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Abstract

Municipal solid waste management (MSWM) is one of the major environmental issues in Tunisian cities. Rapid

growth in urbanization and population rates and the changes in people’s lifestyle have prompted a dramatic increase
quantity and a significant shift in the composition of municipal solid waste. There is insufficient data concerning the
quantities and the composition of waste streams along with the absence of a comprehensive complete overview

and a wider perspective of MSWM potential that provides detailed information at region and city level. As a result,

itis still impossible for the scientific community and the authorities to provide synergetic schemes to tie the prob-
lems of MSWM with how to integrate economically feasible and environmentally sustainable practices holistically. In
the present study, an attempt has been made to provide a comprehensive overview of MSW, through a qualitative
(compositional) and quantitative (parametric) characterization of the generated total waste generated in Tunisian
cities. A 1-year research survey was conducted in seven regions in Tunisia (Great Tunis, Northeast, Northwest, Midwest,
Mideast, Southwest, and Southeast) that cover the 24 provinces of the country. Collected samples revealed that the
distribution of waste by region was defined by the region’s demographic, economic, and industrial status. Approaches
of possibly more efficient procedures that can be undertaken to improve MSW collection are discussed. At a final
stage and based on the potential of biogas calculated in the seven regions, we suggest that the scientific community
and the authorities should introduce applicable schemes to valorize MSW through generating biogas as a renewable

energy.
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Background

Solid waste management is a universal issue with various
effects that depend on the amount of generated MSW
and the strategies adopted by concerned authorities in its
management. According to the 2018 World Bank Group
estimates, the annual global generation of waste was 1.3
billion tons and was expected to reach approximately 2.2
billion tons by 2025. In proportion to these approxima-
tions, there will be a momentous rise in per capita waste
generation rates, from 1.2 to 1.42 kg per person per day
in the next 15 years (Kaza et al. 2018).
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and indicate if changes were made.

However, these rates vary considerably by region,
country, city, and even within cities because of many fac-
tors. The higher the income level, the population growth
and urbanization rates are, the greater the amount of
solid waste produced will be Trang et al. (2017). There-
fore, it is estimated that the MSW generation will triple
in higher-income countries and double in middle- and
lower-income countries (Kaza et al. 2018; Paritosh et al.
2017). Earlier research showed that although still devel-
oping, low- and middle-income countries are encoun-
tering a consistent population and urbanization growth,
economic prosperity and a rapid rise in community living
standards that have significantly accelerated their munic-
ipal solid waste generation rates (Minghua et al. 2009).
This shift has created a consistent change in people’s
lifestyles as evidenced by an emerging need to consume
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manufactured, non-biodegradable products. This altera-
tion has represented a big challenge for traditional
MSWM models in low- and middle-income countries
(Eriksson et al. 2017).

Generally every municipal authority should adapt its
management strategies to the evolving amounts and
composition of the generated waste in the area under
its jurisdiction. The challenges of MSWM come chiefly
with the soaring levels of waste generation, the burden
of responsibility that rests on municipalities to collect
the budget to maintain MSWM strategies, the lack of a
comprehensive overview of a diversity of factors that
affect the different stages of waste management and con-
nections necessary to enable the entire handling system
functioning (Guerrero et al. 2013).

In Tunisia, although waste management has always
been one of the strategic pillars of the policy of the gov-
ernment, and with the existence of sparse research on the
issue (e.g., Bouallagui et al. 2005), the year 2011 associ-
ated with social, economic and political unrest has been
marked by an alarming degraded municipal performance
in terms of solid waste management in both urban and
rural areas, which manifests in the proliferation of solid
waste dumps and blackheads (Deutsche Gesellschaft fiir
Internationale Zusammenarbeit (GIZ) 2014).

Along with the MWM issue and analogous to low-
and middle-income developing countries, Tunisia has
been facing energy deficit issues. Consequently, recent
research (e.g., Mihai and Ingrao 2018; Miezah et al. 2015;
Khandelwal et al. 2018; Panepinto and Zanetti 2018;
Noya et al. 2018) has embarked on assessing schemes of
MSW valorization that may enhance energy recovery,
human health protection and the environment preserva-
tion. Scarlat et al. (2015), for instance, have investigated,
at the African level, how waste could play a crucial role
in providing citizens with energy extracted from waste
incineration and from landfill gas (LFG). The results of
the authors’ study revealed that, in case of appropriate
MSWM schemes, all waste generated in Africa has an
energy potential that can grow from PJ in 2012 to 2199 PJ]
in 2025. These schemes should tie the problems of MSW
management with how to integrate economically feasible
and environmentally sustainable practices holistically.
Having enough data about the complex physical compo-
sition of waste is mandatory to the design of the appro-
priate energy recovery scheme.

