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Preface

In developing countries, rapid changes in the socioeconomic context have very 
quickly led to the emergence of production models and consumption patterns that 
are not very concerned with protecting the environment. The increasing production 
of waste has led to the multiplication of large wild dumps everywhere around large 
cities. This solid waste represents an enormous loss of resources in the form of 
materials and energy. Furthermore, if poorly managed, they can pose many direct 
and indirect risks to human health and the environment. These risks can be either 
infectious diseases or contamination of soil, groundwater, and surface water, as well 
as air pollution due to greenhouse gas emissions.

The money made from recovering waste could offer these nations a significant 
economic opportunity according to their socioeconomic development. The rural 
exodus, the expansion of waste sectors, and the shift in household consumption 
habits are the main causes of the increase in waste. Although most cities have waste 
collection systems in place, their elimination exposes a management gap because 
most landfills are uncontrolled and have negative effects on both human health and 
the environment.

The purpose of this book is to bring together waste experts working in different 
disciplines to present some of their latest approaches in the area of solid waste man-
agement in developing countries. The main objectives of this book are to establish 
the state of the art of solid waste management in developing countries and outline 
the impact of poor solid waste management on human health and the environment. 
Furthermore, the aim is to determine appropriate solid waste management technolo-
gies for developing countries by focusing on the role of the informal sector and its 
integration with the formal economy and describing waste recovery in a circular 
context. The book also describes how sustainable and integrated waste management 
could help developing nations reduce greenhouse gas emissions.

The book contains 12 chapters covering all aspects of waste management, includ-
ing legislation, governance, institutional, social, and technical aspects. It has a 
multidisciplinary nature. Chapter 1 covers waste generation, characteristics, and 
collection in developing countries. Chapters 2 and 4 present landfill disposal and 
leachate management in developing countries. Chapters 3 and 5 concern the 
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relationship between waste management and climate change. Chapters 6, 7, and 8 
examine the legislative-institutional, informal waste sector, and social aspects, 
respectively. Chapter 9 describes the urban mining and circular economy. Finally, 
because the organic waste fraction is typically higher in developing nations, the 
book includes three chapters (Chaps. 10, 11, and 12) specifically devoted to com-
posting, biochemical conversion, and thermochemical conversion of organic waste, 
respectively.

The book is a useful resource and practical manual for a broad readership, includ-
ing waste management professionals, policymakers, municipal authorities, industry 
practitioners, researchers, scientists, and master’s, PhD, and undergraduate students.

We appreciate the time and work put forward by each author of this book to write 
their respective chapters.

Kenitra, Morocco Hassan El Bari
Durban, South Africa Cristina Trois

Preface
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Chapter 1
Waste Generation, Characteristics, 
and Collection in Developing Countries

Fadoua Karouach and Hassan El Bari

1.1  Introduction

The issue of waste generation, collection, and disposal in DC started with the expan-
sion of cities and the rise in population. In the next 35 years, the urban population 
of the world is expected to double to more than five billion with 90% taking place 
in DC (Ahmed and Ali 2004). The DC contribute about 56% of the world’s total 
solid waste (Alam and Qiao 2019). WM consumes a significant portion of city bud-
gets. In DC with limited resources and means, the sector faces serious problems. 
Despite the efforts made by the authorities and non-governmental and private orga-
nizations in the WM sector, the situation is still not fully improved.

WM refers to all operations and means implemented to limit, recycle, recover, or 
eliminate waste usually produced by human activity (Maamar and Kechout 2016). 
It means all operations of prevention, pre-collection, collection, transportation, sort-
ing, reuse, disposal, and/or treatment, in order to minimize their effects on human 
health and on the environment.

The main challenge for the WM sector is adapting to this growing urbanization 
rate and achieving a balance between quality of service and cost-effectiveness and 
also to explore challenges, limitations, and constraints of existing experiences in 
WM at developing countries. An integrated solid wastes management system is 
required according to each country specification in terms of socioeconomic and 
technological aspects.
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Partnerships between the public and private sectors have the potential to increase 
the effectiveness of DC’s municipal WM sector as a whole and generate new job 
opportunities. Because it incorporates the expertise of companies and public enti-
ties, this hybrid public-private approach is more effective.

1.2  Municipal Waste Production and Characterization

1.2.1  Waste Generation

1.2.1.1  Role of Waste Data

One of the WM keys is the availability of reliable and updated data. However, in 
many African cities, such data is partially or totally unavailable. Readily available 
data is often unreliable and not updated. Furthermore, in most cases no information 
is available as to where and how the data had been collected. Figure 1.1 shows the 
municipal waste data required for a suitable collection system design.

Knowing the reasons for errors in these data may be the first step towards improv-
ing this sector. For example, it is essential to have reliable data on waste density 
before starting to plan a waste collection system. Thus, it is important to focus on 
the selection of the best suitable WM option using the results obtained from reliable 
data which will be collected. The project design will be considered carefully regard-
ing the need for the data and the required reliability of the final figures.

Figure 1.2 shows the waste data needed to be collected and analyzed including 
the following:

 1. Data concerning the structure of area study population, the generated waste, and 
facilities cartography distributions.

 2. Data concerning the available waste collection methods.
 3. Data concerning the municipal waste composition and characteristics, using 

laboratory results.
 4. Data concerning the waste informal sector structure using survey results.

Waste data needed for 
collection design

The waste generated/ 
Capita/Day

The waste average 
density Waste composition

Fig. 1.1 Data on municipal waste required for a suitable collection system design

F. Karouach and H. El Bari
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Fig. 1.2 Waste data to collect and to analysis

All these data aspects will be used to increase the efficiency of some waste indi-
cators as shown in Fig. 1.3:

 – The per capita waste generation rate
 – The average waste density
 – The collection rate, by optimizing the used collection method
 – The recycling rate by choosing the best recycling methods.

This data will be collected. The accurate knowing of these indicators and the 
waste composition will be the key to design a solid waste collection system and to 
choose the best options of treatment and recovery.

The collected data related to the informal sector will be a significant tool for 
selecting the appropriate informal sector ways of integration. This suitable integra-
tion will contribute to the increasing of cited indicators. Additionally, this data will 
be a useful tool for planning, treating, and recovering municipal solid waste.

The availability of these data will allow a positive impact in terms of the 
following:

1 Waste Generation, Characteristics, and Collection in Developing Countries
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Waste generation rate per capita
Average waste density

Collection rate Recycling rate

Waste Indicator

Fig. 1.3 Waste indicators obtained from reliable waste data

 – Environmental concerns: All obtained data, needed for waste management, will 
be used to find an appropriate waste collection, treatment, and recovery option. 
The availability of collected data and knowledge management methods used by 
end-users can provide efficient WM in both cities. As a result, we will obtain, on 
the one hand, the minimization of air, water, and land pollution and, on the other 
hand, the climate change mitigation.

 – Economical concerns: The organic fraction of municipal waste (OFMW) could 
be converted to clean and renewable energy. This energetic recovery will contrib-
ute to greenhouse gas reduction and consequently to the amount of deposed land-
fill decreases. The recycling rate improvement will also contribute to the creation 
of many new jobs.

 – Social concerns: The informal sector workers will be more organized by inte-
grating the formal sector suitably while increasing their incomes, which will 
contribute to poverty reduction.

1.2.1.2  Importance of Waste Amounts Quantification

As previously mentioned, planning, design, and implementation of waste manage-
ment depend on having a well understanding of the amount of waste generated, 
since it allows to determine adequately the size and physical criteria of waste stor-
age from households, industries, and institutions for efficient waste management. 
Additionally, accurate knowledge of waste amount avoids the possibility of under or 
over designing collection facilities, services, and disposal sites, leading to efficiency 
gains (Mbande 2003).

Waste quantities could be determined theoretically by multiplying the population 
by the average amount of waste produced daily per person, or depending on the 
number of journeys to the disposal sites multiplied by the volume of the collecting 

F. Karouach and H. El Bari



5

truck. Experimentally, waste generation could be estimated using a weighbridge at 
the waste disposal sites which is recording the load of each truck, or by counting the 
bags that arrive at the disposal sites.

1.2.2  Waste Characterization and Composition

For all actions involving the management of municipal solid waste (MSW), suitable 
infrastructure, services, and upgrades are necessary. Due to the ongoing and uncon-
trolled growth of city areas, this has become more and more expensive and compli-
cated. The difficulty in providing the level of public service required in urban areas 
is associated to the weak financial situation (Sharholy 2008).

Additionally, the composition and volume of MSW produced serve as the foun-
dation for planning, designing, and operating the management system. It has been 
shown that MSW’s physical and chemical properties vary with population density; 
these variations reflect the impact of urbanization and development.

Direct sampling, market product analysis, and waste product analysis are the 
three methods that are frequently used to characterize waste. For vast geographic 
areas, waste product analysis and market product analysis are appropriate, although 
direct sampling is appropriate in the absence of site-specific data. One of the well- 
established methods for waste characterization that has been widely used in the lit-
erature is the international ASTM D5231-92 standard method (Al-Jarallah and 
Aleisa 2014).

Along with the significance of waste characterization, the importance of its com-
position cannot be understated. To assess the waste’s potential for polluting the 
environment and people as well as to guide the selection of an appropriate treat-
ment, it is crucial to understand its chemical composition. The pollutants come 
mainly from organic, mineral, and metallic matter. Mineral and metallic elements 
are generated by fractions such as glass, unclassified incombustibles, plastics, and 
metals. They can also come from dyes used in textiles or packaging 
(Aloueimine 2006).

For instance, the significant use of vegetables for diverse purposes in some coun-
tries leads to a high organic content in the MSW. Table.1.1 shows the difference in 
waste characteristics between some countries. We can clearly see that DC generates 
more organic fraction than developed countries. In addition, the waste organic frac-
tion increases proportionally with the decrease in countries income. The amount of 
MSW produced is influenced by several variables, including seasons, style of living, 
food preferences, and commercial activity level. Data on quantity variation and gen-
eration can be used to better plan collection and disposal systems.

Due to the fact that the proportional percentage of organic waste in MSW often 
increases with falling socioeconomic position, rural families generate more organic 
waste than urban households do. A study conducted by Ozcan et al. (2016) con-
firmed that the organic waste component in the region with low-income level was 
found higher in comparison to other regions. The highest organic waste amount was 
found in the region with the lowest income level, while the lowest rate was found in 

1 Waste Generation, Characteristics, and Collection in Developing Countries



6

Ta
bl

e 
1.

1 
W

as
te

 c
ha

ra
ct

er
is

tic
s 

in
 D

C
 (

W
et

 w
ei

gh
t %

)

C
om

po
si

tio
n 

(%
)

Fo
od

 a
nd

 
ve

ge
ta

bl
es

Pa
pe

r 
pr

od
uc

ts
Pl

as
tic

s
M

et
al

s
Te

xt
ile

 a
nd

 
W

oo
ds

G
la

ss
 a

nd
 

C
er

am
ic

C
on

st
ru

ct
io

n 
m

at
er

ia
ls

O
th

er
s

R
ef

er
en

ce
s

M
or

oc
co

60
–8

0
7–

10
4–

7
1

10
1.

5
–

4–
7

E
lh

afi
an

e 
(2

01
2)

B
an

gl
ad

es
h

74
.5

9.
1

3.
51

1.
91

0.
57

0.
76

1.
3

8.
35

A
la

m
 a

nd
 Q

ia
o 

(2
01

9)
In

di
a

40
–6

0
3–

6
3–

6
1–

4
1–

3
3–

6
–

13
Sh

ar
ho

ly
 (

20
08

)
E

th
io

pi
a

67
6

8
1

–
1

–
17

H
ir

pe
 a

nd
 Y

eo
m

 (
20

21
)

C
om

or
os

50
7

5
4

3
2

6
13

Is
ih

ak
a 

A
li 

et
 a

l. 
(2

01
8)

K
uw

ai
t

44
.4

14
.2

17
.7

2.
8

–
5.

6
–

6
A

l-
Ja

ra
lla

h 
an

d 
A

le
is

a 
(2

01
4)

M
al

ay
si

a
40

15
15

3
–

4
–

23
Sh

ek
da

r 
(2

00
9)

Fr
an

ce
30

30
15

6
2

12
–

5
E

lh
afi

an
e 

(2
01

2)
Ja

pa
n

26
46

9
8

7
12

Sh
ek

da
r 

(2
00

9)
U

SA
15

–2
0

20
10

10
4

10
–

31
A

bd
el

-S
ha

fy
 a

nd
 M

an
so

ur
 

(2
01

8)
 

So
ut

h 
A

fr
ic

a
13

7
6

14
–

4
21

35
N

ko
si

 e
t a

l. 
(2

01
3)

F. Karouach and H. El Bari



7

the region with the highest income level. In the same line, a study performed by 
Suthar and Singh (2014) on household solid waste (HW) generation and composi-
tion in different family size and socioeconomic groups in India showed that food/
kitchen waste was the major component of the total waste in HWs of all the socio-
economic groups of the society. However, during the conducted research to estab-
lish the relationship between waste generation and socioeconomic factors, such as 
income and population density, it was found that income did not influence the total 
amount of municipal waste generated (Ojeda-Benitez et al. 2007).

Moreover, the mix of municipal waste is significantly influenced by season. 
Organic waste generated in the summer is more prevalent than waste made out of 
cardboard fiber, bottles, wood, metal, and glass in the winter (Al-Jarallah and Aleisa 
2014). The study conducted by Ozcan et al. (2016) revealed that the most significant 
difference in municipal solid waste between the summer and winter periods can be 
seen in kitchen waste. The proportion of kitchen waste in the summer period 
decreased according to the winter period. The evaporation of water from solid waste 
as a result of summer’s high temperatures and increased fruit consumption is 
thought to be the cause of this alteration. Considering the differences in organic 
waste by income level and seasonal conditions, further changes related to income 
level were found in the winter period in comparison to the summer period.

In this context, MSW classification studies could be based on two methods: on 
the different income categories, the classification here divides the groups into low-, 
middle-, and high-income classes, and on seasonal variations (Abdel-Shafy and 
Mansour 2018).

1.3  Municipal Waste Transport and Collection

1.3.1  Waste Collection

The collection of waste is one of the greatest difficulties faced by public authorities. 
These difficulties often result in an accumulation of garbage and the creation of 
uncontrolled open dumps. Around the world, MSW collection is a crucial and costly 
public service that typically accounts for 75–80% of the MSW management budget 
(Huang et al. 2011).

Waste collection includes pre-collection and collection itself. The methods of 
collection and pre-collection are crucial, and there are few references in the litera-
ture which deal in detail with solid waste collection in low- and middle-income 
countries (Bruno et al. 2019). Note that many low-income cities still have poor col-
lection (less than 50%). Furthermore, it is known that there is correlation between 
country income level and collection rate level.

Waste collection services may be performed by the formal sector, through either 
public- or private-sector operators, or by the informal sector through, for example, 
community-based organizations (CBOs), non-governmental organizations (NGOs), 

1 Waste Generation, Characteristics, and Collection in Developing Countries
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or micro- and small enterprises (MSEs). Collection services provide a primary col-
lection to local neighborhoods on a small scale, or a secondary collection service on 
a large scale across the city.

Pre-collection of waste refers to all operations of its evacuation from the produc-
tion to the removal by the collection service. The concept of pre-collection implies 
all operations that precede the collection operation. The collection is the whole of 
the operations which consist in the removal of waste from regrouping points to for-
warding them towards a place of sorting, regrouping, recovery, treatment, or stor-
age. It consists of the collection and the regrouping of waste for transport (Fig. 1.4). 
There are two collection methods: (1) door-to-door, in which the collection service 
ensures a regular passage for waste elimination, and (2) voluntary drop-off, in which 
the producer transfers waste to a collection point for its transport to a disposal or 
treatment site. Waste collection is a system that is relatively complex and consists of 
interactive, interdependent containers and vehicles (Rodrigues et al. 2016).

The choice of vehicles is one of the main problems that confront the collection 
service. It depends directly on local conditions:

 – Type of habitation
 – Quantity of waste collected
 – Type of collection containers
 – Distance to be covered and the nature of the areas to be served

Low income

Middle in
come 

Upper m
iddle in

come 

Higher in
come 

)
%( etar noitcello

C

0

20

40

60

80

100

120

Fig. 1.4 Correlation between income level and collection rate. (Adapted from Wilson et al. 2013)
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Likewise, inefficient bin collection systems, poor route planning, lack of infor-
mation about collection schedules, inadequate infrastructure, bad roads, and the 
number of trucks used for waste collection all have an impact on collecting practices 
(Guerrero et al. 2013).

In some cases, it appears necessary, most often for economic reasons, to regroup 
the waste via transfer station before their transport towards the center of valorization 
or treatment.

This temporary storage can be done in waste collection centers, regrouping, and 
transit centers. During this storage stage, it is important to pay attention to the waste 
conditioning and to take different measures to limit the impact on the environment 
while waiting for transport and treatment.

In developing countries, waste disposal is often limited to primary collection by 
associations and NGOs. Secondary collection, which is often the responsibility of 
municipal technical services, is poorly carried out due to a lack of suitable and 
operational vehicles and equipment. Another point which makes the waste collec-
tion procedure more critical in developing countries is the dominance of manual 
handling activities which expose the workers to sanitary health threats (Bleck and 
Wettberg 2012) (Fig. 1.5).

Moreover, the collection system consists of different collection methods which 
explain how the container works with the labor and the vehicle (Rodrigues 
et al. 2016)

Manual collection: The worker carries, lifts, and loads waste bins or bags onto the 
vehicles as part of the manual collection process.

Assisted collection: It is a hybrid of mechanical and manual procedures where the 
lifting and emptying by the truck is the only mechanization and container dis-
placement close to the vehicle is handled manually.

Semi-automated collection: All steps of semi-automated collection are mechanized, 
but a worker still needs to be outside the truck to operate the coupling and offer 
manual assistance during vehicle-container coupling and uncoupling.

Automated collection: During entirely automated collection, which limits workers’ 
direct participation, a single operator within the vehicle cabin controls the inter-
action between the container and the truck.

Administratively, waste collection is handled in two ways: (i) direct collection, 
in which the local authority decides to internalize the service by assuming the cost 
of equipment and its renewal (bins, trucks, etc.) as well as the operation of the 

Fig. 1.5 Collection system steps
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service (personnel, territory), and (ii) delegated collection, in which the design, 
implementation, and operation of the service are carried out by outside companies, 
governed by the public procurement code.

The waste collection rate in African countries is very low and does not exceed 
50% in many cities. To understand this problem, Loukil and Rouached (2020) con-
ducted a study to evaluate the urban waste criticality system in African cities, 
through the development of a waste collection criticality index that allows us to 
compare waste management collection systems in municipalities, cities, or coun-
tries. The methodology employed to develop a criticality index for waste collection 
involves identifying key factors that impact waste management, including waste 
generation, inadequate collection services, and deficient urban infrastructure. The 
criticality index helps to highlight these crucial elements and underscores the chal-
lenges in gathering reliable data on waste management in African cities. The results 
of this study have shown that improving waste management is impossible without 
improving urban infrastructure and lowering poverty.

Moreover, according to a study conducted by Katusiimeh et al. (2012) compar-
ing the operations and discussing the effectiveness of public and private solid waste 
collection in the case of Kampala, private sector clients are significantly more satis-
fied with the services received than their public sector counterparts. However, cor-
ruption and a lack of transparency in both the public and private sectors limit the 
effectiveness of solid waste collection. The issues with providing services in low 
income countries may be resolved by adapting private sector engagement to socio-
economic realities, intensifying efforts to encourage competition, and implement-
ing procedures to ensure that low-income households have access to inexpensive 
services. This necessitates a structured public-private partnership in which the pub-
lic and private sectors can cooperate together.

In another research related to the waste collection, it was reported that one of the 
essential phases for integrated solid waste management is source-separated collec-
tion of household-generated MSW. Unfortunately, the majority of DC does not yet 
successfully implement source-separated collection at the upstream of the waste 
management cycle (household level) (Hui et al. 2006).

1.3.2  Waste Transport

A big challenge for growing economies is the creation of an efficient and environ-
mentally appropriate system for managing solid waste. The economics of the entire 
MSW system are mostly determined by the collection and transportation activities, 
which account between 80% and 95% of the system’s overall budget (Sulemana 
et al. 2018). Any of these processes’ poor design might lead to environmental deg-
radation and higher operational costs. Management services will be significantly 
impacted by inefficient solid waste transport since it will raise operating costs and, 
as a result, lower profits. Municipal agencies transport MSW using their own vehi-
cles, while in certain places they use outside contractors. Due to the labor-intensive 
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nature of the process and the extensive usage of trucks, transportation is by far the 
most significant and expensive component of solid waste management. 
Unfortunately, many of developing countries struggle with the issue of solid waste 
transportation.

The difficulties of managing solid waste in more than 22 DC were revealed, and 
it was discovered that the high cost of waste collection and transport significantly 
strains local authorities’ budgets (Sharholy et al. 2007). Other researchers support 
this assertion and believe that the lack of financing, resources, consumer resistance 
to paying, and inappropriate use of economic instruments all make it more difficult 
to provide adequate solid waste collection and disposal services (Akhtar et al. 2015). 
In another paper conducted by Sulemana et al. (2018), it was reported that less than 
30% of the urban population has access to proper and consistent solid waste collec-
tion services, despite the fact that city authorities in most African nations spend 
between 20% and 50% of their revenue on solid waste management. Moreover, 
politicians typically prioritize other municipal tasks above solid waste management, 
which results in a lack of qualified and skilled workers in  local government. 
Additionally, the poor social status conditions that waste employees are involved 
with discourages them from delivering their best effort. To ensure the safe collection 
and disposal of solid waste, competence must receive priority over preference, and 
there must be a significant improvement in this commitment (Alavi et al. 2009).

Poor collection schedules, inappropriate bin collection systems, inadequate 
infrastructure, and a lack of trucks for waste collection have all been found to have 
an impact on collection and transportation operations. Operations planning and 
vehicular routing are crucial components of solid waste collection and transporta-
tion. It has been reported according to many studies that planning should consider 
systematic routing using scientific methods that incorporate cost savings and envi-
ronmental conservation in order to ensure effective waste collection and transporta-
tion (Henry et al. 2006; Hazra and Goel 2009).

There is no systematic or well-organized method of allocating trucks or vehicles 
for the collection of solid waste in the developing countries. Typically, this is based 
on practical experience and intuitive approaches, which produce ineffective and 
expensive practices with detrimental effects on the environment, public health, cor-
porate operations, and other factors (Kanchanabhan et al. 2011).

