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Abstract: Nowadays, Tunisia is seeking to implement cost-efficient and sustainable solutions in
relation to the treatment of organic waste which, at up to 65%, makes up the largest proportion
of total waste generated in the country. Therefore, an efficient tool for decision makers is needed
to provide a clear approach about the potential of organic waste as well as the treatment concept,
which can be adapted based on technical requirements and local conditions. Results revealed
that there is a high variation in terms of the nature of the collected biowaste, which affects the
selection of the adopted bioprocess for each geographical zone of the study area. Three main
categories of biowaste are produced along the coastline of Tunisia: food waste (FW) (102.543 t/a);
green waste (GW) (1.326.930 t/a); and cattle manure (CM) (1.548.350 t/a). Based on the results of
similar projects and laboratory-scale research work, anaerobic and aerobic digestion were examined.
Regarding aerobic digestion, the monitoring of several physicochemical parameters ascertained that
the co-composting of FW and GW at different ratios (GW: FW = 100:0, 75:25, 50:50, and 25:75) allowed
the production of a stable and mature compost. A highly qualified end-product was generated from
each trial categorized as a finished compost of class V with reference to German Standards of compost.
Regarding the anaerobic process, different feedstock mixtures (FW:CM = 0:1, 1:1, 2:1, and 3:1) were
prepared to feed semi-continuous anaerobic reactors. However, a significant improvement in the
process development was recorded for digesters including a higher fraction of FW, which produced
0.846 LN/kg VSin as the maximum biogas production. Therefore, biological treatments of food waste
and different co-substrates seems to be a suitable technique for Tunisia in terms of waste management,
environmental, and energy aspects. However, the evaluation of the efficiency of the proposed
biological treatments was also verified by a draw-up of a technical and economic feasibility analysis.
Although the cost–benefit estimations proved that the profits from both the compost and biogas
plants would be very modest, the feasibility of such sustainable projects should not only be evaluated
on an economic basis, but also by taking into account socio-environmental considerations including
decreasing environmental threats, providing work opportunities, increasing incomes, stimulating
public awareness as well as reducing the operating costs linked to landfilling.
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1. Introduction

In light of population growth, the rapid rate of urbanization and industrialization as well as the
changes in consumption patterns with higher standards of living, the production of waste, which is
undesirable but unavoidable, by-products is increasingly important, making the creation of an efficient
solid waste management strategy (SWMS) a worldwide challenge. Indeed, the unsustainable treatment
of municipal, agricultural, and industrial solid waste is an alarming issue, which puts extra pressure
on the environment as well as on human health [1].

Today, around 70% of the world’s waste ends up in dumps and landfills [2]. Nevertheless, dumps,
which are a large-scale waste storage without any technical management, have also become a major
source of waste pollution, while lower environmental concerns are caused by landfills, as they include
varying degrees of technical measures aiming to reduce the amount of leachate and gases produced [3].
A global snapshot of solid waste management to 2050 illustrates that SWMS issues concerns not only
developing countries, but also some developed ones [4]. As a developing country, Tunisia is facing
numerous issues including human health, environmental, and sociopolitical threats, thus pushing the
decision makers to improve solid waste management (SWM) schemes into more integrated approaches
in recent years [5]. Indeed, the major challenges in the case of Tunisia are the lack of operational
enforcement, financing, public awareness, trained staff, reliable data, and basic know-how. Thus,
the decision-makers have access to limited tools for selecting appropriate treatment/disposal techniques
to increase the effectiveness of the systems dealing with the local conditions [6].

Organic and inorganic residues are the main fractions characterizing the solid waste (SW) streams.
Kaza et al. (2018) revealed that organic waste management is one of the major worries that requires
special attention for both developed and developing countries [7]. It is true that developed countries
generate a huge amount of SW, however, its execution is achieved through regular techniques such
as biological and thermal treatments, ensuring the advantage taken from the entire SW stream [4].
However, this concept is still in progress in developing countries as the latter randomly discards
the collected SW in dumpsites or landfills ascertaining the lack of the fundamental practices and
basic tools for an appropriate SWM [8]. Moving toward a circular economy, waste materials should
re-enter production flows as material or embedded energy through recycling, composting, or anaerobic
digestion [9]. However, countries that advance from open dumping and other rudimentary waste
management methods are more likely to succeed when they select locally appropriate solutions [10].
European countries have established the EU Waste Framework Directive [11], which sets basic
concepts and defines priorities for different waste management alternatives. Among the EU Member
States, Germany, Sweden, and Norway have been effectively using organic waste management and
treatment concepts, where the biological treatments are their common organic waste management
schemes [2,12,13]. In the same context, despite the high quantity of organic waste generated in Tunisia
reaching around 68% of the total SW, only 5% is devoted to the composting process, while the absence
of biogas plants throughout the area is marked in the country [14], so the introduction of new disposal
technologies become primordial [15]. Therefore, particular attention has to be given to look for
appropriate waste management approaches such as source segregation into organic and inorganic
flows, followed by either aerobic or anaerobic digestion to take advantage of the considerable volumes
of the generated organic waste [16].

Anaerobic digestion (AD) and the composting process represent the main options for biowaste since
they allow material recovery by converting organic streams into valuable end-products. Previous studies
have confirmed that for a performant biological treatment, the selection of the initial feedstock material
is fundamental. Due to their high biodegradability, food waste (FW), green waste (GW), and manure are
the most exploited organic residues to be converted into useful final outputs: biogas or compost [16–18].
Moreover, one of the primitive criteria of organic waste selection is the purity of the material to be
used. Several works have focused on the efficiency of biological treatments with regard to the type
and the quality of the feedstock and revealed that the collection of organic streams at the source
had a powerful impact on the process development as well as the quality of the end-products of
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biogas, digestate, and compost [19–21]. With regard to the current Tunisian case, despite the great
potential of biowaste generated from the agricultural, commercial, and industrial sectors, a major
obstacle faces the biological treatment opportunities. In fact, SW are collected, mixed, and then sent to
landfills [22,23]. It is necessary to bear in mind that the availability of raw materials, the ease with
regard to applying cost-efficient technologies, and the production of market-oriented end product
fractions are guaranteed if political and decision-makers at different levels support such approaches by
introducing an organized legal and financial framework.

Given these gaps, in this research work a characterization of the collected biowaste from different
sectors of activity was first achieved to quantify and qualify the solid streams generated in the selected
study area. Therefore, experimental works as well as technical and economic feasibility analyses were
carried out to evaluate the efficiency of anaerobic and aerobic treatments. As a last step, a road map for
the proposed biological treatment options was presented for different regions of the study area to help
decision-makers implement an appropriate solid waste management strategy in Tunisia.

2. Background Information

2.1. Study Area: Coastline of Tunisia

Located in North Africa, Tunisia covers an area of about 163.610 km2. It is divided into 24
governorates, grouped in the Northeast, Northwest, Mideast, Midwest, Southeast and Southwest,
and incorporates more than 270 municipalities or urban agglomerations. The total population of
Tunisia is 11,722,038 with around 70% of them being concentrated on the coast [24]. Consequently,
specific attention has been paid to that region of Tunisia during the current work. Apart from a few very
limited sites, the Tunisian coast is under strong pressure as it is characterized by a high concentration
of urban population. In fact, approximately 7.5 million inhabitants live in this part of the country.
In addition, almost all activity sectors including tourism, agriculture, and industry are located on the
coast, entailing huge streams of biowaste [15]. Thus, the coastline was chosen as the study area to be
examined during this research as it represents the economic potential of Tunisia (Figure 1).
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2.2. Biowaste Sources: Land-Use Planning per Sector of Activity

