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Disposal of solid wastes is a stinging and widespread problem in both urban and rural areas in many
developed and developing countries. Municipal solid waste (MSW) collection and disposal is one of
the major problems of urban environment in most countries worldwide today. MSW management solu-
tions must be financially sustainable, technically feasible, socially, legally acceptable and environmen-
tally friendly. Solid waste management issue is the biggest challenge to the authorities of both small
and large cities’.
Valorization of food organic waste is one of the important current research areas. The conventional

landfill, incineration, composting, and ways of handeling solid wastes are common as mature technolo-
gies for waste disposal. Traditionally, the most commonly used technologies for the treatment and
valorization of the organic fraction of MSW are composting and anaerobic digestion (AD). The generation
of organic solid waste (OSW); worldwide; is dramatically increasing each year. Most of the OSW’s are
composed of agricultural waste, household food waste, human and animal wastes, etc. They are normally
handled as animal feed, incinerated or disposed to landfill sites. OAW’s are comprised of materials rich in
proteins, minerals, and sugars that could be used in other processes as substrates or raw materials.
� 2018 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Solid waste management issue is the biggest challenge to the
authorities of both small and large cities’ in developing countries.
This is mainly due to the increasing generation of such solid waste
and the burden posed on the municipal budget. In addition to the
high costs, the solid waste management is associated lack of
understanding over different factors that affect the entire handling
system. An analysis of literature and reported related to waste
management in developing countries, showed that few articles
supplied quantitative information. The objective of the mentioned
studies was to determine the stakeholders’ action/behavior that
have a role in the solid waste management and to analyze different
factors that affect the system. The studies carried out in 4 conti-
nents, in 22 developing countries and on more than thirty urban
areas. A combination of variable methods that were used in this
study was mentioned in details in order to encourage the stake-
holders and to assess the factors influencing the performance of
the solid waste management in the studied cities [1].

Population increase, rapid urbanization, booming economy, and
the rise in the standard of living in developing countries have
greatly accelerated the rate, amount and quality of the municipal
solid waste generation [2].
2. Sources, composition and characterization of the solid waste

Municipal solid waste (MSW) is one of the important challenges
to the environment. Municipalities; generally; are responsible for
Composition and classification (by material) of MSW generated by the
States in 2013 [7].
the waste management. They have to provide an effective and effi-
cient system to the inhabitants. Nevertheless, they are; often; fac-
ing with many problems beyond the ability of the municipal
authority to handle the MSW [3]. This is essentially due to financial
resources, lack of organization and complexity [4].

The composition of MSW varies significantly from one munici-
pality to another and from country to country significantly. Such
variation depends mainly on the life style, economic situation,
waste management regulations and industrial structure. The quan-
tity and the composition of the municipal solid waste are critical
for the determination of the appropriate handling and manage-
ment of these wastes. Such information is essential and useful to
put up the solid waste to energy conversion facility within the
municipality. Based on the calorific value and the elemental com-
position of MSW the engineers and scientists can decide upon its
utility as a fuel. Meanwhile, such information will help in predict-
ing the makeup of gaseous emissions. Thereafter, this MSW is sub-
jected to the energy conversion technologies including gasification,
incineration etc. However, the possible hazardous substances
occurring in the ash should be considered carefully [5]. In this
respect, the composition of the waste will provide valuable infor-
mation on the utility of the material for either composting or for
biogas production as fuel via biological conversion [6].

Meanwhile, the time has a great effect on the composition of
MSW. Biodegradation of such MSW according to the time is an
important factor that governs the amount of recyclable material
particularly the organic contents. The EPA estimated the amount
of MSW generation in the United States with 254 million tons in
2013 [7]. The composition and classification by material of such
MSW is given in Fig. 1.

Household or municipal wastes are usually generated from
variable sources where different human activities are encountered.
Several studies reported that the municipal solid waste that are
generated from the developing countries are mainly from house-
holds (55–80%), followed by market or commercial areas (10–
30%). The later consists of variable quantities generated from
industries, streets, institutions and many others [8]. Generally,
solid waste from such sources is highly; heterogeneous in nature.
Thus, they have variable physical and chemical characteristics
depending on their original sources. Their composition are yard
waste, food waste, plastics, wood, metals, papers, rubbers, leather,
batteries, inert materials, textiles, paint containers, demolishing
and construction materials as well as many others that would be
difficult to classify. The heterogeneity of such generated solid
waste is the major setback in sorting and its utilization as material.
Therefore, there is a proper need for fractionation and sorting of
these wastes before any meaningful treatment process. Sorting
and separating of such wastes are one of the most important and
traditional methods as essential steps in solid waste management
to provide data on the quality of the separated fractions for any
potential utilization. Nevertheless, the success of any designed
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for solid waste segregation depends mainly on the public aware-
ness and the active participation of such waste generators in the
different communities (i.e., how they follow the fundamental and
principles of waste sorting and separation) [9].

Solid waste generation (SWG) is a problematic and is an issue of
concern everywhere in the world, particularly in all urban centers.
Such SWG is considered one of the most challenging issues faced
by most developing countries that suffer from sever environmental
pollution problems caused by the large quantities of SWG [10].
Increased generation of solid waste in urban cities affected dramat-
ically on the sanitary related problems and the basic services such
as sanitation facilities, water supply, waste management, and
transport infrastructure [11].

Several studies showed that collection, storage, transportation
and final disposal of solid wastes are a major problem in urban
cities and areas [12]. Cities in East and North Africa as well as most
developing countries are also facing the same serious problems
related to SWG. The main reason of these problems is attributed
to the poor economy of these areas which accounts for the low
achievement in solid waste management [12]. Most of these devel-
oping countries fail the in solid waste management and issue due
to the limited available resources and the competing priorities over
their resources. Thus, the SWG is; indeed; one of the serious and
major problems faced by many cities in the world.

Meanwhile, the SWG and composition influenced by other
socioeconomic factors including the average family size, number
of room(s), monthly income, and employment status [13]. It was
also reported that there is a direct relation between the solid waste
composition and the social activities in the community [14]. In
addition, other factors including change in the source-sorting
behavior and consumption of goods are among other factors affect-
ing the composition of the solid waste and the quantity in house-
holds [15].

Socio-cultural, economic, legal, political and environmental fac-
tors as well as the available resources are the main issues that
affect the MSW management in all countries [10]. That is why
adoption of any new technology for MSW management and SWG
should take into account the effect and the influence on the
socio-cultural and the economy of the community.

As the result of the changes in consumption behaviors of people
as well as the rapid advances of technology, amounts and the com-
position of MSW have been also changed. In a study carried out by
the European Environmental Agency [16] to study the per capita
annual MSW produced by 32 European countries during 2001–
2010, they found that this waste increased in 21 countries, and
was decreased in 11 countries. The study also studied the amount
of wastes of 26 countries between 2001 and 2008; they found that
these amounts decreased in 6 countries [16]. Thus, the amounts
and characteristics of the wastes varied from country to another
country, as well as from region to region even within the same city
according the mentioned factors including the usage habits of peo-
ple [17].