The majority of DC lack sufficient, reliable infrastructure for transportation. The 
collection and transportation of solid wastes are negatively impacted by poor roads 
and the number of vehicles (Henry et al. 2006). Effective collection is impacted by 
both the character of roads and bad route planning during site physical develop-
ment. The efficient routing of collection vehicles is one way to guarantee improved 
performance in solid waste collection (Sulemana et al. 2018). Finally, the opera-
tional staff’s technical expertise or competence has an impact on WM as well. The 
technical aspects of the WM system are related to a lack of expertise (Aja et al. 
2014). The selection of operational staff should be largely based on technical com-
petence for optimal performance. The staff members should be up to date on current 
and emerging challenges and technologies (Akhtar et al. 2015).

1 Waste Generation, Characteristics, and Collection in Developing Countries
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According to a study that evaluates the effects produced by the waste manage-
ment process, the plan’s major potential effects are related to waste collection and 
transport. Reducing resource use by recycling and recovering energy through incin-
eration partially offset these effects (Brambilla et al. 2009). The findings highlight 
the fact that ignoring the effects of collection and transport may lead to a serious 
underestimation of a waste management system’s environmental effects, particu-
larly when it comes to the depletion of fossil fuels, the emission of respiratory 
inorganics, and climate change. A precise optimization of waste transport is neces-
sary to decrease the environmental impact of waste management systems. The best 
route planning for trucks is essential for optimizing waste transfer and transporta-
tion, which is the most expensive activity (mostly because of consumables and truck 
depreciation).

Another study, which plans vehicle routes for the collection of municipal solid 
waste in two different regions of Eastern Finland, shows that both studied levels of 
optimization – optimization of individual routes and optimization of routing and 
scheduling for the entire collection period – can result in considerable cost savings 
compared to the standard practice (Nuortioa et al. 2006).

In this context, Mcleod and Cherrett (2008) discuss how several waste collection 
options, such as cooperative collaboration between neighboring authorities, alter-
nate weekly collection, and situating vehicle depots closer to waste disposal facili-
ties, can reduce vehicle mileage and save time.

1.4  Municipal WM in DC

1.4.1  Case Studies

Several studies have been conducted to identify limitations and problems related to 
the WM sector. Most of these studies have analyzed WM systems steps including 
waste characterization, generation, collection, storage, transportation, treatment, 
and reuse.

Demographic expansion, urban evolution, and new consumption habits have 
made improving urban waste management in Morocco an extremely real challenge 
(Elhafiane 2012). Despite all of the institutional actors’ efforts to enhance this sec-
tor, and despite important advancements (improved collection, landfill, and recov-
ery rates), there are still significant issues in waste upstream and downstream 
management. It is necessary to adopt a new, comprehensive strategy that considers 
municipal solid waste (MSW) as part of the process of strengthening the waste 
management system.

A successful MSW management in Morocco requires promoting access to the 
information and its dissemination to the general public, to facilitate its participation 
in the democratic process and control over activities that directly affect them. The 
success of MSW management is a mission that must be carried out not only upstream 
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of the management cycle but also among households and waste producers. It is a 
dynamic upstream/downstream interaction. From an operational point of view, we 
can nevertheless recognize that measures to be taken to reduce MSW at source are 
relatively limited (Azaitraoui and Aaziz Ouatmane 2020). Nowadays, only two 
main achievements initiated by the ministries in charge have been realized: the first 
one concerns the elimination of plastic bags and their replacement by biodegradable 
bags (law 77-15), and the second concerns the Ecotax on the use of plastic raw 
materials (Madani 2015; PNDM). Additionally, feedback from this first phase of 
implementation of the plastic bag ban law shows that the role of the consumer in the 
success of such initiatives remains very decisive and deserves special attention, as a 
key success factor. Another important success factors of MSW are the promotion of 
sorting, recycling, and recovery of waste, identification of the informal sector, and 
analysis opportunities for collaboration, integration of small business enterprises in 
waste management, and strengthening the supply of waste management in rural 
areas (Fig. 1.6).

In India, the composition and the quantity of MSW generated form the basis on 
which the management system needs to be planned, designed, and operated. In 
India, MSW differs greatly with regard to composition and hazardous nature. It 

Fig. 1.6 Successful SWM factors in Morocco
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generates 90 million tons of solid waste annually. Most cities in India do not use 
door-to-door collection. There is no practice of sorting MSW at the home level. 
Nevertheless, some private societies collect recyclable waste in some cities, and the 
segregated wastes are then mixed together in communal bins and transported to 
disposal sites (Central pollution control board 2015). It was reported that 75–80% 
of generated waste is collected and only 27% is processed at the national level 
(Satpal 2020).

The management of MSW is going through a critical phase, due to the unavail-
ability of suitable facilities to treat and dispose of the larger amount of generated 
MSW. All aspects of the environment and human health are negatively affected by 
inappropriate disposal.

The management of MSW requires proper infrastructure, maintenance, and 
upgrade for all activities. The difficulties in providing the desired level of public 
service in the urban centers are often attributed to the poor financial status of the 
managing municipal corporations (Sharholy 2008).

In Bangladesh, studies have been conducted in six major cities, namely, Dhaka, 
Hittagong, Khulna, Rajshahi, Barisal, and Sylhet (Ahsan et al. 2014). It was reported 
in this study that authorities are responsible for overall municipal waste manage-
ment, and they are facing a very complicated situation in managing the generated 
waste. The major portion of this waste is still unmanaged and released in open 
spaces, and there are no controlled landfills in the country. According to the study 
results, the main reasons behind this critical situation are the financial limitations, 
lack of effective legislation, lack of understanding factors that affect the multiples 
steps of WM (Bruno et al. 2019), absence of authority commitment, and sufficient 
updated data on municipal solid WM system (Wilson et al. 2012). An integrated 
approach for WM has been suggested. The main components of this approach are 
enhancing the communication between stockholders and integrating available and 
suitable techniques and technologies to achieve the objectives of an effective WM 
system. The strategy also involves promoting the adoption of composting units by 
nongovernmental organizations to produce biofertilizers, and encouraging informal 
entrepreneurs to establish more recycling ventures (Alam and Qiao 2019).

In South Africa, over 42 million cubic meters of general waste is generated every 
year. This is a result of the high amount of solid waste stream from mining, pulver-
ized fuel, agricultural, and urban waste activities. The average amount of waste 
generated per person per day in South Africa is closer to the average produced in 
developed countries such as the UK and Singapore, 0.7, 0.73, and 0.87 kg/person/
day, respectively, which cause a problematic in WM in this country (Karani and 
Jewasikiewitz 2007). Without a shared knowledge of capabilities and features, it is 
difficult to characterize and describe waste collection systems, which limits not only 
the evaluation of operational aspects but also the creation of unique and sustainable 
waste collection systems. In this context, a paper performed by Rodrigues et  al. 
(2016) presents a taxonomy based on classifying waste collection systems consider-
ing the dichotomy of containers and vehicles. This taxonomy provides key elements 
concerning technologies and applications facilitating the analysis for waste manag-
ers and planners. A case study in the Greater Lisbon region of Portugal is presented 
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in this study in order to demonstrate that the taxonomy approach is concise and 
uncomplicated to use (Rodrigues et al. 2016).

Modern industrial countries have achieved outstanding accomplishments in 
resource total utilization and solid waste management. In these countries such as 
Germany, Sweden, Japan, and the USA, solid waste management strategies under-
went significant changes between 1960 and 2004. The start of solid waste manage-
ment with reduction, using less initially and reusing more, and recycling, was one 
major change. Additionally, composting and incineration of organic waste have sup-
planted landfill disposal as the primary methods of treating solid waste.

1.4.2  Negative and Positive Impacts of WM Strategies

Waste is both a risk and a resource, but when it is disposed of without precautions, 
it risks degrading landscapes, polluting the environment, and exposing humans to 
nuisances and dangers, some of which can be very serious (Maamar and 
Kechout 2016).

Moreover, poor and out-of-control WM leads to the unregulated growth of slums 
(Bruno et al. 2019). A few landfills in DC adhere to environmental criteria that are 
accepted in developed countries. Gas emissions from decomposing waste are a 
major environmental hazard in these landfills. Waste disposal activities have the 
potential to pollute groundwater, which serves as a vital source of potable water, as 
leachate containing various toxic substances infiltrates the groundwater over time 
(Fadhullah et al., 2022). Furthermore, the primary cause of air pollution is the open-
air combustion of waste deposits, which produces enormous amounts of smoke and 
unpleasant odors. Atmospheric emissions from incineration (heavy metals, VOCs, 
etc.), the percolation of landfill leachate, and the spreading of components or sludge 
contribute to the physicochemical and/or microbiological contamination of soils 
(ELARD 2004).

However, successful usage of the technology approaches and its adaptation to 
real conditions and the incorporation of unofficial refuse collectors and scavengers 
could have a positive impact on WM strategies. Additionally, scavengers and infor-
mal reuse collectors benefit the community in a clear economic and environmental 
way; hence, their work should be encouraged and developed (Zohori and 
Ghani 2017).

1.5  Wastes as a Source of Income

In all the cities of the world, whether in industrialized countries or in developing 
countries, the quantity of waste is constantly increasing. This exponential growth of 
waste, a corollary of galloping urbanization, and changing consumption patterns, 
particularly in developing countries, require a change in practices to limit landfilling 
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and incineration. Thus, it is becoming important to recover waste. This recovery of 
waste, which is above all a political choice and a choice of society, is not only use-
ful, but also desirable. It consists, in particular, giving a market value to the waste 
and is carried out by various means leading to savings of raw materials at the same 
time as it contributes in a direct way to the respect and the safeguard of the 
environment.

The impact on solid waste management and the choice of such management are 
directly related to a country’s degree of development. Many developed countries 
use a variety of waste management techniques to create compost and other new 
products like renewable energy. These nations make investments in waste recycling 
to support agricultural activities. Decisions made by city authorities regarding the 
nature, volume, and quality of locally produced waste, as well as other factors, will 
determine the choice of solid waste management.

The classification and composition investigation play an important part in such 
waste management, helping to choose and prepare for the most suitable system of 
transportation, storage, disposal, and recovery of solid waste. Characterization is 
crucial, in the meantime, to identify any potential environmental effects on society 
and nature.

In the Northern countries and, in particular, the countries of the European Union, 
the recovery of the waste knows a clear improvement, even if many constraints 
remain to be raised. European countries have developed an approach aimed at opti-
mizing the recovery of waste through various processes. In Sweden, recycling has 
been successful in recent years, with 36% of waste recycled, 14% composted, and, 
above all, 49% incinerated, the highest rate in the Union after Denmark (54%), far 
ahead of the European average (22%) (Audrey 2012).

Because nuisances are generated by conventional SWM practices, and in order 
to protect the environment and the health of the populations in a perspective of eco-
nomic, environmental, and sustainable development, new ways of managing waste 
involving the concept of integrated waste management is highly recommended. The 
concept of integrated waste management is therefore highly recommended. An inte-
grated SWM approach entails implementing measures such as source reduction, 
sorting, recycling, reuse, and regeneration (valorization) to manage waste effec-
tively. Figure 1.7 shows integrated SWM approach model (Issihaka et al. 2015).

Recycling is the direct reintroduction of a waste product into the production cycle 
from which it originated, in total or partial replacement of a new raw material.

Reuse is a new use of a waste product for a purpose similar to its first use. It is, in a 
way, extending the life of the product before it becomes a waste. For example, 
the deposit of bottles is refilled after cleaning. In developing countries, this type 
of recovery is intensively observed in Africa.

Reemployment consists of using a waste product for a different purpose than its 
original use, or making another product out of a waste product than the one that 
gave birth to it, for example, using car tires to protect the hull of boats or trawlers.

Regeneration (Valorization) is a physical, chemical, or biological process that 
restores the characteristics of a waste product so that it can be used as a replace-
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Fig. 1.7 Integrated solid waste management model

ment for a new raw material. This is the case, for example, for the regeneration 
of used oils or solvents, or for paper, which is both recycled and regenerated by 
drinking. This approach is commonly used for used oils or solvents, and for 
paper, which is both recycled and regenerated through pulping. Energy recovery 
is another waste management approach that involves extracting the calorific 
value of waste materials to produce electricity or heat. This method is typically 
achieved through incineration or methanization. Composting is another method 
of managing waste, particularly organic waste from agriculture, forestry, animal 
husbandry, food industry, and green space maintenance. Municipal solid waste 
(MSW) typically contains nitrogen levels between 0.5 to 0.7 and phosphorus 
levels between 0.5 to 0.8, with a calorific value ranging between 465 and 6978 
Kj/Kg (Abdel-Shafy and Mansour 2018).

1.6  Conclusion

Obstacles in WM performance improvement include a lack of funding, a lack of 
political will, improper scheduling and routing, poor road network and development 
planning, and shoddy technological aspects. These difficulties are particularly 
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pronounced in developing economies. Low-income countries, in particular, are pri-
marily focused on extending waste management services to all residents and pre-
venting illegal waste disposal. Therefore, effective waste management in these 
contexts requires collaboration between municipal officials and local communities 
to identify sustainable, context-specific solutions.

Optimal solid WM requires an optimization of the collection and transportation 
systems. Inadequate supply of waste collection and transport facilities negatively 
affects the disposal service. For example, implementation of the containers far away 
from waste generation points will encourage some of the bad practices such as 
waste dumping in open areas. Moreover, organizing the informal sector and promot-
ing appropriate micro-enterprises are effective means to improve waste collection 
services. Because recycling in the informal sector already saves many cities mil-
lions of money and gives a significant portion of the urban poor a means of support, 
expanding on it and incorporating it into the formal system presents a big win-win 
opportunity.

The data collection and reporting of the overall amounts of waste produced are 
advisory and so irregular, resulting in this data. Studies should concentrate on data 
availability, adequate systems design on improving the efficiency of the vehicle 
routing systems through a good logistical scheduling, optimization of the routes 
taken by trucks, and incorporation of informatics and mathematical programming to 
ensure resources conservation through reduction of distance, time, traffic problems, 
and operational and maintenance cost.
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Chapter 2
Landfill Disposal in Developing Countries

Maria Cristina Lavagnolo, Valentina Grossule, and Raffaello Cossu

2.1  Waste Management Hierarchy, Circular Economy, 
and 3S Concept

Solid waste management (SWM) systems in developing countries (DCs) are 
affected by various constraints such as, mostly, the lack of technical specific knowl-
edge, lack of awareness on environmental impacts by administrators and citizens, 
and shortness of economical funds. It can also happen that international collabora-
tions and funding instead of helping with a long-term perspective may exasperate 
the already critical situation, implementing solutions that do not consider the local 
peculiarities, but just end up importing very complex solutions that fail soon or that 
create social inequalities. As an example, the local informal sector when existing 
provides a sort of virtuous service colleting and recycling valuable materials like 
metals, plastics, or glass, but if it is non included when a formal waste management 
is designed by the urban or international authorities, it will affect negatively the 
local economy (Environmental Justice Atlas 2020).

An inappropriate or unmanaged SWM system results in accumulation of waste 
that is deposited along the streets, in open dumps, or in low engineered landfills at 
best, often coupled with open burning of waste by the population.

Considering that it is necessary to put in place a SWM system that can effectively 
face and solve urgent problems, the challenge is to implement sustainable solutions 
to avoid further worsening of the already critical situation and, when possible, to 
transform the need in opportunity.

The adopted technologies should refer, as much as possible, to simple and clear 
solutions relying on locally available materials and on operators trained on purpose.
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In general, the designing of a proper SWM should adhere to the following 
principles:

 – To guarantee a continuous and efficient collection and disposal service
 – To consider human health and the environmental protection
 – To minimize emissions and reduce the contaminating potential of waste both on 

a local scale (water pollution, soil, odors, etc.) and on a global scale (emissions 
of greenhouse gases, chlorinated gases, persistent substances, etc.)

 – To minimize the waste production
 – To source separate the waste and reuse the various valuable fractions
 – To maximize the recovery of material and energy resources from waste
 – To integrate different technologies
 – To consider the environmental sustainability (i.e., progressive minimization and 

zeroing of environmental impacts within the period of one generation, approxi-
mately 30 years)

The above universal principles should be applied taking into consideration the 
specific social, economic, and geographical context. During the last decades, differ-
ent models have been developed with the possibility to implement a safe and correct 
SWM system, starting from the Waste Management Hierarchy adopted by the 
European Union (Directive 2008/98/CE).

The Waste Management Hierarchy (Fig. 2.1) is based on the 3R approach, which 
considers the reduction, reuse, and recycling of waste (the three pillars of any SWM 
system), while incineration (other type of recovery) and landfilling are included in 
the least preferred options to be adopted.

Many countries adopted the hierarchy of the waste management thus promoting 
the recycling industries and the energy recovery plants like anaerobic digestion and 
incineration. Despite the guidelines and the efforts, waste production is not 
decreased, and many municipalities are still in trouble to organize an effective SWM 
system. On the other hand, minimization, which should be the first action to be 
taken into consideration, has not been largely promoted.

The evolution of the Waste Management Hierarchy in Europe is the Circular 
Economy paradigm, represented in Fig. 2.2, aimed at solving two pressing global 
issues: the non-renewable resources exploitation and the uncontrolled waste pro-
duction. The Circular Economy suggests to recover new resources from waste, as 

minimisation

material 
recycling

landfilling

3R: reduce 

reuse

recycling

preparing for reuse

incineration

Fig. 2.1 Representation of 
the waste management 
hierarchy based on the 3R 
reduce, reuse, and recycle 
as adopted by the 
European Union (Directive 
2008/98/CE). (Modified by 
Cossu et al. 2020a, b)
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Fig. 2.2 Representation of the circular economy describing the two main cycles of materials, 
technical and biological. The technical cycle keeps materials in circulation as long as possible 
through reuse, repair, remanufacture, and recycling. In the biological cycle, biodegradable materi-
als return back nutrients to the Earth to regenerate nature 

secondary raw materials, relying on the reuse, upcycling, recycling, and eco-design. 
Originally, the concept was conceived as an auto-sufficient system, able to achieve 
the “zero waste” concept, by enhancing the entire value chain, while incineration 
and landfilling were not considered in the list of possible treatment technologies 
since all waste must re-enter in the loop. This ideological vision has suffered serious 
problems linked with the limits affecting the CE concept, such as the instability of 
the market of secondary raw materials, the impossibility to recycle all materials, and 
the unavoidable production of residues exiting the circle which need to be properly 
managed.

Both the Waste Management Hierarchy and the Circular Economy approaches 
need a complex well-trained organization and instruments for their 
implementation:

 – Separate collection of waste to recover good quality of materials that means to 
have tracks, operators, and appropriate roads.

 – Recycling technologies can be sophisticated, need funds to be designed and 
built, need operators, and are energy consuming.

 – For specific materials and devices, proper and safe plants should be built follow-
ing the basic guidelines (see above).

2 Landfill Disposal in Developing Countries
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 – In any case, the loop of non-recyclable must be closed safely and an engineered 
landfill must be constructed.

The requirements of a complex system may not be affordable, particularly in 
economically less developed countries.

A roadmap for a simpler and safe implementation of the SWM system has been 
recognized in the 3S principles: sanitization, subsistence economy, and sustainable 
landfilling (Lavagnolo and Grossule 2018). Taking into account the hierarchy of the 
waste and the circular economy paradigm, the 3S extrapolates the most urgent pri-
orities that must be faced to solve the criticality of the solid waste management 
system in DCs and, at variance with the 3R concept, is not perceived as a hierarchi-
cal structure, but rather is based equally on three pillars (Fig. 2.3):

 1. Sanitization to improve the standards of living, achieving basic rules of hygiene 
in waste management. Inadequate waste disposal on the streets means direct 
contact between wastes and the population, therefore exposed to injury, diarrhea, 
respiratory disorders, and viral conditions. Furthermore, the surface and ground-
water contamination, air pollution from open burning, and soil contamination 
from leaching can only worsen the already fragile situation.

 2. Subsistence economy is the possibility to return waste in the economy as a 
resource using appropriate technologies, providing economic profits and new 
business opportunities, and involving the informal sector activity in a remuner-
ated and formalized way. Waste pickers worldwide are largely informal indi-
vidual workers not included in insurance schemes or social welfare; they create 
an opportunity for self-employment in very difficult working conditions. In the 
presence of an informal sector, it is critical in this context. Successful examples 
are the organization of informal recycler cooperatives (Gutberlet 2015).

 3. Sustainable landfilling is the possibility to safely dispose the residues without 
economical or technical value, to close the loop of materials giving back to earth 
carbon and minerals. Open dumps do not have any barriers to prevent 

Fig. 2.3 Scheme of the 3S 
model to address 
sustainable waste 
management in areas with 
economic constraints. 
Sensitization embraces this 
special circular model 
highlighting the role of 
education. (Lavagnolo and 
Grossule 2018)
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 environmental pollution caused by leachate and biogas dispersion. Waste pickers 
working on the disposal site are exposed to health risks due to uncontrolled 
waste disposal (sharp items, infected materials, hazardous substances) and open 
burning releasing toxic gasses. Sustainable landfilling must be designed to avoid 
risks during the operation and to reduce the emission potential in the long term. 
In the presence of limited technical and economic situations, the following 
aspects should be integrated: low-cost solutions in terms of development, opera-
tion, and maintenance; simple, easily implemented technologies; and maximum 
utilization of natural resources and in situ materials.

Comparing the circular economy (CE), 3S considers the same possibility of 
bringing materials back into the productive circle but supporting recycling for a true 
sustainable economy.

2.2  The Sustainable Landfilling

Historically landfilling has been the main waste treatment system, evolving in time 
from open dump to the sanitary landfill, gradually increasing the technological 
complexity and the environmental standards. Any waste deposit on the ground 
behaves like a normal three-phase reactor: water and air enter the reactor as indi-
vidual streams or as a component of the waste mass entering the system. In the 
landfill reactor, biological, physical, and chemical-physical processes occur, trans-
forming both organic and inorganic substances and producing leachate and biogas 
emissions, while waste represents the source of the potential residual emissions.

In recent years, the concept of sustainable landfilling has become an unavoidable 
principle in designing SWM systems. Cossu (2010) defined a Sustainable Landfill 
as a system that should reach an acceptable equilibrium with the environment within 
one generation (30–40  years). The acceptable equilibrium can be considered in 
terms of control of long-term emissions (gas and leachate) and compliance with 
Final Storage Quality (FSQ) (Cossu and Van der Sloot 2014; Laner et al. 2012). 
FSQ is defined as a set of values of different parameters to be achieved within the 
span of one generation, representing an acceptable equilibrium between the landfill 
and the environment. FSQ considers the quality of emissions (leachate and biogas) 
and deposited waste, particularly the residual concentration of organics and ammo-
nia as most impacting factors in the long term. Just to have an idea of the FSQ val-
ues, in Table 2.1 it is reported the only existing reference for the FSQ, defined by 
Lombardia Region in Italy (Regione Lombardia 2014; Cossu et al. 2020a, b).