2.2.1. Urban Sector

Urbanization is defined as a result of economic growth and consequent increased employment
opportunities, leading to migration from rural areas [25]. Therefore, the coast of Tunisia is identified
by its high population concentration as it contains several different facilities including healthcare,
hospitality, and civic service areas responding to the citizens’ needs. This urbanization mainly relates
to Greater Tunis (more than 60 km of coastline including Lake Tunis), Sfax (15 km), and Sousse
(40 kms) as well as a few other important cities located on the coast such as Bizerte and Gabes,
reaching a rate of 100%, 62%, 81%, 65%, and 70%, respectively [26]. There are nearly 124 km of dense
urbanization associated with large and medium-sized cities along the coast, comprising a large number
of universities, hospitals, parks, markets, etc. and generating a significant volume of organic residue.
In terms of hospitals and clinics, Greater Tunis, Sfax, and Sousse present around 8509, 2505 and
1688 beds, respectively, highlighting the density of healthcare facilities in the quoted governorates in
this part of the country [27]. Moreover, in terms of educational institutions, and more particularly their
canteens as the main generators of biowaste, Greater Tunis, Sfax, and Sousse include 21, nine, and five
university refectories, generating around 18,869, 10,914, and 4568 meals per day, respectively [28].
Thus, for the purpose of performing this research, the biowaste collected from the quoted citizen
service providers were restricted to green and food waste. Hence, the quantification of kitchen waste
collected from hospitals, canteens, and refectories was undertaken for the coastline of Tunisia as well
as the green residue produced from parks and wholesale markets.

2.2.2. Touristic Sector

As the Tunisian coastline includes around 94% of the hotel capacity of Tunisia (around 250,000 beds),
it is marked by a significant increase in population, resulting in the large production of bio-solid waste.
In fact, the study area comprised around 836 hotel establishments, 358 tourist restaurants, nine golf
courses, six marinas, and 474 travel agencies, leading to the provision of well-developed services,
thus making the region an attractive destination for approximately nine million tourists in 2019 [29].
Moreover, the large influx of tourists has a direct impact on the quantities of solid waste (SW) generated,
specifically on the volume of organic residues, revealing that during the high season, the volume of
biowaste is almost doubled [30]. Due to the striking effect of tourism activities on commercial and
leisure facilities, etc., tourism and citizen services areas are closely interlinked. Concerning this sector
of activity, wasted food gathered from the hospitality sector was examined to identify the biowaste
volumes generated throughout the Tunisian coast.

2.2.3. Agricultural Sector

Since the agricultural area covers approximately 38% of the coastal zone, agricultural activities
are considered as one of the global economic activities in the region. The Tunisian coast comprises
around 24% of the country’s total area of cereals, 29% of fodder crops, 41% of pulses, 50% of market
gardening, and 53% of arboriculture, which outlines the importance of horticulture in this part of the
country [31]. In fact, the arable land located on the Tunisian coast is almost equal to that of the interior
parts of the country, comprising around 45% of farmers throughout the country (around 234,000).
In addition, as part of agricultural activities, animal husbandry is also considered as a producer of a
notable amount of biowaste (manure, dung, etc.), highlighting the additional organic streams gathered
from the selected study area.
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2.2.4. Industrial Sector

Tunisia is divided into 55 industrial zones, 37 of which are located on the coast, making up
approximately 89% of the total area given over to industry [32]. However, during this study,
particular attention was paid to the generated solid streams by food processing factories, olive-oil mills,
livestock and poultry slaughterhouses as well as wood industries located in the selected study area,
and considered as the main source of solid biowaste of the industrial sector [33].

2.3. Current Waste Management System in Tunisia

Facing numerous human health and environmental threats, Tunisia has sought to improve solid
waste management (SWM) schemes by introducing more integrated approaches in recent years [34].
Nowadays, Tunisia generates around 6.5 million tons of solid waste (SW) with around 68% that
is organic. The latter is collected and mixed with the other fractions, which is then deposited in
different standards of landfill without any treatment [5]. Referring to the Ministry of Local Affairs
and Environment (MLAE), around 80% of the total collected residues is conveniently disposed of,
while about 20% ends up in improperly [35]. Therefore, particular attention is required to look for
appropriate waste management approaches and face the alarming situation in terms of SWM in Tunisia.
Indeed, the lack of operational enforcement, financing, public awareness, trained staff, reliable data,
and basic know-how are considered as the main challenges [36]. In terms of solid waste management:
Law No. 96-41 of 10 June 1996, relating to waste disposal control system defines the specific framework
for waste management and disposal methods as well as the provisions relating to the prevention and
reduction of the production of waste at the source, recovery, recycling, reuse, and the elimination of
ultimate waste in controlled landfills [37]. Thus, finding other alternatives to reduce the amount of
SW that is sent to landfills seems to be an efficient way for a sustainable SWM. To this end, a specific
qualification and quantification of the residues is indispensable for the creation of a suitable SW system.
The exploitation of organic streams easily collected at the source is considered as a first step to prevent
the mixture of organic and inorganic wastes, in order to take advantage of each fraction as a second
step [38]. The segregation at the source is then followed by either aerobic or anaerobic digestion for the
organic flow, which is considered as one of the most appropriate treatments for biowaste recovery [39].

2.4. Alternatives for Biowaste Recovery in Tunisia: Compost or Biogas?

To overcome the environmental concerns caused by the huge amounts of biodegradable residues
produced from the study area, biological treatment is the most appropriate operative alternative.
Therefore, the waste streams are subjected to aerobic, anaerobic, or combined processes. Based on the
types of substrates involved, Table 1 summarizes the process dealing with each kind of organic residue
gathered from each region. “Compost or biogas?” is the question commonly raised by decision-makers.
Thus, the geographical distribution as well as the sector of activity allows the elaboration of a suitable
approach for the production of valuable end-products. It should be taken into consideration that if the
raw materials are available, the selected process should be achieved in the same area that produces
the biowaste to take local advantage of the organic residues collected and avoid the extra cost of
waste transportation to landfills. Particular attention has to be paid to the needs of the area under
consideration in terms of the outputs, in order to guarantee the sustainability of the composting or
anaerobic digestion plants. Hence, the government should not only focus on green energy production
as well as the reduction of waste streams, but also on the technical, financial, and social challenges that
require specific consideration [40].
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Table 1. Material and energy recovery of biowaste.

Sector of Activity
Source of Organic Waste Composting Anaerobic Digestion

U
rb

an
ar

ea

Green waste from municipal and wholesale markets
√

Green waste from urban green spaces
√

Food waste from catering services
√

√

To
ur

is
ti

c
se

ct
or Food leftovers, kitchen waste

√

√

Green waste from gardening activity
√

In
du

st
ri

al
an

d
fo

od
-p

ro
ce

ss
in

g

Winemaking residues
√

√

Livestock slaughterhouses waste

√

Poultry slaughterhouses waste

√

Fruits and vegetables waste from canneries
√

√

Wood manufacturing waste
√

Solid waste from olive-oil mills (stones, leaves . . . )
√

A
gr

ic
ul

tu
ra

l
se

ct
or

Livestock manure
√

√

Poultry manure
√

√

Arboricultural residue (Palm leaves, olive leaves . . . )
√

3. Materials and Methods

3.1. Data Collection

The used data were gathered from a previous research achieved by one of the authors within the
framework of a project realized by the National Agency for Waste Management of Tunisia (ANGed) in
collaboration with German Corporation for International Cooperation (GIZ) [41]. Thus, in a preliminary
stage, the determination of the biowaste ’volume generated from Tunisia’ governorates was ensured
by ANGed. Then, an update of the collected data was achieved in cooperation with the municipalities
of the selected study area, taking into consideration the collected biowaste generated during 2019.

Based on the potential of biowaste generated as well as their suitability for materials and
energy recovery, the selection of several organic residues was investigated. Thereafter, it was fully
characterized and biologically treated at a lab scale to evaluate the synergistic effects of biowaste
mixtures on biogas, digestate, and compost quality. At a later stage, technical and economic feasibility
analyses of aerobic and anaerobic digestion plants were examined based on Mediterranean experiences
with regard to biogas plants (as there is no biogas plant in Tunisia) and Tunisian experiences in terms
of composting plants.