2.1. Food solid waste

Sustainable and important source for certain industrially chem-
icals can be obtained from the large amounts of the generated
wastes in the world. Food residues and waste such as kitchen
refuse, garbage and swill [18] are described; generally; the by pro-
duct and as solid wastes of food. Such wastes are produced from
the processing, cooking, distribution, production, and consumption
of food. However, food wastes and their definition are greatly var-
ied from cities and countries to other cities and countries. Food
wastes; in the European Union; are defined as ‘‘raw or cooked of
any food substances that are discarded, or intended or required
to be discarded”. On other hand, the (EPA) U.S. Environmental
Protection Agency defines the food wastes as ‘‘Un-eaten foods
and food preparation wastes from residences and commercial
establishments including restaurants, grocery stores, and produce
stands, institutional cafeterias and kitchens, as well as industrial
sources such as employee lunchrooms.” Furthermore, ‘‘Food loss”
and ‘‘Food waste”, in the United Nations, are recognized differently.
The term ‘‘Food losses” refers to the decrease in food quality and/or
quantity. On the other hand, the term ‘‘food waste” refers to the
food losses due to retailers’ and /or consumers’ behavior [19].
However, food wastes include the uncooked raw materials, wasted
foodstuffs, and also the edible materials from groceries or the wet
market.
2.2. Wastes as a source of income

Characterizations of the solid wastes were extensively studies
[20–25]. In addition, the socio-economic utilization of solid wastes
was also studies to investigate the possible income from these
wastes [26,27]. In this respect, Yay [28] analyzed and studied the
management issue of the wastes in the Sakarya province, Turkey.
In his study, Yay [28] collected one ton samples of the solid waste
during a period of one year, he suggested the most possible and
suitable management of these wastes. Further investigation was
carried out focusing on the characterization of the collected solid
wastes during four different seasons in a period of one year. These
wastes were represented three different groups according to the
socio-economic style of living in Lahore city, Pakistan. He found
great differences in composition of the collected solid waste based
on socio-economic conditions as well as the level of income [29].
Furthermore, the characterization of the solid wastes was studied
by Banar and Ozkan [20] in the province of Eskis�ehir, Turkey. They
classified their study on the different income categories. Their clas-
sification divided the groups into low, middle, and high income
classes. Thus, they conducted the components of the solid waste
and their proportions based on income of each group. In further
characterization study based on the levels of income variations
namely low, middle, and high. Their suggestions and recommenda-
tions were made in respect to waste management [30]. On the
other hand, Gómez et al. [31] considered the seasonal variations
to classify the characteristics of the solid wastes. They focused on
three different socio-economic groups in their study.

To select and plan for the most suitable system of transporta-
tion, storage, and disposal of solid waste, the characterization
and composition investigation play a significant role in such waste
management. Meanwhile, characterization is important to deter-
mine any possible environmental impacts including nature and
society [32]. The average plant nutrient element contents in most
MSW is between 0.5 and 0.7 for nitrogen, 0.5 and 0.8 for phospho-
rus and 0.5 and 0.8% for potassium. The calorific value ranges
between 200 and 3000 Btu/lb [32].
3. Disposal of solid waste

It has been reported that improper bin collection practices, col-
lection, transfer and/or transport systems have great effect on the
characteristics of the solid wastes. Besides, the poor route of plan-
ning, lack of information concerning the collection schedule [33],
number of vehicles for solid waste collection and poor roads [34]
and insufficient infrastructure [35] can also effect of the character-
istics’ of the solid wastes. The effective ways and affordable waste
collection services were studied and reported by Sharholy et al.
[36]. To organize the informal sector and promoting micro-
enterprises. Knowledge of treatment by authorities is one of the
important factors affecting the handling of solid waste [37]. Factors
influence household waste disposal were analyzed by Tadesse et al.
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[38]. Their results indicated that the supply of waste facilities sig-
nificantly affects the choice of waste disposal. They reported that
the inadequate supply of waste containers as well as the longer
distance of transporting these containers increases the possibility
of dumping such wastes in open areas and roadsides along the trip.
Pokhrel and Viraraghavan [39] mentioned that insufficient finan-
cial resources, absence of legislation, well equipped, and engi-
neered landfills all contribute to the limitation of solid waste safe
disposal.

3.1. Plastics waste disposal

The plastics waste disposal is a major global environmental
problem. Amount of 50 million tons of post-consumer plastic
waste are generated annually by Europe, USA and Japan. Disposal
of these plastic wastes in landfill is considered a non-sustainable
from the environmental point of view. Moreover, landfill sites
and their capacity are decreasing rapidly. On the other hand, legis-
lation is stringent worldwide. USA legislation and several European
directives are concern with plastic wastes disposal and manage-
ment [40].

As plastics are essentially hydrocarbons, they possess a calorific
values ranged between 30 and 40 MJ/kg. Thus, they can be burned
or incinerated in the municipal or other dedicated wastes with
power and heat generation. They can also serve as an additional
fuel to replace the fossil fuels in several production processes such
as blast furnaces and cement kilns. A complete destruction of these
plastics wastes can be achieved by such thermal applications. This
application of burning plastic waste; thus; is replacing fossil fuels.
However, this leads to additional advanced pollution control mea-
sures [41]. Nevertheless, greenhouse gas emissions can be reduced
by an efficient waste management [42]. Several reports are pub-
lished concerning the environmental impact of incineration and/
or landfill practice [43–46]. These studies emphasized that plastics
and other non-biodegradable materials will persist in the landfill,
whereas the biological solids (bio-solids) will be transformed
anaerobically into landfill biogas, as energy resource. Therefore,
the impact of incinerating the plastics and other non-
biodegradable materials is hazardous due to the release of more
greenhouse gases than landfill.

3.2. Disposal of municipal solid waste

One of the major environmental problems is the collection,
management and disposal of the MSW in the urban areas. Lack
of MSW management and disposal is leading to significant envi-
ronmental problems. This includes soil, air water, and aesthetic
pollution. Such environmental problems are associated with
human health disorder, due to the increase in greenhouse gas
emissions [47].

The waste streams originating from industrial sources are
different than the hazardous substances in household waste
[48–50]. They are not strictly controlled under hazardous waste
regulations such as the European Hazardous Waste Directive
91/689/EEC and the U.S. Resource Conservation and Recovery Act
1976 (RCRA) (US Code, 1976) [51]. The household hazardous
wastes (HHW) are disposed of in landfills along with general
household waste (HW). The amounts, quality and significance of
such disposal are poorly understood. It is, generally, assumed that
the amount of HHW’s are small, thus, risks of disposal are negligible.
Nevertheless, the separate disposal of industrial, MSW, and other
wastes raises the importance of the toxic and hazardous element
contained in such wastes [52]. There are great concerns about the
presence of several chemicals in the household products [53]. The
consequences and the impact to the environment resulted from
the disposal of HHW are also of concern. Thus the disposal of such
HHW to landfill should, therefore cope with the current legislation
in order to decrease the risk to the environment [52].

Globally, about 71% of MSW’s are disposed of in landfills [54].
MSW contains, mostly, hazardous substances including some bat-
teries, paints, mercury-containing waste, pharmaceuticals, vehicle
maintenance products, and many other products [55]. On the other
hands, more than 53% of the landfilled wastes consist of hard board
paper, yard waste, papers and food that are biodegradable by the
anaerobic bacteria [56]. This makes the land filling as the primary
method of disposing waste in the Europe and USA.

Most of MSW’s as well as many other solid wastes are disposed
of in landfills. Thus, a basic understanding of the landfill design is
helpful. For example, in the USA, the design and operation of land-
fills is regulated by the New Source Performance Standards of the
Clean Air Act, and Subtitle D of the Resource Conservation and
Recovery Act, as well as the other related state regulations. There-
fore, landfills have evolved from just open dumps to highly engi-
neered facilities and site that are designed to contain waste. They
are separated from the environment, capture polluted water that
contacts the waste (i.e. leachate), and control gas migration. A
landfill site is designed as typically excavated and lined with a
system that includes layers to protect groundwater by minimizing
the migration of leachate to the ground layers and to collect such
leachate for treatment. A cross section of typical landfill design is
given in Fig. 2.
3.3. Problems of solid waste disposal within rural communities in
developing countries

Disposal of garbage as solid wastes is a stengent and wide-
spread problem in both urban and rural areas in several developing
countries. Several Canals and drains as open places are widely used
to dump varieties of garbage as a source of domestic organic and
inorganic waste. Due to the absence of continuous garbage-
collection systems, convenient landfills, open canals and drains
are being blocked by dumping huge amounts of solid and garbage
wastes. Thus, they are no longer in function. These garbage wastes
are mostly plastic and papers and little toxic matrials. However,
such toxic matrials represent hazard impact to the environment
due to the breakdown of their degradable constituents, a matter
that adds significant loads of the BOD to the local eco-system.