To achieve sustainability targets, a proper design and a combination of treat-
ments (mechanical, chemical, biological, and thermal) must be implemented 
throughout the different life of a landfill (prior to waste deposition, in situ during 
operations and during the post-care phase) aimed at promoting the stabilization of 
the waste, thus reducing the long-term mobility of contaminants.

2 Landfill Disposal in Developing Countries
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Table 2.1 Values of goal parameters for the definition of FSQ (Lombardia Region 2014)

Parameter Unit Value

Leachate COD mgO2/l 1500
BOD5/COD – 0.1
N-NH3 mgN/l 50
Cd mg/l 0.02
Cr; Cr VI mg/l 2; 0.2
Cu mg/l 1
Fe mg/l 2
Mn mg/l 2
Ni mg/l 2
Pb mg/l 0.2
Zn mg/l 3

Biogas CH4 Nl CH4/m2 h 0.5
Solids IR4 mgO2/gTS 2

IRD mgO2/KgVS/h 100

2.2.1  The Bioreactor Landfill

To achieve the FSQ and thus the environmental sustainability, biological stabiliza-
tion of waste is the main target, particularly in case of high percentage of putrescible 
fractions (emission of methane and CO2, emission of organic contaminants and 
ammonia nitrogen associated to leachate, odors, risks of fires, etc.).

In landfill, the control of environmental impacts related to organics may be 
achieved by a series of options:

 – Diversion of putrescible fraction from waste before landfilling (application of the 
separate collection)

 – Stabilization of organics prior to landfilling (use of thermal treatment or mechan-
ical biological treatment)

 – On-site treatment to enhance biodegradation (during landfilling and/or the after-
care phase)

 – A combination of the above-listed options

The term Landfill Bioreactor has been coined specifically to indicate a landfill in 
which different in situ measures are undertaken to enhance biological degradation 
or methane production, increase transformation of ammonia and recalcitrant organ-
ics. These measures may include leachate recirculation, introduction of water, and 
natural or forced aeration.

Improved control of biochemical kinetics, moisture content, and redox condi-
tions may result in a significant shortening of the aftercare phase and, consequently, 
in a quicker achievement of environmentally sustainable targets.

Bioreactor landfills can have several advantages:

M. C. Lavagnolo et al.
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 – Reduce environmental impacts, by improving leachate quality and controlling 
landfill gas (LFG) emissions.

 – The aftercare time is generally shorter due to the increased stabilization rates 
therefore reducing aftercare costs and returning the site for different uses in a 
shorter timeframe.

 – The leachate treatment is cheaper, since the in situ treatment enhances leachate 
quality.

 – The landfill gas (LFG) generation in an anaerobic bioreactor is enhanced.

Bioreactor landfill can also have some disadvantages such as increased odors, 
physical instability of the waste mass due to the increase in moisture, higher capital 
and management costs for aeration, and/or leachate recirculation (Grossule 
et al. 2018).

Different bioreactor landfills can be designed: enhanced anaerobic, natural ven-
tilated or forced aerated, and hybrid with alternate aerobic/anaerobic phases 
(Fig. 2.4).

The choice of a specific bioreactor landfill is regulated by the objectives to be 
pursued (i.e., energy recovery landfill gas, waste stabilization, sustainability targets, 
etc.) as well as by economic issues (balance between capital and operational costs 
and long-term savings) and the specific site conditions (e.g., waste characteristics, 
climate and social/economic situation, regulations).

2.2.1.1  Anaerobic Landfill

The biological process is based on maximization of the carbon gasification with the 
advantage to recover energy due to methane formation; therefore, it is suggested 
when organic contents in the waste input are particularly high. Leachate 

Fig. 2.4 Scheme of the different bioreactors landfill. (Modified Cossu and Grossule 2018)
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recirculation is applied to enhance the biogas production and to partially pretreat the 
leachate itself. On the other hand, slow degradation rates and ammonia persistence 
put the anaerobic bioreactor far from meeting sustainability requirements, prolong-
ing the long-term emissions, and increasing the costs associated with aftercare.

2.2.1.2  Aerated Landfill (On-Site Aeration)

Aerobic environment inside the landfill can be maintained by injecting air within 
the waste mass, promoting the growth of aerobic microorganisms and thus the bio-
degradation processes, up to 10 times faster than anaerobic ones (Grossule et al. 
2018). Aeration of the waste mass prevents methane generation and thus energy 
recovery; on the other hand, it lowers the leachate carbon and nitrogen values result-
ing in financial savings for leachate treatment. Energy needs to sustain forced aera-
tion, and difficulties of an effective air circulation inside the mass (different density, 
leachate lens, etc.) can lower the efficiency of the aeration. Forced aeration is mostly 
used for remediating old anaerobic landfill, more than a designed option for active 
landfill management.

2.2.1.3  Semi-aerobic Landfill (The “Fukuoka Method”)

Semi-aerobic landfill systems, based on a mechanism of natural air ventilation with-
out using highly technological solutions, promotes the presence of oxygen in the 
waste mass, thus accelerating waste stabilization and leachate nitrogen removal. 
Although semi-aerobic landfilling is characterized by a lower stabilization effi-
ciency compared to aerobic systems, it represents a valuable solution for achieving 
sustainable landfilling, compromising between the technological complexity and 
high costs of aerobic systems, and the long-term impacts generated by anaerobic 
systems. The natural ventilation method is based on a simple physical principle: air 
flows into waste layers by means of a natural advection process generated by the 
difference in temperature between landfill layers and external ambient. This differ-
ence is established when the landfilled waste contains putrescible organics.

2.2.1.4  Hybrid

Hybrid bioreactors operate under a series of aerobic and anaerobic conditions, with 
the aim to combine the advantage of both conditions, achieving higher energy 
recovery and faster waste stabilization. Depending on the combination, challenge 
must be faced due to accumulation of ammonia in the landfill (case of aerobic- 
anaerobic) or high costs related to continuous air injection and leachate recircula-
tion (Grossule et al. 2018).
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2.2.2  The Barrier System

With the aim of effectively preventing or mitigating the uncontrolled emissions, it is 
necessary to relay to different types of barriers (not only physical), defining as a 
“barrier” any system designed to reduce the mass transport of contaminants from 
the landfill to the surrounding environment (air, water, soil). Finding the optimal 
combination of the barriers is a key factor for the design of sustainable landfills.

In the modern concept of sustainable landfilling, landfill can be considered as a 
series of different barriers that follow one another in cascade (Cossu 2018). Barriers 
can physically contain the emissions or can affect positively the release of contami-
nants through the control of the transformation process inside the body of the land-
fill. To better explain the landfill barriers system, in Fig. 2.5 barriers are represented 
by valves that can be controlled depending on their specific function. The top cover, 
the lining systems, the biogas, and leachate capture systems are “physical barriers” 
that can assure the containment (red valves) or can control the pollutants quickly 
draining them out towards the final treatments (yellow and green valves). On the 
other hand, the “reactor barriers” (in blue field) promote the biological reactions and 

Fig. 2.5 Scheme of different barriers and contaminant (w) in a landfill system. Barriers are repre-
sented by valves that must be opened, controlled, or closed according to the specific function. 
(Modified from Cossu et al. 2020a, b)
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carbon transformation, and depending on the landfill management, biogas or leach-
ate production can be enhanced.

Examples of barriers are as follows:

 – The waste input. Quantity and quality of organics can be controlled applying the 
separate collection and/or waste pretreatment prior to landfilling (e.g., washing 
of waste, mechanical biological treatment, waste bio-drying).

 – The water input. Rain infiltration will transform in leachate and affect the landfill 
bioprocess is controlled by the top cover.

 – The landfill processes. It controls the type of emissions and the biochemical 
waste transformations. Aerobic, aerated, anaerobic process or a combination of 
them can be used (see above bioreactor landfill).

Barriers can be both constructive (mainly physical barriers) and management 
tools (mainly bioreactor barriers). Depending on the type of barriers considered, the 
design of the sustainable landfill changes.

Following the barrier system model, a combination of possible alternatives sup-
porting the sustainable landfilling is illustrated in Fig. 2.6. Along the solid waste 
management disposal chain, pretreatments of waste, in situ, and post-closure opera-
tions can be linked and proposed in series, as different possibilities to achieve a final 
quality of the deposit no longer harmful to the environment that we can call “geo-
logical repository”:

 (a) pretreatment phase refers to operations to be done before the deposit of 
the waste;

 (b) in situ treatment must be applied during the management of the landfill on site;

a. PRETREATMENT b. IN SITU TREATMENT c. AFTER-CARE

MBT

MECHANICAL

TREATMENT 

THERMAL

TREATMENT

ANAEROBIC

PROCESS

WATERING

NATURAL

AERATION

FORCED 

AERATION

FORCED OR 

NATURAL 

AERATION

WATERING

TOP 

SEALING

WASHING 
LANDFILL 

MINING

Fig. 2.6 Examples of operational alternatives to promote sustainable landfill, during the various 
stages of the landfill’s life (MBT mechanical biological pretreatment). (Lavagnolo, never published)
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 (c) aftercare is the possible management of the deposit when the waste discharge 
is concluded.

The combination can be chosen based on the characteristics of the waste and on 
the local conditions.

A conventional design widely used in Europe (follow the red line in Fig. 2.6), is:

 (a) solid waste undergoes mechanical treatment by shredding, sieving, and sorting 
of recyclables;

 (b) anaerobic landfill to finalize the transformation of organics, with intense pro-
duction of gas (e.g., concentrated over an indicative period of 10–15 years);

 (c) top sealing as aftercare, to control the water infiltration and therefore the leach-
ate production.

Considering the conventional European model, an improvement towards sustain-
able landfilling could be the application, before the final top sealing, of a forced or 
natural aeration in the aftercare period to promote the stabilization of the residual 
organics (follow the blue line in Fig. 2.6), followed by a flushing to remove out from 
the deposit, in a shorter range of time, the potential dissolving components prevent-
ing future leaching of pollutants.

Another example of sustainable landfilling design can be the following (orange 
line in Fig. 2.6):

 (a) pretreatment of waste to reduce organic compounds (separate collection + 
biodrying);

 (b) strong forced aeration during landfilling to minimize putrescibles;
 (c) in the aftercare period and before the top sealing, the deposit is opened to air 

infiltrations as much as possible to favor natural ventilation.

2.3  Landfill Models in DCS

In most developing countries, open dumps are still the most prevalent type of dis-
posal facility, since it entails lowest technology and operational cost requirement: 
the higher the compliance with environmental standards, the greater the knowledge 
and financial demand.

Open dumpsites are usually located in any available vacant area without a proper 
siting consideration and typically characterized as follows (UNEP 2005):

 – No control over the amount and/or type of waste that is disposed of
 – No extraction of biogas and leachate
 – No soil cover
 – No proper drainage
 – No compaction
 – Open burning to reduce the volume of waste and preserve disposal space
 – Scavengers on the site

2 Landfill Disposal in Developing Countries
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The number and seize of open dumps are increasing also due to higher waste 
generation rates in growing – already overpopulated – cities. Global world popula-
tion is expected to grow from over 50% to 70% by 2050 with the majority of growth 
occurring in the poorest countries of Asia and Africa where approximately the 25% 
of population live in slums (UNEP 2018).

The awareness of citizens and politicians about this dangerous situation is grow-
ing also in developing countries but is still insufficient, and sustainability achieve-
ment remains a crucial challenge.

From a technical point of view, Sukholthaman and Shirahada (2015) suggest 
small scale, low capital cost, and energy-efficient landfills that are controlled by the 
local community. To ensure the sustainability of an engineered landfill in develop-
ing countries, Allen (2002) pointed out similar suggestions: low-cost solutions in 
terms of development, operation, and maintenance; simple easily implemented 
technologies, and a maximum utilization of natural resources and the properties of 
in situ materials. The financial sustainability of the project is strongly affected using 
artificial lining systems, the single most costly feature of modern landfills. The 
examples of engineered sanitary landfills in the larger cities in DCs have operational 
problems such as the cost of the daily cover (up to 50% of the operating costs), the 
managing of the LFG (landfill gas), and the leachate control and treatment.

Combining the 3S concept and the barriers system model, considering pro and 
constraints of the bioreactor landfills, solutions for the design of a sustainable land-
filling, specifically tailored for the developing countries, can be proposed.

Among the others, the semi-aerobic landfill seems particularly to answer to the 
specific needs of developing countries as it can be managed in a simple way, with 
low energetic demand (no biogas extraction and leachate outflow by gravity) and 
shorter long-term impact due to the enhanced aerobic degradation of organics.

From a structural point of view, a semi-aerobic landfill system consists of a net-
work of horizontal pipes installed at the bottom of landfill sectors and vertical vent-
ing pipes erected at specific intersections of the horizontal pipes. The perforated 
horizontal pipes not only collect and quickly drain off leachate generated in the 
waste layers but, as part of the network of pipelines, also promote the circulation of 
air within the waste mass (Fig. 2.7). Despite the well-designed ventilation system, 
the high percentage of organics usually present in the waste in those countries may 
represent an issue due to the quantity of oxygen needed for the biodegradation. 
Natural ventilated system cannot assure in fact a perfect homogeneous distribution 
of air in the mass, and some methane is produced; the higher the organic percentage, 
the higher the possibility to have anaerobic condition.

In terms of leachate emissions, the advantages achievable with the application of 
the semi-aerobic landfill can be found by analyzing the graphs in Fig. 2.8 (Lavagnolo 
et al. 2018). The data reported refer to studies on columns (lysimeters) filled with 
two different types of municipal solid waste, with low (B) and high (A) contents of 
putrescible organic substances. Anaerobic (An) and semi-aerobic (S) situations 
were compared. High putrescible content represents the typical characterization of 
waste in DCs and anaerobic landfilling the most used controlled disposal type in 
those countries. In semi-aerobic conditions, for both types of waste, compared to 
the anaerobic conditions, there is a marked reduction in the concentration of ammo-
nia, in volatile fatty acids (VFA), which are well representative of the putrescible 
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Fig. 2.7 Sketch of the semi-aerobic landfill. (Modified by Grossule et al. 2018)

Fig. 2.8 Variation over time of some significant parameters in the leachate of anaerobic (AN) and 
semi-aerobic (SA) landfill (Lavagnolo et al. 2018) (O high organic content waste, R residual waste)

2 Landfill Disposal in Developing Countries
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Table 2.2 Final storage quality requirements suggested by the Lombardy Region,  
Italy (D.G.R. 2461/14), and final values achieved in lysimeters at the end of the experiment

Sample Parameter FSQ values AN-O AN-R S-O S-R

Leachate COD (mg/L) 1500 6800 4580 370 305
BOD5/COD 0.1 0.33 0.34 0.06 0.02
Ammonia (mg/L) 50 216 181 11 6
Cd (μg/L) 20 <10 <10 <10 <10
Cr (μg/L) 2000 <10 102 <10 <10
Cu (μg/L) 1000 212 225 251 234
Fe (μg/L) 2000 3867 7667 1060 687
Mn (μg/L) 2000 2013 2287 117 61
Ni (μg/L) 2000 152 206 72 75
Pb (μg/L) 200 <10 42.7 38 20
Zn (μg/L) 3000 1070 737 702 447

Solid RI4 (mgO2/gTS) 2 48 38 10 5

S semi-aerobic, AN anaerobic, O high organic content waste, R residual waste

fraction in the waste, and in the TOC, which expresses the total concentration of 
organic carbon. Similar results were found in several semi-aerobic landfills (He 
et al. 2011; Matsufujii et al. 2018).

An innovative dual-step management of semi-aerobic landfill specifically design 
for tropical climate is suggested (Lavagnolo 2019), reproducing alternatively a 
composting phase and a flushing phase during dry and wet season, respectively. The 
obtained results demonstrated the effectiveness of the innovative management 
achieving sustainability target limits at the end of each year landfill management 
(Table 2.2). The innovative management requires a “horizontal growth” of the land-
fill, implying a need for high space requirements and resulting in high leachate 
production, thus linked to higher landfill management costs. However, if space is 
not a limiting factor, the generation of leachate is fundamental in ensuring irrigation 
during the dry season and enhancing both leachate evaporation and treatability, thus 
reducing volumes and mitigating management costs.

In conclusion, a semi-aerobic landfill operated under wet-dry climate conditions 
in tropical areas can be managed as a hybrid reactor, aerated throughout the dry 
season, and flushed in anaerobic conditions in the wet season.

2.4  Conclusions

Many different solid waste management strategies have been applied in low- and mid-
dle-income countries, but most of the time the imported solutions failed due to local 
technical and socioeconomic constraints. To enforce solutions adopted in the industri-
alized countries does not guarantee an effective and resilient solid waste management 
system, since both the 3R-hierarchy and the circular economy approach need time to 
be effectively applied and, in any case, a step-by-step implementation.

M. C. Lavagnolo et al.
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The 3S strategy not only is a roadmap for a simple and effective solution of the 
waste problem but also offers the possibility of organizing a system attentive to the 
socioeconomic needs of the local context that does not have the necessary resources 
to set up a sophisticated and too complex management of waste. Sustainable land-
filling is a possibility to properly dispose waste otherwise abandoned in the street or 
in open dumps without control, and the most interesting solution for DCs seems to 
be the semi-aerobic landfill, with a special management in case of high content of 
organic waste.
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Chapter 3
Application of the WROSE Model 
for Promoting Effective Decision-Making 
and Sustained Climate Change 
Stabilization in the South African Waste 
Sector

Cristina Trois, Yared Abera, Andrea Dell’Orto, Sameera Kissoon, 
and Adriana Gómez-Sanabria

3.1  Introduction

It is estimated that the waste sector in South Africa contributes with over 19 million 
tons of CO2eq per year, or 4.1% of South Africa’s total GHG emissions (DFFE 2017). 
In particular, the waste sector accounts for 36.5% of the total methane (CH4) emis-
sions in 2020. The majority of these emissions are from solid waste disposal con-
tributing 79.2% and the remaining emissions come from wastewater. Since 2000, 
methane emissions from solid waste disposal have increased to 34.1%, and total 
GHG emissions have increased of almost 56.7% (2.7% year by year) in the past 
17 years (2000–2017) (DFFE 2017). However, the waste and climate change nexus 
is not explicitly quantified nor addressed in current policies at national and/or local 
level causing a potential retarding effect on the achievement of the Nationally 
Determined Contributions (NDCs) and sustainability goals. At national level, GHGs 
from the waste sector are quantified using models and carbon emission factors 
developed in contexts that are not specific to South Africa (DEA 2014). There is a 
need to create a realistic inventory of GHG emissions from the waste sector and a 
comprehensive mitigation strategy for the African continent. In South Africa, the 
disposal of unsorted waste to landfill is still the primary waste management method 
across the country; however, legislative developments aim to drive integrated waste 
management and the circular economy, putting the disposal of waste to landfill as 
the least favorable waste management solution (DFFE 2018). Arguably, with almost 
80% of the municipal solid waste ending up in landfill sites unsorted and untreated, 

C. Trois (*) · Y. Abera · A. Dell’Orto · S. Kissoon · A. Gómez-Sanabria 
SARChI Chair in Waste and Climate Change, School of Engineering, Howard College 
Campus, University of KwaZulu-Natal, Durban, South Africa
e-mail: Troisc@ukzn.ac.za

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-28001-6_3&domain=pdf
https://doi.org/10.1007/978-3-031-28001-6_3
mailto:Troisc@ukzn.ac.za


40

the only reasonable “activator” of the circular economy would be an integrated 
waste management system, which is underpinned by an efficient separated collec-
tion at the source, followed by carefully selected and strategically localized waste 
treatment strategies, decentralized recycling facilities, and sustainable end-of-life 
disposal options. There is a need to correctly quantify the GHG emissions from the 
waste sector, to strengthen government’s capacity in GHG monitoring and report-
ing, and to develop waste management strategies that, if regionally applied and cor-
rectly localized, can contribute towards the systematic reduction of GHG emissions, 
waste diversion, and can be a quantifiable contribution to South Africa’s Nationally 
Determined Contributions and climate change mitigation targets (DEA 2014).

In Africa, local authorities have generally limited know-how in evaluating tech-
nology options, operate with limited resources, lack capacity and data, and function 
under complex institutional and social contexts which in turn increase the risk of 
failed inappropriate technologies and out of context installations (WMO 2018). 
Moreover, implementation of waste strategies is based primarily on technical and 
economic considerations, while environmental and socioeconomic considerations 
are generally subordinate to the former. In recent years, through the development of 
waste management legislation as well as the requirements for landfill development, 
local municipalities are forced to explore alternative methods of waste management 
(Kissoon and Trois 2022). The introduction of the waste hierarchy in South Africa as 
well as the National Waste Management Strategy puts the disposal of waste to land-
fill as an end-of-life solution (DEA 2008). This gives rise to the need for implement-
ing alternative strategies such as recycling, recovery of biogenic waste, and the reuse 
of waste as a resource. However, local municipalities lack the required human capi-
tal and financial resources to implement such new systems. Up to 40% of the South 
African population receives little or no waste services (DEA 2008). Even though at 
national level there have been assessments to quantify GHG from waste, there is not 
a national standardized methodology specific to the South African context.

The Waste Resource Optimization Scenario Evaluation (WROSE) model/tool 
aims at bridging this gap as it is a waste diversion and carbon emissions reduction 
model that was developed by the SARChI Chair Waste and Climate Change at 
UKZN since 2010 (Trois and Jagath 2011) to assist municipalities and the private 
sector to evaluate different waste management strategies and making the best and 
most sustainable decision from an environmental, technical/economic, social, and 
institutional viewpoint.

This chapter presents the preliminary results of a study on the assessment of 
GHG emissions and alternative waste diversion pathways from the eight South 
African metropolitan municipalities using the WROSE model with the aim to 
develop a comprehensive waste reduction and climate change stabilization strategy 
for the South African waste sector. The study is intended to provide data and infor-
mation to municipal waste managers about potential alternatives to landfill disposal, 
using their carbon footprint and potential for GHG reduction as discriminants for 
their choice. The chapter reports on socioeconomic drivers, waste generation, and 
composition data for the eight metros but details the application of the WROSE 
model only for the eThekwini Municipality (as representative of the other seven 
metros) and focuses exclusively on commercial and residential (post-consumer) 
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municipal solid waste (MSW) as collected and disposed in urban areas in South 
Africa. The main aim of this project is to assess the potential annual carbon emis-
sions reductions from optimized waste management strategies and from public sani-
tary engineered landfills in South Africa’s eight metros and to identify feasible 
mitigation pathways to achieve those reductions.