3.2. General Description of the Methodology: ECO-Concept for Biowaste Recovery in Tunisia

This section presents the pathway of the research seeking to utilize several kinds of biowaste
gathered from different sectors of activity: urban, agricultural, and touristic sectors. Indeed, the technical
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waste concept offered two options to take advantage of organic residues (Figure 2). The main objectives
of the chosen processes were to decrease the volume of recoverable fractions ending up in landfill,
reduce greenhouse gas emissions, and produce a valuable end-product needed in the zone from which
the biowaste was gathered. The assumptions made for the following strategies depended first on
the availability of the organic residues in the selected study area, the purity of the collected wastes,
and then on their appropriateness to both the aerobic and anaerobic process (Table 1).Sustainability 2020, 12, x FOR PEER REVIEW 7 of 31 

 

 
Figure 2. ECO-concept for biowaste recovery in Tunisia. 

This system included three main blocks introducing the organic waste collected from different 
sectors of activity to be exploited for different biological treatments. Cattle manure, food, and green 
waste were used as feedstocks for both the aerobic and anaerobic digesters. The first proposed 
technique was to treat the segregated organic fractions collected from different areas by converting 
them into value-added products using windrow piles composting technology. Regarding the second 
proposed strategy, it introduced the concept of material and energy recovery using semi-continuous 
anaerobic digestion processes dealing with different biowaste streams collected from different sectors 
of activity. It recommended that the raw organic materials would be subjected to anaerobic processes 
for the production of biogas and methane. These can be used as a source of electricity or heat as well 
as an alternative fuel to liquid petroleum gas (LPG) and natural gas. After completion of the AD 
process, the second AD-effluent (digestate) would go through further composting/stabilization for 
further mass reduction. To this end, projects related to composting and AD were carried out in 
Tunisia and Germany to evaluate the effectiveness of biological treatments exploiting different types 
of organic residues generated from the studied area. 

3.3. Upcycling of Biowaste Generated from Different Sectors of Activity 

3.3.1. Selection and Characterization of Biowaste 

The selection of the exploited biowaste was done based on their availability in different zones as 
well as their appropriateness for aerobic and anaerobic co-digestion. Food waste (FW) was opted as 
a main substrate for biological treatments as it corresponds to food residues collected from different 
sectors of activity, for example, the food processing sector, catering service as well as kitchen waste 
gathered from hospitality areas. Cattle manure (CM) gathered from the agricultural sector was 
selected as a co-substrate for FW anaerobic digestion, while GW was used for the composting process. 
This latter can be gathered from different areas such as touristic and agricultural (arboriculture 
wastes) as well as urban sectors (green spaces, municipal and wholesale markets). The selected 
organic wastes were analyzed to identify the physio-chemical characteristics of the feedstock 
mixtures used for biological treatments. Table 2 illustrates the measured parameters as well as the 
methods of analysis. 
  

Figure 2. ECO-concept for biowaste recovery in Tunisia.

This system included three main blocks introducing the organic waste collected from different
sectors of activity to be exploited for different biological treatments. Cattle manure, food, and green
waste were used as feedstocks for both the aerobic and anaerobic digesters. The first proposed
technique was to treat the segregated organic fractions collected from different areas by converting
them into value-added products using windrow piles composting technology. Regarding the second
proposed strategy, it introduced the concept of material and energy recovery using semi-continuous
anaerobic digestion processes dealing with different biowaste streams collected from different sectors
of activity. It recommended that the raw organic materials would be subjected to anaerobic processes
for the production of biogas and methane. These can be used as a source of electricity or heat as well
as an alternative fuel to liquid petroleum gas (LPG) and natural gas. After completion of the AD
process, the second AD-effluent (digestate) would go through further composting/stabilization for
further mass reduction. To this end, projects related to composting and AD were carried out in Tunisia
and Germany to evaluate the effectiveness of biological treatments exploiting different types of organic
residues generated from the studied area.

3.3. Upcycling of Biowaste Generated from Different Sectors of Activity

3.3.1. Selection and Characterization of Biowaste

The selection of the exploited biowaste was done based on their availability in different zones as
well as their appropriateness for aerobic and anaerobic co-digestion. Food waste (FW) was opted as a
main substrate for biological treatments as it corresponds to food residues collected from different
sectors of activity, for example, the food processing sector, catering service as well as kitchen waste
gathered from hospitality areas. Cattle manure (CM) gathered from the agricultural sector was selected
as a co-substrate for FW anaerobic digestion, while GW was used for the composting process. This latter
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can be gathered from different areas such as touristic and agricultural (arboriculture wastes) as well as
urban sectors (green spaces, municipal and wholesale markets). The selected organic wastes were
analyzed to identify the physio-chemical characteristics of the feedstock mixtures used for biological
treatments. Table 2 illustrates the measured parameters as well as the methods of analysis.

Table 2. Physical and chemical parameter measurement of biowastes opted for biological treatments.

Parameters Units Method of Analysis Reference

pH - (1:10 w/v sample: water extract) ISO 10390 (1994)
Moisture content (MC) % of FM 1 Using electronic oven by drying

at 105oC for 24h
NF ISO 11465 (1994)

Total solids (TS) % of FM 1

Total Carbon (TC) % of FM 1 TOC (%) = ((100 − Ash%) ÷ 1/8) [42]
Total Nitrogen (TN) % of FM 1 Titrimetric methods NF ISO 11265 (1995)

Phosphorus (P) % of TS 2 Atomic absorption spectrometric
methods

ISO 11885 (2007)
Potassium (K) % of TS 2

Magnesium (Mg) % of TS 2

Spectrometer,
Thermo-Elemental ICP MS-X

Series
ISO 11885 (2007)

Lead (Pb) mg/kg TS
Copper (Cu) mg/kg TS

Zinc (Zn) mg/kg TS
Nickel (Ni) mg/kg TS

Cadmium (Cd) mg/kg TS
Arsenic (As) mg/kg TS

1 FM: Fresh Matter; 2 TS: Total Solids.

3.3.2. Food and Green Waste Co-Composting Process

Experimental works were carried out in Tunisia to evaluate the food and green waste open
windrows co-composting at different mixing ratios, which could be adopted in different zones of the
study area considering their local conditions [16]. FW and GW were co-composted for 13 to 15 weeks.
A daily monitoring of temperature was realized to assess the composting performance, while samples
were taken every two weeks to evaluate the stability and maturity phases as well as the end-product
quality. Therefore, in situ measurements were achieved over the period of the treatment to identify
different physio-chemical parameters.

The performed experimental trials based on total weight were as follows:

• P0: 100% GW
• P1: FW:GW = 25:75
• P2: FW:GW = 50:50
• P3: FW:GW = 75:25

3.3.3. Food Waste and Livestock Manure Anaerobic Co-Digestion Process

Bench experiments using a semi-continuous stirred-tank reactor were conducted to evaluate
the mixing ratios effects of food waste and cattle manure streams on biogas and digestate quality.
Different feedstock mixtures were prepared to feed, twice per day, eight digesters: FW:CM = 0:1, 1:1,
2:1, and 3:1. The experiments were carried out in mesophilic lab digesters with a nominal volume of
20 L, which were heated by warm air and kept at a constant temperature of 38 ± 1 ◦C.