Many people and most organizations did not arrange for on-site
treatment and/or safe disposal of the solid wastes to cope with the
environmental preservation measures. Disposal of garbage solid
waste and of untreated effluent into the nearby drains by people
is; thus; irresponsible and are not aware with the sequences of
their health hazard. There are no what is called financial incentives
to stop them from such prctice and to encourage them to alter their
habits. Individual see that the way they dispose their wastes is
effective and cheap. In fact, it is serious disaster for the the sur-
rounding communities and to the country. The fact is small vol-
umes of effluent induces pollution to very large volume of water
bodies. Meanwhile, laws are not effective to prevent the environ-
ment from such hazardous practice unless better sollution could
be achieved.
4. Management and recycling of solid waste

In terms of pricing for solid waste disposal, Scheinberg et al.,
reported that there are indications that high rates of recovery for
recycling are associated with tipping fees at the site of disposal
[57]. High disposal pricing has the positive effect on recovering
the generated solid waste. This goes to the beneficial reuse or the
value chains of solid waste. Gonzalez-Torre and Adenso-Diaz men-
tioned that social influences, altruistic and regulatory factors are
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important reasons why certain communities can develop strong
recycling habits [58]. The author also reported that people who fre-
quently go to dispose their general refuse in the bins are more
likely to recycle certain products at home. In most cases, as the dis-
tance to the recycling bins decreases, the number of fractions that
people separate, sort and collect their solid waste at home
increases. Minghua et al. added that in order to increase the recy-
cling rates, the local government must encourage the markets for
the recycled materials and should increase the professionals in
the recycling companies [2]. Further important factors were men-
tioned by other scholars including a financial support for different
recycling projects [59], to support the infrastructure of the recy-
cling companies in their country [34]. Other investigators sug-
gested to drop-off and buy back centers [60]. Sharholy et al. [36]
suggested organizing informal sector for solid waste recycling [36].

Indeed, MSW collection and disposal is a one of the major prob-
lem of urban environment in most countries worldwide today.
MSW management solutions must be financially sustainable, tech-
nically feasible, socially and legally acceptable as well as environ-
mentally friendly. European policy, presently, is pushing to adapt
several rational managements towards the natural resources.
Today, waste valorization is a promising technological perspective.
It becomes a process that is possible through sorting the MSW at
the source, and to combine with material recycling as well as
waste-to-energy generation methods. However, technologies like
disposal or mechanical sorting of the MSW in landfills do not
improve the MSW management efficiently. Therefore, landfills
must be the ultimate disposal site of the MSW. Nevertheless, con-
struction of conventional landfills for MSW disposal is still going
on in many countries. It was reported by Hadjibiros et al. [61] that
site selection of the landfill is extremely important due to the lack
of public acceptance that result several social problems [61].

For sustainable management of solid waste, effective planning
and development strategies about the quantity and categories of
such wastes are of great importance. Thus the most important pro-
cesses are quantification and characterization of all the sustainable
solid waste management systems according to Senzige, et al. [62].
At a particular place, studying the composition and the categories
of solid waste is important for integrating technologies including
recycling and resource recovery in the concerned solid waste man-
agement systems. The information also can certainly assist in
infrastructure, policy development, and planning for any sizing
decisions concerning the integrated solid waste management pro-
gram [63].

For preventing any serious environmental health risks and
treatment of these wastes management is strongly required [64].
The most used and cheapest disposal of solid waste is the landfills
as waste management techniques [65]. From the beginning of civ-
ilization people have produced solid waste. During these earliest
times, solid wastes were disposed of in large open land space areas.
At that time the population density was low. On the contrary,
developing living standards, increasing population, and rapid
urbanization, todays have created huge amounts of solid waste in
all countries worldwide [66]. MSW are originated from different
activities carried out in homes, in public and private service as well
as buildings, and commercial services. They all form an important
portion of the solid waste now a day’s [64].

Waste management, in fact, addresses the use of multidisci-
plinary approaches ranging from engineering, humanities, sociol-
ogy and biology [67]. The level of development of a country
reflects the impact on the management of solid waste and the
selection of such management [68]. Riber et al. [69] mentioned
that many developed countries employ various methods for waste
management for producing renewable energy and other new prod-
ucts including compost [69]. These countries invest in waste recy-
cling for the benefit of agriculture activities [70]. Choice of solid
waste management depends on the decisions taken by city leaders
as well as the structures related to the nature, quantity and quality
of local waste produced [71]. Household waste is recognized as any
waste produced from a domestic source at home. It represents,
usually, more than two-thirds of MSW stream. In this respect, all
potential hazard items must be identified and assessed properly
to achieve the maximum environmental protection against the
hazards and risks associated with open dumping [65]. Increasing
the amount of solid waste induces various problems in collection,
transportation, and disposal. It complicates the management of
this solid waste. Indeed, the MSW has great economic potential
and revenue [72]. However, the efficiency of MSW management
effects on the potential economic value of this waste [73].

A good knowledge of the solid wastes characterization before
disposal is important for the management of MSW. During the
management of solid wastes some problems could be arisen due



Fig. 3. Management of MSW [7].

1280 H.I. Abdel-Shafy, M.S.M. Mansour / Egyptian Journal of Petroleum 27 (2018) 1275–1290
to their possible heterogeneous structure. The physical features of
solid wastes are important for selecting the method of collection,
transportation, recoverable matter, and energy transformation as
well as selecting and designing of the proper disposal methods
[74]. Thus, physical features of MSW including composition, calori-
fic value (heating), and moisture content (MC) should be well
known to select the suitable methods of management. The mois-
ture of solid wastes ranged from 5% to 40% with an average of
20%. This very wide range of the MC depends on the socio-
economic structure and the regional characteristics of the solid
waste [75]. Nevertheless, the MC may reach up to 55%–70%
depending the on climate conditions, and solid waste composition
[76]. It is important to mention that the calorific value of solid
waste is highly depending on the MC. It is also a significant param-
eter for determining the design procedures of combustion for the
recovery of solid wastes. It has been estimated by UNEP [77] that
solid waste management contributes for the greenhouse gases
(GHGs) emission between 3 and 5%. This is mainly due to the emis-
sion of CH4, CO2, and N2O that escapes from the open dumps. Addi-
tional gas emissions of CO2 are from the upstream processes such
as transportation and waste collection [77]. However, management
of waste in an adequate way can certainly reduce or save GHGs
emissions via different ways including: energy production, appli-
cation of compost to soils as fertilizers, storing carbon in landfills,
and by avoiding the primary materials through material recovery
from waste. It was reported by UNEP [77] that the internationally
recognized institutions recommended a future waste management
focused on the 3R concept (namely: Reduce, Reuse, and Recycle).
These 3R are waste prevention, circular economy establishment,
cleaner productions, and valorization of the waste by transforma-
tion into a source of energy and materials [77]. The inadequate
waste management cause alteration the ecosystems including air,
water, and soil pollution, thus it represents a real threatening to
human health. The impact of dumping and incineration of MSW
on the public health has not been fully studied. Rushton [78] men-
tioned that some studies gave evidence that local population
nearby MSW facilities have low weight at birth, congenital anoma-
lies, and few types of cancers. However, the impacts on this local
population seem to vary depending on the studied population.
Clarification of this approach concerning the epidemiologic sur-
veys should receive more attention particularly the doubt with
human diseases [79]. Problems related the inadequate waste treat-
ment is a serious problem mostly in the developing Countries, due
to the limited financial resources. Most of these Countries dump
their MSW without proper control. This results in air, soil, and
water pollution, consequently. Waste management, thus, repre-
sents one of the main issues that have to be faced by mankind
nowadays. However, waste should not only be regarded as a source
of materials recovery (metals, glass, plastics, and fibers) and
energy, but also because of oil saving and as a tool for environmen-
tal protection. If we consider the global energy that could be pro-
duced only from the agriculture organic waste including crop
residues, it is estimated to be around 50 billion tons of oil equiva-
lent [77]. According to the UNEP [77], an adequate separation
between organic and non-organic waste is necessary as prerequi-
site for an effective energy generation. In fact, the organic residues
are responsible for the compromising of the thermal technology
effectiveness with respect to the produced energy as well as the
GHGs emissions. The manner in which this waste is handled is
given in Fig. 3.
5. Valorization of solid waste