The WROSE model (Kissoon and Trois 2019; Trois and Jagath 2011) was devel-
oped to assist municipal officials in the decision-making process for the implemen-
tation of appropriate waste management strategies. The model was developed in 
two phases: phase 1 included a scenario analysis based on environmental and eco-
nomic indicators, whereas phase 2 focused on the socioeconomic and institutional 
aspects of the model. The WROSE model was developed in conjunction with the 
private sector for municipal officials looking to implement alternative waste man-
agement strategies through activating public-private partnerships. The model uses 
country-specific data and emission factors making it relevant to developing coun-
tries, and it covers a range of waste management technology options such as land-
filling, landfilling with gas extraction and flaring, landfilling with gas recovery and 
electricity generation or gas upgrade, recycling, thermal treatment and incineration, 
anaerobic digestion, and composting. In addition, the WROSE model covers basic 
capital and operating cost of the waste management activities listed above. The 
WROSE model provides information such as GHG emission reduction potential, 
waste diversion rates, and landfill airspace savings realized both in terms of m3 of 
airspace and in terms of the monetary value of prolonging the life of a landfill site 
or selling the recyclables. The model provides a detailed account of associated capi-
tal and operational costs/revenues, job creation potential and associated health risks, 
and the institutional framework (including possible “red tape”) pertaining to the 
implementation of the assessed technology options. WROSE has been set up with 
IPCC emissions factors and follows standard methods for carbon emissions evalua-
tion that are based on a first-order decay model (IPCC 2006). Therefore, the WROSE 
methodology is a reliable alternative to similar waste and carbon emission models 
used internationally such as WARM, WRATE, EASETECH, or GAINS (Ghinea 
and Gavrilescu 2010). However, since it has been developed and tested with a large 
number of Southern African municipalities and case studies over the past 10 years, 
specific emission factors have been developed and tested for a number of waste 
technology options for South Africa, and current research by the SARCHI Chair 
Waste and Climate Change is directed to test the reliability and compare these local 
emission factors against the results obtained using the standard approved IPCC 
emission factors (Friedrich and Trois 2013a, b).

3.2  Waste Management in South Africa

As a result of increased waste output brought on by fast urbanization, population 
growth, and economic development, South African municipalities are under pres-
sure to provide high quality services and manage landfills (CSIR 2020). The 
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proportion of households from which waste is removed at least once per week 
climbed from 58.8% in 2019 to 62.9% in 2021 (STATS-SA 2021a). According to 
the State of the Waste report (Department of the Environment and Energy 2018), out 
of the estimated 55.6 million tons of general waste produced in 2017, 0.2% was 
stockpiled, 34.5% was recycled or recovered, 0.1% was processed, and 65.2% was 
disposed in landfills. According to the State of the Waste Report Department of the 
Environment and Energy (2018), based on a representative sample of municipalities 
from each of its nine provinces, South Africa recycled 38.6% of its estimated 
54.2 million tons (Mt) of general waste generated in 2017 – a sum of municipal 
(4.8 Mt), commercial and industrial (3.5 Mt), organic (30.5 Mt), construction and 
demolition (4.5 Mt), metals (4 Mt), glass (2.5 Mt), paper (2.2 Mt), plastic (1.1 Mt), 
tyres (0.24 Mt), and other (0.73 Mt) wastes. 38.3% of generated waste in 2017 was 
recovered and/or recycled, while 61.77% was landfilled or treated.

The generation of waste in South Africa is affected by numerous drivers, such as 
population  – size, growth, and density; economy  – manufacturing and industry, 
higher incomes, and affluence; urbanization; and globalization of the recycling mar-
ket. South Africa is classified as an ‘upper-middle income’ country. Waste manage-
ment challenges include lack of law enforcement (UNEP 2018), weak governance, 
low public awareness and negative attitudes, insufficient financial provision, and 
service backlog to address issues faced by communities (Trois and Simelane 2010).

The NWMS was developed to achieve the objectives set out in the Waste Act 
(SAWIC 2016). One such objective is the application of the waste hierarchy as set 
out by the waste act that promotes waste minimization, reuse, recycling, waste treat-
ment, and the disposal of waste to landfill as an end-of-life method for waste man-
agement (SAWIC 2016). The National Waste Management Strategy 2020 determines 
three strategic pillars to improve the waste management in the country. The first 
pillar is waste minimization with a 5-year target of 40%, 10-year target of 55% 
reduction, and 15-year target of 70% reduction of waste disposed in landfills with 
the aim to reach in the long term “Zero waste going to Landfill.” The second pillar 
is effective and sustainable waste services with the aim to deliver sustainable waste 
services to all South Africans, and the third pillar is to ensure compliance, enforce-
ment, and awareness. South African provinces and municipalities (1) have to 
develop integrated waste management plans (IWMP) that integrate and optimize 
waste management services that support the achievement of national objectives. 
Figure 3.1, extracted from the South African Waste information system, presents the 
evolution of disposed waste tonnages in the eight metros from 2015 to 2021.

3.3  Waste Management Models and Decision-Support Tools

Waste management models are typically intended to assist decision-makers in 
developing integrated programs for implementing solid waste management alterna-
tives. The majority of these decision support models are based on various methods 
such as cost-benefit analysis, life cycle assessment (LCA), environmental risk 
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Fig. 3.1 Waste disposal data for the eight Metropolitan areas. (Source: SAWIC, 2021)

assessment, multi-criteria decision-making, and environmental impact assessment 
(Ghinea and Gavrilescu 2010). Several factors, including the quantity and composi-
tion of waste, socioeconomic, technological, topographical, and other variables, 
influence the efficiency or sustainability of waste management (Stevanović-Čarapina 
et  al. 2019). Appropriately selecting waste processing technologies and efficient 
waste management strategies provide opportunities to maximize net energy produc-
tion, reduce costs, increase waste diversion from landfills, reduce GHG emissions, 
and minimize other environmental impacts through energy and materials recovery 
(Levis et al. 2013).

Tables 3.1 and 3.2 compare the major features of LCA-based waste management 
tools most relevant to this study, including country of origin, methodological 
approach, database, waste stream, waste material categories, waste management 
process and technologies, indicators assessment, and source of references.

3.3.1  The Waste to Resource Optimization and Scenario 
Evaluation Model (WROSE)

The WROSE model is a zero-waste model developed in South Africa by UKZN in 
2010 (Dell’Orto and Trois 2022; Kissoon 2018; Trois and Jagath 2011). The input 
data to the model is waste generation rate and waste composition (Table 3.2). A 
number of scenarios are embedded in the WROSE model, ranging from baseline 
(business as usual) to more complex optimized solutions (Fig. 3.2).
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Table 3.1 Comparison of the waste management tools in terms of country of origin, methodological 
approach, database, and source of References. (Author: (Abera, 2022a))

Models

Country or 
region 
modeled

Methodological 
approach Database References

EASETECH Denmark/
Europe

Based on the LCA 
and the impact 
categories of the 
LCIA methods 
EDIP97, EDIP2003, 
CML, USEtox, and 
IPCC 2007

Catalogues and process 
libraries are included in the 
database, such as material 
fraction, interface, 
constants and parameters, 
elementary exchanges, 
LICA (impact categories 
and methods such 
asEDIP97, EDIP2003, 
CML, USEtox and IPCC 
2007) and material 
properties.

Zhao et al. 
(2015), 
Clavreul et al. 
(2014), Lodato 
et al. (2020, 
2021) and Shah 
and Sattler 
(2020)

WRATE UK/
Europe

Based on LCA in 
conjunction with ISO 
standards

Default waste stream 
categories, waste 
composition, waste 
property, impact assessment 
methods and electricity 
energy mix

WRATE (2014) 
and Shah and 
Sattler (2020)

GAINS Austria/
Europe

Based on LCA Energy database (electricity 
and district heat generation, 
energy use for primary fuel 
production, final energy 
use), activity data, control 
strategies, cost data and 
regional parameters

Amann et al. 
(2011) and 
IIASA (2021)

WARM USA Based on the LCA 
and the impact 
categories of the 
LCIA method (IPCC 
2006)

Material properties, energy 
units, labor hours, wages, 
taxes and GHG emission 
factors

U.S.EPA 
(2016) and 
Shah and 
Sattler (2020)

WROSE South 
Africa/
Africa

Based on life cycle 
assessment and 
multi-criteria 
decision analysis 
(MCA) methods

Emission factors, economic 
data, social and institutional 
data for South Africa

Kissoon (2018), 
Friedrich and 
Trois (2013a, b) 
and Trois and 
Jagath (2011)

Author: Abera (2022)

3.4  Methodology

3.4.1  Data Collection and Analysis: Waste Statistics 
and Socioeconomic Drivers

This study comprised of four different components in assessing potential zero waste 
strategies: a waste stream analysis to determine the waste composition and genera-
tion rates, a carbon emission/reduction assessment, a landfill airspace, and a waste 

C. Trois et al.
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Fig. 3.2 WROSE scenarios schematic. (Dell’Orto and Trois 2022; Trois and Jagath 2011)

C. Trois et al.
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diversion rate assessment. Firstly, integrated waste management plans (IWMPs) 
were analyzed for each of the eight metros. Various datasets have been collected to 
estimate waste generation and disposal in South Africa’s metropolitan municipali-
ties. Reviewing the metro and province’s integrated waste management plans 
(IWMP) and Integrated Development Plans (IDP), the South African waste infor-
mation system, and different waste reports and published articles for South Africa 
was the initial step in the waste data collection process. Several data were collected, 
including population, population growth, income level, GDP, amount of garbage 
deposited into landfills, waste composition, waste collection rate, and the geo-
graphic location of landfill sites. The data analysis highlighted inconsistencies in the 
way waste categories are determined across the eight metros. To standardize the 
data forecasting for the study, specific waste streams were selected based on avail-
able literature as follows: mixed MSW, food waste, garden refuse, mixed paper, 
glass, mixed metals, LDPE, HDPE, PET, and others. Gaps in the available waste 
data and inconsistencies on how waste data is collected and reported in the IWMPs 
compounded with outdated waste characterizations for certain municipalities made 
it difficult to predict current waste generation trends.

3.4.2  Waste Generation

The total amount of waste generated by South African metropolitan municipalities 
is not precisely reported for all municipalities. Hence, quantity of waste disposed, 
collection rate, population, and income level have been utilized to estimate the 
waste generation. Equation 3.1 calculates the total waste generation for the munici-
palities for which waste disposal and diversion data is available:

 
W

W W

WG
DL D

C

�
�� �

 (3.1)

Where:

WG is the waste generation (tons/year)
WDL is the waste quantity disposed to landfills (tons/year)
WD is the waste quantity diverted from landfills (tons/year)
WC is the waste collection rate (%)

Equation 3.2 calculates the total amount of waste generated in municipalities 
where waste disposal and diversion rates are unavailable.

 
W W P X NG gX X� � � � � � �� �365 10 1 2 33, , ,for

 (3.2)

Where:
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WG is the total waste generation (tons/year)
WgX is the waste generation per capita (Kg/day)
PX is the population for each income level categories
X is the income level type

Due to the lack of information regarding the waste diversion rate, it is presumed 
that all collected waste is sent to landfills. Equation 3.3 calculates the total waste 
disposal quantity.

 W W CDI G R� �  (3.3)

Where:

WDI is the total Waste disposal quantity (Tonnes/Year)
WG is the Total waste generation (Tonnes/Year)
CR is the Waste collection rate (percentage)

3.4.3  Carbon Emissions/Reduction Assessment

Using the waste fractions calculated above, the carbon emissions production or 
reduction potentials were calculated in MTCO2eq using emission factors from the 
IPCC (2006) as quoted in U.S.EPA (2016). The tier 1 approach was adopted, as this 
is the methodology for countries where national data and statistics are not available. 
The emissions factor for the biological treatment of biogenic MSW as listed by the 
guidelines is 1 g CH4/kg of wet waste. Nitrous oxide emissions are assumed to be 
negligible, and an assumed 95% of methane is recovered for energy generation. 
GHG impacts are considered from the point at which the waste is discarded by the 
waste generator, to the point at which it is disposed, treated, or recycled into new 
products (U.S.EPA 2016). The emissions factors for the anaerobic digestion of bio-
genic MSW were developed using the same streamlined LCA approach as per the 
IPCC (2006) as detailed in Trois and Jagath (2011).

The equation below was used to determine the methane emissions or emission 
reduction potential in MTCO2eq for all municipalities:

 Waste quantity in tons emission factor MTCO eq� � 2  (3.4)

The emissions produced/reduced were calculated for a 50-year period for each of 
the defined scenarios selected, using the appropriate emission factors.

C. Trois et al.



51

3.4.4  Landfill Space Saving and Waste Diversion Rate

The estimation of landfill space savings from waste diversion is largely an empirical 
calculation, as the unique conditions and operational activities on site, specifically 
compaction of waste into landfill cells, influence the actual airspace saved. Actual 
landfill space savings (LSS) depend on the degree of compaction employed and the 
efficiency to which it is conducted.

 
LSS

ave

=
tw

C  (3.5)

where LSS = total landfill space savings, tw = total waste in tons, Cave = average 
compacted of MSW. The value for the compacted density of MSW was assumed to 
be 1200 kg/m3 (1.2 tons/m3).

The waste diversion rate refers to the total quantity of waste that is diverted from 
the landfill.

 

WDR
totalquatityof wastediverted tons

totalquantity ofwaste e
�

� �
nnteringwaste stream tons� �  (3.6)

3.5  Case Study: South African Metropolitan Municipalities

There are eight metropolitan areas in South Africa as detailed in Fig. 3.3 (Abera, 
2022b). This chapter presents a closer look at the eThekwini Municipality as one of 
the most populous municipalities in the country.

The total national population in 2020 is estimated around 60 million (Statistics 
South Africa 2021). 57% of the population is concentrated in three provinces, of 
which 26% of the population resides in Gauteng, 19% in KwaZulu-Natal, and 12% 
in Western Cape. The remaining 43% is distributed in the rest of the provinces, hav-
ing Northern Cape the lowest population (2% of the total national). National urban-
ization rate is estimated at 67% (UNDESA 2019). Gauteng is the most urbanized 
province (99%), followed by Western Cape (87%). KwaZulu Natal, North West, and 
Free State have an urbanization rate of 60% (Kamalie 2017). Limpopo is the less 
urbanized province with 20% of the population living in urban areas. Future esti-
mates suggest that urbanization in South Africa will reach 79.8% by 2050 (UNDESA 
2019). At a metropolitan level, Johannesburg is the most populated metro with 
5,874,882 people, followed by Cape Town and eThekwini (Stats-SA 2021). 
Figures 3.4 and 3.5 show the MSW generation and composition in the metropolitan 
areas, respectively.

Figure 3.4 illustrates that MSW generation in the metropolitan areas is expected 
to grow to 9671 kt by 2050, which is 42% higher than the current amount. The 
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Fig. 3.3 Map of South Africa provinces and metropolitan municipalities. (Abera, 2022b)

Fig. 3.4 Total MSW generation in metropolitan areas. (Source: IIASA 2022)

estimates in Fig. 3.5 suggest that the average estimated MSW composition of the 
metropolitan municipalities in 2020 is 42% food, 14% plastic, 13% paper, 6% glass, 
3% metal, and 22% other waste (including textile, wood, diapers, some e-waste, 
among others). By 2050, shares are expected to be the same; however, as total MSW 
is increasing over time, it is likely that food waste will increase by 39% and other 
fractions between 42% and 45% compared to current levels.

C. Trois et al.



53

Fig. 3.5 MSW composition metropolitan areas. (Source: IIASA 2022)

3.5.1  Focus on the eThekwini Municipality – 
KwaZulu-Natal Province

The eThekwini municipality is located on the KwaZulu-Natal Province’s southern, 
eastern coastline, with an approximate area of 2297 km2. eThekwini has an approxi-
mate population of 3,158,000 million, consisting of 45% rural, 30% peri-urban, and 
25% urban areas. eThekwini Municipality currently has two active general waste 
(MSW) landfill sites (i.e., Illovu and Buffelsdraai landfill sites) as well as two closed 
facilities (Bisasar Rd. and Marianhill landfills) that accept construction and demoli-
tion waste and garden refuse. The Buffelsdraai Landfill was commissioned in 2006. 
It has an estimated lifespan of 60 years. The landfill is surrounded by sugarcane 
farms and low-income housing (eThekwini 2016). The landfill covers 100 hectares 
of land and has a total capacity of 45 m3. The Illovu landfill site is located south of 
Durban. The landfill is surrounded by sugarcane plantations and has an estimated 
lifespan of approximately 18 years. The landfill covers around 52 hectares of land.

In addition to the seven transfer stations within the municipality, there are a fur-
ther fourteen garden waste transfer stations (DSW 2016). The transfer sites are open 
for public use, and some of the sites double as drop off centers for other recycling 
material (DSW 2016). The municipality also has two additional garden refuse land-
fill sites, Wyebank and Shallcross (DSW 2016). According to the Cleansing and 
Solid Waste Unit (CSW), the garden landfill site Wyebank reached capacity in 2016.

In the eThekwini Municipality, collection of waste is done by either DSW 
(Durban Solid Waste) or CBCs (Community Based Contractors) for collection of 
household waste at low-income and high-density settlements. The integrated waste 
management plan of the eThekwini Municipality (eThekwini 2016) shows that 
DSW provides households with a once per week waste collection service. Waste is 
collected from households, commercial areas, and industrial areas. Household 

3 Application of the WROSE Model for Promoting Effective Decision-Making…



54

Table 3.3 Features of major sanitary landfill facilities in the eThekwini Municipality

Features Bisasar Rd Mariannhill Buffelsdraai Illovu

Status Closed (2015) Closed (2019) Open Open
Years to closure 0 0 50+ 50+
Type of waste 
accepted

Since 2015 accepts 
only garden refuse, 
sand, C&D waste

Since 2019 accepts 
only garden refuse, 
sand, and C&D 
waste

MSW
Garden refuse
C&D waste

MSW
Garden refuse
C&D waste

Type of facility/
baseline scenario

Sanitary landfill 
with gas recovery 
and LFGTE facility 
for the generation of 
electricity (6 MW)

Sanitary landfill with 
gas recovery and 
LFGTE facility for 
the generation of 
electricity (1 MW)

Sanitary landfill 
with gas 
recovery and 
flaring

Sanitary 
landfill with 
gas recovery 
and flaring

Average received 
waste (t/day)

1000 300 2135 770

Area (m2) for 
landfilling

0 0 25,020 0

Design airspace 
availability (m3)

25,000,000 4,400,000 43,026,691 9,660,000

Approximate 
remaining 
airspace 
availability (m3)

330,000 102,500 40,185,392 8,786,615

Remaining 
landfill years

0.9 0.9 52 31.7

Remaining 
design life (year)

1 1 52 32

Rehabilitated 
areas (m2)

360,000 193,000 232,350 8500

waste is collected in DSW supplied black plastic bags, placed on kerbs on the 
required collection day. The use of orange and clear plastic bags is adopted for cer-
tain recyclable waste. In commercial and industrial areas, waste is collected either 
by CSW or by private waste collection companies. Table  3.3 presents the main 
facilities present in the eThekwini Municipalities and indicate the baseline scenar-
ios adopted in the WROSE simulations.

The eThekwini metropolitan municipality shows an increasing trend of MSW 
per capita throughout the study period. MSW per capita is assessed at 196 kt/cap/
year (0.54 kg/cap/day) in 2000, showing an increase of 12% in 2020 compared to 
2000. By 2050, per capita MSW rate is expected to be 239 kg/cap/year (0.65 kg/cap/
day) (Fig. 3.6). In Fig. 3.6, it can be observed that MSW per capita grew relatively 
faster than GDP per capita between 2006 and 2018. Projections show that after 
2025, GDP per capita is expected to grow at faster pace compared to MSW 
per capita.

Figure 3.7 presents the total MSW generation in eThekwini. The total MSW 
generation in 2000 is assessed at 593 kt per year. In 2020, it is estimated that the 
MSW generation reached 873 kt which represents an increase of 46% compared to 
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Fig. 3.6 (a) MSW per capita and (b) MSW per capita and GDP capita index 2000. (Source: 
IIASA 2022)

Fig. 3.7 Total MSW generation eThekwini. (Source: IIASA 2022)

2000. By 2050, it is estimated that MSW quantities will rise up to around 1193 kt. 
The annual growth rate between 2020 and 2050 is assessed at 1.05%.

Figure 3.8 shows the MSW composition in the eThekwini metropolitan area.
Figure 3.8 shows that food waste is the biggest fraction of the MSW stream, with 

57% back to 2000 and estimated to be around 53% towards 2050 or 637 kt per year. 
Paper, plastic, and other mixed waste made up 34% of the MSW in 2000 and 36% 
in 2020. By 2050, it is estimated that these fractions will make up 37% of the total 
MSW generated, of which 10% is plastic, paper 14%, and mixed waste 13%. 
Figure 3.9 presents the total waste entering eThekwini landfills since 2001.

Figure 3.9 shows that prior to the commissioning of the Lovu landfill site and the 
Buffelsdraai landfill, that majority of the waste went to the Bisasar Road landfill 
site. When Bisasar reached the final stages of capacity, the amount of waste 
per annum reduced.
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Fig. 3.8 MSW composition in eThekwini. (Source: IIASA 2022)
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Fig. 3.9 Total waste entering eThekwini landfills in the past 19 years. (UKZN 2022)

3.6  Results and Discussions

From Fig. 3.2, the scenarios chosen for the eThekwini Municipality simulations in 
WROSE are as follows:

 – Scenario 2B (BAU – baseline)
 – Scenario 4B – Anaerobic digestion
 – Scenario 5 – Aerobic composting

The simulation was run for Buffelsdraai and Lovu only, due to the other existing 
landfills having reached maximum capacity. The analysis was run using a projection 
until 2081, for both landfill sites. Although the Lovu landfill site has a lower life 
expectancy than the Buffelsdraai landfill site, the projection until 2081 is justified as 
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Fig. 3.10 GHG emissions reductions for the Buffelsdraai landfill
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Fig. 3.11 GHG emissions reductions for Illovu landfill

adopting a sustainable waste management strategy will help divert waste and pre-
serve the life expectancy. The carbon emissions/reductions for each landfill and 
their respective scenarios are shown and discussed below.

Figures 3.10 and 3.11 display the estimated future GHG reductions for each of 
the scenarios selected.

From Figs. 3.10 and 3.11, it is evident that scenario 5 (landfill gas recovery, recy-
cling, and composting) is the least favorable waste management strategy as it 
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Fig. 3.12 Landfill Airspace Savings (LSS) for the Buffelsdraai Landfill
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Fig. 3.13 LSS for the Illovu landfill

reduces the least amount of carbon emissions, while scenario 4B (landfill gas recov-
ery, recycling, and anaerobic digestion) produces the most favorable results as it 
reduces the most amount of carbon emissions.