To evaluate the process performance, the biogas volume was continuously logged and monitored
using drum-type gas meters (type TG05, RITTER Mess Technik GmbH, Germany). Therefore,
the headspace of the reactor was measured every other day using a gas to identify the biogas composition.
Regarding the liquid AD-effluent, digestates were characterized to examine the physical-chemical
properties of each and therefore decide how it could be efficiently recovered. It should be mentioned
that some analyses were additionally valuable to identify the average calorific value of the used
feedstock, which was found to be around 7 MJ.
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3.4. Economical Evaluation of ECO-Concept

In general, cost and economic analysis include two main streams. The first is related to expenditure
representing the investment cost, which is returnable as annual payments during the first 10–15 years of
the lifespan of the power plant [43], and operational costs, which are continued during the lifespan of the
power plant as salaries of the working staff (engineers, technicians, managers, etc.), and maintenance
and replacement of the components, as will be discussed later. The second stream is related to income,
representing the income from power sales and digestate sales (for this case). Then, the financial
budget (cash flow) can be calculated by taking the difference between the annual expenditure and
annual income.

The aim of this economic analysis was to show the potentiality of erecting a biogas power plant in
Tunisia. The cost for each ton of biowaste to be treated in this power plant was calculated. To calculate
the distribution of capital cost investment, Equation (1) was used:

C(t)capital = CAPEX.
ri.(1 + ri)

tdebt

(1 + ri)
tdebt−1

(1)

where:

C(t)capital is the annual distribution of the capital cost;

ri is the interest rate [%];
tdebt is the annual debt [year]; and
CAPEX is the capital expenditure.

The levelized cost of electricity was analyzed based on Equation (2):

LEC =

∑t Li f e
t=1

C(t)capital+ C(t)operation

(1+rd)
t∑tLi f e

t=1
Eel−y

(1+rd)
t

(2)

where:

LEC is the levelized cost of electricity;
C(t)operational is the annual distribution of the operational cost;

rd is the discount rate [%]; and
E_(el-y) is the annual power production [MWe/year].

To calculate income from power and digestate sales, the following equation was used:

Il = 365 Dt f AMP (3)

where:

f is the inflation rate [%];
Il is the income for the first year [US $];
Dt is the level of production [kWh/tons per day]; and
AWMP is the average market price [US $].

Many parameters have been applied in this model; many of them were assumed and others were
found in the literature. Table 3 shows all the parameters used in this model.
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Table 3. Economic parameters used in the model.

Parameter Unit Symbol Value Reference of Values

Inflation rate % F 1 Assumed
Interest rate % ri 8 Assumed

Discount rate % rd 5 Assumed
Cost of power sale US$ - 0.08 Assumed

Cost of digestate sale US$ - 1.2 [44]
Lifetime of the power plant Years N 15 [45]

Operational hours of the Power plant h/year H 8000 [46]
Plant capacity Ton/year - 30.000 [47]

Power production MWe P 0.4 Assumed

4. Results and Discussion

4.1. Potential of Biowaste in Tunisia: Quantification of Biowaste per Sector of Activity

4.1.1. Biowaste Generated by the Urban Sector

During this research, biowaste generated from the urban sector was restricted to food and green
waste collected from citizen services providers such as hospitals and clinics, the hospitality and
commercial sectors as well as green residue gathered from parks. Household residue was not taken
into consideration as part of the biowaste gathered from the urban sector.

Starting with green waste (GW) collected from parks and wholesale markets, a substantial volume
was recorded for Greater Tunis, amounting to 10,700 tons/year of gardening residue and around
6085 tons/year of GW generated from the commercial facilities. In fact, Greater Tunis, which is
the capital of Tunisia, is well-known for its high population density (3,002,093 inhabitants) and its
remarkable civic service provision as well as its commercial activity. Consequently, a very large
amount of biowaste is expected. The same considerations underlie Sfax, Sousse, and Nebeul, which are
also characterized by a large population. Figure 1 shows that Sfax, Nebeul, and Sousse produced
around 2600 tons/year of GW collected from parks, and approximatively 1400 tons/year collected from
wholesale markets. Consequently, it can be seen that the population density as well as the consumption
level of citizens have a considerable impact on biowaste flows [48].

Figure 3 illustrates that GW generation, as a part of urban waste, is linked to population
concentration as well as economic and consumption activities. In fact, the current results indicate that
the outlined socioeconomic factors affect the biowaste streams collected from different zones, and is in
line with several works [49].

Coupled with GW, waste food is also considered as one of the dominant biowaste flows generated
from urban areas. With reference to European law in Directive (EU) 2018/851, food waste is defined as
food and kitchen waste from households, offices, restaurants, wholesale, canteens, caterers, and retail
premises and comparable waste from food processing plants [50]. As the eatery areas of healthcare
and educational services represent one of the producers of FW, Greater Tunis, which is characterized
by its high rate of urbanization, generate a significant volume of kitchen waste due to the high number
of hospitals, schools, universities, etc. Figure 4 illustrates that the capital region generates around
3000 tons/year from university canteens, almost double that generated by Sfax. It is expected that there
will be a considerable difference in terms of FW collected from the university eating areas as Greater
Tunis and Sfax contain the greatest number of educational institutions. Furthermore, since students eat
at least one meal per day, a significant volume of plate waste is handled everyday by the university
canteens, which explains the notable amounts of waste food collected from such canteens [51].
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Figure 4. Food waste collected from different sectors of activity.

In terms of the kitchen residue produced from healthcare facilities, Greater Tunis also produces a
notable amount of biowaste, as much as 1100 tons/year, which is nine times higher than the amount
of FW from hospitals and clinics in the other governorates on the coastline of Tunisia. Therefore,
the amount of FW collected from several forms of catering services is not only linked to the size
of the population, but is also closely related to the services provided in each zone (the number
of hospitals, universities, refectories, etc.). Several studies have revealed that the activity sector,
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social characteristics, and service facility have an influence on the consumption patterns and biowaste
generation volumes [52,53]. However, Dias-Ferreira et al. (2015) focused on FW production in Portugal,
and stated that the amounts of plate waste collected from hospitals were two to three times higher
than the FW production in Tunisia [54]. This may be due to consumer behavior as well as the quality
and quantity of food served in both Tunisia and Portugal.

4.1.2. Biowaste Generated by the Tourism Sector

Biowaste production is considered as one of the most pressing environmental concerns resulting
from the activities of the hospitality sector, especially hotels that use huge quantities of consumer
goods as part of their operations [55]. The large amounts of organic residue generated by the tourism
sector cannot be ignored. It is indeed noticeable that the flow of biowaste in this sector is dominated by
FW. The latter is therefore considered as the main raw material input generated by this sector, and was
the object of this part of the research [56].

Figure 5 illustrates that around 45% of the cumulative stream of FW generated by coastline hotels
was produced from the center-east of Tunisia. Significant volumes were also generated particularly
from Sousse, Medenine, and Nebeul, reaching 11,500, 10,000, and 8500 tons/year, respectively. However,
regarding the capital region, Greater Tunis produced significantly lower quantities of FW at around
3100 tons/year, which is linked to the diversity and nature of the customer base visiting the quoted
governorates [29].
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The obtained findings confirm that external factors including the geo-localization of hotels as
well as the activity of the region have a prominent impact on biowaste generation. This can be clearly
observed in Beja, Gabes, and Bizerte, governorates that are recognized by their low tourism activities,
and that mostly only attract local tourists and produce low volumes of FW, amounting to an average
of 150 tons/year. Due to the diversity in terms of the targeted tourism areas, beaches, or businesses,
variable quantities of FW were gathered from the study area. In addition, the type of guest in terms
of local or international tourists has a significant impact on the biowaste generation rate. Therefore,
both the type and quality of services provided in hotels and restaurants influence the quantities of
FW generated [57]. Several studies have highlighted the aspects that influence waste generation from
the tourism sector, and have revealed that physical, social, cultural and economic dimensions have a
powerful impact on biowaste streams, particularly kitchen waste generation [58].
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4.1.3. Biowaste Generated by the Agricultural Sector

Agricultural waste is defined as the residue from the growing and processing of raw agricultural
products such as fruits, vegetables, poultry, and livestock [59]. However, agricultural activities depend
on the geo-localization of the region as well as the activities of its citizens. In fact, located on the
Tunisian coast, Bizerte and Nabeul jointly account for around 34% of the total cattle husbandry in
Tunisia, which is clear from the significant volumes of livestock manure collected from these locations.