Generally, the scientific community MSW classi-
fies MSW into organic degradable and inorganic waste
(Ayodele et al. 2017; Majeed et al. 2018). Degradable
waste which could be used as raw material for biologi-
cal conversion processes like composting, biogas and
bioethanol refinery process (Miezah et al. 2015). Part of
previous research has assessed the benefits of solid waste
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management as soil fertilizer. Cherif et al. (2009) and
Gwenzi et al. (2015) assessed the effectiveness of MSW
application on agricultural soil in northern Africa arid
climate and recommended using MSW compost at a
rate of 40 Mg/ha to fertilize wheat crops. Many research-
ers (e.g., Abbasi and Gajalakshmi 2015; Bhat et al. 2017;
Sarkar and Chourasia 2017; Chaturvedi and Verma 2015)
suggested adding different kinds of bacteria to improve
the speed and quality of composting processes. Abbasi
and Gajalakshmi (2015), for example, used termites to
decompose substances which resist composting, vermin
composting, or anaerobic digestion such as cotton waste,
coconut shells, and torn jute bags. Similarly Chaturvedi
and Verma (2015) argued that malachite green (MG),
which is found to be toxic to aquatic organisms, animals
including humans can be decomposed by the addition of
a bacterium labeled Ochrobactrum pseudogrignonense,
which was discovered in copper mine waste water.

Moreover, an abundant research body started investi-
gating the possible generation of green energy. Research
results showed that the application of mature municipal
solid waste compost at a suitable rate of 40 tons/ha gen-
erally yielded a positive effect on the microbial biomass
BC and BN in both cultivated and uncultivated soils
(Singh and Ryan 2015). Other research results suggested
the conversion of MW into biogas (Iglinski et al. 2015;
Hoo et al. 2017). Bouallagui et al. (2005) suggested that
continuous two-phase systems are more highly efficient
technologies for anaerobic digestion of fruit and vegeta-
ble waste (FVW) that can enhance the quantity of pro-
duced methane. However, their work was limited to fruit
and vegetable waste and did not cover all type or organic
waste.

Another valorization method of MSW oriented to elec-
tricity generation was through the application of many
other methods such as landfill gas to energy (LFGTE) and
waste to energy (WTE). After comparing these methods,
for instance, Brunner and Rechberger (2015) found that
WTE is more capable of producing an order of magni-
tude more electricity from the same mass of waste and
is considered a better option under US renewable energy
policies because it is more ecological.

In the same vein, Santoro et al. (2017) stated that in
the past 10-15 years, the scientific community has been
focusing on the study of microbial fuel cell (MEC) tech-
nology and the possibility of transforming organic waste
directly into electricity through microbially catalyzed
anodic, and microbial/enzymatic/abiotic cathodic elec-
trochemical reactions. MFCs are still at the center of
several other recent publications (e.g., Yesuenyeagbe
Fiagbe 2017; Chaturvedi and Verma 2016) that stressed
the potential of the use of waste water in generating elec-
tricity. These new battery cells are being chemically and
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biologically improved to avoid the collapse of the out-
put power in case of a significant current demand in the
connected load. However, according to Chaturvedi and
Verma (2016), the major drawback that impedes the MFC
technology commercialization is its low power density.

In another study, Hirose et al. (2019) showed how
electrochemically active bacteria (EAB) can be a prom-
ising technology for energy-generation electricity from
biomass. After conducting a laboratory study of the
Shewanella oneidensis MR1, the authors found that this
bacterium was able to generate and conserve electrical
power in different growth phases. They also suggested
adjusting the structure of the biofilm to allow the elec-
trons better circulate between the cells; a procedure that
can prevent some electrode potential values from inhibit-
ing EABs and blocking the electricity generation process.

In a different study, Chinnadurai et al. (2019) argued
that because the food industry waste is rich in nutrient
composition such as sugars, minerals and proteins and
bioactive compounds, it should rather be considered as
a raw material for other industries. They suggested the
use of these “raw materials” that offer suitable conditions
for the prolific growth of microorganisms that can result
in generation of methane during solid-state fermenta-
tion (SSF) processes. In a similar study, Varadharajan
and Subramaniyan (2014) isolated a new strain of Pseu-
domonas aeruginosa bacterium from oil contaminated
site and suggested the application of agro-industrial
wastes for biosurfactant production. Moreover, because
the exploitation of wine by-products, using modern
and inventive new extraction processes, is at the center
of research in vineyards to limit negative effects on the
environment, (Andorra et al. 2019) have proposed ways
to recycle grape pomace and emphasized the importance
of enhancing the by-products of the wine industry.

Implementing efficient MSWM schemes can be capable
of reducing major environmental impacts as pollution,
global warming, and energy deficit, protecting human
health and boosting social and economic sustainability
(Tatano et al. 2017). Therefore, providing comprehensive
qualitative (compositional) and quantitative (parametric)
characterization of the generated total waste generated in
Tunisian cities is mandatory for this implementation.

For this reason, the main aim of this work is firstly to
determine the quality and quantity of organic waste pro-
duced in different regions of Tunisia. Secondly, we aim to
provide a comprehensive data on the unexploited poten-
tial of green organic waste resources throughout the
whole country. This will help in planning and implement-
ing relevant waste management schemes.

This paper is divided into four parts:

The first gives a comprehensive description of
the methods and means used in the collection and
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classification of municipal waste in the different regions
in Tunisia.