Increasingly tighter regulations in terms of organic solid waste,
as well as increasing the demand for renewable chemicals and
fuels, recently, are pushing the industrial manufacturers and the
environmentalists toward higher sustainability to improve cost-
effectiveness and meet customers’ demand. During the past few
years, valorization of food organic waste is one of the important
current research areas. It has attracted a great deal of attention
as a potential alternative to the conventional solid waste disposal
of a wide range of residues in landfill sites. In addition, the increas-
ing development of environmental strategies to process such solid
waste is an interesting area of increasing importance in our current
society. The conventional landfill, incineration and composting
ways of handling solid wastes are common as mature technologies
for waste disposal. Nevertheless, they are not satisfactory to treat-
ing organic waste. The disadvantages are: high energy consump-
tion, generation of toxic methane gas and bad odor, as well as
slow reaction kinetics. Research efforts, in fact, have also been
directed to the novel technologies towards the decomposition of
organic waste. But, no valuable product is generated from such
decomposition process. The recent research has focused on pro-
ducing energy from the food waste instead of disposing and
decomposing (e.g., bioethanol and biodiesel production). Mean-
while, useful organic chemicals can be generated from organic
waste via bio-refinery or white biotechnology (e.g., bio plastics
and/or succinic) as well as developing sustainable green produc-
tion strategies [80].

Waste valorization concerns with the process of converting
waste materials into more useful products including fuels, materi-
als, and chemicals [81]. Such approach is mostly related to waste
management for long time. But this concept has been brought back
to our society with renewed interest due to the fast depletion of
fuel, natural and primary resources. Recently, the increased waste
generation and landfilling worldwide stressed on the need for
more sustainable and cost-efficient waste management protocols.
Different valorization techniques are currently showing great hope
and promise in meeting industrial demands. Among these promis-
ing waste valorization strategies is to employ flow chemical tech-
nology to process waste into valuable products. Serrano-Ruiz et al.
[82] highlighted the advantages of continuous flow valorization
processes for biomass and/or food waste that included ease of
scale-up, efficient reaction cycles producing more yield, reaction
control, and no required catalyst separation. Although flow
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chemistry is well known to be used in industries for various pro-
cessing methodologies, it still can be used in biomass solid waste/
valorization. The limitation here is caused by the large energy
needed to degrade highly stable recalcitrant compounds and
biopolymers (e.g., lignin). Most of the time, the deconstruction of
such biopolymers, requires extremely high pressure and tempera-
ture that can be achieved by microwave heating, which is an addi-
tional green valorization technology. These requirements are not
so simple to be achieved. Various techniques including microwave
irradiation are needed to achieve such prerequisites for any suc-
cessful transformation of solid waste. Nevertheless, the main chal-
lenge for such combination is on the technology and the scale-up
itself. Glasnov et al. [83] confirmed that the microwave and flow
chemistries are coupled by attaching back-pressure regulators to
flow devices. Such approach is certainly revolutionizing industrial
valorization because it will synthesize products fast. This can be
attributed to the microwave heating on one continuous run (flow
process). This approach is possible, nevertheless, the main chal-
lenge of transferring the temperature from microwave to flow
remains to be solved. The continuous building up of temperature
gradient inside the instrument, however, could lead to various
instrumental disorder or inefficiency [83].

Further valorization strategy is related to employing pyrolysis
in the synthesis of energy or fuels. This strategy involves heating
of the biomass at high temperatures in the absence of air to pro-
duce the required decomposed products [84]. Although pyrolysis
of solid materials is an old process for char generation, it has
recently been employed to produce useful smaller molecules from
stable biopolymers. This process has been employed extensively
for the production of Bio-Oil, which is a liquid, of relatively low vis-
cosity. It is a complex mixture of short-chain ketones, aldehydes,
and carboxylic acids. It was reported by Heo et al. [85] that variable
conditions for the fast pyrolysis of waste furniture sawdust were
investigated. It was found that the yields of Bio-Oil do not neces-
sarily increase with temperature. By using a fluidized bed reactor,
the optimized pyrolysis temperature was set at 450 �C (e.g. 57%
Bio-Oil yield). Thus, the Bio-Oil yield is not a linear relationship
with temperature. The reason for this nonlinear bio-oil yield/tem-
perature is the possible decomposition of some molecules into
gases. This founding was supported by the increase in the amount
of gaseous products according to the increase in temperatures. An
interesting study was carried out by Cho et al. [86] in which they
employed fast pyrolysis under a fluidized bed reactor for the pur-
pose of recovering BTEX compounds (xylenes, benzene, ethylben-
zene, and toluene) from mixed plastics. The highest yield of BTEX
was obtained at temperature 719 �C. In addition, the pyrolysis of
cotton stalks was also reported to produce valuable biofuels [87].
This study reported that the pyrolysis at much higher tempera-
tures increases the collected amounts of H2 and CO, and decreases
the amount of CO2. Such decrease in CO2 production may be due to
the degradation of the gases at much higher temperatures produc-
ing CO and O2. Presently, synergy between these first proposed
technologies namely; microwave and pyrolysis; has been also con-
firmed to constitute a step forward toward more ecofriendly low
temperature pyrolysis protocols for both bio-oil and syngas pro-
duction [88].

5.1. Valorization of solid waste from olive oil industry

The global olive oil production for 2010 was estimated at
2,881,500 metric tons. The European Union countries are the high-
est in olive oil production; they produce 78.5% of the total produc-
tion. The average European Union production is 2,136,000 tons in
2010. Between year 1990 and 2010 the worldwide consumption
of olive oil increased around 78%. Different traditional as conven-
tional as well as non-conventional adsorbents processes have been
employed for the olive mills wastewater remediation [89–90].
Olive oil industry produces enormous amount of solid and liquid
wastes that cause serious environmental problems. The increase
in olive oil production represents an increase in olive mill wastes.
Consequently, olive oil production is facing severe environmental
problems due to lack of effective, feasible and/or cost-effective
solutions to olive-mill waste. As a result, stinging need is required
to find an effective and feasible way of management for the treat-
ment of olive mill waste materials in order to minimize environ-
mental impact and the associated health risks. The management
of olive mills solid and liquid wastes is always challenging. Thus
extensive efforts have been made by several researchers to utilize
such wastes in different beneficial products [90,91] (Fig. 4).

Therefore, it is, highly desirable to manage these wastes
through feasible technologies in eco-friendly way that can mini-
mize their environmental impact and lead to a sustainable use of
resources. In this respect Bhatnagar et al., [93] reported an inter-
esting study in which the olive mills solid wastes were used as
inexpensive adsorbents for water pollution control. Lately,
research has been conducted for developing low-cost adsorbents
utilizing eco-friendly naturally occurring and agro industrial waste
materials for treatment of wastewater. These materials are abun-
dantly available, renewable, and cheaper [94]. Recently, extensive
focus is given to employ the industrial solid wastes or the by-
product. Sometimes, these wastes pose serious disposal problems.
Thus, it provides a double-fold advantage in terms of environmen-
tal pollution. Firstly, the volume of olive mill solid waste materials
could partly be reduced. Secondly, the employed low-cost adsor-
bents can treat industrial wastewaters at a reasonable and feasible
cost. It has been estimated that the wastes from olive industry
could be converted into low-cost adsorbents at the cost of <
$50/ton against $4500/ton for granular-activated carbon [95].
Researchers have used different olive mill solid wastes by applying
various physical and chemical treatment methods to produce effi-
cient adsorbents for the removal of various aquatic pollutants. The
nature of the precursor, the processing conditions, and the type of
activation (chemical or physical) are important to define the
adsorptive properties of the developed adsorbents from olive
wastes. In case of chemical activation, concentration of the dehy-
drating agent, pyrolysis temperature and impregnation ratio gov-
ern the properties of the resulting adsorbent. Different olive mill
solid wastes have been characterized by different analytical tech-
niques. Fourier transform infrared spectroscopy (FTIR) studies
revealed that olive wastes contain various functional groups
including methoxy, hydroxyl, carboxylic, and phenolic groups that
are potentially active in heavy metals removal. This particular
composition enables olive solid wastes to bind metallic ions and
some other pollutants from wastewater. Such particular composi-
tion make them potential bio-sorbent towards water treatment
applications.