Figure 6 illustrates that the area with the highest production of livestock manure is Bizerte
(230,000 tons/year), followed by Beja (220,350 tons/year) and Nebeul (180,000 tons/year), representing
17%, 16%, and 13% of the total manure gathered from the study area, respectively. The finding is
due to the large number of livestock bred on the Tunisian coastline: 42%, 30%, and 35% of cattle,
sheep and goat herding, respectively, characterize the study area. Regarding the manure from poultry,
Nebeul and Sousse generate around 29% and 22% of the total poultry manure streams, amounting to
60,000 tons/year and 45,000 tons/year, respectively. The substantial flows generated by the livestock and
poultry sectors in Nebeul are due to the enhancement of agro-activities from traditional animal breeding,
mainly for personal consumption or local market distribution to an active industrial production.
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Regarding arboricultural waste, the major producing regions are Sfax, Mehdia, and Medenine
with around 33%, 16%, and 15% of the total volume, respectively. Those volumes are due to the higher
productivity in terms of olive production, which characterizes Sfax, Mehdia, and Sousse, given the
abundance of irrigation systems as well as the use of modern agricultural machinery. However, the very
favorable climate of Medenine is beneficial for date palm production. Consequently, huge amounts of
palm residue were recorded at around 197,000 tons/year.

4.1.4. Biowaste Generated by the Industrial Sector

Food and wood processing production are the main generators of large amounts of biowaste
or by-products annually from a variety of sources throughout the study area. The main food
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processing waste flows considered during this work were biowaste derived from slaughterhouses,
wine manufacturing, fruit and vegetable production as well as olive-oil processing. In terms of
these particular waste streams, Nebeul is considered as the main producer. It generates 72%, 60%,
and 41% of the total waste generated from winemaking, fruit and vegetable canneries, and poultry
slaughterhouses, respectively, in terms of the total biowaste originating from food processing industries,
while it produces around 22% of the total wood manufacturing waste collected from the Tunisian
coast (Figure 7). The significant amount of organic waste gathered from different manufacturing
areas in Nebeul was expected, as the region includes approximately 43% of the total canned tomato
industry and 90% of winery and grape juice manufactories, generating around 20,000 tons/year
and 8800 tons/year of residues, respectively. As part of agro-industrial waste, the most abundant
wastes derived from slaughterhouses were collected from Greater Tunis at about 9000 tons/year and
6200 tons/year of livestock and poultry slaughterhouse solid waste, respectively. Regarding the forest
and wood processing industries, it is worth underlining that Nebeul is a major producer of wood
residue (around 12,000 tons/year), followed by Greater Tunis and Sousse, generating approximately
11,000 tons/year of biowaste.
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It can be clearly seen from Figure 4 that the most important producers of biowaste from several
sources in the food and wood industries are located in Nebeul and Greater Tunis, with around 35% and
22%, respectively, in terms of the total stream of biowaste from the Tunisian coast. In fact, the quantity as
well as the nature of biowaste depends on several factors including geo-localization and socioeconomic
aspects, which influence the variance of biowaste streams gathered from each zone. The authors in [60]
revealed that geo-localization as well as economic aspects significantly influence the quantitative and
qualitative features of biowaste, which is in line with the findings of this research.
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4.2. Lab-Scale Biological Process Performance

4.2.1. Characterization of the Selected Biowaste

The physical and chemical characteristics of the residues are summarized in Table 4. The dry matter
contents were 22.60%, 58.88%, and 11.50% for FW, GW, and CM, respectively. Microorganisms have a
certain demand for carbon and nitrogen in any growth environment, therefore the C:N ratios were
evaluated for each substrate. These were corrected at a later stage and regulated in the range of 20–30
for different feedstocks by the addition of CM for anaerobic digestion and GW for thee composting
process as co-substrates [61]. As the presence of minor elements is crucial for the microorganism
communities, some micro- and macro-elements were identified [62]. Copper (Cu), nickel (Ni), and zinc
(Zn) were detected in varying quantities, with Zn recording the highest quantities in the different
substrates. This finding notwithstanding, the presence of major constituents such as phosphorus (P),
potassium (K), and magnesium (Mg) was also observed.

Table 4. Characterization of the selected biowastes for biological treatments.

Selected Organic Waste

Parameters Units
Urban & Touristic Areas Agricultural Area

Green Waste Food Waste Cattle Manure

pH - 6.51 4.22 5.23
Moisture content (MC) % of FM 1 41.12 77.40 88.50

Total solids (TS) % of FM 58.88 22.60 11.50
Volatile solids (VS) % of TS 2 - 94.60 8.90
Total Carbon (TC) % of FM 48.81 47.70 42.61

Total Nitrogen (TN) % of FM 1.12 2.60 1.70
C:N ratio 43.58 18.34 25.06

Phosphorus (P) % of TS 0.23 0.48 0.60
Potassium (K) % of TS 2.01 0.91 2.95

Magnesium (Mg) % of TS - 0.09 2.82
Lead (Pb) mg/kg TS 0.12 0.91 0.85

Copper (Cu) mg/kg TS 17.83 6.82 18.20
Zinc (Zn) mg/kg TS 25.81 16.33 131.00

Nickel (Ni) mg/kg TS 9.63 0.95 6.91
Cadmium (Cd) mg/kg TS 0.09 0.07 0.91

Arsenic (As) mg/kg TS - 0.57 0.28
1 FM: Fresh Matter; 2 TS: Total Solids.

4.2.2. Evaluation of Food and Green Waste Co-Composting Performance

The monitoring of several physicochemical parameters ascertained that the co-composting of FW
and GW allowed for the production of a stable and mature compost at different mixing ratios. Table 5
illustrates the results obtained in terms of evaluating the process performance. However, it is clear
that P3, which consisted of 75:25 of FW and GW, produced a poor quality biofertilizer in terms of
sanitation (the thermophilic duration is lower than two weeks), maturity (nitrification index higher
than 3), and stability as the C:N ratio was not in the requested range of 10–15 [63]. This (poor quality)
was due to the high production of nitrogen causing an intensive degree of nitrification and a relatively
low final C:N ratio. Consequently, to ensure good process performance, the optimization of the FW:GW
is crucial, and the FW contribution must not exceed 50–60%, especially in terms of the nature of the FW
of Tunisia, which is very rich in nitrogen [63].

Obviously, the heavy metal content has a significant impact on germination rates as it can severely
delay plant growth. Therefore, the identification of the amounts of heavy metal were ensured to
evaluate the biofertilizer’s efficiency and quality [64]. To this end, sampling was carried out to measure
the incidence of heavy metals as required by several composting standards of different countries
including Tunisia and Germany (Table 6). As the feedstock used was collected separately at the source,
it was expected to have low contents of heavy metals, particularly with such a mixture of food and
green waste. Therefore, the findings indicate that the generated composts are characterized by lower
heavy metal concentrations than exists in the requirements of several countries, particularly Tunisia
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and Germany. Accordingly, the quality of the composts obtained from different piles, and exploiting
different FW and GW mixing ratios was ascertained.

Table 5. Summary of the physio-chemical parameters of different composting trials.

Trial Thermophilic
Phase (days) Tmax (◦C) pH Nitrification

Index C:N Ratio AT4 (mg
O2/g TS)

Classification
vs. “German
Standards”

P0 16 days 60 ◦C 7.34 2.2 17.5 4.2
Finished
compost:
Class V

P1 17 days 63 ◦C 7.41 2.6 15.2 4.9
Finished
compost:
Class V

P2 23 days 66 ◦C 7.53 3.3 11.5 5.3
Finished
compost:
Class V

P3 11 days 61 ◦C 8.03 4.1 9.2 5.2
Finished
compost:
Class V

P0: 100% GW, P1: FW:GW = 25:75 P2: FW:GW = 50:50, P3: FW:GW = 75:25.