The second part comprehensive qualitative (composi-
tional) and quantitative (parametric) characterization of
the generated total waste generated in Tunisian cities.
The third part provides an estimation of the potential
of the biogas that can be generated from organic waste
management performance parameters. An assessment of
the shortfalls is also presented.

The paper ends with a conclusion providing recom-
mendations on how to provide synergetic schemes to tie
the problems of MSWM with how to integrate economi-
cally feasible and environmentally sustainable practices
holistically.

Materials and methods

Study area

The study was conducted in Tunisia which is located at
latitude 33.8869171 and longitude 9.5374994, and it is
part of Africa and the northern hemisphere. The country
has 11.154372 million inhabitants and an average popula-
tion density of 67.1 people per km? The area of Tunisia is
162.155 km?, and it is divided into 24 provinces and 350
municipalities. These provinces are regrouped in seven
regions (Great Tunis, Northeast, Northwest, Midwest,
Mideast, Southwest, and Southeast) (Fig. 1).

Materials and methods

The data used in this work were collected in collabora-
tion with the National Agency for Waste Management
of Tunisia and some municipalities from the seven
regions under study. In a preliminary stage, we focused
on the measurement of the selected samples collected
from twelve different municipalities in Tunis four prov-
inces (Tunis, Ariana, Ben Arous, and Mannouba). The
net quantity of collected waste from the four provinces
was posited in 200 kg bins. The same conditions for each
sample were checked and verified at each step.

We considered the steps below in sorting both organic
and inorganic waste fractions: (1) waste coning and quar-
tering, (2) manual waste sorting into material fractions
and sub-fractions, and (3) the weighing procedures for
each sorted material fraction or sub-fraction.

Based on weighing results, we determined the quantity
of waste for each area.

We also carried the characterization analysis on sam-
ples taken at random during discharge. All samples
showed high rates of moisture content, approximately
60%, due to the presence of organic fraction. We pursued
the same strategy during the sampling process in the
remaining 20 provinces.
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Results

Typology of recoverable organic waste in Tunisia

Green waste from municipal and wholesale markets

This waste stream consists essentially of vegetable waste
(vegetable toppings, spoiled or expired vegetables) which
can be converted into biogas. 80% of this organic matter-
rich residue, whose composition requires small sorting
operations, is produced in municipal and wholesale mar-
kets. Data concerning the total quantity of green waste
(damaged fruits and vegetables) were gained through
subtracting the sold and fresh unsold quantity of fruits
and vegetables from the total quantity presented in the
market. Figure 2 shows the estimated total quantity of
waste, 18,000 tons/year, generated in municipal and
wholesale markets in seven different districts.

Waste from urban green spaces

This category of residue comes from gardening waste,
urban non-forest green areas (lawns, fencing and align-
ment trees, shrubs, flowers, etc.) and forestry (mainte-
nance and pruning waste). Its generation is estimated at
3 tons/ha. The total area of green spaces is estimated at

Quantity(tons/year)
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® Northwest
H Midwest

H Mideast
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Fig. 2 The quantity of green waste from municipal and wholesale
markets
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more than 10,000 ha, which generates a total amount of
waste of around 31,500 tons/year divided by district as
shown in Fig. 3.

Waste from the food industry

Agro-food industries are the second largest manufactur-
ing industry with an added value of 20%. Nearly 55% of
agro-food production is accounted for by grain process-
ing (18%), which results in the production of 1,500,000
tons of cereal straw per year, slaughter of animals (22%)
and olive oil production (15%).

Agro-food production represents an important Tuni-
sian industrial sector. Consequently, it has a significant
environmental impact due to the large quantity of solid
and liquid organic residues it generates throughout the
processing chain, from the storage of agricultural prod-
ucts to pre-consumer processing. In spite of this, the
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Fig. 3 Waste from urban green spaces
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sector still lacks innovative strategies of waste recovery
and valorization.

Waste from fruit and vegetable canneries

Changes in peoples’ lifestyles resulted in the consump-
tion of a great deal of canned food of which canned toma-
toes represent about 90%. The quantity of fruits, such as
quinces, apricots, figs, pears, apples, peaches, oranges,
and strawberries, oriented to the food cunning industry
ranges from 8000 to 11,000 tons/year. The food cunning
industry lies in three Tunisian areas; Nabeul with 50%,
the Metropolitan area of Tunis, with 21% and Beja with
13% (Fig. 4). The waste deposit from fruit and vegetable
canneries is currently estimated at 39,500 tons/year.

Waste and by-products from oil mills

Olive oil industry in the whole country generates a sea-
sonal amount of solid olive mill waste (solid by-prod-
uct) that ranges from 435,000 to 800,000 tons/year. The
sludge quantity generated after the extraction process
ranges from 120,000 to 168,000 tons/year depending on
the extraction method: the traditional press method, the
three-phase and the tow-phase decanter centrifuge.

Olive mill wastewater

Olive mill wastewater (OMW) is the liquid residue result-
ing from the three-phase extraction method of olive oil.
This liquid is separated from oil through centrifugation
or sedimentation after pressing.