5.2. Treatment and valorization of organic waste

Traditionally, the most commonly used technologies for the
treatment and valorization of the Organic Fraction of Municipal
Solid Waste (OFMSW) are the composting and Anaerobic Digestion
(AD) (UNEP 2010). These two employed waste treatments varied
essentially for the microbial metabolism they use. AD is based
essentially on the anaerobic microorganism’s metabolism, particu-
larly the methanogenic bacteria. Such anaerobic metabolism pro-
duce CH4 from CO2 to H2 (hydrogenotrophs) and/or from
CH3COOH (acetoclastics). An appropriate temperature is requires
for the AD digestion. Generally, a temperature between 35 �C and
50–55 �C is required to realize the reactor. However, for the psi-
cotrophic process, temperature between (10–20 �C) is also possi-
ble. As a result of this AD, a biogas consists mainly of CH4 is



Fig. 4. Solid and liquid wastes and the by-products obtained during olive oil production process (Three-phase extraction method) [92].
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produced. Often, the resulting digestant is aerobically stabilized.
On the contrary, a successful composting process needs sufficient
oxygen to sustain the aerobic microorganisms, thus inhibiting
any possible anaerobic bacteria. Small amounts of organic wastes
can be easily composted. But, large-scale composting requires
mechanical aeration such as energetic imputes that varies between
40 and 70 kW/t of waste according to the technology used [96].
This required energy is normally provided to the composting sys-
tem. It is worth mentioning that several facilities combine the
AD followed by aerobic stabilization to provide the energy needed
for the composting process from the self-supplied biogas
(methane). It has been estimated that if 25% or more of the munic-
ipal organic waste (MOW) is anaerobically digested, the whole
wastewater treatment system can be self-energy sufficient [77].
The final ‘‘product” of composting system is the stabilized organic
matters that can be used as a soil conditioner in agriculture, if they
are free from chemical or biological contaminants. Utilization of
composted municipal organic wastes in field application can cer-
tainly reduce the use of synthetic fertilizer for agriculture purposes
(about 20% according to IPCC [97]. Thus, the soil conditioner appli-
cation has important positive impact on GHGs emission from fer-
tilizers production as well as on N2O emissions from soil. It also
reduces irrigation, tillage, and pesticides [98]. For developing coun-
tries, particularly, simplicity and the low cost of composting make
small-scale composting an eco-friendly and promising solution.
Meanwhile, this approach represents a potentially low cost and
effective technology for organic solid waste and wastewater treat-
ment as an important tool for waste management in developing
poor countries [99].

5.3. Solid state fermentation for organic waste valorization

The generation of organic solid waste; worldwide; is dramati-
cally increasing each year. As a result, problems related to disposal
of these organic solid wastes have become more pronounced in
recent years. This is mainly due to the rapid pace of development
towards worldwide modernization as changes in style of life. Most
of the organic solid wastes are composed of agricultural waste,
household food waste, human and animal wastes, etc. They are
normally handled as animal feed, incinerated or disposed to land-
fill sites [100]. Nevertheless, incineration is a costly disposal
method and induces air pollution. On the other hand, the disposed
organic waste in landfill is normally broken down and decomposed
bymicroorganisms to form leachate that contaminates the ground-
water [101]. Furthermore, the degradation of these organic wastes
in such conditions produces methane as greenhouse gas, which is
25 times more harmful compared to carbon dioxide [102]. Incor-
rect solid waste management practices can result in severs public
health and environmental problems including offensive odors and
diseases [103]. However, organic solid wastes are comprised of
materials rich in proteins, minerals, and sugars that could be used
in other processes as substrates or raw materials. Since the cultiva-
tion and the growth of microorganism requires, mainly, carbon,
nutrient, and moisture. Thus, organic waste could be a good candi-
date to provide the appropriate nutrient and conditions for the
development and growth of these microorganisms. On the other
hand, organic solid state fermentation (SSF) is regarded as a
promising technology for organic waste valorization via the bio-
conversion of these wastes used as either substrate or inert sup-
port [104]. In this respect, microorganisms will play an
important role in the degradation of organic wastes into their con-
stituents to convert them into high value-added products. SSF
exhibits sustainable characteristics in the bioconversion of organic
solid wastes. The SSF proved to be able to give high efficiency in
terms of product yields and productivities, low energy consump-
tion, and solving disposal organic waste problems [100,105]. This
valuable SSF process is carried out by microorganisms growing
on solid and moist substrates that act as nutrient sources that sup-
port the microbial growth in the absence or near absence of water
[106]. This SSF is not a new technology in the bioprocessing. It has
been mainly applied in the Asian region during the ancient times. It
is gaining a lot of attention, recently, due to the increasing use of
different types of organic wastes as well as the larger production
of the added-value products [104]. The potential of SSF was also
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highlighted through the search for sustainable and green approach
to transform traditional chemical processes. Therefore, the biocon-
version of solid organic wastes into valuable bio-products can, cer-
tainly, substitute the non-renewable materials as well as
transforming the chemical processes into cleaner practices. The
advantage of SSF is that it is relatively simple as a process which
uses available low-cost biomaterials with minimal or no pre-
treatment for bioconversion. It also generates less wastewater,
beside the capacity for simulating similar micro-environments that
is favorable to the growth of microorganisms. Meanwhile, SSF sim-
ulates natural microbiological processes including ensiling and
composting [107] (Fig. 5).
5.4. Agriculture organic solid waste

It is well known that the agricultural as well as the agro-
industrial activities generate a large amount of lingo-cellulosic
by-products including fruit peel, straw, stem, stalk, cobs, husk,
and bagasse among others. Such wastes are mainly composed of
cellulose (35%–50%), lignin (25%–30%), and hemicellulose (25%–
30%) [109].Typically, the main constituent of the lingo-cellulosic
materials is glucose. The hemicellulose is a heterogeneous polymer
that is mainly comprised of five different sugars (namely: L-
arabinose, D-glucose, D-galactose, D-xylose, and D-mannose) as well
as some organic acids. The lignin is formed by a complex three-
dimensional structure of phenyl propane units [100]. Recently,
the SSF was successfully applied to produce hydrolytic and lignin
lytic enzymes [110]. The lignin per oxidase was successfully pro-
duced by using corn cobs as a substrate in SSF [111]. Regardless
to the rising price and the considerable shortage of grains as a cus-
tom animal feed, it was reported by Graminha et al. [112] that the
lignocellulosic materials have a great potential to produce edible
animal feedstuff. Nevertheless, the direct application for animal
Fig. 5. Valorization flowchart of organic waste to produce valuab
feedstuff is very limited due to the presence of lignin that reduces
its digestibility.