Table 6. The limits of total metal content (mg/kg TS) relative to the composting standards of
certain countries.

Metal (mg/kg TS)
Actual Experiments Compost Quality

P0 P1 P2 P3 UK Tunisia Canada
Germany

Class A Class B

Lead (Pb) 2.63 3.47 9.03 9.87 200 180 150 150 100
Copper (Cu) 13.54 23.61 37.12 42.31 200 300 400 100 70

Zinc (Zn) 37.89 50.19 61.04 61.25 400 600 700 400 300
Nickel (Ni) 12.31 15.47 11.12 13.44 50 60 62 50 35

Cadmium (Cd) 0.09 0.23 0.60 0.84 1.5 3 3 1.5 1
Chrome (Cr) 8.13 10.94 33.90 37.17 100 120 210 100 70

Mercury (Hg) <0.01 <0.01 <0.01 0.01 - - - 1 0.7

P0: 100% GW, P1: FW:GW = 25:75 P2: FW:GW = 50:50, P3: FW:GW = 75:25.

4.2.3. Evaluation of Food Waste and Cattle Manure Anaerobic Co-Digestion Performance

This research work examined the anaerobic co-digestion progress of CM and FW at an OLR of
2 kg VS/m3

·d. Figure 8 illustrates that the FW addition at different fractions was notably efficient at
enhancing the biogas and methane production. For the first two weeks, an improvement in terms of
SBY reached 66%, 61%, and 86% for R2 (FW:CM = 1:1), R3 (FW:CM = 2:1), and R4 (FW:CM = 3:1),
respectively, in comparison with the blank test (R1; FW:CM = 0:1). Indeed, the prominent improvement
since the first week could be due to the changes of feedstock characteristics such as the increase of
biodegradable organic matter and improved nutrient balance in the mixtures as well as the synergetic
effect between FW and CM [65,66]. However, starting from the fourth week, a small decline in terms of
biogas yield was recorded for both R1 and R2 to be almost stable until the end of the treatment period.
Indeed, the exploited CM contained certain amounts of hardly biodegradable components such as
cellulose and lignin, which caused inefficiency in terms of the process performance for both R1 and R2.
However, once FW was added at a certain fraction, CM played the role of an enriched co-substrate
characterized by a complementary effect to balance the C:N ratio, adjust pH for buffering capacity,
and stimulate the activity of enzyme and co-enzymes furnishing the needed trace element content,
which was clear with regard to R3 and R4 productivity [67]. Therefore, as R3 and R4 included a higher
fraction of FW, the considerable biogas production was observed to reach around 0.611 LN/kg VSin and
0.846 LN/kg VSin, respectively, after four weeks of treatment. However, R4 produced the highest SBY
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as well as SMY, which proved that FW:CM = 3:1 was the optimal mixing ratio. Similar findings have
also been reported by several researchers examining FW and CM anaerobic co-digestion and revealed
that high synergistic effects were recorded once a higher fraction of food waste was added [68,69].
Hence, it was distinct that FW and animal manure complement each other for maximizing biogas
production, but with initially optimized mixing ratios.
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4.3. Technical and Economic Feasibility Analysis of Aerobic Treatment in Tunisia

4.3.1. Design of a Composting Plant

Based on the setup of an open windrow composting plant of 10,000 ton/year in size, an economic
model was developed. Two main raw inputs in terms of organic materials were considered: Food
Waste (FW) and Green Waste (GW). Therefore, three scenarios were designed with the aim to exploit
different mixing ratios of food and green residues: 100% of GW, one portion of FW to one portion of
GW (1:1), and finally one portion of FW to three portions of GW (1:3). Table 7 shows the assumptions
for the purpose of the windrow pile composting site design.
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Table 7. Assumptions for the purpose of a composting site design with a triangular windrow section.

Calculated Parameters Unit Amount

Composting plant of size tons year−1 10,000
Average density of green waste Kg m−3 104
Average density of food waste Kg m−3 300

Working collection days days/year−1 300
Composting period for each pile Week 13–15

Dimensions of windrow piles
Length (l) M 10
Height (h) M 2
Width (w) M 3.5

Volume of windrow: triangular section 1
2 × (l × h ×w) m3 35

Volume reduction in windrow piles % 30
Volume of finished compost Volume of inputs × 0.7 m3 Depending on the

feedstock mixturesNumber of windrows per day Volume of inputs/volume
of windrow pile m3

4.3.2. Cost–Benefit of Establishing a Composting Plant in Tunisia

In order to assess the economic benefits of organic utilization, the cost of constructing a composting
plant in Tunisia was estimated (Table 8). Considering the biowaste potential in the country with
a balanced C:N ratio, there is a possibility of setting-up an open windrow composting plant of
10,000 tons/year in size. According to the preliminary calculation, a composting plant of this size
would cost around two million euros to build. Additionally, the composting plant would incur an
additional yearly operational, maintenance, and capital costs of 285,400 €/year. A composting plant of
such a size is economically feasible only with a reliable market for selling the compost. Given a selling
price of compost at 30 €/ton, 30% of the investment being available as a state grant, and the provision
of a free site for building the composting plant, it would be possible to achieve financial amortization
in two years.

From an economic point of view, it is clear from the cost–benefit analysis that the profits from
the compost station would be very modest. However, the feasibility of such a project should not be
evaluated only on an economic basis. From the socio-environmental point of view, its contributions
in mitigating the environmental threats to the environment and to human health, providing work
opportunities, increasing incomes, increasing public awareness as well as reducing operating costs
in the event of waste being transferred to landfills, are all factors that should motivate stakeholders
and push such stakeholders toward investment in this sector. To this end, to ensure sustainability, it is
recommended that such projects be established at the municipal level, provided that the municipality
is the owner of the investment. This proposal gives the municipality the right to choose who runs and
operates such a station. The municipality may take over the management and operation of the facility
or enter into a contract with organizations in the private sector for this purpose.

Based on the experimental results and the potential of biowaste generated from different sectors
of activity, three scenarios were assumed: 100% of GW, one portion of FW to one portion of GW (1:1),
and finally one portion of FW to three portions of GW (1:3). However, the economic analysis for the
suggested mixtures is as follows:

• Scenario 1: Designing a triangular windrow section from green residues only (100% GW)

Volume of material available to be composted = 317 m3/d.
Assume dimensions of windrow: length = 10 m, height = 2.0 m, and width = 3.5 m.
Volume of windrow: triangular section V = 1⁄2 × (3.5 × 2.0) × 10 m = 35 m3.
Number of windrow/days = total volume of material/volume of windrow 317/35 ≈ 9.
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Table 8. Cost–benefit of establishing a composting plant in Tunisia.

Estimated Civil Engineering *
Investment Cost (Part 1)

Investment Costs on Material and
Equipment (Part 2) ** Investment Cost Management Yearly Costs for Operation

and Maintenance ***
Yearly Costs for Capital,

Consumption, & Operation
Yearly Profit from the Sales of

Compost at 30 €/ton

Engineering a 3% 70,000 Turner machine 12% 250,000 State grants 30% 622,500 Personal cost 60,000 Capital related cost 43,575 Compost sales 210,000

Preparation of land
and layout

(10 donums)
24% 500,000 Front loader 6% 120,000 Own

contribution 0% 0.00 Fuel & energy
consumption 45,000

Operation and
maintenance
related cost

158,500 Production cost 202,075

Outdoor facility 34% 700,000 Rotary drum
screen) 10% 200,000

Additional
investment

required
70% 1,452,500 Water

consumption 3500 Total yearly cost
(€/year) 202,075 Net profit 7925

Sum of Part1 61% 1,270,000 Shredder 10% 200,000

** Machines and equipment needed:

- front loader (1)
- shredder (1)
- drum screen (2)
- temperature probe (2)
- gas measurement (1)
- Water tank (1)
- Water pump (1)

Equipment’s
and others 10,000

*** Personnel:

- Qualified supervisor (1)
- Trained worker (4)
- Worker (2)
- Driver (1)

*** On-site staff responsibilities include:

- monitoring the biological process
- turning of windrows
- watering of windrows
- quality control of finished compost.