Depending on the annual olive oil yield, 60% of which
comes from the coastal area, about 1600 mills pro-
duce quantities of OMW varying from 600,000 to
1200,000 tons/year.

Quantity(tons/year)
m Sidi Bouzid
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Fig. 4 Waste from fruit and vegetable canneries
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The estimated national volume of extracted OMW is
0.87 tons/1 ton of processed olive. In the future, it is pre-
dicted that the OMW quantities that will be generated
from olive oil extraction processes are attributed not only
to growth rates of olive corps, but also to the modernized
extraction methods that release more wastewater. The
distribution by region of annually generated quantities of
OMW is provided in Fig. 5.

Two-phase olive pomace (TPOP)

The olive oil production industry produces, depending
on the variety of olive crop, up to 650,000 tons/year of
solid by-product that results from two main extraction
processes. The first by-product is the olive cake resulting
from three-phase centrifuge systems. However, TPOP is
a thick sludge that contains pieces of stone and pulp of
the olive fruit as well as vegetation water. The quantity of
this produced sludge with high energy value ranges from
120,000 to 170,000 tons. The estimated national quantity
of TPOP is 0.458 ton/1 ton of processed olive.

Olive leaves
The quantity of leaves collected at the oil mills and
obtained after washing the olives is estimated at 5%
of the weight of the treated quantity of olive. For an
annual quantity of treated quantity, leaf waste can reach
70,000 tons/year. These residues can be collected and
used either to feed animals in composting.

The total quantity of organic waste from the olive
branch is currently estimated at 2,090,000 tons/year.

Waste from livestock slaughterhouses
Thousands of tons of animal slaughter by-products waste
is generated every year from slaughterhouses. These

Quantity (tons/year)
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495000
456000
600000 —

M Average harvest

400000 263000 M Bad harvest

200000

south

north center

Fig. 5 Quantity of OMW
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animal by-products have long been regarded as pollut-
ants. However, recently research (e.g., Sindibu et al. 2018)
abattoir waste can represent a sustainable waste manage-
ment option because it has the potential of generating
energy sources as biogas and bio-fertilizers.

Indeed, slaughterhouse waste is characterized by quick
fermentability due to the presence of organic matter.
Solid waste from slaughterhouses cannot be composted
alone in the aerobic phase, because of its high moisture
and poor structural stability. It is more suitable for anaer-
obic biomethanization treatment.

The existence of controlled livestock slaughterhouses
allows for the estimation of the amounts of generated
solid waste based on the weights of the slaughtered ani-
mals. This estimation reached 29,250 tons/year (Fig. 6).

Waste from poultry slaughterhouses

Today the chicken industry is vertically integrated start-
ing from breeder flocks to the distribution stage. In
addition to scientifically formulated feeds, advances in
selective breeding, improved production technologies
and better management practices have enabled vertically
integrated poultry companies to grow broilers faster. This
integration is resulting in greater efficiencies and higher
product quality. Poultry industry where broilers are
raised and slaughtered after approximately 6 weeks has
been thriving in Tunisia. The industry also relies on stra-
tegic schemes through using stocks of frozen chickens to
regulate the market.

Tunisia now possesses 18 industrial poultry slaugh-
terhouses which are implemented as follows: 10 in the
northeastern region (e.g., Nabeul, Ben Arous and Zagh-
ouan), 5 in the center-eastern region (e.g., Sousse, Mona-
stir, Sfax and Mahdia), 2 in the North West (Jendouba
and Siliana), and 1 in the center-western (Sidi Bouzid).

Quantity(tons/year) ® Metropolitan

Tunis
M Northeast
= Northwest
B Midwest

® Mideast

m Southwest

Southeast

1900 1900

Fig. 6 Wastes from livestock slaughterhouses
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Taking account of the numbers of chickens and turkeys
(approximately 72 million chickens and 4.05 million tur-
keys per year), the slaughter capacity is still enough in
relation to the possible operation of 2 workstations/days.

The total quantity of waste generated from this activ-
ity is estimated at 47,580 tons/year divided by slaughter-
houses in the different provinces as shown in Fig. 7.

Organic waste from catering activities
The waste generated from restoration activities in Tunisia
consists mainly of:

+ Vegetable oils and fats characterized by a high range
of COD equal to 350 g/ (100 to 1000 g/I) and a calo-
rific value of 9000 kcal/kg.

The total quantity of this waste is estimated at about
68,600 tons/year, and it comes mainly from: hotels, uni-
versity restaurants, private hospitals and clinics, and
refectories.

Table 8 shows the quantity of recoverable organic waste
from these four main sources (Figs. 8 and 9).

Winemaking
During the last decade, Tunisian viticulture has evolved
both quantitatively and qualitatively. Based on chang-
ing climatic conditions grape-growing regions in Tunisia
produce quantities ranging from 35,000 to 57,500 tons/
year. The eastern part of the country encompasses 40
industrial grape processing plants and produce signifi-
cant quantities of grape stalk.