Various pre-treatments of straw was implemented by using SSF
for cellulose and lignin degradation for the purpose of increasing
the digestibility of the feed [113]. It is worth mentioning that,
SSF can have a valuable potential to produce enzymes and to
improve the digestibility of rich fiber materials including soybean
cotyledon [114]. It has been reported that Jatropha seed cake is
used for the production of celluloses through SSF without any
pre-treatment [115]. Several investigators reported other uses for
similar materials including the reinforcement of composite materi-
als that are applied in building materials, furniture, fishnet, etc.
[116] and/or as activated carbons [117]. Most of the time, the agri-
cultural organic wastes include livestock manure. It is confirmed
that the cow dung contains a high nitrogen content that made it
suitable for methane production [118]. On the other side, the pro-
duction of activated carbon and biochar were favored by utilization
of cow dung and chickenmanure [119]. Meanwhile, high-quality of
bio-fertilizer can be produced by employing liquid amino acid
hydrolyzed from animal carcasses as an additive to mature com-
post of either pig manure or chicken by SSF [120].
5.5. Industrial organic solid waste

All organic by-product from a large variety of industries includ-
ing fruit and vegetable processing plants, slaughterhouses, poultry
processing, sugar industry, the dairy industry, paper and pulp man-
ufacturing, as well as many others are the industrial organic
wastes. Most of these organic wastes have the potential to be used
as a substrate or support in SSF processes to produce valuable
products. For example, sawdust, that is the solid waste and avail-
able by-product of the wood industry, is used as a support sub-
strate in SSF to obtain high laccase production by using white rot
le bio-products by using solid state fermentation (SSF) [108].
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fungi namely Coriolopsis gallica [121]. In addition, the slaughter-
houses and the leather industry generate several organic wastes
containing protein as well as animal fleshing, skin trimming, hair
wastes, chrome shaving, buffing wastes and keratin wastes that
are underutilized. It was reported that the animal fleshing is uti-
lized as a substrate in SSF for protease production [122]. The mix-
ture of the slaughterhouses hair wastes mixed with aerobic
activated sludge or anaerobically digested sludge showed a high
yield of protease production [108]. Meanwhile, the by-products
of the sugar industry such as sugarcane bagasse and molasses
was reported for the production of invertase via SSF [123]. Besides,
molasses was selected as a low-cost substrate to replace an expen-
sive feedstock (cane sugar) to produce ethanol [124]. In addition,
the waste of tapioca industry that contains considerable organic
matter associated with a strong odor which could cause environ-
mental pollution was successfully converted into poly-3-
hydroxybutyrate (PHB) via SSF. Thus an alternative industrial pro-
cess and significant reduction in the total production cost could be
achieved [125]. This proved that the food processing industries,
usually, generate several by-products that are able to be used in
SSF for producing several valuable bio-products [126]. It has been
widely reported that the vegetable and fruits waste can be used for
production of organic acid and vital enzymes [127]. Vegetable
wastes show a great potential for energy bioconversion due to its
high and easily degradable organic content, particularly in the
bio-fuel production [128]. It have been reported that crustacean
by-products, that are generated in industrial seafood processing,
can be used in the production of chitinase and chitosanase with
a wide range of applications and implementation in biomedical,
food and agrochemical sectors [129]. Meanwhile, fish processing
wastes are favorable because these wastes are easy to obtain at
low-cost and provide appropriate SSF conditions for microorgan-
ism cultivation. Due to rich contents in lipids and proteins, such
fish processing wastes, have been found suitable to produce ester-
ase [130]. The latter is a product with a versatile industrial applica-
tion in organic chemical processing, in detergent formulations, in
the surfactant and oleo chemical industry [130].

5.6. Municipal/domestic food solid waste

Several developing countries treat their domestic wastewater
inadequately due to the high financial cost [131,132]. In addition,
most countries worldwide are facing a serious challenge to manage
domestic food waste. It is wet, put in random way, and sometimes
mixed with impurities of inorganic waste and metals. Primarily,
the composition of such domestic food waste is very complex
because it includes papers, water, oil, as well as spoiled and left-
over foods from kitchen wastes and markets. All these waste sub-
stances are chemically comprised of fats, cellulose, starch, lipids,
protein, and other organic matter. The moisture and salt contents
lead to a rapid decomposition of the organic contents in the wastes
thus produce unpleasant odors. This condition can attract bugs,
and flies which are vectors for several diseases. Apart from being
perishable, these municipal solid wastes including household
kitchen waste as well as the domestic food waste from restaurants
and markets consist of high lignocellulosic materials that could be
decomposed and exploited to produce valuable bio-products.
These domestic food wastes including waste savory, bread, waste
cakes, fruits, vegetables, onion and potato peel wastes and cafete-
ria waste, have been proved as being a suitable substrate for glu-
coamylase enzymes production by Aspergillus awamori via SSF
technology [133]. Domestic bread wastes have been used to pro-
duce amylase [134]. Principally, MSW and kitchen waste residues
composed mainly of onion peel, potato peel, carrot peel, cauli-
flower leaves, orange peel, banana stalks and pea pods all together
were used to produce cellulose by SSF [118]. Recently, the cultiva-
tion of selected industrial yeast strains by using orange peel as a
substrate resulted in a high yield of aroma esters [135]. Several
studies reported the utilization of household food wastes with high
dry content to produce high yields of ethanol via SSF [136]. Simi-
larly, mixed food wastes collected from restaurants and inoculated
with fungal inoculum can produce glucoamylase-rich media and
protease-rich media by SSF. These media are suitable to be used
as a feedstock to produce succinic acid. The later has a wide range
of applications such as medicine production, plastics, and laundry
detergents [137]. In Nigeria, for example, cocoyam peel is a com-
mon household kitchen waste which presents a capability to
become a very useful substrate for oxy-tetracyclines, which are
an important antibiotic to treat many infection diseases [138]. It
is important to mention that, the complex composition of food
wastes makes them very suitable for microbial growth as potential
media to produce Bacillus thuringiensis (Bt) bio-pesticide through
SSF [139].
5.7. Valorization of organic solid waste by employing the black soldier
fly, Hermetia illucens in developing countries

In low and middle-income countries organic solid waste man-
agement awareness has gradually increased, recently. This resulted
in improving collection coverage and reduced dumpsites and land-
fills of waste management. Thus, recycling and valorization of
organic solid waste grew more worldwide attention. Nevertheless,
organic contents of the municipal organic waste are still received
less attention than other waste products, such as paper, metal, or
glass. Often, such organic contents are excluded from this value
added chain. It ends up on streets or accumulates on dumpsites,
despite its energy content. There, it attracts vector diseases and
produces on site greenhouse gases. Treatment technology of such
organic waste, using larvae of the black soldier fly, Hermetia illu-
cens, is an important way as feasible and sustainable treatment
option.

The important solution, presently, is the valorization of such
organic waste through this insect: Hermetia illucens. It is also
known as the black soldier fly. The larvae of the fly are voracious
organisms that feed on the organic matter of the wastes via decom-
position, excrement, dead animals, etc. Its life cycle is relatively
short period (Fig. 6); in which the larva, once fed, migrates to a
dry environment. After 14 days an adult fly emerges. In the stage
of chrysalis, the larvae reach their largest size. They are rich in pro-
teins and lipids. In addition to the substantial reduction in organic
matters volume (betwen 50 and 95%), the products resulting from
this method represents an economically values. Simiarly, the use of
animal protein in fish farming (pisciculture) as well as the use of
lipids in the production of biofuels are the subject of several inves-
tigators [140].

The importance of the feeding activity is that it reduces up to
80% of the biomass of organic waste products. It includes mar-
ket/kitchen waste, animal manure and even human faeces. The
so-called prepupa, which is the last larval stage, consists of �40%
protein and �30% fat, this makes it a valuable alternative to fish-
meal as animal feed. In addition to the yield of prepupae, the black
soldier fly treatment process generates a second product; it is the
residue or digestate. Thus, larval and bacterial activities not only
reduce the dry mass but also reduce several nutrient contents
including nitrogen and/or phosphorus. For example, in pig manure,
80.5% of total nitrogen and 75.7% of phosphorus were removed
[141]. With cowmanure, experiments showed a reduction of nitro-
gen at 43%, and phosphorous at 67% of the waste transformed into
larval biomass [142]. A possible use of such residues is the applica-
tion in agriculture, similar to compost as fertilizer or subsequent
processing in a biogas production. Other fruits and vegetables solid



Fig. 6. Schematic diagram illustrate the life cycle of the black soldier fly, Hermetia illucens. From [140].
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waste are a valuable sources for pharmaceutical and cosmetic
industries [143].