The landfill space savings are summarized below for the respective landfills and 
scenarios in Figs. 3.12 and 3.13.

From Fig.  3.12, scenario 2B offers no landfill space savings as no waste is 
diverted. Scenario 5 offers the highest LSS over the projection period due to waste 
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Table 3.4 Waste diversion rates

Scenario 2B Scenario 4B Scenario 5

Buffelsdraai landfill 0 39.85% 57.85%
Lovu landfill NA 39.85% 57.85%

Table 3.5 Waste diversion rates for food waste, biogenic waste, and garden refuse streams only

Scenario 2B Scenario 4B Scenario 5

Buffelsdraai landfill 0 28.22 46.22
Lovu landfill NA 28.22 46.22

streams like garden refuse and biogenic food waste being diverted. On average, 
scenario 5 saves up to 45% more landfill space than scenario 4B. This makes sce-
nario 5 the most viable option in terms of promoting longevity to landfills. 
Figure 3.13 presents the projected landfill airspace savings for the Illovu landfill.

From Fig. 3.13, it is evident that scenario 5 is again the preferred scenario as it 
produces the most landfill airspace saved during the projection. The waste diversion 
rates (%) are summarized in Tables 3.4 and 3.5 for both landfills.

Both landfills have the same diversion rates for scenarios 4B and 5 as the same 
waste composition ratio was used for the simulations. From Tables 3.4 and 3.5, it is 
evident that scenario 5 offers the highest diversion rate as it diverts recyclables, 
biogenic food waste, as well as garden refuse.

3.7  Conclusions and Recommendations

The aims of this study were to find the most appropriate waste management sce-
nario, which can be adopted by South African municipalities to reduce future GHG 
emissions while achieving a high waste diversion rate as well as determine how to 
optimize the conversion of biogenic food waste to a resource and thus improving 
environmental sustainability. The GHG emission/reduction results, simulated by the 
WROSE model, showed that scenario 4B (land fill gas recovery with electricity 
generation, recycling, and anaerobic digestion) was the most appropriate scenario 
as it provided the greatest GHG emission reductions for both landfills. The landfill 
space savings simulated by the WROSE model showed that scenario 5 (landfill gas 
recovery with electricity generation, recycling, and composting) offered the highest 
landfill space savings as well as the best diversion rates. Scenario 5 offered the high-
est waste diversion rates and landfill space savings. The main limitations of the 
study are related to the absence of a standardize outlining and reporting of MSW 
and the lack of available and reliable data. This limitation combined with the lack of 
available and reliable data sources forces the adoption of approaches to construct 
MSW datasets at metropolitan municipality level that somehow reflect past and 
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current MSW generation and composition. As projections build on current MSW 
information, the assumptions will increase the uncertainty of the resulting future 
estimates. It is also important to note that the backcast and projections of waste 
generation and composition are just indicative as they build on only GDP per capita 
and do not consider any cultural traditions or latest technological developments that 
can influence the composition of MSW in the future.

Acknowledgments The SARCHI Chair Waste and Climate Change at UKZN is supported by the 
National Research Foundation, the Department of Science and Innovation, and the CSIR of South 
Africa. We thank the NRF, SALGA, Durban Solid Waste, eThekwini Municipality, RDI Waste 
Roadmap, and CSIR for providing data and support.

Support for this study was received from the Waste RDI Roadmap Grant #51. “A comprehen-
sive model for promoting effective decision-making and sustained climate change stabilization for 
South Africa” and from the World Bank Group for the ToR World Bank Group-UKZN on “South 
Africa: Assessment of Emissions Reduction Potential from Organic Municipal Solid Waste and 
Possible Mitigation Pathways.”

The authors would like to thank Zbigniew Klimont from IIASA, Eric Dickson, Joshua 
Palfreman, and Sarah Moyer from the World Bank Group and to Aiden Bowers (World Bank) for 
the guidance and assistance with information on South African Municipalities from the study 
“Solid Waste Management Businesses in South Africa’s Metros – A Diagnostic,” prepared for the 
Cities Support Program of the World Bank in 2022.

References

Y. Abera, Map of South Africa provinces and metropolitan municipalities [Map]. 1:100,000. WGS 
1984. Created using ArcGIS software (2022a)

Y. Abera, Integration of the Four Levels of Sustainability in the Framework of WROSE Model 
Focus on South African Municipalities (Unpublished doctoral dissertation). PhD, University 
of KwaZulu-Natal, Durban, South Africa (2022b)

M. Amann, I. Bertok, J. Borken-Kleefeld, J. Cofala, C. Heyes, L. Höglund-Isaksson, Z. Klimont, 
B. Nguyen, M. Posch, P. Rafaj, Cost-effective control of air quality and greenhouse gases 
in Europe: Modeling and policy applications. Environmental Modelling & Software, 26, 
1489–1501 (2011)

R. Couth, C. Trois, Carbon emissions reduction strategies in Africa from improved waste manage-
ment: A review. Waste Manag. 30, 2336–2346 (2010)

R. Couth, C. Trois, Waste management activities and carbon emissions in Africa. Waste Manag. 
(Elsevier Ltd) 31(1), 131–137 (2011)

J. Clavreul, H. Baumeister, T.H. Christensen, A. Damgaard, An environmental assessment system 
for environmental technologies. Environmental Modelling & Software, 60, 18–30 (2014)

CSIR, Annual Report 2020/21 (CSIR, 2020)
DEA, Republic of South Africa, National Environmental Management: Waste Act [Online] (2008). 

Available https://www.dffe.gov.za/sites/default/files/legislations/nema_amendment_act59_0.
pdf. Accessed 18 Nov 2022

A. Dell’orto, C. Trois, Considerations on bio-hydrogen production from organic waste in south 
African municipalities: A review. S. Afr. J. Sci. 118, 1–8 (2022)

DEA, South Africa’s Greenhouse Gas (GHG) Mitigation Potential Analysis. Pretoria, Department 
of Environmental Affairs (2014)

Department of the Environment And Energy, National Waste Report 2018 [Online] (2018). Available 
https://www.dcceew.gov.au/sites/default/files/documents/national- waste- report- 2018.pdf. 
Accessed 18 Nov 2022

C. Trois et al.

https://www.dffe.gov.za/sites/default/files/legislations/nema_amendment_act59_0.pdf
https://www.dffe.gov.za/sites/default/files/legislations/nema_amendment_act59_0.pdf
https://www.dcceew.gov.au/sites/default/files/documents/national-waste-report-2018.pdf


61

DFFE, The 7th National GHG Inventory Report, Department of Forestry, Fisheries and the 
Environment South Africa (DFFE, 2017)

DFFE, Department of Environmental Affairs Annual Report 2018/19 (DFFE 2018)
DSW, DSW annual report (2016)
Ethekwini, eThekwini Municipality Integrated Waste Management Plan 2016–2021 (2016)
E. Friedrich, C. Trois, GHG emission factors developed for the collection, transport and landfill-

ing of municipal waste in South African municipalities. Waste Manag. 33, 1013–1026 (2013a)
E.  Friedrich, C.  Trois, GHG emission factors developed for the recycling and composting of 

municipal waste in South African municipalities. Waste Manag. 33, 2520–2531 (2013b)
C. Ghinea, M. Gavrilescu, Decision support models for solid waste management – An overview. 

Environ. Eng. Manag. J. (EEMJ) 9, 869 (2010)
IIASA, GAINS user guide tutorial for advance users. https://gains.iiasa.ac.at/gains/download/

GAINS- tutorial.pdf, in: (IIASA), I. I. F. A. S. (ed.). Laxenburg, Austria (2021)
IIASA, South Africa: Assessment of Emissions Reduction Potential from Organic Municipal Solid 

Waste and Possible Mitigation Pathways (Unpublished report). Task 1 and 2 Inception Report 
International Institute for Applied Systems Analysis, Laxenburg, Austria (2022)

IPCC, Intergovernmental Panel on Climate Change (IPCC) Guidelines for National Greenhouse 
Gas Inventories Volume 5 Waste [Online] (2006). Available https://www.ipcc- nggip.iges.or.jp/
public/2006gl/vol5.html. Accessed 18 Nov 2022

Y.  Kamalie, Spatial Distribution of the Population in South Africa: A Statistical Approach 
(University of the Western Cape, 2017)

S.  Kissoon, The Advancement of the Waste Resource Optimization and Scenario Evaluation 
Model: The Inclusion of Socio Economic and Institutional Indicators (Master of Science in 
Civil Engineering, University of Kwa-Zulu Natal, 2018)

S. Kissoon, C. Trois, Application of WROSE the model to municipal integrated waste manage-
ment plans: Focus on socio-economic and institutional indicators, in Sardinia 2019, 17th 
International Waste Management and Landfill Symposium, (Sardinia, Italy, 2019)

S.  Kissoon, C.  Trois, Plastic waste management for landfill space savings and GHG emission 
reduction in the garden route district municipality, in Wastecon 2022, (2022)

K. Komen, N. Mrembu, M. van Niekerk, The role of socio-economic factors, seasonality and geo-
graphic differences on household waste generation and composition in the City of Tshwane, in 
Proceedings of the 23rd WasteCon Conference, (Johannesburg South Africa, 2016), pp. 17–21

J.W. Levis, M.A. Barlaz, J.F. Decarolis, S.R. Ranjithan, A generalized multistage optimization 
modeling framework for life cycle assessment-based integrated solid waste management. 
Environ. Model. Softw., 51–65 (2013). https://doi.org/10.1016/J.ENVSOFT.2013.08.007

C. Lodato, D. Tonini, A. Damgaard, T. Fruergaard Astrup, A process-oriented life-cycle assess-
ment (LCA) model for environmental and resource-related technologies (EASETECH). Int. 
J. Life Cycle Assess. 25, 73–88 (2020)

C. Lodato, B. Zarrin, A. Damgaard, H. Baumeister, T.F. Astrup, Process-oriented life cycle assess-
ment modelling in EASETECH. Waste Manag. 127, 168–178 (2021)

K.V.  Shah, M.L.  Sattler, Development of solid waste management decision making life cycle 
assessment tool for growing economies: A state-of-the-art (2020, October)

SAWIC, Waste Policy and Regulations, . In: DEPARTMENT OF ENVIRONMENT, F. A. F., 
SOUTH AFRICAN WASTE INFORMATION CENTRE (SAWIC) (ed.). (2016)

SAWIC, 2021. South African Waste INformation Centre. www.sawic.environment.gov.za
STATS-SA, Department of Statistics Republic of South Africa. General Household Survey, 2021 

[Online]. Available: https://www.statssa.gov.za/?p=15482 [Accessed November 18 2022] 
(2021a).

Statistics South Africa, Statistics South Africa, Republic of South Africa. POP302-mid-year popu-
lation estimates (2021). Retrieved 2022

H. Stevanović-Čarapina, J. Stepanov, D. Prokić, Model for evaluating municipal waste manage-
ment system applying the LCA: Part I: Review of LCA software. Recycling Sustain. Dev. 12, 
43–51 (2019)

3 Application of the WROSE Model for Promoting Effective Decision-Making…

https://gains.iiasa.ac.at/gains/download/GAINS-tutorial.pdf
https://gains.iiasa.ac.at/gains/download/GAINS-tutorial.pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/vol5.html
https://www.ipcc-nggip.iges.or.jp/public/2006gl/vol5.html
https://doi.org/10.1016/J.ENVSOFT.2013.08.007
https://www.statssa.gov.za/?p=15482


62

C.  Trois, R.  Jagath, Sustained carbon emissions reductions through zero waste strategies for 
South African municipalities, in Waste Management, (INTECH Publications, 2011) ISBN 
978-953-307-179-4

C.  Trois, O.T.  Simelane, Implementing separate waste collection and mechanical biological 
waste treatment in South Africa: A comparison with Austria and England. Waste Manag. 30, 
1457–1463 (2010)

U.S. EPA, Documentation for Greenhouse Gas Emission and Energy Factors Used in the Waste 
Reduction Model (WARM) (U.S. EPA, 2016), p. 129

UNDESA, World Urbanization  Prospects: The 2018 Revision (ST/ESA/SER.A/420). [Online]. 
[Accessed] (2019)

UNEP, South African Municipal Waste Management Systems: Challenges and Solutions [Online]. 
United Nations Environment Programme. Available: https://wedocs.unep.org/bitstream/
handle/20.500.11822/33287/SAM.pdf?sequence=1&isAllowed=y [Accessed June 2022 
2022] (2018).

UKZN, South Africa: Assessment of Emissions Reduction Potential from Organic Municipal Solid 
Waste and Possible Mitigation Pathways (Unpublished report). Task 1 and 2 Inception Report 
University of kwaZulu-Natal, Durban South Africa (2022)

WMO, 2018 Annual Report World Meteorological Organization (WMO) for the Twenty-first 
Century (2018)

Wrate, Waste and Resources Assessment Tool for the Environment user manual V3. 3, 264 (2014)
Y. Zhao, W. Lu, A. Damgaard, Y. Zhang, H. Wang, Assessment of co-composting of sludge and 

woodchips in the perspective of environmental impacts (EASETECH). Waste Management, 
42, 55–60 (2015)

C. Trois et al.

https://wedocs.unep.org/bitstream/handle/20.500.11822/33287/SAM.pdf?sequence=1&isAllowed=y
https://wedocs.unep.org/bitstream/handle/20.500.11822/33287/SAM.pdf?sequence=1&isAllowed=y


63© Springer Nature Switzerland AG 2023
H. El Bari, C. Trois (eds.), Waste Management in Developing Countries, Waste 
as a Resource, https://doi.org/10.1007/978-3-031-28001-6_4

Chapter 4
Efficiency of Leachate Treatment Costs 
in Latin America

Mario A. Gandini

4.1  Introduction

In Latin American countries, municipal waste management (MSW) strategies are 
strongly oriented toward final disposal in terms of landfilling. Other SWM impor-
tant alternatives which could be implemented such as waste treatment, material, or 
energy recovery are still lacking or have been implemented on a small scale, only. 
What is more, in the last two decades, important efforts have been made within the 
region in order to shift final disposal practices from open dumps to engineered land-
fills. In countries like Colombia and Brazil, the proportion of population whose 
solid waste is disposed of in landfills has significantly increased (Manzi et al. 2020).

This shift from open dumps to engineered landfills could be regarded as a step in 
the right direction in terms of reducing the potential environmental impacts associ-
ated to the generation of MSW. In fact, the final disposal of MSW can be regarded 
as a critical step in solid waste management, since it is in this phase that the most 
significant environmental impacts can be originated, especially those involving 
long-term effects on sensible environments. All the steps which precede final dis-
posal, such as source separation, recollection, transport, treatment, materials, and 
energy recovery, have direct effects on this final and definitive, in sustainable terms, 
stage. In other words, whatever is done in the previous steps affects the potential 
environmental impacts that can be brought about by MSW final disposal 
(Wiszniowski et al. 2006).

In Latin America landfilling is by far the most commonly used technological 
solution for the final disposal of MSW.  Huge efforts have been made in several 
countries in order to shift from open dump practices to engineered landfills, and yet 
the implementation of treatment and mass and energy recovery from waste are 
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incipient. As mentioned above this fact implies that, given that MSW reaches land-
fills without any kind of previous treatment or recovery, the associated environmen-
tal impact potential is certainly high. Most of this environmental impact potential, 
including long-term concerns, is related to leachate production and treatment. 
Leachate treatment becomes then a key issue in the solid waste management strate-
gies in the Latin American context. Failing to fulfil the environmental leachate treat-
ment demands would mean that the shift from open dumps to sanitary landfills has 
only translated the problem from a diffuse pollution issue to an end-of-tube one. 
What is more, it has to be highlighted that the long-term environmental impacts of 
a landfill without proper leachate treatment could be higher than those associated to 
leachate produced in open dumps (Cossu and Stegmann 2019). As a consequence, 
in Latin America, one of the main concerns in MSW management is leachate treat-
ment, and, particularly, leachate treatment costs (Gupta and Singh 2007). The incre-
ment in MSW service tariff which can derive from implementing leachate treatment 
is on the top of the agenda of MSW management companies, environmental author-
ities and regulators, and state entities. The point is how to meet environmental stan-
dards in terms of leachate discharges (treatments effluents) quality while attending 
the requisite of efficient costs.

Leachate treatment cost efficiency depends on treatment objectives. How envi-
ronmental authorities in Latin American countries set environmental standards, and 
in this case, leachate treatment objectives remains an open issue. Generally environ-
mental standards or permissible discharges limits are taken from other continents 
without taking into account the regional and local specificities. In this sense, a fun-
damental aspect which very often is not considered for setting leachate treatment 
objectives by environmental authorities is the pollution assimilative capacity of 
water-receiving bodies. This can obviously lead to inefficient leachate treatment 
cost. On the one hand, it could be the case that the defined treatment objectives do 
not recognize the pollution assimilative capacity of receiving water body, and in 
consequence the contaminant removal requirements are overstated leading to cost 
inefficiency. On the other hand, it could be also the case that the leachate treatment 
objectives arbitrarily defined are lax and do not recognize the scarce or inexistent 
pollution assimilative capacity of the receiving water body, and even reaching the 
effluent quality that the objectives imposed the environmental impact cannot be 
avoided, leading again to inefficient costs.

This work looks at the efficiency of leachate treatment costs in Latin America 
aiming at providing a conceptual framework to understand the concept of cost effi-
ciency applied to leachate treatment and at showing some study cases in which 
some leachate treatment expediencies in Latin America are assessed from a cost 
efficiency approach. The efficiency of leachate treatment costs depends on, firstly, 
the achievement of the proposed treatment objectives and, secondly, on the mini-
mum total cost of achieving those. Thus, efficient leachate treatment costs will be 
those associated to the technologies which allow fulfilling the treatment objectives 
at minimum investment capital and operational expenses. It is then proposed that 
regulators state bodies should recognize efficient costs in the MSW tariff structure.
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4.2  Environmental Impacts Associated to a Shift from Open 
Dumps to Landfills

Whatever is done in the MSW management has an effect on the potential environ-
mental impacts associated to the final disposal. Final disposal of MSW can be 
regarded as a critical step in solid waste management, since it is in this phase that 
the most significant environmental impacts can be originated, especially those 
involving long-term effects on sensible environments. All the steps which precede 
final disposal, such as source separation, recollection, transport, treatment, and 
mass and energy recovery, have direct effects on this final and definitive, in sustain-
able terms, stage. In other words, whatever is done in the previous steps affects the 
potential environmental impacts that can be brought about by landfilling.

In most Latin American cities, landfilling is the only technological option of 
MSW management. It means that no treatment or any kind of recovery is imple-
mented before waste is disposed of. MSW in Latin America is characterized by a 
very strong organic matter fraction. Biowaste, as it is often named, represents more 
than 60% of the total MSW produced in an urban area. Since biowaste is by far the 
biggest MSW fraction that is landfilled, the generation of biogas and leachate is an 
important issue in terms of originating environmental impacts. While biogas may 
generate greenhouse gas emissions (CO2 and CH4) and eventual health risks (COVs), 
leachate can impact water resources (groundwater, superficial water bodies) and 
soils (Kjelsen et al. 2002). Leachate composition in the case when biowaste is the 
main fraction of the waste mass disposed of is strongly marked by high organic mat-
ter and ammoniacal nitrogen concentrations.

The switch from open dumps to landfills that is currently taking place in Latin 
America is certainly an improvement in MSW practices. However, it represents a 
challenge, in terms of dealing with leachate treatment and discharges, for both solid 
waste services operators and environmental authorities. For solid waste services 
operators, it means that the technical and economic requirements must be met, 
while environmental authorities have to be capable of setting appropriate leachate 
treatment standards and controlling the operation of the whole landfill.

The magnitude and spatial scale of environmental impacts associated to landfill-
ing depend mainly on the composition of leachate, which is highly variable. It 
depends on the following factors: (i) weather conditions in the area of   the landfill 
location (precipitation, temperature, evaporation); (ii) landfill type and operation 
characteristics; (iii) physical, chemical, and microbiological characteristics of con-
fined waste; and (iv) age of confined waste. The latter factor plays a key role in the 
temporal variability of leachate, which in turn constitutes one of the most important 
challenges for treatment. The different substances present in leachate can be classi-
fied into four groups: (i) dissolved organic matter, (ii) inorganic macro-components 
and heavy metals, and (iv) xenobiotic organic compounds (Kjelsen et  al. 2002). 
Each of the groups of substances mentioned can cause specific environmental 
impacts, with different extensions in space and time, whether for deficiencies in the 
landfill barriers or in leachate treatment. When the latter situation occurs, 
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environmental impacts take place when leachate comes into contact with the ground 
or with a surface water source, altering some or some quality characteristics of these 
environmental matrices. These environmental impacts may even constitute a health 
risk concern in the event that a receiver (a population or community) is exposed to 
the substances mentioned (Watts and Teel 2005).

The environmental impacts associated to the presence of dissolved organic mat-
ter (measured as BOD and COD) refer to effects on water sources exposed to 
organic loads. The most notorious environmental impact is the decreased of dis-
solved oxygen due to the aerobic biological oxidation of the biodegradable fraction 
(Kjelsen et al. 2002). High values of BOD, such as those that occur during the acid 
phase of operation of a landfill leachate, indicate that this is likely to cause an impact 
on a superficial water source. In contrast, when the ration BOD/COD approaches 
zero, typical condition of mature leachate (methanogenic phase) that is for small 
values of BOD, the leachate potential to cause this impact is dramatically reduced.

Among inorganic macro-components, undoubtedly the greatest health and envi-
ronmental importance is nitrogen. Given the anaerobic conditions occurring within 
a landfill, the predominant form of nitrogen corresponds to ammonia nitrogen 
(N-NH4

+), and no changes occur in the concentrations reported between the acid 
phase and methanogenic phase. This means that in the methanogenic phase and 
even in the landfill after-care period, concentrations of ammonia nitrogen do not 
decrease, which makes this substance the main concern given its huge potential 
impact on water sources (Yusof et al. 2010). The environmental impacts that may 
cause ammonia nitrogen are related to the consumption of dissolved oxygen (oxida-
tion of ammonia nitrogen by nitrification), with toxicity and eutrophication (the 
latter also caused by other species of nitrogen).

The presence of heavy metals in leachate has always received great interest 
because of the danger that they might represent in terms of public health. However, 
in general the concentrations of heavy metals in leachate reported in the literature 
are low (Ehrig and Robinson 2011). During the acid phase, due to the lower values 
of pH which increase the solubility of the metals, the highest concentrations of these 
substances are found, while in the methanogenic phase, neutral pH favoring the 
phenomena of adsorption and precipitation within landfill, an as a consequence, low 
concentrations of heavy metals in mature leachate are found.

