchen waste has not been without restriction

in China, arising from the concern of foot and mouth disease [48]
Processing of agricultural solid wastes could enhance their value for
feeding pigs [49, 50]. The effect of dried sweet orange (Citrus sinensis)
peel has been tested on humoral immune response of broiler chickens
[51] as well as maize replacement and its effect evaluated on growth
performance and carcass qualities of broiler chickens [52], instead of
allowing them to accumulate and constitute a nuisance as agricultural
solid wastes.

4. Traditional soap making: traditional technology exists in Africa decades
ago for turning some of the agricultural solid wastes into useful products.
Cocoa pods which could turn agricultural solid wastes are usually either
allowed to naturally decompose and enrich the soil or are used to make
black soap, which may be used for washing dishes or bathing.

5. Alternative energy source and bio-fuel production: agricultural solid
wastes can be converted to green energy through anaerobic digestion
[9]. High protein and fat contents of these wastes may impair anaero-
bic digestion stability, as well as unavailability of efficient technology
required for disposal of biogas residues [53]. However, pre-treatment
techniques such as mechanical (sonication), chemical addition (acid
or alkali), oxidative (ozone), biological (enzyme addition), thermal
ad osmotic (freezing and sodium chloride treatment) may improve
the physical and chemical properties of the wastes, thereby enhancing
their solubilization of organic particles, sterilization effect as well as the
promotion of their subsequent recycling (biogas production) [54, 55].
Despite many challenges confronting its production, bio-fuel and bio-
energy attract many hopes as a sustainable renewable energy source,
which tend to promote rural and regional development, reduction
of CO, emission, creation of job opportunity as well as replacing the
energy from nonrenewable fossil fuel with green energy [56-58]. Agri-
cultural solid wastes (rich in cellulose, hemicellulose, starch, lipids and
proteins) which are produced in large tons and burnt in open-field or
allowed to accumulate in some developing countries may be channeled
toward bio-fuel generation [59, 60]. Key players and political leaders,
particularly in developing countries should team up with researchers to
scale up the conversion of biomass to alternative energy sources or bio-
fuel generation. This is expected not only to reduce the health menace
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arising from open-field agricultural solid wastes burning or dumping
but to improve energy production and reduce economic losses of waste
disposal as well.

6. Production of silica: Production of silica: Silicon, the 2nd most abun-
dant nonmetallic element in the earth crust with an atomic weight of 28
[61, 62] forms silica and silicates. It is rarely found in its elemental state
owing to its affinity for oxygen [63]. It has been reported as a beneficial
trace element, widely distributed in foods. Its health benefits include
improvement of the structural integrity of nail, hair, skin, immunity,
bone mineralization, bone calcification and reduces the occurrence of
atherosclerosis [64-66]. In the presence of hydrochloric acid and other
gastric fluids in the GIT, silicon compounds are degraded into bioavail-
able forms of silicic acid (ortho, meta, di, and tri-silicates) [67] and
are diffused into different organs of the body [68, 69]. Silicon quantity
decreases with age and tends to be more in plants than animal-sources,
although dietary sources are low in silicon and may need to be supple-
mented in diets through other means [65, 70-72]. It does not bond with
plasma proteins, hence, about 75% of plasma silicon is excreted within a
few hours after ingestion [68, 73]. Agricultural solid wastes are potential
sources of silica. Silica has been produced from agricultural solid wastes
such as corn cob, rice husk, bagasse and rice straw using chemical,
thermal, and microbial methods [74-79].

5. Conclusion

Food wastage is an important source of agricultural solid wastes. Hence, the
prevention of food wastage at all levels before they are created will salvage some of
these wastes and prevent unnecessary ill-health and environmental disadvantages
as well as huge economic losses. This can be achieved through proper education and
awareness of those involved with agricultural activities at all levels as well as being
a little more generous by feeding hungry people with fresh food instead of keeping
them till they are spoilt. There are hungry people everywhere in the world. Feeding
animals saves food scraps and bioconversion of agricultural by-products, which
may turn to agricultural solid wastes if their values are not enhanced and will go a
long way in preventing such wastes as well. Composting and conversion of agricul-
tural solid wastes to a renewable energy source is another effective way of managing
agricultural solid wastes. It is high time attention is focused on turning these huge
potential agricultural solid wastes to wealth, particularly in developing countries.
To make our world safer for us to live, all hands must be on deck. Research activities
should be geared toward commercial scaling of some productive findings made
toward the efficient recycling of agricultural wastes.

Proper awareness should be made to everyone involved in agricultural activities
whether at a middleman or woman, farmer, or consumer on the effects of indis-
criminate disposal of agricultural solid wastes and benefits of efficient management
of agricultural solid wastes. Political leaders, particularly in developing countries
should be open-minded and formulate policies that ensure the efficient recycling of
agricultural solid wastes and appropriate funds should be earmarked to achieving
this. Attention should be focused on minimizing wastage by creating a more effi-
cient sustainable agricultural supply chain through the development of sustainable
durable markets and improving rural infrastructures such as electrification, roads,
and storage [34].
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It should also be noted that huge revenue could be generated from the conver-
sion of agricultural solid wastes into useful products, as it has the potential of
employing people if well-harnessed. Hence, its importance goes beyond the health
implication but includes income generation for individual and governments which
receive tax from companies and individual working in such establishments involved
in the conversion of wastes to useful products. Also, it could contribute signifi-
cantly to minimizing civil unrest plaguing some villages in developing countries.
Some idle youths used to foment trouble could be scarce to find if they are gainfully
employed, and that gainful employment could be companies or individuals who
are efficiently engaging in turning agricultural solid wastes to wealth. Recycling of
agricultural solid wastes into useful products could generate other sets of agricul-
tural solid wastes, which may serve as raw materials for another useful products,
thereby necessitating the continuous recycling of agricultural solid wastes until
every potential waste is converted into wealth.
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