* Site preparation and design including:

- accessibility and parking concepts
- composting platform

(asphalt/concrete)
- drainage system for leachate,

thereby protecting groundwater.
- Water and electricity supply
- Fencing

Workshop
equipment’s 1% 25,000 Building

maintenance 5000

Office
equipment 0.5% 10,000 Machine

maintenance 30,000

Sum of Part 2 39% 805,000 Insurance 5000

Total setup
costs 100% 2,075,000

Total operation
& maintenance

cost/a
158,500
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Composting of source-separated organic waste has potential as a beneficial recycling tool.
Its safe use in agriculture, however, depends on the production of good quality compost, specifically,
compost that is mature and sufficiently low in metals and salt content. Composting will be a financial
source given that the price for one ton of compost in Tunisia is about 30€. Early source separation is
necessary, perhaps requiring separation to occur before or during curb side collection.

Volume of finished compost = 317 × 0.7 (reduction volume 30%) = 222 m3 d−1 = 66,600 m3 y−1;
Weight of finished compost ≈ 6926 tons y−1; and
Profit from compost sale = 6926-ton y−1 X 30 €/ton = 207.792 €/y.

• Scenario 2: Designing a triangular windrow section from FW and GW (1:1)

Volume of material available to be composted: 50% FW + 50% GW = 55 m3 d−1 + 159 m3 d−1 =

214 m3/d;
Number of windrows/days = total volume of material/volume of windrow 214/35 ≈ 6;
Volume of finished compost = 214 × 0.7 (reduction volume 30%) =150 m3 d−1= 45,000 m3 y−1; and
Mixture density = 200 kg m−3.
So, the weight of finished compost ≈ 9000 tons y−1.
Profit from compost sale = 9000 ton/y × 30 €/ton =270,000 €/y.

• Scenario 3: Designing a triangular windrow section from FW and GW (1:3)

Volume of material available to be composted: 25% FW + 75% GW = 28 m3 d−1 + 238 m3 d−1 =

266 m3/d;
Number of windrows/days = total volume of material/volume of windrow 214/35 ≈ 8;
Volume of finished compost = 266 × 0.7(reduction volume 30%) =186 m3 d−1= 55,860 m3 y−1; and
Mixture density= 153 kg m−3.
So, the weight of finished compost ≈ 8550 tons y−1.
Profit from compost sale = 8550 ton/y × 30 €/ton =256,500 €/y.

From an environmental benefits point of view, composting can be beneficial in terms of recycling
the organic fractions of the solid waste, reducing by up to 30% the volume of organic matter entering
already overcrowded landfill sites. Converting organic materials from municipal SW from landfills by
converting it to fertilizer has many environmental benefits such as reducing greenhouse gas emissions
and reducing leachate quantities once disposed of in landfills.

Overall, the composition of Tunisian organic waste and its chemical properties (in terms of heavy
metals content) indicate that composting is a good alternative for Tunisia, and that quality matured
finished compost could be produced using the windrow.

4.4. Technical and Economic Feasibility Analysis of Anaerobic Treatment in Tunisia

4.4.1. Design of a Biogas Plant

The modeling of the AD process involving the treatment of food and agricultural waste was done
by carrying out mass and energy balances with regard to some of the most recent plants operating
in Mediterranean countries, particularly in Italy [60]. To this end, an anaerobic process was chosen
assuming 30 days of hydraulic retention time (HRT) and producing 163 m3 of biogas (almost 60%
of CH4) per ton of feedstock. Figure 9 illustrates the flowsheet balance, which is in line with what
has been described in the previous monitoring processes associated with FW anaerobic co-digestion.
It should be mentioned that the digestate was exploited for aerobic treatment to produce a compost
meeting local and international standard for agricultural use.
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regard to anaerobic co-digestion (30,000 tons/year).

As laboratory results are not flexible enough to assimilate the real experimental conditions,
some Mediterranean experiences were taken as reference points in order to remain as close as possible
in terms of the similarity of the collected biowaste, particularly with regard to FW [70,71]. To this end,
some research works that were achieved in Spain, Italy, Turkey, France, and Greece were reviewed to
investigate the feasibility of FW and CM anaerobic co-digestion [72–74].

4.4.2. Cost–Benefit of Establishing a Composting Plant in Tunisia

The analyzed facility was able to produce 0.4 MWe from 30 × 103 tons. It should be noted that the
feeding capacity was not completely consumed in the digester. There was still a by-product (digestate)
that has also been considered as a second source of income for the plant, in addition to the electric
power. Of course, biogas technology suffers from a variety of problems. A very important problem in
Tunisia, in particular as well as in the MENA region in general, is that there is no extensive experience
of it due to its very limited numbers and low dispatchability in the region. Accordingly, the selling
price of the digestate was assumed to be 20 $/ton, with this product needing to be treated to make it
into a compost. Coming back to the economic analysis of the power plant, it includes two parts in
terms of capital cost (capital investment), which contains the main part of the investment of the plant.
The second part is the operational costs. These costs continue up to the last year of the lifespan of the
plant. Detailed capital and operational costs are summarized in Table 9. The available data related to
the cost distribution of the CAPEX and OPEX were gathered from a website umwelt Bundesamt [74].
while many other values were evaluated according to the economic conditions in Tunisia. This included
acquiring land, engaging in building and construction, staff numbers, and staff salaries. It should be
noted that in this research, the number of staff was assumed to be more than usual due to the lack of
experience in this field and the maturity of the technology.
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Table 9. Capital and operation costs of the biogas plant in Tunisia.

Capital Investment Costs (CAPEX) * Operation Costs (OPEX)

Capital Cost Component ** Percentage of the Cost (%) *** Operation Components Unit Number Operation Cost

Construction and land arrangement 3.78% Maintenance cost €/kWh - 0.015
Loading hall 9.28% Maintenance cost for pumps and compressors % - 1.5
CHP facility 2.32% Staff salaries **** €/Mann 12 1000
Drilling cost 0.93% Personal logistic €/Mann 12 500

Mixing chamber 1.39% Facility insurance % - 7
Sanitization 4.64% Power consumption % - 10
Fermenter 2.32% Load management % - 5

Storage 6.49%
Control system 5.57%

Social room 3.71%
Gas track (pipes) 1.67%

Emergency factors 1.39%
Pumps & compressors 1.39%

Heat exchangers 0.93%
Pipes connections 4.64%

Biofilter 7.42%
Electrical installation 4.64%

Planning and design steps 1.5%
Networks 4.64%

Others 2.13%
Total setup costs 100%

* CAPEX has been estimated at about 3.5 million US dollars; ** Capital cost of component was based on the prices of the equipment and instruments in Germany; *** Their contribution to
total cost has been worldwide stated based on experience; **** Salaries were calculated based on the level of wages in the study area: Tunisia.
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In general, the cost analysis can be divided into two main streams: income, which contains power
sales and digitate sales, and expenditure, which contains CAPEX and OPEX. The total CAPEX for the
assumed plant was around 3.5 million US $ and OPEX was 250 × 103 US $.

Cash flow analysis was achieved where different scenarios were taken into consideration in terms
of the selling price of the power generated. According to the references (STEG) the local power price is
around 8 cent/kWh. This value was incorporated in the analysis. In addition, the price was increased
to show the effect of this very important part of the income for the biogas power plant, and how it
accelerates the recovering rate of debts and enhances the cash flow movement. The increment was an
average of 2 cent/kWh. The studied scenarios started from eight cents and rose to 18 cent/kwh.