Xenobiotic organic compounds correspond to aromatic hydrocarbons, haloge-
nated hydrocarbons, phenols, aliphatic chlorinated compounds, pesticides, and oth-
ers. Many of these compounds are considered a priority due to the negative effects 
they can have on aquatic ecosystems due to their potential toxicity. However, young 
leachate concentrations for these compounds reported in the literature are generally 
low. In the long run, it is expected that concentrations of xenobiotic organic com-
pounds are reduced as a result of biological degradation processes (Kjelsen 
et al. 2002).

Leachate treatment is then a key issue from an environmental perspective for 
Latin America MSW practices. Failing to meet the challenge in which leachate 
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treatment arises, given the shift from open dumps to sanitary landfills in Latin 
America, would mean that there has only been a change from diffuse pollution 
problems to an end-of-tube one that could even have more environmental conse-
quences in the long term.

4.3  Leachate Treatment Objectives and Associate Costs

The costs of treating leachate are directly associated to the treatment objectives or 
effluent standards that have to be met. While the rationale for setting leachate efflu-
ent standards is to protect the receiving water body from harmful contaminant con-
centrations, the setting of leachate treatment objectives greatly varies from country 
to country. To make an example in the Latin American context, it cannot be the 
same, in environmental and economic terms, to discharge the effluent of a leachate 
treatment plant into the Amazon River than in the Magdalena River. Leachate efflu-
ent standards must recognize the difference.

Thus, the variables that determine the leachate treatment costs are, firstly, the 
quantity and quality of leachate produced and, secondly, the treatment objectives set 
to meet effluent standards by the respective environmental authority. Depending on 
the contaminants to be treated, the costs will be related to investment and opera-
tional conditions of specific technologies:

• Organic matter susceptible to biological oxidation: predominates in young leach-
ate. For treatment biological oxidation technologies are required, either aerobic- 
or anaerobic-based.

• Refractory organic matter: predominates in mature leachate. Biological treat-
ments are not effective for treatment, and therefore advanced methods such as 
chemical oxidation, adsorption, and membrane filtration are required.

• Ammoniacal nitrogen: present throughout the landfill operation, and in each of 
its phases, it requires alternating aerobic and anaerobic environments for the 
oxidation of ammonia nitrogen (nitrification) and subsequent reduction of 
nitrates into molecular nitrogen (denitrification). In the case that the biological 
treatment is not sufficient to reach the effluent quality standards, membrane fil-
tration technologies or the so-called air stripping maybe be required.

• Heavy metals: in general are expected in low concentrations. Physical-chemical 
treatment is suitable.

In Table 4.1 it is shown the expected leachate treatment efficiency of some tech-
nologies, taking into account the age of leachate. Regarding leachate treatment 
objectives in terms of discharge effluent quality, there are big differences between 
countries as it is shown in Table 4.2.
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Table 4.1 Some technologies for leachate treatment

Technology

Treatment efficiency
Leachate age
Young Medium Mature

Leachate transfer

Combination with DWW Good Aceptable Deficient
Recirculation Good Aceptable Deficient
Ponds Good Aceptable Deficient
Biological treatment

Aerobic processes Good Aceptable Deficient
Anaerobic processes Good Aceptable Deficient
Physical-chemical treatment

Coagulation/Floculation Deficient Aceptable Aceptable
Chemical precipitation Deficient Aceptable Deficient
Adsorption Deficient Aceptable Good
Chemical oxidation Deficient Aceptable Aceptable
Air stripping Aceptable Aceptable Aceptable
Membrane filtration

Ultrafiltration Deficient Deficient Deficient
Nanofiltration Good Good Good
Inverse osmosis Good Good Good

Table adapted from: Renou et al. 2008, landfill leachate treatment, review and opportunity

Table 4.2 Permissible effluent limits for treated leachate discharges in some countries

Country
Parametro (mg/L) USA Germany France Hong Kong South Korea

COT NA 200 120 200 50
BOD 220 20 30 800 NA
NH3-N 10 NA NA 5 50
Total N NA 70 30 100 150
Total P NA 3 NA 25 NA
Cd (II) 0,01 0,1 NA 0,1 NA
Cr(III) NA 0,5 NA 0,1 NA
Cr(VI) 0,05 0,1 NA NA NA
Ni(II) 0,013 1 NA 0,6 NA
Pb(II) 0,03 0,5 NA NA NA
Cu(II) 0,07 0,5 NA 1 NA
Zn(II) 0,3 2 NA 0,6 NA
ag(I) 0,05 NA NA 0,6 NA

Table adapted from Kurniawan et al. 2006, physicochemical treatments for removal of recalcitrant 
contaminants from landfill leachate
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4.4  Cost Efficiency in Leachate Treatment

It has been pointed out that according to the environmental impacts, which leachate 
may bring about in accordance with its composition, treatment objectives have to be 
set in terms of the required quality of the effluent. Ideally, these treatment objectives 
should be compliant with the local characteristics of the specific situation. Among 
the local characteristics, the receiving water body plays an essential role. Thus, the 
treatment objectives must guarantee that the waster uses of the receiving water 
body, which have previously been established by territorial and environmental plan-
ning policies, are not threatened by the discharge of the treatment system effluent.

In order to set leachate treatment objectives in line with an analytic procedure, it 
is then necessary to carry out environmental studies which take into account perma-
nent monitoring of the quality of the receiving water body and, above all, simulation 
of transport and fate of contaminants present in leachate. From these studies it is 
possible to estimate the assimilative capacity of the water-receiving body, bearing in 
mind the water quality demanded for other uses of the source. Once the assimilative 
capacity of the receiving water body is estimated for the different contaminants 
present in leachate, the objectives of leachate treatment can in consequence be set, 
as well as how they have to be adjusted in time, in accordance with the expected 
changes in leachate production, both in quantity and quality.

The mentioned analytical procedure is, however, hardly implemented in Latin 
American countries, given the lack of environmental information regarding water 
bodies and basins and the costs of the environmental studies involving simulation of 
transport and fate of contaminants. It is unfortunately the case that leachate treat-
ment objectives are very often arbitrarily set, following maybe some international 
effluent discharge guidelines. This situation can easily lead to strong inefficiencies 
in the costs of leachate treatment.

The efficiency of leachate treatment is related to, on the one hand, meeting the 
treatment objectives in terms of effluent discharge quality and, on the other hand, the 
minimum cost criterion associated to the implementation of technologies capable of 
reaching the corresponding contaminant removal. It can therefore be argued that effi-
cient leachate treatment costs will be those incurred while the treatment system reaches 
the effluents discharge quality at minimum cost. National regulatory tariff policies 
should thus be oriented toward the achievement of efficient leachate treatment costs.

In this context, two situations may lead to cost inefficiency in leachate treatment. 
Firstly, when the treatment objectives are arbitrarily set without taking into consid-
eration the assimilative capacity of the receiving water body, it could happen that 
the contaminant removal entailed to the treatment system is extremely high. This 
first situation may occur when the contaminant of interest is organic matter and the 
receiving water body is a large-flow river. Secondly, when the arbitrarily set treat-
ment objectives are so lax and do not recognize the low (or even inexistent) assimi-
lative capacity of the receiving water body. This means that even in the case that the 
effluent discharge quality is met by leachate treatment, serious environmental dam-
age can be brought about upon the water source. This second situation may take 
place when ammoniacal nitrogen is discharged into a small-flow river.
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This argument is illustrated in Fig. 4.1, where pollution units are related with 
unitary costs of treating pollution. While pollution units associated to a specific 
contaminant of interest present in leachate are shown on the abscissa (e.g., kg of 
BOD or N-NH3), the cost of treating one unit of that pollution is shown in the ordi-
nate axis. For analysis the initial point corresponds to the total number of pollutant 
units (UCi), where there has not been any treatment. The negative slope of the 
straight line implies that as leachate is treated, the cost of treating a new unit of pol-
lution increases. This feature is evident in the costs of so-called tertiary treatment or 
polishing. Now, assuming that it has been possible to quantify the assimilative 
capacity of the water source and that it corresponds to UC *, one can state that the 
efficient costs for the treatment of leachate are those corresponding to treat from 
UCi until UC *. The costs associated with any treatment to a different level to UC * 
are by definition inefficient: firstly, at the left of UC *, inefficiency arises because 
leachate is being treated at extremely high contaminant removal rates, ignoring the 
assimilative capacity of the receiving source (UCm), and, otherwise, at the  right 
of UC *, inefficiency occurs because the level of treatment is insufficient and there-
fore is causing a negative impact on the water quality of the receiving source (UCn).

Treatment costs can finally be expressed as a function of the kilograms or tons of 
the interest contaminant to be removed from leachate (Fig. 4.2). Although it is gen-
erally not easy to access to related information with real initial investment and oper-
ation and maintenance costs of leachate treatment systems, if this difficulty could be 
overcome, it would be useful to construct curves such as those presented in the fig-
ure below (Fig. 4.2), where the unit costs of removing a contaminant of concern for 
different treatment trains are presented. The curves  show (for  sake of simplic-
ity straight lines are drawn) for a specific situation the unit costs of treatment, i.e., 
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Fig. 4.1 Unitary costs of leachate treatment
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UNITS OF POLLUTION  (kg BOD or N-NH3)
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Fig. 4.2 Unitary costs of different leachate treatment technologies

the cost associated to the removal of 1 kilogram of BOD, NH3 (or any pollutant) for 
different leachate treatment trains (Technology A, B or C).

To determine the total leachate treatment cost for a particular situation, once 
established the type of load in question (organic load or nitrogen load, for exam-
ple) it is appropriate to include in the analysis the treatment objectives, in accor-
dance with the assimilative capacity of the receiving water body, as illustrated in 
Fig. 4.3. UCi corresponds to zero time, or starting point, where there is no leachate 
treatment, while UC * units correspond to meeting the treatment goals established 
by the environmental authority. The total cost is found by calculating the area under 
the curve.

4.5  Technology Selection to Achieve Cost-Efficient Leachate 
Treatment Costs

At the moment there is a very wide range of technologies that can meet the most 
demanding objectives of leachate treatment, and it will be the responsibility of oper-
ators to select those technological alternatives to achieve the pollutants removal 
efficiencies required by environmental authorities at reasonable costs. It is empha-
sized at this point the importance of requiring MSW service operators to conduct 
rigorous and judicious selection of technology for leachate treatment processes. 
Any technology chosen for leachate treatment should fulfil the following conditions:
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Fig. 4.3 Total leachate treatment cost
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Fig. 4.4 Simplified model for leachate treatment technology selection

• Meeting the leachate treatment objectives.
• The costs of the technology (investment and operational costs) should be equal 

to or lower than other technological options which also allow achieving the 
objectives of treatment.

With the above purpose, it is suggested to encourage the implementation of a 
simplified model for selecting treatment technology such as that presented in the 
figure below. Technological options (treatment trains) are represented by arrows, 
while the selection criteria correspond to triangles or rectangles, as it is shown in 
Fig. 4.4. The selection criteria are the filters through which the various technologi-
cal options can access or not. The passage of a technological option through a crite-
rion depends on whether it satisfies or not certain predetermined criteria. The 
purpose is to carry out a selection process by which the chosen technological option 
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guarantees the achievement of cost efficiency. In this simplified model of technol-
ogy, selection criteria are recognized as follows:

• Criterion 1A. Treatment objectives: are defined in terms of what the ultimate 
destination or use of effluent treatment. Specifically they will be oriented removal 
of specific contaminants such as organic matter and ammonia nitrogen.

• Criterion 1B. Treatment efficiencies to ensure the goals of treatment: refers to the 
efficiency of each technology to remove pollutants of concern that are subject to 
the goals of treatment options. At this point the area available for the treatment 
plant plays a key role when evaluating extensive technologies compared with 
intensive technologies.

• Criterion 2 Ranking for costs: those technologies that pass through Criterion 1 
are ranked according to the total treatment costs (including investment, opera-
tion, and maintenance).

4.6  Cases of Study

In the Latin America context, there are a few cases when the process of leachate 
treatment technology selection has not been carried out following the exposed cri-
teria. This situation has led to inefficiencies in leachate treatment cost, putting at 
risk both MSW management and environmental sustainability. Three examples are 
mentioned in dealing with these cost inefficiencies.

• Study case 1: A landfill for a city of 250,000 inhabitants in Colombia. It was 
found efficient costs for the build leachate treatment plant. Further expansion or 
additional treatment units to increase contaminant removal will fall into ineffi-
cient costs. There is no correspondence between the treatment requirements in 
the environmental license required to permit the effluent discharge on the river 
and the selected and designed technological option. That is, the chosen treatment 
train allows the removal of biodegradable organic matter above 95%, exceeding 
the 85% set by the environmental license.

In terms of cost-effectiveness improving from 85% to 95% removal efficiency of 
BOD5 represents a significant increase of the costs not reflected in environmental 
benefits in terms of water quality in the receiving source. In other words, increasing 
the removal of organic matter does not lead to any benefit at the water source, while 
significantly increasing treatment costs.

• Study case 2: A landfill for a city of 550.000 inhabitants in Colombia. It was 
found inefficient costs associated to some treatment units such as active carbon 
adsorption unit and disinfection (coloration) unit. The leachate treatment plant 
built and operating in the landfill comfortably ensures compliance with treatment 
goals. The theoretical efficiency of the treatment train is above 90% efficiency of 
organic matter and suspended solids.
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In the documentation submitted by company which operates the landfill, there is 
no justification for building such a robust plant. That is, there is no analysis indicat-
ing the environmental benefits of achieving greater than 95% removal of the organic 
load, as observed in the last monitoring conducted in the influent and effluent of the 
treatment plant. Thus, in the absence of an analysis of the environmental benefits of 
achieving such as high contaminant removal efficiencies, it can be concluded that 
the incurred additional costs are not efficient.

• Study case 3: A landfill for a city of 2.500.000 inhabitants in Colombia. It was 
found inefficient costs due to excessive treatment objectives in particular ammo-
niacal nitrogen removal requirements. The quality objectives imposed by the 
regional environmental authority for the effluent treatment plant of the leachate 
treatment plant are supremely demanding. It would be interesting to know the 
studies on which this provision was adopted.

The technology selection process presented by the landfill operator rightly led to 
an appropriate treatment train. In other words, it is considered that the methodology 
presented by the company for technology selection adequately responds to the par-
ticularities of this case.

4.7  Conclusions

In Latin America, landfilling is the most implemented solid waste practice. In terms 
of MSW, important progress has been made within the region in order to pass from 
open dump practices to engineered landfills, making still emphasis in final disposal 
only. The main environmental concern, in this concern, is the potential environmen-
tal impacts that leachate, if not properly treated, may arise in both superficial and 
groundwater resources. It can then be stated that leachate treatment is key issue for 
the sustainability of MSW systems in Latin America. Failing to fulfil the environ-
mental leachate treatment demands would mean that the shift from open dumps to 
sanitary landfills has only translated the problem from a diffuse pollution issue to an 
end-of-tube one.

The cost of leachate treatment is obviously a main matter for landfill operators in 
the region. It should be guaranteed by both landfill operators and environmental 
authorities that the technologies chosen for leachate treatment are cost-efficient. 
Leachate treatment cost efficiency is associated to achieve the treatment objectives, 
which must be set according to local environmental conditions, at a minimum cost. 
To attain efficient leachate treatment costs, the most important barrier that Latin 
American countries have to overcome is that leachate treatment objectives are arbi-
trarily set. It is required to establish the treatment leachate objectives following an 
analytical procedure.

Once leachate treatments are analytically established for every single case, which 
is the responsibility of the environmental authorities, technology selection for leach-
ate treatment has to be carefully undertaken. Special attention has to be paid to 
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expensive technologies which do not contribute to a significant improvement of the 
water quality of the receiving body, as well as the so-called low-cost technological 
options which may not achieve the effluent quality imposed by the treatment 
objectives.

If for a specific case, the procedures here outlined are followed, and as a conse-
quence, the leachate treatment costs are efficient, and regulators state bodies should 
recognize these costs in the MSW tariff structure.
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Chapter 5
Optimized Organic Waste Management 
Strategies for Sustained Carbon Emissions 
Reduction and Climate Change 
Stabilization in the Garden Route District 
of South Africa

Sameera Kissoon and Cristina Trois

5.1  Introduction

Within South Africa, 80% of municipal solid waste is disposed of into landfill, the 
disposal of organic waste to landfill contributes approximately 4.3% towards the 
country’s total GHG emissions (Oelofse 2014). Waste management in South Africa 
is an emerging sector with increasing emphasis placed on the development and 
application of integrated waste management strategies through the waste hierarchy 
via the National Environmental Management: Waste Act – NEM:WA (DEA 2009) 
and the National Waste Management Strategy – NWMS (DEA 2011). The South 
African Department of Forestry, Fisheries, and Environment (DFFE) conducted a 
Mitigation Potential Analysis (MPA) in 2014 which focused on GHG mitigation 
options in various economic sectors (DEA 2014). The focus of this study aligns 
with the MPA conducted by the DFFE through the assessment of mitigation path-
ways in the waste sector (DEA 2014). The aim of which is to develop scenario 
appropriate waste management strategies. The technologies assessed and strategies 
identified in this study contributes to the diversion of waste from landfill for the 
reduction of methane emissions and subsequently the production of new products. 
This will ultimately activate better waste to resource management and contribute to 
the circular economy. The circular economy is one potential driver of sustainable 
development; this can be achieved through the shift of the flow of materials from a 
linear flow or disposal to landfill to a circular flow through the identification of 
alternative uses to extract materials through the pipeline prior to the disposal of 
materials to landfill (Korhonen et al., 2017). The drive towards a circular economy 
is steered by the collective efforts both governmentally and in the private sector. 
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This is through the transition from integrated and industry waste management plan-
ning mechanisms to the introduction and implementation of extended producer 
responsibility (EPR) mechanisms such as the draft EPR regulations of the NEM:WA 
gazetted in 2020 (DEA 2009). This addresses the issue of the producers’ responsi-
bility in a post-consumer phase of a products life cycle.

Over the last two decades, the Western Cape, one of the largest provinces in 
South Africa, has focused its efforts on establishing itself as the “green hub” of 
Africa. The Western Cape houses 1 metropolitan municipality (City of Cape Town), 
5 districts, and 24 local municipalities. Amongst these municipalities is the Garden 
Route District Municipality (GRDM). The GRDM, with its seven local municipali-
ties, faces a pressing issue of limited landfill airspace. Furthermore, the Western 
Cape Provincial Government has issued a ban, which stipulates zero organics to 
landfill by 2027 with a halfway target of 50% reduction of organics to landfill by 
2022. Therefore, all municipalities within the Western Cape are mandated to find 
alternative waste management solutions for food and organic waste fractions (DEA 
& DP 2022). Within South Africa, waste management policies and legislations are 
gearing towards a low carbon economy. The Western Cape is among those transi-
tioning towards a decarbonized economy.

The development and application of integrated waste management systems and 
ERP regulations aim to assist municipalities and the private sector in reducing the 
volume of waste disposed of into landfill facilities. For the purpose of this study, this 
is achieved through the advancement of the “Waste to Resource” economy using 
methane emissions as an indicator for the development of integrated waste manage-
ment plans, thus reducing waste disposal to landfill. This serves as a driver in the 
development of a climate change stabilization wedge for the activation of the circu-
lar economy.

The climate change stabilization wedge is a concept introduced by Pacala and 
Sacolow in 2004. In recent years, the growing belief that methane emissions can be 
stabilized through the introduction of integrated waste management mechanisms 
has gained traction with various studies conducted globally. This is due to the com-
plexity of waste management systems that differ from geography, policy, capital, 
and operational costs among others (Bahor and Van Brunt 2009). A stabilization 
wedge (or triangle) is the triangle formed by the comparative analysis of the 50-year 
trajectory of methane emissions from the disposal of waste to landfill as business as 
usual and those reduced from another more optimized scenario. Stabilization is 
achieved by flattening the trajectory through the introduction of interventions.

The aim of this study is to create a climate change stabilization wedge/strategy 
for the GRDM by determining the effect on methane emissions, over a 50-year 
period and the potential to replace the BAU scenario with more optimized scenarios 
that maximize diversion of organic waste from landfills. In this study, a multi- 
criteria methodology is utilized through the integration of the WROSE model into 
the mitigation potential strategy for South Africa and identify scenarios to achieve 
the highest mitigation potential. The WROSE model (Trois and Jagath 2011) is 
utilized to create a climate change stabilization wedge (triangle) for each scenario. 
The climate change stabilization wedge/triangle forecasts, over a 50-year period, 
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the volume of methane emissions (estimated in metric tons of CO2eq) that would be 
offset if landfilling were to be progressively replaced by alternative, more opti-
mized, scenarios for food waste and garden refuse streams. Methane emissions for 
the WROSE scenarios evaluated are calculated using emission factors and method-
ology derived by the 2006 IPCC guidelines (IPCC 2006).

5.2  Study Area

The GRDM, formerly known as the Eden District Municipality, was selected as the 
study area. The GRDM is the third largest district in the Western Cape covering 
23,331 km2 in surface area (Gibb 2020). The total population of the GRDM is at 
635,600 as per the 2020 integrated waste management plan (Gibb 2020). The 
GRDM conducted an in-depth waste stream analysis in 2019 to determine the 
household solid waste stream profile across the district which was communicated in 
the Engineering third Generation IWMP (Gibb 2020). The outcome of which deter-
mined that recyclables including hard and soft plastic, paper, cardboard, metal, and 
glass accounted for 40.3% of the total waste fraction. The total organic waste frac-
tion accounted for 35.6% which included both food waste and garden refuse. The 
remaining 24.1% included textiles, nappies, e waste, hazardous waste, and other. 
Figure 5.1 depicts the waste generation percentages per fraction which is the basis 
for all of the analysis conducted. As seen in Fig. 5.1, the food waste fraction is the 

Soft plastics, 7.6%

Hard Plastics, 7.7%

Paper, 7.1%

Cardboard, 7.3%

Glass, 8.1%

Metal, 3.2%

Food waste, 25%

Garden, 9%

Textiles, 4.7%

Wood, 0.9%
Inert, 1.1%

Nappies, 7.8%

E-Waste, 0.4%

Hazardous, 0.5% Rest, 9.6%

Fig. 5.1 Average domestic waste profile in the Garden Route District Municipality. (Gibb 2020)
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largest fraction disposed of into landfill. Garden refuse is a second organic waste 
fraction that is taken into account for the purpose of this study, and therefore, a 
combined organic waste fraction of 35.6% is considered for the study.