Industrial grape processing can result in many prod-
ucts such as juice and wine. Grape pomace or marc is
a residue of grape processing in wine and juice which

Quantity(tons/year)
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Fig. 7 Waste from poultry slaughterhouses
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represents a challenging waste disposal problem for
the winery and grape juice industry. However, recent
research has suggested that this waste can be valorized to
produce energy or to be used as an organic fertilizer.

At present, the processing of wine production yields
almost 10,557 tons/year of grape marc, of which only
10% is intended for feeding the livestock, while the rest
is either dumped used in heating in rural areas. A small
part is currently used to make compost (Fig. 10).

Manure and the droppings from the livestock sector
Droppings from the livestock sector Poultry farming has
become an integrated industry in Tunisia during the last
decades. The poultry population in Tunisia is currently
estimated at more than 70 million, of which 80% lies in
Sfax (42%), the second largest population is raised in
Tunis (20%) and 15% in the Cape Bon, particularly in the
city of Nabeul.
There are two types of droppings produced:

Fig. 11 Dropping waste

+ Liquid droppings, which are found in flocks of laying
hens.

+ Solid droppings, which are found in broiler farms,
breeding chickens and breeding stock, and in breed-
ing turkey farms.

Collected samples revealed that there are 400,000 tons/
year in the form of slurry liquid which is easily recover-
able by biomethanization, and 206,000 tons/year of dried
droppings which are easily compostable (Fig. 11).

Manure

Manure, a by-product of livestock production, is a valu-
able fertilizer that provides necessary minerals for plants
to grow. It plays a major role in agriculture, because due
to the humid matter it allows to restore soil fertility. Eco-
nomically, most often manure is underestimated. Under
the best storage conditions, the lost quantity is 30%, but
without great care, as is often the case, it can reach 60%.



Wafi et al. Bioresour. Bioprocess. (2019) 6:39

Indeed, it is relatively rare to find treated manure in good
conditions. Manure is also commonly commercialized as
a soil amendment but is a less fermented manner. In the
some crops, it is sometimes a source of germs and weeds.
The samples show that the total manure production of
all species is currently estimated at 2,246,837 tons/year
(Fig. 12).

Waste from the wood industry (sawdust)

Forest wastes This category of waste consists of dead
wood and brushwood, pruning and forestry products. The
deposit is very important, the bulk of which is currently
burnt. A small part of the forest waste and by-products
(Acacia pine bark, leaves and twigs) that are perfectly suit-
able for composting is currently used for the composting
of modern forestry nurseries and the production of seed-
lings for reforestation (Fig. 13).

Waste from the timber industry

This category of waste comes from large sawmills and
wood pulp mills, which represent the largest share of
the sector upstream of a whole chain of other indus-
tries, and craftsmen of wood and furniture distributed
throughout the country. The total quantity is estimated at
64,500 tons/year as shown in Fig. 14.

Agricultural waste Previous studies have shown that
we can receive a general average of 2 tons of compost
from waste coming from fruity trees, including olives and
palm trees per hectare of dry crops and 3 tons/ha/year
from irrigated crops. This makes the estimated quantity
reaches 4,426,760 tons/year in the whole country.

In almost all cases, the leaves are used feeding livestock
and branches are partly used as firewood for domestic
heating. Other types of leaves (palm tree leaves) are used

Quantity (tons/year) o
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Fig. 12 Waste of manure
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Fig. 13 Forest wastes

in craftsmanship (i.e., making hedges, wind erosion, and
handicraft products such as hats, baskets, fans...).

Unfortunately, this deposit is not collectable in its total-
ity. According to the forest inventory, about 50% of this
quantity is used for wood fires, bringing the exploitable
deposit to reach 2,245,380 tons/year. These quantities are
distributed as shown in Fig. 15.

The sludge treatment plants of wastewater

Each year, nearly 260 million m® of wastewater is pro-
duced in Tunisia. Only 225 million m® of this volume is
treated in 100 wastewater treatment plants (WWTPs)
throughout the country. The total quantity of sludge pro-
duced was estimated at 175,000 tons/year in 2007. This
amount is predicted to go up to nearly 300,000 tons/
year by 2020, about 40% of which will be produced in
the metropolis area of Tunis. After the launch of the new
El Attar station, 68% this sludge is mechanically dehy-
drated and 32% is naturally dried. The good quality of
a large part of this sludge, as well as their richness with

Quantity(tons/year)  m Distric of
Tunis
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Fig. 14 Waste from the timber industry
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Fig. 15 Agricultural waste

fertilizing elements a calorific value, offers a potential
possibility for their direct reuse in the agriculture (Prom-
ulgation of Decree No 13 of 3 January 2007 on the use of
sludge in agriculture); they can be used in co-compost-
ing or anaerobic digestion as part of an energy resource
(Fig. 16).

Synthesis and evaluation of the potential of organic waste
in Tunisia

Among the categories studied, in Table 1 we provide
specified waste inputs, depending on their source, and
which are best suited to material or energy recovery or
both.