It should be noted here that the return payback was considered to be 8% of the income. The income
of the biogas plant in this study included two streams: power sales and digestate sales. In addition,
two options were considered regarding the digestate. First, it can be sold if it is acceptable in terms of
the market criteria for farms in Tunisia, or second, it needs advanced treatment before it can be sold.
In the latter case, it must be converted to compost and needs to be treated and improved to match
the required limitations. The income from digestate (if is saleable) was fixed at 200,000 US $/year.
Figure 10 shows the cash flow analysis for one year of the lifespan of the plant, and Table 10 summarizes
the results.
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Table 10 illustrates the cash flow including the digestate as part of the income. With 8 cent/kwh,
which is the local price of power in Tunisia, the plant had a deficit of around 63,000 US$/year and
the pay-back was around 35,000 US$/year. This means that the plant will not cover its expenditure,
even though there is a loan (if there is a loan from a bank). The same conclusion was arrived at with the
other scenarios (at 10 cents, 12 cents, . . . , 18 cents). However, with 18 cents US$/kwh as the selling price
for power, it can be seen that the profit was much better at around 230,000 US$/year. Consequently,
the payback can be increased to 200,000 US$/year to close the gap and to pay back the loan to the bank.
From this, it can be concluded that the payback percentage must be increased to at least 30% from the
income to cover the payback principal and the operational costs.
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Table 10. Effect of power price on the economic analysis of the biogas plant.

Power Price
(cent/kWh)

Without Digestate Sale With Digestate Sale

Cash Flow
without

Digestate

Payback
without

Digestate
Evaluation

Cash flow
with

Digestate

Payback
with

Digestate
Evaluation

8 −247,480 20,480.00 Deficient −63,480.00 36,480.00 Deficient
10 −188,600.00 25,600.00 Deficient −4600.00 41,600.00 Deficient
12 −129,720.00 30,720.00 Deficient 54,280.00 46,720.00 Efficient
14 −70,840.00 35,840.00 Deficient 113,160.00 51,840.00 Efficient
16 −11,960.00 40,960.00 Deficient 172,040.00 56,960.00 Efficient
18 46,920.00 46,080.00 Efficient 230,920.00 62,080.00 Efficient

The second option is one without income from the digestate. It can be concluded for all scenarios
that the project is in a deficient stage except in the case of 18 cent/kwh, when the plant can close the
gap. In addition, the payback percentage must be increased to 35% of the income.

To summarize, this study introduces the concept of the cash flow for a biogas plant in Tunisia,
and drew the following conclusions:

1. At a selling price of 8 cent/kwh, it is not worth building such a plant.
2. The digestate should be included in the income streams to increase the affordability of the plant

and to determine the economic life of the project.
3. The optimum price for determining a matching level among all the cash streams is 18 cent/kwh

as a power price. Furthermore, the payback percentage must be increased to around 25–30% of
the income to cover the cost of loans or any other commitment.

Note that the levelized cost of electricity was found to be equal to 15 US$ cent/KWh, according to
the local selling price of power in Tunisia (8 cent/kwh).

4.5. Mapping of Biowaste and Appropriate Biological Treatment in the Coastal Region of Tunisia

Dealing with the sensitivity related to the selection of an appropriate location as well as a suitable
system for biowaste recovery, a mutual connection between several factors has to be taken into
consideration in the form of specific technologies and specific site selection. The targeted area and
selected processes must guarantee meeting the following challenges at the very least:

• Infrastructure: location (sufficient space), equipment, water, and energy supplies;
• Raw materials: continuous availability of clean feedstock; and
• Marketing: stable market demand for the output (biogas, digestate/compost).

The volume of biowaste collected from each zone as well as their geographical distribution
represents critical criteria for determining the existing potential for upgrade. Figure 11 illustrates
the local biowaste generator sites with regard to the Tunisian coastline. However, it should be
mentioned that FW corresponds to waste food collected from the food processing sector (fruit and
vegetable canneries and winemaking manufactories) and the catering services area as well as kitchen
waste gathered from the hospitality sector. Regarding manure, it relates to poultry and livestock
manure and slaughterhouses residue, which together constitute the SW generated by poultry and
livestock slaughterhouses.
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The selection of the most appropriate processes for recovering biowaste from different zones of
the studied area was achieved based on:

• The mapping of biowaste generated from different zones (Figure 6);
• Meeting the above-cited challenges;
• Assuming a biogas plant capacity of around 30,000–40,000 tons/year; and
• Assuming a composting plant capacity of around 5000–10,000 tons/year.

Accordingly, the most suitable technology as well as the number of treatment plants needed are
identified as shown in Table 11. Moreover, the selection of the feedstock mixture ratios and appropriate
biological processes were made referring to the availability and nature of bio-waste, in addition to the
particular needs of each area in terms of either organic fertilizers or energy.
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Table 11. Road map for the proposed biological treatment options for different regions of the study area.

Zone
Process Great Tunis Bizerte Nebeul Sousse Monastir Mehdia Sfax Gabes Beja Jendouba Medenine

Composting P0, P1 P0 P0, P1, P2 P0, P1 P0, P1 P0 P0 P0 P0, P1 P0 P0, P1
Anaerobic digestion R2 R1 R1, R2, R3 R1, R2 R1 R1 R1 R1 R1 R1 R1, R2

Number of composting plants suggested 9 3 8 9 8 18 38 8 6 4 19
No. of biogas plants suggested 3 6 7 2 2 3 3 1 5 4 1

P0: 100% GW, P1: FW:GW = 25:75, P2: FW:GW = 50:50, P3: FW:GW = 75:25, R1: 100% CM, R2: FW:CM = 25:75, R3: FW:CM = 50:50, R4: FW:CM = 75:25.
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5. Conclusions

This research is an attempt to provide an efficient tool for decision-makers by providing a potential
organic waste treatment concept that can be adapted based on technical requirements and local
conditions in Tunisia. Therefore, the potential of organic waste was examined, and the characterization
and quantification of the existing biowaste gathered from different sectors across Tunisia were carried
out. Indeed, data were collected on a dataset from scientific work achieved by one of the authors in
cooperation within the framework of a project realized by the National Agency for Waste Management
of Tunisia (ANGed) in collaboration with the German Corporation for International Cooperation
(GIZ), then an update was ensured in cooperation with the municipalities of the selected study area.
However, it should be mentioned that a huge gap was remarked with regard to household waste
quantification and qualification. Despite the high fraction of organics that outlined the household
waste, the latter was not precisely characterized as it is always mixed with further residues and sent
to landfills without any pre-treatment. Therefore, special attention has to be paid to the household
streams. When it comes to biowaste “easily” separated and collected at the source, results revealed
that cattle manure, food and green waste are suitable for the proposed operational scenarios of aerobic
and anaerobic digestion to produce highly qualified end-products. Based on the geographical zones of
the selected study area, availability of the necessary organic streams and the technical and economic
feasibility analysis of the evaluated biological treatment options, a road map for the proposed processes
was presented for different regions to help the decision-makers to implement an appropriate solid
waste management strategy in Tunisia. Economically, it is clear that the profits from both the compost
and biogas plants would be very modest. Indeed, the feasibility of such sustainable projects should
not be evaluated only on an economic basis, but also by taking into account socio-environmental
considerations including decreasing environmental threats and the negative impact on human health,
providing work opportunities, increasing incomes, stimulating public awareness as well as reducing
operating costs linked to landfilling. To this end, to ensure sustainability, it is recommended that such
projects be the responsibility of municipalities. The latter, as a facility owner, has the right to select who
runs and operates the above-mentioned plants. All of these aspects are factors that should motivate
and push politicians and decision-makers at different levels to support such investment by the creation
of an organized legal and financial framework.
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