The Oudtshoorn, Kannaland, and Hessequa local municipalities house their own 
local landfill facilities and will continue to utilize these sites for the disposal of their 
general MSW, whereas Mossel Bay, Bitou, Knysna, and George Municipalities cur-
rently have no operational landfill facilities accepting general MSW.

All of the MSW collected is disposed of into the PetroSA sanitary landfill facility 
within Mossel Bay Local Municipality. The PetroSA site faces the pressure of lim-
ited landfill airspace and reduced life span of the facility. The GRDM is currently in 
the process of developing a new regional landfill facility due to the closure of the 
preexisting facility which has now reached its maximum capacity in order to accom-
modate the waste volumes generated by the four municipalities. The GRDM has 
undergone a public private partnership (PPP) process for the construction, develop-
ment, and operation of a new regional landfill facility which will service four of the 
seven local municipalities in the district (Gibb 2020). The facility will include a 
material recovery facility (MRF), a composting facility, and a construction and 
demolition waste recycling facility (Gibb 2020). The GRDM along with four local 
municipalities have undertaken a pilot home composting program in efforts to man-
age the organic waste fractions to meet the requirements of the Western Cape 
Provincial Government (Gibb 2020).

5.3  Methodology

The methodological approach used in this study employs a combination of steps to 
achieve a climate change stabilization wedge. Due to a lack of reliable, available 
data, specific boundary conditions needed to be assigned in order to achieve the aim 
of the study are as follows:

 1. Historical Integrated Waste Management Plan (IWMP) and Integrated 
Development Plan (IDP) data was extracted and utilized for the forecasting of 
total population and waste generation figures.

 2. Population growth was established at 2% per annum based on the projections 
conducted by the Department of Social Development in the Garden Route 
District Municipality in line with the district.

 3. Average waste characterization percentages were extracted from the third- 
generation IWMP for determining waste fractions in tons.

The first step in this study was the waste characterization conducted by the 
GRDM. The data collected during the waste stream analysis fed directly into step 
two, the scenario identification. The second step in the process is the waste strategy 
scenarios identification and selection. This was achieved through the use of the 
WROSE model (Trois and Jagath 2011).

S. Kissoon and C. Trois



81

The Waste Resource Optimization and Scenario Evaluation (WROSE) model is 
a methodology developed by the University of KwaZulu-Natal to aid municipalities 
in the decision-making process as a zero waste and GHG emissions reduction model 
(Trois and Jagath 2011). The WROSE model is used to assist municipalities in 
aligning with national legislative requirements and achieving sustained waste and 
emissions reduction through the evaluation of integrated waste management sce-
narios upon all levels of sustainability (environmental, economic, social, and 
institutional).

A number of scenarios are embedded in the WROSE model, ranging from base-
line (business as usual) to more complex optimized solutions (Fig. 5.2). For this 
study, five scenarios were considered:

 1. The disposal of unsorted, untreated MSW to landfill (BAU).
 2. The disposal of unsorted, untreated MSW to landfill with landfill gas recovery 

and electricity generation (BAU+).
 3. Unsorted and untreated MSW undergo a mechanical pretreatment with recovery 

of recyclable fraction through a Material Recovery Facility (MRF).
 4. Unsorted and untreated MSW undergo a mechanical pretreatment with recovery 

of recyclable fraction through a Material Recovery Facility (MRF), with anaero-
bic digestion of biogenic food waste.

 5. Unsorted and untreated MSW undergo a mechanical pretreatment with recovery 
of recyclable fraction through a Material Recovery Facility (MRF), with com-
posting of biogenic food waste (Trois and Jagath 2011).

Figure 5.3 outlines the scenarios of the WROSE model graphically. The WROSE 
model uses waste tonnages of each waste fraction generated as input data; the out-
puts of the model are methane emissions productions or reductions. The outputs of 
the model are not limited to methane emissions but rather expand to a range of 
indicators such as landfill airspace savings (LSS), economic indicators, job creation 
potential, health risks associated with the jobs created, and institutional indicators.

Fig. 5.2 Garden Route District Municipality, South Africa. (Source: https://municipalities.co.za/
map/145/garden- route- district- municipality)
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Fig. 5.3 WROSE scenarios schematic. (Trois and Jagath 2011; Dell’Orto and Trois 2022)
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For the purpose of this study, the WROSE model was utilized for the selection of 
the scenarios that were assessed. Due to organic waste management forming the 
core focus area of the study, the scenarios identified as most applicable to this study 
are as follows:

 1. SCENARIO 1 – The disposal of unsorted, untreated MSW to landfill (BAU).
 2. SCENARIO 4 – Unsorted and untreated MSW undergo a mechanical pretreat-

ment with recovery of recyclable fraction through a Material Recovery Facility 
(MRF), with anaerobic digestion of biogenic food waste.

 3. SCENARIO 5 – Unsorted and untreated MSW undergo a mechanical pretreat-
ment with recovery of recyclable fraction through a Material Recovery Facility 
(MRF), with composting of biogenic food waste.

Historical census population data was extracted from the first-, second-, and third- 
generation IWMP documents of the GRDM, previously called the Eden District 
Municipality, to determine the population growth rate annually and to conduct for-
ward projections (Gibb 2020). From Eq. 5.1, a population growth rate of r = 2% per 
year was identified as per the increase in population figures extracted from Table 5.1 
for the years 2013 to 2018.

The growth rate was determined using Eq. 5.1 that represents the estimated total 
annual population:

 
Pn Po r n� � �� �1

 (5.1)

Where:

Pn = Estimated final population per year
Po = Initial population
r = Growth rate (%)
n = Number of years

Using the 2% identified population growth rate based on the annual total popula-
tion increase as per Table  5.1, estimated projections for the total population 
per annum were calculated for the next 50 years.

A waste tonnage growth rate of 2%, in line with the population growth rate, was 
estimated from Table 5.1 and used for 50-year projections of the estimated final 
waste tonnage per annum, using Eq. 5.2.

Table 5.1 Historical population and waste tonnages figures

Year Total population Waste tonnages per year

2013 535,341 213,526
2014 548,316 218,710
2015 561,669 224,043
2016 575,414 229,530
2017 589,563 235,175
2018 601,354 239,879

Gibb (2020)
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Wn Wo r n� � �� �1

 (5.2)

Where:

Wn = Estimated final waste tonnage per year
Wo = Initial waste tonnage
r = Growth rate (%)
n = Number of years

From the third-generation IWMP developed by the GRDM in 2020, the total 
organic fraction in the MSW stream sent to landfill equated to 35.6% of the total 
domestic waste profile (Fig. 5.1). This percentage was used to simulate the projections 
of organic waste tonnage over the next 50-year period. It is to note that this percentage 
of organic waste was kept constant in the simulations conducted despite the popula-
tion growth, based on the assumption that no interventions will be put in place by the 
municipality to divert this specific waste stream during the next 50 years. A conserva-
tive approach was also used assuming that the percentage of organic waste (a range 
between 30% and 40%) will remain constant in line with national trends (DFFE 2018).

The total organic waste fraction per year were calculated using Eq. 5.3:

Total waste generated tons per year Total organic was� �� �35 6. % tte fraction tons per year� �  (5.3)

Using the waste fractions calculated above, the carbon emissions production or 
reduction potentials were calculated in MTCO2eq using emission factors from the 
IPCC (2006) as quoted in USEPA (2016) (Table 5.2).

The equation below was used to determine the methane emissions or emission 
reduction potential in MTCO2eq:

 Waste quantity in tons Emission factor MTCO eq� � 2  (5.4)

The emissions produced/reduced were calculated for a 50-year period for each of 
the defined scenarios selected, using the appropriate emission factors. Taking into 
consideration that the total volume of organic waste may not be viable for scenario 
4 due to contaminants in the organic waste stream or factors such as the presence of 
substances not suitable for AD, assumptions were made for determining viability of 
organic waste for use in AD. Simulations were conducted at 5% intervals up to 40% 
assuming that due to contamination only a portion of the organic food waste 

Table 5.2 Table of emission factors

Waste fraction
Landfill disposal 
emission factors

Anaerobic digestion 
emission factors

Anaerobic composting 
emission factors

Biogenic food waste 1.54 −0.04 −0.15
Garden refuse: Green −0.16 – −0.12
Garden refuse: Wood −0.26 – −0.12

IPCC (2006), USEPA (2016)
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component is viable for use in an AD facility. The results for which are discussed in 
the further section.

5.4  Results and Discussion

Figure 5.4 depicts the historical projection of food waste and garden refuse from 
2013 to 2020 along with a projection of food and garden refuse volume increases at 
a rate of 2% per annum over the next 50 years. It is evident from the graph that the 
food waste volume increases from 22211.7 tons per year in 2020 by almost three-
fold in the projected time frame to 59784.7 tons by the year 2050. This stresses the 
need for the urgent implementation of alternative waste management strategies for 
the management of organic waste fractions to comply with the landfill bans imposed.

The estimated tonnage of food waste combined with the IPCC emission factors 
were used to determine a baseline scenario of the volume of methane emissions for 
scenario 1: The disposal of unsorted, untreated MSW to landfill or BAU as seen in 
Fig. 5.4. This refers to the total volume of methane emitted through the disposal of 
unsorted, untreated MSW to landfill in the GRDM over the next 50 years. Figure 5.4 
highlights “the risk of inaction” by continuing with scenario 1. The net zero emis-
sions seen in Fig. 5.5, for the disposal of garden refuse to landfill, is the result of a 
significantly lower emission factor of 0.16 (IPCC 2006) as well as lower amounts 
with respect to the higher quantities of organic food waste and their associated 
higher emission factor of 1.54 (IPCC 2006).

Scenarios 1, 4, and 5 of the WROSE model were selected as they are most appli-
cable to the management of the organic fraction municipal solid waste (OFMSW). 
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The variances in results will determine which of the scenarios/interventions will be 
most relevant for the stabilization of GHG emissions for the next 50  years. 
Subsequently to the development of the GHG emissions stabilization wedge, the 
potential viability of the organic food waste fraction for anaerobic digestion was 
assessed as per discussion in the section above.

Based on Figs. 5.4 and 5.5, as waste generation rates increase by more than triple 
in the next 50 years, so do the GHG emissions from the organic waste fractions. 
Figures 5.5 and 5.6 depict the outcome of the comparison of the selected scenario:

For scenario 1, the model depicts the steady increase of GHG emissions for both 
organic waste and garden refuse. This rate of GHG emissions is unsustainable for 
long-term climate contributions due to the global warming potential of CH4 being 
25 times more harmful than that of CO2 according to the USEPA (2021).

For scenario 4, the introduction of AD facilities for the treatment of all organic 
food waste at 100% viability for digestion is shown to reduce the GHG emission 
levels to a stable state, i.e., no upward trajectory over the next 50 years.

Should no interventions be put in place over the next 50 years, the impact of waste 
disposal to landfill grows exponentially. This is a direct result of the global warming 
potential of methane emissions from the decomposition of organic waste in landfill 
facilities. Figure 5.6 depicts the potential for the reduction of methane emissions 
from 258619.33 MTCO2eq by the 2070 through the disposal of food waste to landfill 
to −2391.39 MTCO2eq through the channeling of food waste to an AD facility.

For scenario 5, two simulations were conducted, the first being the potential 
GHG emission reduction composting as a treatment method for biogenic food waste 
fractions is shown to reduce GHG emissions to a stable level for the next 50 years, 
similar to that of AD as seen Fig. 5.7.

-50000

0

50000

100000

150000

200000

250000

300000

20
13

20
15

20
17

20
19

20
21

20
23

20
25

20
27

20
29

20
31

20
33

20
35

20
37

20
39

20
41

20
43

20
45

20
47

20
49

20
51

20
53

20
55

20
57

20
59

20
61

20
63

20
65

20
67

20
69

M
TC

O
2e

q

YEAR

MTCO2eq Produced from disposal of food waste to landfill

MTCO2eq Produced from disposal of garden refuse to landfill

Fig. 5.5 50-year projections of MTCO2eq emissions for the disposal of food waste and garden 
refuse to landfill (BAU)

S. Kissoon and C. Trois



87

-50000

0

50000

100000

150000

200000

250000

300000

20
13

20
15

20
17

20
19

20
21

20
23

20
25

20
27

20
29

20
31

20
33

20
35

20
37

20
39

20
41

20
43

20
45

20
47

20
49

20
51

20
53

20
55

20
57

20
59

20
61

20
63

20
65

20
67

20
69

M
TC

O
2e

q

YEAR

MTCO2eq Produced from disposal of food waste to landfill

MTCO2eq Reduced from diversion of food waste to AD

Fig. 5.6 Climate change stabilization wedge for 50-year projections: Comparison between food 
waste to landfill (BAU) versus food waste to anaerobic digestion (AD)

-50000

0

50000

100000

150000

200000

250000

300000

20
13

20
15

20
17

20
19

20
21

20
23

20
25

20
27

20
29

20
31

20
33

20
35

20
37

20
39

20
41

20
43

20
45

20
47

20
49

20
51

20
53

20
55

20
57

20
59

20
61

20
63

20
65

20
67

20
69

M
TC

O
2e

q

YEAR

MTCO2eq Produced from disposal of food waste to landfill

MTCO2eq Reduced from composting of food waste

Fig. 5.7 Climate change stabilization wedge for 50-year projections: Comparison between food 
waste to landfill (BAU) versus food waste to composting

5 Optimized Organic Waste Management Strategies for Sustained Carbon Emissions…



88

-4000

-3000

-2000

-1000

0
20

13
20

15
20

17
20

19
20

21
20

23
20

25
20

27
20

29
20

31
20

33
20

35
20

37
20

39
20

41
20

43
20

45
20

47
20

49
20

51
20

53
20

55
20

57
20

59
20

61
20

63
20

65
20

67
20

69

M
TC

O
2e

q

YEAR

GHG Emission reduction from composting of garden 
refuse 

MTCO2eq Composting of garden refuse

MTCO2eq Produced from disposal of garden refuse to landfill

Fig. 5.8 Comparison between 50-year projections of GHG emissions for food waste to landfill 
(BAU) versus food waste to composting

The second simulation for scenario 5, composting as a treatment method for 
garden refuse fractions, is shown to reduce GHG emissions to a stable level for the 
next 50 years, lower than that of AD as evidenced in Fig. 5.8.

The implementation of an AD facility in the Garden Route at maximum capacity 
reduces the GHG emissions to a stable level, i.e., no upward trajectory; however, of 
the total waste volume generated, organic food waste accounts for 25%. Of the 25% 
of the total organic food waste generated, consideration is given to the potentiality 
that not all of the organic food waste within the 25% generated is viable for use in 
an AD facility. Therefore, Fig. 5.9 assesses the potential viability of organic waste 
from the total organic food waste fraction generated (25% of the total waste vol-
ume) at 10%, 20%, 30%, and 40% viability. As evidenced from Fig. 5.9, the larger 
the volume of viable organic waste for an AD facility, the greater GHG emission 
reductions that can be achieved.

5.5  Conclusions and Recommendations for Future Research

This study aligns with the efforts of DFFE through the use of the multi-criteria 
WROSE methodology to strengthen and enhance the mitigation potential analysis 
within the waste sector. Thus, activating optimized waste to resource management 
which allows for practical implementation of waste diversion from landfill  and 
GHG emission reduction  strategies in the waste sector. This is achieved by integrat-
ing the WROSE methodology into the mitigation strategy by technology and sce-
nario assessments in terms of mitigation potential. The assessment of GHG 
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emissions through the scenario BAU over a 50-year period for the Garden Route 
District Municipality has depicted a CO2eq yield from 96,000 MTCO2eq in 2020 to 
almost triple in 50 years of >250,000 MTCO2eq by the year 2070. The assessment 
of mitigation strategies qualifies as a stabilization wedge by lowering the trajectory 
of emissions to a stable emission volume over the next 50  years. The scenarios 
which are most applicable for achieving these stabilization rates for organic waste 
fractions are scenario 4 and 5 of the WROSE model. This will aid the Garden Route 
District Municipality in achieving part of the mandate for the diversion of all organ-
ics from entering landfills by the Western Cape Government and activating aspects 
of the circular economy. The development of the climate change stabilization wedge 
is one of the very first for a South African Municipality in the waste sector. Such a 
study can contribute towards future IWMP developments and municipal waste man-
agement planning within the Garden Route District Municipality.
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Waste Management Institutional 
and Legislation Aspects in Developing 
Countries

Françoise Bonnet, Nabila Lahboubi, Sanae Habchi, and Hassan El Bari

6.1  Introduction

Worldwide, municipal waste management (MWM) is considered as a public service 
like others (transport, water, and electricity distribution) that requires a set of rules 
to be respected and good governance between the different stakeholders involved. 
In most countries, this service is provided by local authorities as one of their munic-
ipal competences; those competences are usually regulated by a national legal 
framework.

National governments create laws and regulations in industrialized nations that 
set objectives, benchmarks, and operational and environmental requirements. Solid 
waste management (SWM) strategies that are effective and efficient help to resilient 
city governance and planning (Muheirwe et al. 2022).

In developing countries, SWM is most of the time characterized by a lack of 
regulation as well as bad governance. Where legislation exists, it is usually weakly 
enforced. In addition to that, the informal sector is an important player in the system 
which renders law enforcement and governance more difficult. In many other devel-
oping nations, there are still alleged governance issues that explain low SWM man-
agement efficiency (Batista et al. 2021).

Waste management in MENA countries represents a major challenge for the 
years to come under the combined effect of strong urban growth and economic 
development. In most of them, governments are aware of the importance of the 
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problem and are making numerous efforts to put in place an effective legislative 
framework. However, notwithstanding those efforts, the adoption of regulations is 
still uncomplete and only one side of the coin. Its enforcement is the other side, even 
more problematic as it requires a well-established governance allowing for efficient 
monitoring and control.

Recycling in developing nations is greatly aided by the informal sector because 
materials like glass, plastic, paper, and metal have generated markets. To support 
these efforts, appropriate actions should be taken, such as raising public awareness, 
passing specific legislation and regulations, and putting in place sustainable waste 
management infrastructures (Ferronato and Torretta 2019).

The SWM is a complex subject with political, institutional, environmental, and 
social, economic components. Due to a primary financial limitation, it can be chal-
lenging for local governments in developing nations to construct sustainable munic-
ipal SWM that meets the needs of the general public (Yoshida 2016). With the help 
of a political framework and policy, environmentally responsible waste manage-
ment can be promoted, and landfilling and incineration’s negative environmental 
effects can be avoided.

While it is relatively easy to promulgate regulations, their implementation has 
proven to be a challenge, not only in poorer nations but also globally. The lack of 
adequate infrastructure, roadmaps, or programs in place to support the required 
compliance levels, as well as the social and technical gaps that must be addressed, 
are the main causes of the enforcement of regulations’ widespread failures in Africa, 
in particular (Godfrey et al. 2019; Nyathi and Togo 2020).

In this chapter, special attention will be paid to the case of MENA (Middle East 
and North Africa) countries in terms of the governance and legislative aspects of 
waste management.

6.2  Basic Regulation and Governance Needed Towards 
an Integrated Sustainable Waste Management (ISWM)

It is well known that developing a waste management system is not an easy task and 
requires several essential elements.

Beside a set of appropriate set of rules, other important elements have to be taken 
into consideration:

 – The infrastructure.
 – The parties involved, including local, regional, and national governments, waste 

producers/generators, producers (those who release goods onto the market that 
end up as waste, including manufacturers, brand owners, importers, and others in 
the supply chain), service providers (whether public or private sector, formal or 
informal, large, or small), civil society, and non-governmental organizations 
(NGOs), potential fund donors (international agencies).

 – The governance.
 – The financing.
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All the above considerations should always underpin the rules and policy instru-
ments in a coherent way. A new set of indicators, for example, was created based on 
a study of the data available in the 66 Mexican municipalities and can be used to 
evaluate various facets of the governance of the municipal solid waste management 
(MSWM) system in scenarios where the system is still being implemented (Turcott 
Cervantes et al. 2021).

6.2.1  Key Legal Principle

It is important to note that rules and regulations are needed to improve waste man-
agement. (Trinh et al. 2021). Laws and regulations define basic concepts, set out all 
“guiding principles” on which the strategy is based, allocate competences and 
responsibilities, set norms and standards requested for facilities and operations, and 
of course provide with sanctions in cases of noncompliance.

In most MENA countries, waste legislation incorporates several basic principles 
like the life-cycle method and the waste hierarchy, the preventative concept, and the 
concept and producer extended obligation. It is as well foreseen competences and 
responsibilities among the different stakeholders.

A nation’s waste acts set environmental policy and law, notably the general 
framework of environmental law. The nation’s waste act should include a number of 
new guiding ideas to the nation’s environmental legislation, such as the polluter- 
pays concept, producer obligation, the precautionary concept, and the life-cycle 
concept to waste management (Department of Environmental Affairs, Republic of 
South Africa 2018).

Figure 6.1 shows the principal key legal for integrated sustainable waste 
management.

Waste 
management 

hierarchy

Polluter pays 
concept

Precautionary 
concept

Extended 
producer 
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Municipal 
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Fig. 6.1 Key legal 
principle
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6.2.1.1  The Waste Management Hierarchy

The waste hierarchy is a significant notion that often underpins all waste manage-
ment legislation (Lansik scale). This rule can be summarized in the Fig. 6.2.

According to Fig. 6.2, the idea is to render end-of-life treatments (landfilling and 
incineration) less attractive than recycling or reuse. This shall be enforced through 
legal and economic instruments. A strong legal instrument is the ban on landfilling 
certain types of waste or the imposition of a maximum quantity sent to landfill.

A framework that was developed through research for MSW integration and sus-
tainability outlines the most recent challenges and crucial success factors (CSFs) 
needed to achieve S-ISWM in developing nations (Batista et al. 2021). The authors 
showed how, despite several obstacles, the use of CSFs might enable waste to be 
converted into renewable energy, ensuring the existence of future generations by 
offering them workable solutions to decrease waste’s volume and weight as well as 
the predominance of open dumps and landfills.

Mandatory recycling targets by waste stream are another “common recipe” help-
ing to apply the waste hierarchy in an effective way.

6.2.1.2  The Polluter Pays Principle

According to this waste-related principle, the producer of the wastes should be 
responsible for paying for its collection and treatment. Most of the time, the applica-
tion of this principle consists in applying a flat rate that is supposed to represent the 
cost of collection and treatment of an “average” quantity of waste produced per 
household. In several developed countries, this principle tends to be applied as close 
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Energy Recovery

Landfill

Most 
desirable
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Fig. 6.2 The waste hierarchy
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as possible to the “polluter” through taxation systems that vary according to the 
quantity of waste collected, the so-called ‘PAY AS YOU THROW” system. While 
in most developing nations, this is far from being the case.