The combination of the various deposits according to
the territorial proximity allows envisaging a better quali-
tative and quantitative valorization of the waste into
energy.
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Table 1 Classification of waste

Material
recovery
(composting)

Origin of the waste Energy
recovery

(bio gas)

Municipal and wholesale markets X X
Urban green spaces

Fruit and vegetable canneries
The margins

Forest waste

Waste from the timber industry

X

Vinification

Livestock slaughterhouses

Poultry slaughterhouses

Catering activities

Manure X

X X X X X X

Solid and liquid droppings
Agricultural waste

Wastewater treatment plants (sludge) X

The compositional and quantitative characteristics of
waste, as well as their geographical distribution, repre-
sent an important element in evaluating the mobilizable
potential for a valorization. A more precise approach
to the inventory would be to examine the other local
organic waste production sites (whatever they are).Then,
depending on the distance between the main production
site and the other sites, we suggest that it would be neces-
sary that processing takes place in the same station.

Moreover, we have to consider that all identified waste
types cannot be recovered using the same techniques;
methanisation, for instance, cannot be applied to woody
substrates, and composting is poorly suited to highly liq-
uid substrates.

The analysis encompasses three main methods.

« Substrates which can be composted but not methan-
ated (Fig. 17¢),

- methanisable substrates (Fig. 17b),

- methanisable and composted substrates (Fig. 17a).

A first approach consists in making organic waste pro-
duction and waste treatment happen in the same sites
(material and/or energy recovery).

In this case, the following factors should be considered:

+ The implemented site should work complimentarily
with other organic waste generators in the vicinity,

» markets should be proximate to material recovery
areas,
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+ depending on these two parameters, transport and
neighborhood constraints should be considered
when dealing with different locations.

A more detailed approach would be to examine the
distance between the local organic waste production
sites and the location of the main production sites.

Moreover, we suggest that the proximity of main and
peripheral sites would allow MSW treatment in the
same station.

The same analysis can be done by examining the dis-
tribution venues or marketing sites of the produced
biomass (compost or methanisation effluent). At the
commercialization phase, priority should be given to
supplying compost users such as agricultural incuba-
tors, organic farms, irrigated crops, and private and
public garden design. Consequently, a commercializa-
tion plan should be developed and outcomes can be
achieved through identifying the potential areas. In
these areas, the largest and most profitable projects can
be vindicated as prior ones given the availability of raw
materials that can satisfy local demand. Thus, an effi-
cient scheme should not only be limited to collecting
and transporting generated waste, but it should also
include and additional operation where waste is mixed
with organic fertilizers. Furthermore, there should be
an alignment between demand and supply of compost
at a regional level to avoid unfairly low prices at the
marketing stage. Moreover, a procedure like this can
allow the determination of the project’s size accord-
ing to farmer’s needs. When supply exceeds demand, it
would be wise that farmers manage their small projects
that can meet their soil amendment needs on ad hoc
needs on an ad hoc basis. Otherwise, it would be more
interesting that the Tunisian authorities consider econ-
omies of scale and favor facilities of high or medium
capacity.

The potential of biogas in Tunisia
A biomethanation process depends primarily upon seed-
ing, temperature, pH, carbon—nitrogen (C/N) ratio,
volatile fatty acids (VFAs), organic loading rate (OLR),
alkalinity, total volatile solids (VS), and hydraulic reten-
tion time (HRT) and nutrients concentration (Paritosh
et al. 2017). There was also a significant variation. In this
part of work, to identify the potential of biogas from dif-
ferent organic waste, we use the different results in the
bibliography Table 2.

To calculate the energy input of the cumulative waste,
the lower calorific value equal to 60% was considered
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Table 2 Potential of biogas from deferent substrate
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Substrate Average of biogas production References
potential
m3/tons
Vegetable waste 60 Oguntoke et al. (2019)
Fruit and vegetable canneries 60 Recebli et al. (2015)
Dry leaves 118 Einarsson and Persson (2017)
Olive mill wastewater 35 Al-Addous et al. (2019)
Winemaking 160 Saladié (2016), Al-Addous et al. (2017)
Livestock slaughterhouses 38 Karaca and Oztirk (2017)
Green leaves 100 Bowan and Tierobaar (2014)
Poultry slaughterhouses 180 Makisha and Semenova (2018), Eriksson et al. (2017)
Catering activities 60 Ogur and Mbatia (2013), Oyiwona et al. (2018)
Manure 60 Kigozi et al. (2013), Tatano et al. (2017)
Solid and liquid droppings 70 Kumar et al. (2017)
Agricultural waste 60 Akytrek (2018)
Olive pomace 82 Chinnadurai et al. (2019)
Yard waste 100 OjikutuAbimbola and Osokoya Olumide (2014), Deressa et al. (2015)
Wastewater 250 Ciuta et al. (2016), Kumar et al. (2017)

+ 1 m? of biogas is equivalent to 6 kWh (Sindibu et al.
2018)

+ We assume that the price of 1 kWh provided by the
conventional source with the subsidy is equal to
0.18 USD (Bertheau and Cader 2019).

1 T.O.E (One Ton of Oil Equivalent) is equal to
11,620 kWh

Table 3 Potential of biogas he Northwest of Tunisia

The potential of biogas in the Northwest of Tunisia

Table 3 provides a synthesis of the total waste produced
in the Northwest of Tunisia which is equal to 1,009,674
tons/year.