5.8. Valorization of organic matter solid waste via composting and
anaerobic digestion

Composting process is a controlled degradation of organic mat-
ter (OM) in the presence of oxygen. In Florianópolis, there are sev-
eral small scale companies that produce compost from solid
wastes. The advantage of producing compost is the technical sim-
plicity of the process. Nevertheless, the low economic revenue lim-
its the interest of this process. Worm farming is the simple
alternative process in which the digestion of the OM inside where
the earthworms producing high quality compost and a protein
source (worms) [144]. In addition, the AD, is also known as biogas
producer or biomethanation. It is the controlled degradation of OM
by the anaerobic bacteria in the absence of oxygen [145–147].
Unlike composting process, the AD is a technically complex in
which minimal variations in the controlling parameters, such as
temperature or pH, can generate a malfunctions of the process
(such as odors). However, the produced biogas, as the final result-
ing from AD, is an important and low cost source of energy. It is
considered as eco-friendly source of local energy matrix that
reduces dependence on fossil energy sources.

5.9. Valorization of sludge from wastewater treatment plant for biogas
production via anaerobic digestion

The waste anaerobic digestion (AD) proved to be an efficient
technology for sewage sludge treatment that allows generation
of biogas as renewable energy from the same process (Fig. 7). Dur-
ing AD process, the anaerobic microorganisms break down the
organic matter contained in the sludge and convert it into biogas
as source of energy which can be used for electricity, heat and bio-
fuel production. The produced biogas is a mixture of mainly
methane and carbon dioxide. Meanwhile, the sludge is stabilized
and its dry matter content is remarkably reduced. The benefits of
AD process for sewage sludge treatment are well recognized and
the technology is widely established in world wide. Nowadays, a
high proportion of biogas produced by the AD plants is from sev-
eral municipal wastewater treatment sites which are used to cover
needed energy for these treatment plants in many countries
(Table 1). There is still an enormous potential to exploit this tech-
nology in many countries.
Sewage sludge is, generally, produced in wastewater treatment
plants (WWTPs) as part of the treatment process to reach cleaner
effluent. The obtained sludge contains, normally, the particles
removed from the wastewater. Such particles are, usually, rich
with nutrients and organic matter, while the treated effluent
becomes clean to be released to the nature without any hazardous
impact. The fast growing population centers in many countries as
well as the expanding industry that are increasingly well served
by theWWTPs and facilities. This results in rapid growth of sewage
sludge production. In this respect, WWTPs are one of the numerous
players influencing developments towards energy sustainability as
important consumers and generators of energy. Fig. 8 represents
the schematic illustration of a conventional wastewater treatment
plant with anaerobic digestion facilities [148].

5.10. Anarobic digestion of sewage sludge for biogas production as
affected by heavy metals in the sludge

Sewage water that is mixed with industrial and domestic
wastewater may be contaminated with heavy metals and chemi-
cals. It was reported that the presence of heavy metals in the
municipal sludge decreased the efficiency of the anaerobic diges-
tion process [147]. These studies indicated that a significant
decrease in gas production and the removal of volatile organic
matter was recorded. In addition, accumulation of organic acid
intermediates was also recorded that is referred to methanogenic
bacteria inhibition. Such inhibition is due to the toxicity of heavy
metals. It was reported that the toxicity of the heavy metals to
the anaerobic digestion of the sludge can be arranged according
to the following decreasing order: Hg < Cd < Cr(III) [146]. In this
study, accumulation of heavy metals proved to be limited during
the pulse feed which could be attributed to the rapid poisoning
of the bacteria in the digester. It was, therefore, recommended that
the presence of toxic metals in organic solid waste such as Hg, Cd
and Cr(III) must be avoided or greatly eliminated in the anaerobic
digester. In addition, the industrial wastewater and/or sludge asso-
ciated with heavy metals should also be avoided in the anaerobic
digesters for the biogas production [146].
6. The economic feasibility of solid waste management and
valorization

When research is combined with technology, Man can have the
power to identify additional innovative ways and be able to make



Table 1
Biogas production via anaerobic digestion of sewage sludge in WWTPs in Task 37 member countries [149].

Country Reference Total biogas production
(From agriculture residues, industrial
wastewater, biowaste, landfills and sewage sludge)

Biogas production in WWTPs
(Only from sewage sludge)

Year GWh/y GWh/y % of total production

Australia n.a. n.a. n.a.
Austria 2013 5703 n.a. n.a.
Brazil 2014 6133 423 7%
Denmark 2012 1.2181 2501 21%
Finland 2013 5672 1262 22%
France 2012 12733 973 8%
Germany 2014 41.5502 3.0502 7%
Ireland n.a. n.a.
Norway 2010 5001 1641 33%
South Korea 2013 2.5781 9691 38%
Sweden 2013 1.6861 6721 40%
Switzerland 2012 1.1291 5501 49%
The Netherlands 2013 3.6311 7111 20%
United kingdom 2013 6.6373 7613 11%

n.a. data not available.
1 Energy generated as gross gas production.
2 Energy generated as electricity, heat, vehicle fuel or flared (excluding efficiency losses).
3 Electricity generation only (excluding efficiency losses).

Fig. 7. Valorization complete cycle of solid organic waste by mechanization [145].
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efficient use of the hidden value within the different waste streams
generated and expand the life cycle of goods and products. Thus
Man can reach multi-side positive effects out of such waste. The
valorization of wastes as source of valuable product is associated
with resource efficiency and circular economy. The Enhanced
Landfill Mining (ELFM) and Enhanced Waste Management (EWM)
are the novel concepts because they intend to place land filling
of waste in a sustainable context [150]. In the former vision (i.e.
ELFM); a landfill is no longer considered the final solution of the
solid waste but it is a temporary storage places that should be val-
orized. ELFM offers a great opportunity to select the most suitable
materials to be valorized. These materials can be either as a source
of energy (Waste-to-Energy, WtE) or as a product (Waste-to-
Product, WtP). This depends on both the type of the waste streams
and the state of the technology. The concept of ELFM envisages an
important major shift in both the waste management vision as
well as the waste management technology. The success of ELFM,
therefore, depends not only on technological improvements and
breakthroughs, but also on surmounting a multitude of socio-
economic barriers (i.e. social acceptance, economic uncertainty,
regulations, and feasibility). Thus, the ELFM approach includes
the valorization of landfill waste, namely energy (WtE) and mate-
rials (WtP) in combination with the ecofriendly approach in pre-
venting CO2 and other pollutants emissions during the
valorization processes.

Despite increasing attention in EU for waste prevention and
sustainability, the total MSW generation in the EU has increased
from 150 million tons in 1980 to 250 million tons in 2005, to more