The production of biogas combining the different waste
in the same installation is estimated at 63.17 10° m3
equivalent to 379 Gwh.

This potential allows the gain of more than 53,870,720,
7 USD. This analysis used to identify the energy of the
region and to vindicate the urgent need to implement of
profitable projects given the availability of raw materials.

Waste Equivalent Production Potential Equivalent in TOE Gain in USD/year
in energy tons/year of biogas 106 m3
GWh
Margin 74.76 356,000 1246 6433.73 13,456,800
Livestock slaughterhouses 0.86 3750 0.14 73.58 153,900
Poultry slaughterhouses 20.28 18,780 338 174547 3,650,832
Catering activities waste 4.20 11,672 0.70 361.61 756,345.6
Liquid dropping 31.50 75,000 525 2710.84 5,670,000
Sludge waste water 60.71 40472 10.12 522444 10,927,440
Green waste from markets municipal and 0.79 2200 0.13 68.16 142,560
wholesale
Fruit and vegetable canneries waste 7.20 20,000 1.20 619.62 1,296,000
Winemaking waste 8.45 8800 141 727.02 1,520,640
Manure 170.28 473,000 2838 14,654.04 30,650,400
Total 379.03 1,009,674 63.17 32,618.53 68,224,917.6
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Table 4 Potential of biogas in the Northeast of Tunisia
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Waste Production Potential Equivalent Equivalent in Tep Gain in USD/year
tons/year of biogas 10°m>®  in energy
GWh
Margins 326,000 1141 68.46 5891.57 12,322,800
Livestock slaughterhouses 7200 027 1.64 141.27 295,488
Poultry slaughterhouses 15,360 2.76 16.59 142761 2,985,984
Catering activities waste 3586 0.22 1.29 111.10 2323728
Liquid dropping 224,000 15.68 94.08 8096.39 16,934,400
Sludge waste water 5342 134 8.01 689.59 1,442,340
Green waste from markets municipal and 4400 0.26 1.58 136.32 285,120
wholesale
Fruit and vegetable canneries waste 0 0.00 0.00 0.00 0
Winemaking waste 700 0.1 0.67 57.83 120,960
Manure 285,000 17.10 102.60 8829.60 18,468,000
Total 871,588 49.16 295 25,381.27 53,087,464.8

The potential of biogas in the Northeast of Tunisia

Table 4 provides a synthesis of the total waste produced
in the region of Northeast of Tunisia which is equal to
871,588 tons/year. Using this quantity, we can produce
49.16 10° m® of biogas equivalent to 294.93 Gwh. This
potential allows the gain more than 53,087,464.8 USD.
This analysis can be used to assess the profitability
threshold of the project.

The potential of biogas in the Mideast of Tunisia

The total quantity of waste produced in this zone is equal
to 524,903 tons/year. Using this amount, we can produce
34.33 10° m?® of biogas equivalent to 206 Gwh. The short-
falls are estimated at 37,077,804 USD. The main collected
fractions are described in Table 5.

Table 5 Potential of biogas in the Mideast of Tunisia

The potential of biogas in the Midwest of Tunisia

Table 6 presents a synthesis of the total waste produced
in the region of Midwest of Tunisia which is equal to
443,593 tons/year. The treatment of this important quan-
tity produces 32.76 10° m® equivalent to 196.56 GWh.
The shortfalls are estimated at 35,380,465.2 USD.

The potential of biogas in South east of Tunisia

The quantity of organic waste produced in this region is
estimated at 390,765 tons/year. Using this quantity, we
can produce 19.75 10° m?/year equivalent to 118.48 Gwh.
The shortfalls are estimated at 21,325,528.8 per year
USD. The main collected fractions found are described in
Table 7.