Fig. 8. Schematic illustration of a conventional wastewater treatment plant with anaerobic digestion facilities [148].
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than 300 million tons in 2015 and is forecasted to reach 330 tons
by 2020 [7]. The MSW in EU is a heterogeneous feedstock; it con-
tains wide varieties of materials in terms of composition, sizes, and
shapes. If this MSW is used to produce energy (WtE), this can lead
to variable and unstable operating conditions with a fluctuating
product quality. The refuse derived fuel (RDF) that are processed
form of MSW as organic wastes, are often employed as input to
produce energy WtE. Such treatment process usually is associated
with reduction in different factors including sorting, screening, and
size. In some cases, this process includes drying and/or rough pack-
aging to improve handling and homogeneity of these materials.
From the economic and environmental point of view, the main
benefits of converting these MSW’s to RDF are lower pollutant
emissions, a higher heating value, reduced excess air requirement
during combustion, more homogeneous physical and chemical
compositions, and finally, easier storage, handling and transporta-
tion. Managing solid waste and the secondary waste resources is a
real complex activity. It requires comprehensive and integrated
approaches. A relatively new waste management system approach
is the ‘‘Integrated sustainable waste management” (ISWM). This
ISWM allows municipalities and other similar activities to opti-
mize local waste management and to maximize environmental
and valorization benefits at the lowest economical possible cost
[151]. The solid state fermentation process has proved to yield a
better and higher biomolecules concentrations. It makes further
additional downstream processes to be easier than in submerged
fermentation (SmF). As a result, SSF minimized the requirements
for any additional energy, equipment and water consumption.
The cost of substrates represents 30–40% of total production costs.
Valorization of the organic solid waste of this substrate in the SSF
effectively reduces the operational costs [152]. The several
biotechnological processes of SSF are superior in correlation with
SmF with respect to the attractive economic feasibility. In a study
carried out by Zhuang et al. [153], they compared an economic
analysis of cellulose for bioethanol production by SSF and SmF.
This study they reported the unit costs for the cellulose production,
they found that it is ($15.67 kg�cellulase�1) by using SSF and
($40.36 kg�cellulase�1) by using SmF, while the price in the market
was around $90 kg�cellulase�1. In a further study to compare the
production cost by the same investigators [152], they found that
SSF was lower than SmF with an efficiency of 99.6%. Moreover, it
was reported that the economic analysis of hydrolases enzyme
cocktails (amylase, cellulase, xylanase, and protease) by using A.
awamori onbabassu cake in SSF suggesting that fermented cake
or the solid residues generated after enzyme extraction is a bypro-
duct that can be sold as animal feed. This, in turn can compensates
the enzyme production costs [154].

6.1. Solid waste management in the developing countries

Because of the demographics changes, consumer behavior,
rapid urbanization, and fast growing population municipalities in
the developing countries, the decision makers are confronted with
serious new challenges in solid waste management. Numerous
cities have increased their efforts, over the past few decades, to
find sustainable solution in the solid waste management problem.
Particular focus was to develop integrated solid waste manage-
ment strategies, including construction, operation and mainte-
nance of sanitary landfills and the related problem. To cover part
of the costs, it was found that valorizing and recycling activities,
has turned into a valuable income. It was reported that in Ankara,
Turkey, as an example, scavengers collect and sell to middle men
about 50% of the recyclables wastes produced by households, com-
merce and trade that yield a total amount of USD 50,000/day [155].
Furthermore, in Delhi’s waste management system at least 150,000
waste pickers divert more than 25% of all waste generated into
recyclables. This management system saves the municipal author-
ities substantial costs [156].
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In low and middle income countries, organic waste still contin-
ues to cause a lot of problems as a result of no definite solution has
yet been identified. A successful development from experimental
to full-scale waste treatment systems, offers several advantages
by using the larvae of the black soldier fly. Since such systems
can be developed, implemented and operated at low cost (includ-
ing low building, operation and maintenance costs that are inde-
pendent from power supply), they are more adapted to the
developing countries. In addition, creating additional value and
generating further income by the sale of harvested prepupae
and/or their use in animal husbandry can certainly strengthen
the economy revenue of farmers or the small entrepreneurs. Agri-
cultural studies confirmed that the high cost of feed is certainly an
important factor for smallholder poultry production in Africa
(Malawi, Ghana). Strategies to counteract and overcome the high
feed prices may be achieved by switching to other poultry species
including waterfowls. The later can be raised with other feed
(snails, water hyacinths). Another further option could be to sup-
plement and/or replace the feed with alternative other materials
produced locally or by the farmers themselves to ease and reduce
the financial burden of the smallholder farmers. Prein and Ahmed
[157] stressed on the advantages of the integrated agriculture-
aquaculture (IAA) systems which provides very successful exam-
ples from Africa (Malawi, Ghana) as well as Asia (Bangladesh,
Philippines). In addition, Ahmed and Lorica [158] stressed on the
positive effects of small-scale aquaculture on the income of house-
hold, employment as well as consumption. It was, therefore, con-
cluded that the use of a black soldier fly CORS system of well
design and under feasible operation can meet the requirements
of these extensive cultures because the yield in prepupae can be
used directly. In low and middle-income countries, the fly can
act as an ecological engineer.

The high nutrient elements of dried soldier fly prepupae namely
protein and fat content reinforces its high potential value as fly
meal in animal feed production. Thus, the aquaculture industry
becomes a rapidly growing and very attractive market for dried
soldier fly prepupae. Such economic activity grew worldwide by
an average of 6.1% between 2002 and 2004. Many low and
middle-income countries showed growth rates as high as 11.2%
for Chile, 16.5% for Iran, 30.6% for Viet Nam, and 40.1% for Myan-
mar, and the latest exhibited the highest growth rate [159]. The
fish meals and the fish oil became the main food sources for most
farmed aquatic species. Presently, the rapid worldwide spread of
aquaculture leads to an increase in demand for fishmeal derived
from wild fish stocks. It also increased the fishmeal price and
induces pressure on the natural fish populations. As a result, alter-
native animal protein sources, will be highly attractive for farmers
currently depending on fishmeal. Therefore, the prepupae of Her-
metia illucens could be served as this alternative protein source.
7. Conclusions

Solid waste is one of the important challenges to the environ-
ment. The inadequate waste management cause alteration the
ecosystems including air, water, and soil pollution, thus it
represents a real threatening to human health. Some studies gave
evidence that local population nearby MSW facilities have low
weight at birth, congenital anomalies, and few types of cancers.
The increasing generation of solid wastes posed the burden on
the high costs of municipal budget. Population increase, rapid
urbanization, booming economy, and the rise in the standard of liv-
ing have greatly accelerated the rate, amount and quality of the
municipal solid waste generation. Biodegradation of MSW accord-
ing to the time is an important factor that governs the amount of
recyclable material particularly the organic contents. MSW
generated from the developing countries are highly; heteroge-
neous in nature.

The improper bin collection practices, collection, transfer and/or
transport systems have great effect on the characteristics of the
solid wastes. The plastics waste disposal is a major global environ-
mental problem. As plastics are essentially hydrocarbons, they pos-
sess a calorific values ranged between 30 and 40 MJ/kg. Thus, they
can be burned or incinerated in the municipal or other dedicated
wastes with power and heat generation.

The most used and cheapest disposal of solid waste is the land-
fills as waste management techniques. Waste valorization con-
cerns with the process of converting waste materials into more
useful products including fuels, materials, and chemicals. It has
been estimated that the wastes from olive industry could be con-
verted into low-cost adsorbents at the cost of <$50/ton against
$4500/ton for granular-activated carbon. Anaerobic Digestion of
Municipal Solid Waste (OFMSW) produce CH4 from CO2 and H2

(hydrogenotrophs) and/or from CH3COOH (acetoclastics). The
anaerobic digestion of sewage sludge for biogas production can
be limited as affected by the presence of heavy metals. This is
attributed to the rapid poisoning of the several active bacteria
forms in the digester.

Organic solid state fermentation (SSF) is presented as a promis-
ing technology for organic waste. The utilization of household food
wastes with high dry content to produce high yields of ethanol by
SSF valorization is achieved via the bioconversion of these wastes.
Microorganisms play an important role in the degradation of
organic wastes into their constituents to convert them into high
value-added products.

Most countries worldwide are facing a serious challenge to
manage domestic food waste. Domestic bread wastes have been
used to produce amylase. By using orange peel as a substrate the
cultivation of selected industrial yeast strains resulted in a high
yield of aroma esters. Mixed food wastes collected from restau-
rants and inoculated with fungal inoculum can produce
glucoamylase-rich media and protease-rich media by SSF. These
media are suitable to be used as a feedstock to produce succinic
acid. The later has a wide range of applications in medicine produc-
tion, plastics, and laundry detergents.

Treatment technology of such organic waste, using larvae of the
black soldier fly: Hermetia illucens, is an important way as feasible
and sustainable treatment option. Valorization of organic matter
solid waste can be accomplished via composting and anaerobic
digestion. The advantage of producing compost is the technical
simplicity of the process. To cover part of the integrated solid
waste management strategies costs, it was found that valorizing
and recycling activities, has turned into a valuable income.
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