Waste Production Potential Equivalent Equivalent in Tep Gain in USD/year
tons/year of biogas 10°m?  in energy GWh
Margins 0 0.00 0.00 0.00 0
Livestock slaughterhouses 1900 0.07 043 37.28 77,976
Poultry slaughterhouses 3960 0.71 4.28 368.06 769,824
Catering activities waste 4015 0.24 145 124.39 260,172
Liquid dropping 23,500 1.65 9.87 849.40 1,776,600
Sludge waste water 11,288 2.82 16.93 1457.14 3,047,760
Green waste from markets municipal and 1500 0.09 0.54 46.47 97,200
wholesale
Fruit and vegetable canneries waste 5500 0.33 1.98 17040 356,400
Winemaking waste 240 0.04 0.23 19.83 41472
Manure 473,000 2838 170.28 14,654.04 30,650,400
Total 524,903 34.33 205.99 17,727.01 37,077,804
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Table 6 Potential of biogas in the Midwest of Tunisia
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Waste Production Potential Equivalent Equivalent in Tep Gain in USD/year
tons/year of biogas 10°m>®  in energy
GWh
Margins 0 0.00 0.00 0.00 0
Livestock slaughterhouses 1900 0.07 043 37.28 77,976
Poultry slaughterhouses 0 0.00 0.00 0.00 0
Catering activities waste 26,404 1.58 9.51 818.02 1,710,979.2
Liquid dropping 45,000 3.15 18.90 1626.51 3,402,000
Sludge waste water 30,189 7.55 4528 3897.03 8,151,030
Green waste from markets municipal and 1300 0.08 047 40.28 84,240
wholesale
Fruit and vegetable canneries waste 3800 0.23 137 117.73 246,240
Winemaking waste 0 0.00 0.00 0.00 0
Manure 335,000 20.10 120.60 10,378.66 21,708,000
Total 443,593 3276 196.56 16,915.50 35,380,465.2
Table 7 Potential of biogas in the Southeast of Tunisia
Waste Production Potential Equivalent Equivalent in TOE Gain in USD/year
tons/year of biogas 10°m3  in energy
GWh
Margins 189,000 6.62 39.69 3415.66 7,144,200
Livestock slaughterhouses 2800 0.1 0.64 54.94 114,912
Poultry slaughterhouses 0 0.00 0.00 0.00 0
Catering activities waste 12,441 0.75 448 385.44 806,176.8
Liquid dropping 17,000 1.19 7.14 614.46 1,285,200
Sludge waste water 4824 1.21 724 622.72 1,302,480
Green waste from markets municipal and 1700 0.10 061 5267 110,160
wholesale
Fruit and vegetable canneries waste 0 0.00 0.00 0.00 0
Vinification waste 0 0.00 0.00 0.00 0
Manure 163,000 9.78 58.68 5049.91 10,562,400
Total 390,765 19.75 11848 10,195.80 21,325,528.8

The potential of biogas in the South west of Tunisia
Table 8 provides a synthesis of the total waste produced
in this region of Tunisia which is equal to 13,241 tons/
year. The total quantity of biogas is estimated at 1,
87 10° m? equivalent to 11.23 Gwh. This potential allows
the gain of more than 2,021,230.8 USD (Fig. 18).

Discussion

The study carried over a whole year in seven regions
of Tunisia showed that the quantity of waste in Tuni-
sia is enormous and constitutes an untapped poten-
tial to produce energy. Based on the samples collected
from the seven regions, this work estimates that the

untapped quantities of MSW can be a proficient venue
to produce renewable energy forms to remedy energy
deficiency and solve some of the major environmental
impacts in the country.

This work suggests that the region’s demographic,
economic, and industrial status should be taken into
consideration while implementing MSW treatment
projects or in terms of generated compost or energy
distribution. Because some Tunisian regions have
stronger industries than the other regions, it would be
better to take this into consideration while implement-
ing MSW treatment projects. Moreover, some regions
have stronger agricultural projects; therefore, some
compost production sites should be implemented in the
most agricultural concerned regions. This procedure
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Table 8 Potential of Biogas in the Southwest of Tunisia
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Waste Production Potential Equivalent Equivalent in TOE Gain in USD/year
tons/year of biogas 10°m?  in energy
GWh
Margins 0 0.00 0.00 0.00 0
Livestock slaughterhouses 1500 0.06 034 2943 61,560
Poultry slaughterhouses 0 0.00 0.00 0.00 0
Catering activities waste 2246 0.13 0.81 69.58 14,5540.8
Liquid dropping 2800 0.20 118 101.20 211,680
Sludge waste water 5695 142 8.54 735.15 1,537,650
Green waste from markets municipal and 1000 0.06 0.36 30.98 64,300
wholesale
Fruit and vegetable canneries waste 0 0.00 0.00 0.00 0
Vinification waste 0 0.00 0.00 0.00 0
Manure 0 0.00 0.00 0.00 0
Total 13,241 1.87 11.23 966.36 2,021,230.8
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Fig. 18 Topology of valorizable organic waste in Tunisia

can reduce transportation costs because of the proxim-
ity of production sites from the beneficiaries.

This work also suggests that treatment methods used
to treat organic waste should be varied, either through
anaerobic digestion (presence of significant quantities

of organic waste) or by the use of other recent tech-
nologies. The incineration of wood products (also
abundant in waste) can also produce electricity at low
prices. It is recommended following this study to diver-
sify the techniques of treatment and recovery of waste
to exploit all the waste and preserve the environment.

Conclusion

The work presented in this paper lasted more than a
year to identify and quantify the different types of waste
produced in Tunisia. Samples of 200 kg were taken daily
from four municipalities typical of Tunisian agglom-
erations. The sorting and characterization of different
types of waste has shown that the quantities of waste
are both enormous and very diversified and that it is
possible to produce methane and electricity if recently
suggested waste recovery technologies such as anerobic
digester and fuel cells are used. It is also important to
point out that it is possible to use new generations of
bacteria for the processing of plastic waste. The use of
termites is considered for the decompositions of waste
from the wood industry and forest waste.

It is necessary to avoid the appearance of a rate of
molds too important what can degrade the valorization
of the waste thereafter.

We envisage the valorization of waste by methanisa-
tion using new control strategies of the bacteria respon-
sible for methane production.
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