In fact, it can be said that even if this principle exists on paper (which is the case 
in MENA countries), its application is far from being effective, at least in terms of 
waste treatment cost coverage. Municipal waste collection and treatment is a public 
service financed by the national budget and partly by local taxes that usually have 
nothing to do with waste management.

6.2.1.3  The Extended Producer Responsibility Principle

The environmental policy concept known as “extended producer responsibility 
(EPR)” is based on the premise that manufacturing and consumption decisions 
should take whole product life-cycle costs into account (Compagnoni 2022).

In reality, EPR suggests that manufacturers take on the burden of gathering or 
returning used items as well as sorting and treating them for future recycling. Such 
a duty could also be just organizational or pecuniary. The policy first appeared in a 
few European Member States towards the end of the 1980s, specifically for packag-
ing waste. The main reason for setting up such an instrument was to find new sources 
of funding for municipalities that were faced with a continuous increase in the cost 
of collecting and treating municipal waste.

The purpose of EPR is to internalize environmental externalities and to give 
producers a motivation to consider environmental factors throughout the life of their 
products, from the design stage to the end of their useful lives.

EPR is an important element in the Waste Hierarchy Principle’s application. 
EPR, along with other important economic tools, can promote behavior  
change among all parties involved in the product value chain, including producers, 
retailers, consumers and citizens, local government agencies, waste management 
companies, both public and private, recyclers, and social economy players. The 
EPR system targets consumers of things that produce waste at the end of their useful 
lives, whereas waste taxes shift the burden of waste treatment on families and 
citizens.

EPR principle is more and more implemented in developed countries. On the 
other hand, in developing nations, this principle is only very marginally applied, 
mainly as a pilot project involving the private sector (large agri-food companies) 
and waste pickers. In MENA countries, it is a work in progress. Most of them are 
working on the implementation of such a system which still requires adaptation of 
their legislation (Fig. 6.3).

Both Japan and South Korea have created their own e-waste regulations in this 
regard, with Japan being the first to implement the EPR system (Rajesh et al. 2022).
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Fig. 6.3 Flow sheet of responsibilities of public authorities and producers

6.2.1.4  The Municipal Competences

Municipalities most frequently handle waste management in a decentralized fash-
ion. The design of SWM systems typically takes into account regional factors, 
including the availability of funding, regional standards, the physical structure of 
settlements, and the ability of residents to pay for services.

Where it is possible and convenient, several municipalities can manage solid 
waste services together through an intermunicipal body. In nations of the European 
Union like France, Italy, and Belgium, intermunicipal cooperation is frequent and 
results in economies of scale, cost reductions through fewer investments and a wider 
range of finance sources, decreased personnel demands, and the sharing of technical 
knowledge. When operational goals and guidelines are the same across entities, as 
in the case of EU member states with similar policy and legal frameworks, intermu-
nicipal coordination is most effective.

Often waste management services are provided through public-private partner-
ships. Under the correct circumstances, private operators can improve waste man-
agement systems’ efficiency and financial stability. The private sector is frequently 
enlisted to assist public agencies in enhancing operations and reducing the prevalent 
issue of unequal access to collections across economic cohorts. This is the case in 
most MENA countries where municipalities delegate their competences to dele-
gated companies through public procurements and fixed-term management 
contracts.

Two major categories of expenses are typically incurred by municipalities that 
provide waste management services: (1) capital expenditures, which are frequently 
connected to infrastructure investments, and (2) operational expenditures, which are 
connected to service provision and equipment maintenance.
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Planning for these two different categories of expenses is usually different. It 
may occur that planning for the first category of expenditures is made at national 
level, especially for large infrastructure investment in order to avoid overcapacities 
and because the expense of building and maintaining facilities could affect the city’s 
final disposal decisions.

It can be said that most of the MENA countries are still suffering from a lack of 
autonomy, capacity, and financial means at local level where waste management is 
supposed to occur. A true and efficient administrative decentralization is still needed.

The municipality of Mexico, which has a local MSWM legal framework and 
financial control, might be cited as an example of intermediate waste management 
advancement in the region (differentiated budget and full costs provided). The for-
mulation and execution of local waste management legislation and regulations, as 
well as the appropriate functioning of other components of the relevant service, 
were found to have a high correlation (Turcott Cervantes et al. 2021).

6.2.2  Economic Instruments

Through market-based incentives and disincentives, economic instruments serve to 
influence stakeholders’ attitudes and practices in the direction of strategic goals. 
Pay-as-you-throw (PAYT) charging systems for residual (mixed) waste, for instance, 
will encourage people to separate their waste; taxes on landfilling or incineration 
will deter people from choosing these methods; and EPR will hold producers and 
importers responsible for the goods they place on the local market.

So far, none of the MENA countries has a set of economic instruments to make 
their waste management policies efficient and effective.

The requirement for the environmental manager to utilize legal and financial law 
regulations to inform society, as well as apply legal penalties in cases of noncompli-
ance, motivates the Legal Aspects pillar (Batista et al. 2021).

6.2.3  Social Instruments

Social tools rely on contact, communication, and raising of awareness between the 
public, other stakeholders, and government organizations. Information alone will 
not be enough to alter people’s beliefs and behavior. At least as vital are inspiring 
others, interacting with communities, and setting an example. Social tools rely on 
contact, communication, and raising of awareness between the public, other stake-
holders, and government organizations. At least as vital are inspiring others, inter-
acting with communities, and setting an example.

Much work remains to be done in this area in all MENA countries. The popula-
tion is still very little aware of the waste issue. The same is true for many local 
elected officials who do not yet understand the importance of waste management 
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(and selective collection) as a public policy, nor the economic potential that sustain-
able waste management could bring.

6.2.4  Governance

Governance is, broadly speaking, a concept representing the way in which a field of 
activity (waste management for what concerns us) is governed. Governance does 
not necessarily refer to a single decision-making entity, but rather to a system of 
decision-making entities that directs a certain field of activity. Governance is thus a 
concept based on the systemic approach. It corresponds to the institutional structure 
that is in place; the institutions’ abilities to create and, in particular, implement laws; 
and their ability to work together and with other players in all factors (mainly the 
private sector and the citizens).

Typically, SWM is the responsibility of several ministries within both the national 
and municipal governments. Enforcement of solid waste laws and rules might also 
be the duty of central bodies.

To establish uniformity and prevent overlaps or gaps in responsibilities between 
several levels of government, coordination is necessary. A more general, equally 
significant governance issue has to do with how the government and its institutions 
interact with other system stakeholders.

6.3  Gaps in Developing Nations: Lack of Data

Programs for managing solid waste must not only have legal backing, but also be 
contextualized and co-produced in order to achieve smart and clean cities. In devel-
oping nations, different obstacles are shown in the application of the waste manage-
ment, such as lack of data in different sectors. Figure 6.4 shows the source data 
activities.

6.3.1  Lack of Municipal Autonomy

A study examines the primary consequences of waste improper handling in emerg-
ing countries, with a focus on environmental pollution and socioeconomic difficul-
ties. Inadequate economic resources and legal framework are the main causes of the 
lack of effective healthcare waste management systems and disposal facilities in 
Dhaka (Ferronato and Torretta 2019).

A research investigates the discussion of sub-Saharan Africa’s SWM laws and 
policies, based on a literature review (Muheirwe et al. 2022). The authors indicated 
that awareness of communities is necessary to ensure adherence and promote 
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Fig. 6.4 Source of data lack activities

involvement. Activism should be used, according to the authors, to pressure the 
government to dedicate more resources to the implementation of policy-related 
initiatives.

6.3.2  Lack of Financing

The lack of advances in financing and management approaches to reach profitable 
results targets is driving the public-private partnership (PPP) pillar. As a result, the 
PPP administrative concession contract and its characteristics have the potential to 
outperform traditional contract models, offering as a viable choice for long-term 
projects (Batista et al. 2021).

6.3.3  Uncompleted Waste Legislation

A study discusses the challenges of policy implementation in Vietnam’s MWM sys-
tem (Trinh et al. 2021). The authors declare that the goal of that study is to identify 
the limitations, constraints, and challenges of policy implementation in Vietnam’s 
MWM system so that the circumstances, strengths, and weaknesses of the system 
may be better understood. It then moves on to correct solutions for increasing 
implementation efficiency.
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6.3.4  Lack of Public Awareness: Need to Educate People

In order to understand policies, the sensitization of urban residents is necessary for 
efficient policy implementation. In 2000, regulations governing the collection of 
MSW were enacted. Solid waste separation cannot be accomplished solely by 
workers. It is also a shared obligation with consumers (Rajesh et al. 2022).

6.4  Tentative of Tailored Solutions at Short-Mid Term

6.4.1  E-Waste Management in DC

Electronic waste (e-waste) includes a variety of electronic parts, especially cables, 
plastics, metals, and non-metals. These wastes are produced from high demands of 
electronic devices such as computers, mobiles, refrigerators, and other electronic 
equipment.

6.4.1.1  Waste Impacts on Human Health and Environment: India 
and China Example

E-waste is a kind of indirect trash and unfathomable pollution that pollutes natural 
resources such as air, soil, and water, causing harm to humans, animals, and the 
ecosystem. Long-term e-waste accumulation and contamination may have a nega-
tive impact on the resources of the environment. The two countries with the highest 
levels of electronic device consumption worldwide are also responsible for an 
increase in electrical and electronic waste equipment (Rajesh et al. 2022).

6.4.1.2  E-Waste in DC Disposed in Landfill: E-Waste Export 
Banned Recently

E-waste is primarily disposed of in landfills and incinerators, as well as exported 
from industrialized nations to developing nations like Pakistan, China, India, and 
Malaysia (Rajesh et al. 2022). Most nations have banned the export of e-waste in 
recent years, and they have enacted separate legislation for proper e-waste disposal.

6.4.1.3  E-Waste Legislation in India

In India, a paper examines the concerns surrounding the development of future elec-
trical and electronic trash (WEEE) management regulations (Pathaka and Srivastava 
2017). The authors begin by highlighting the global (WEEE) management concerns 
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and how other nations/regions handling them (e.g., the European Union, Japan, 
South Korea, and Taiwan) are dealing with them. The report then discusses the cur-
rent state of WEEE generation and disposal in India, environmental and public 
health effects.

The development of India’s legal system has also been examined in order to 
arrive at the country’s recently enacted e-waste legislation of 2016, as well as the 
success and potential of WEEE management within the Indian context (Pathaka and 
Srivastava 2017).

6.4.2  Plastic Waste Management in DC

At an unprecedented rate, single-use plastic is pouring into the environment, includ-
ing the marine ecosystem, making waste plastic a particularly problematic material 
(Godfrey 2019). Countries all over the world are taking action to lessen these 
effects. Some of these actions include the elimination of single-use plastics; the 
substitution of petroleum-based plastics with bio-friendly alternatives such as paper, 
glass, or biodegradable plastics; and the improvement of waste collection systems 
to guarantee that all garbage is appropriately gathered, processed, or disposed of 
safely. Due to the planned and unforeseen implications of these “solutions” how-
ever, business, the government, or civil society frequently oppose them, leading 
many to wonder what would be the best way to stop the leaking.

Plastic pollution of the environment is mostly a problem of human conduct. Each 
of these three “solutions” while important contributes in a different way, in our 
opinion, stop plastic from leaking into the environment. Instead, the answer is prob-
ably going to involve a combination of all three factors.

If recycling certain products at the end of their useful lives is unlikely to ever be 
economically viable, the solution for a developing country is likely to involve a 
combination of (i) better waste collection, (ii) product replacement with bio- 
beneficial alternatives, and, if still necessary, (iii) regulatory intervention to force 
the change (Godfrey 2019).

6.5  Proposed Solution for Improvement of Waste 
Management Legislation

Strong governance is required to build sufficient capacity in the financial, institu-
tional, technological, and infrastructural sectors to encourage garbage management 
that is environmentally responsible. How infractions and criminal behavior are han-
dled (such as indiscriminate dumping) by law enforcement officers are the principle 
actions to promote sustainable waste management.
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By assessing and improving their policy framework, governments can encourage 
sustainable waste management techniques. In this context, we will outline on three 
examples of best practices. Figure 6.5 shows the three examples of policy frame-
work for best sustainable waste management.

A policy framework should include all laws governing waste, including those 
pertaining to recycling, dumping, transportation, etc. This strategy guarantees 
coherent legislation and enables the detection and correction of flaws and 
contradictions.

The procedures for coordination between all parties should be outlined in policy 
frameworks. An ineffective waste infrastructure network might result from a lack of 
vertical coordination within governmental entities (i.e., creating and implementing 
solutions simultaneously).

The creation of waste management plans should be incorporated into policy 
frameworks as a mandate. These strategies must include measurable goals, doable 
finance and implementation tactics, and methods to track and monitor success.

To encourage efficient waste management, the government can alter the law and 
create new guidelines. These guidelines are outlined as follows:

• Tougher penalties for illegal dumping to make sure offenders are punished 
severely for potentially damaging human health and the environment and to pre-
vent repeat offenders.

• The adoption of legislation requiring separation at source regulations to promote 
waste reuse, recycling, and recovery.

• The implementation of laws that guarantee the disposal of hazardous waste in a 
way that is environmentally sustainable and safe.

• Implementing laws and formulating guidelines that establish licensing require-
ments for municipal landfills and waste management facilities.

regulation

co-ordination

waste 
management 

plans

Fig. 6.5 The examples of 
policy framework for best 
sustainable waste 
management
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• Service requirements for separating, compacting, and storing will be outlined in 
municipal bylaws. To guarantee that trash is handled properly and dumped in a 
way that is not damaging to the environment.

• Implementing new resources, a new set of policy concepts, and legislation that 
mandates local governments recycle or compost a percentage of their trash will 
enable municipalities to recycle as much waste as possible.

6.6  Waste Management Legislative Aspect: Study Case 
of Morocco

In order to reform the waste management sector, Morocco has taken a number of 
strategic measures, including strengthening the legal framework, implementing 
SWM programs, supporting the National Household Solid Waste Program (PNDM), 
creating a national master strategy for management of hazardous waste, and reform-
ing local taxation.

Morocco recently implemented a pro-active management strategy for environ-
mental preservation and long-term growth. Many programs and advances, such as 
those connected to expert collection services, cleaning, and disposal of domestic 
garbage, have emerged since the foundation of a government department in 1992 
that is in charge of the environment (Ministry of the Environment Morocco 2008).

6.6.1  Management of Solid Waste in Morocco

The majority of MENA countries’ solid waste management is characterized by a 
lack of planning, poor disposal, and insufficient collection services, unsuitable tech-
nologies for the regional conditions and technical needs, and insufficient finance. As 
a result, waste management generally consists only of collection, transportation, 
and disposal (Hemidat et al. 2022).

Municipal solid waste (MSW) is typically poorly managed and poorly controlled 
in developing nations. Due to the environmental issues connected to this issue, sev-
eral nations adopted national regulations to specify the kinds of garbage that should 
be reused, recycled, and treated in order to implement the best solutions. Alternative 
plans were investigated and analyzed in this study with the goal of improving 
MSWM in Morocco.

Morocco is still dealing with waste management issues. There have been several 
initiatives to raise the standard of waste management (collection, sorting, disposal, 
etc.). Through the development of an integrated strategy to accomplish the goals, it 
has attempted to lessen the level of waste management hazards (Ouigmane et al. 
2018), using two methods:
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• Methodology aspect (typology and features of trash, collecting methods appro-
priate for urban settings, creation of landfill and recovery facilities, etc.)

• Socioeconomics aspect (including populations that benefit directly or indirectly 
from garbage recovery and recycling, the development of new industries, etc.)

Increased economic activity and population growth in Morocco are closely 
related to rising consumption, which results in rising solid waste output. According 
to recent surveys, Morocco produced more than 6.8 million tons/year MSW and 
1.6 million tons/year of industrial waste (El Bari 2016).

Figure 6.6 resumes the different problems of waste management in developing 
nations; we can cite the inadequate waste separation, insufficient separation, lack 
financing, and also having trouble applying the law.

6.6.2  Moroccan Legislation on Waste Disposal

The MSWM calls for an understanding of the institutional and regulatory frame-
works that govern this sector. The primary issue with the MSW management sector 
in Morocco is reflected in the institutional and legal framework, specifically the 
inadequate legal and regulatory framework and the lack of adequate solid sanitation 
resources accessible to the responsible local authorities. Morocco has undertaken a 
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number of initiatives despite these issues, introducing Law 28-00 on waste manage-
ment in 2006 and the national strategy for household trash management (Hasib 
et al. 2020).

6.6.2.1  Regulation of Waste Management and Disposal Under Law 
No. 28-00

Due to the fact that Morocco has a large number of environmental protection texts, 
the nation has started, since the turn of the century, to accumulate a new arsenal of 
texts, laws, and regulations intended, on the one hand, to preserve the environment 
and, on the other hand, to follow and dedicate its commitments. Table 6.1 presents 
the main subjects of the law on waste (El Bari 2016).

Waste management is governed by Law 28-00, which addresses the entire chain, 
including collection, disposal, and treatment. This law divides waste into four cat-
egories: household, industrial, medical, and hazardous. This law covers significant 
topics, most notably the section on the control of trash import and export. Therefore, 
exporters are required to have both a written agreement from the authorities of the 
nation where the waste will be dumped or treated and prior authorization from the 
supervisory administration (EL BARI 2016).

The Law 28-00 regulation is intended to preserve human health and also the air, 
soil, ecosystems, sites, and landscapes as well as the environment as a whole from 
the negative consequences of garbage. This is its goal:

• The decrease of trash production and prevention of its harmfulness.
• The collection, handling, storage, treatment, and disposal of waste with consid-

eration for the environment.
• The process of recovering waste by reuse, recycling, or any other procedure 

designed to produce useable materials or energy from waste.
• Making plans for municipal, regional, and national garbage management and 

disposal.
• Providing the public with information on the detrimental consequences of waste 

on public health, the environment, and actions to mitigate those effects.
• The creation of a system to police and punish crimes committed in this area.

Table 6.1 The main directives of the law on waste adopted

Law Subject

No. 11-03 Protection and enhancement of the environment
No. 10-95 Water
No. 12-03 Environmental impact studies
No. 13-03 Fight against air pollution
No. 28-00 Waste management and disposal

6 Waste Management Institutional and Legislation Aspects in Developing Countries



106

6.6.2.2  The Decrees of Law 28-00

By creating technical specifications for the avoidance, collection, conversion, han-
dling, and disposal of waste, Law No. 28-00 on Waste Management (2006), along 
with its decrees and implementation orders, was the first significant step in the sec-
toral legislative action.

The Moroccan government considers proper management of household and sim-
ilar garbage to be a national priority, which is why it passed the Waste Management 
and Elimination Law (Law 28-00) in 2006 and started the National Municipal Solid 
Waste Program (PNDM), a three-phase, 15-year program, in 2008 (Ministry of the 
Environment Morocco 2008).

Because of private sector’s involvement, especially in larger cities, significant 
progress has been made in modernizing garbage collection and final disposal ser-
vices. In contrast, because of their limited financial resources and rising levels of 
waste, small- and medium-sized cities and rural areas have seen relatively little 
improvement. On the other hand, issues related to a lack of land for disposal sites in 
metropolitan municipalities have come to be recognized as significant hurdles to 
their effective waste management. Reducing the amount disposed of is vital because 
there are not many lands accessible for disposal locations.

The Moroccan government has come to feel that it is essential to find an appro-
priate waste treatment system that is adapted to the local technical and economic 
requirements for diverse areas in Morocco. Figure 6.7 summarizes the main decrees 
of Law 28-00 and their description.

Prior to 2008, Morocco’s collected waste was disposed of at local landfills. They 
are typically in county regions that are arbitrarily chosen for being close to the city 
without doing any environmental impact studies. There are thought to be 300 

La
w

 2
8-

00

n° 2-07-253  July 18, 2008 Classification of waste and establishing the list of hazardous waste.

n° 2-09-139  May 21, 2009 Management of medical and pharmaceutical waste  

n° 2-09-284 Dec 8, 2009 Administrative procedures and technical requirements relating to controlled landfills

n° 2-09-285  July 6, 2010 
Provincial master plan for the management of household and similar waste to controlled 

landfills

n° 2-09-538  Mar 22,  2010 Development of the national master plan for hazardous waste management 

n° 2-09-683  July 6, 2010 
The modalities for the development of the regional master plan for the management of non-

hazardous industrial, medical and pharmaceutical waste 

n° 2-09-85 Sept 6, 2011 The collection, transportation and treatment of certain waste oils 

n°2-12-172 May 4, 2012 Disposal and recovery processes for waste by incineration 

Fig. 6.7 The main decrees of Moroccan waste Law 28-00
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landfills in total (Ministry of the Environment Morocco 2008). These websites have 
a number of issues:

• Ample space.
• There is no security and there is no taxiway.
• Heterogeneity of waste (household, medical, industrial, etc.).
• Many of the site’s informal workers live in extremely precarious circumstances 

(no regulations, waste, disease risks, etc.).
• Outdoor garbage burning releases foul odors (for neighbors: villages, cities, 

dressers, etc.).
• Fragmented plastic packaging.

The best management of solid waste – which includes municipal wastes, plastics 
waste, e-waste, industrial and hazardous wastes, biomedical wastes, and construc-
tion and demolition wastes – wastewater and sludge, agricultural waste, end-of-life 
vehicle wastes, and renewable energy and electricity are all included in the national 
strategy and remain the main initiatives that receive attention (Dahchour et al. 2021).

A significant amount of diverse chemical wastes are produced as a result of the 
exponential growth in the usage of chemicals in scientific research. These chemical 
wastes can potentially pollute land, water, and air and have negative impacts on 
human health. In light of this, it is unquestionably necessary to manage and handle 
these products in compliance with national and international legislation (Housni 
et al. 2022).

6.7  Conclusion

Political, institutional, environmental, social, and economic factors all play a role in 
the complexity of the SWM. In addition, in developing nations, different obstacles 
are shown in the application of waste management, such as a lack of reliable and 
updated waste data. Although it is easy to create regulations, both industrialized and 
developing countries suffer from the enforcement of them. Indeed, in developing 
nations, the enforcement of waste-related laws faces several obstacles due to a lack 
of adequate technical infrastructure and the absence of effective regional waste 
management programs. In many developing nations, the legislative and regulatory 
framework for waste management is inadequate, scattered, and incomplete.

In developing countries, it can be said that even if the polluter pay principle 
exists on paper, its application is far from being effective, at least in terms of waste 
treatment cost coverage. Municipal waste collection and treatment is a public ser-
vice funded in part by municipal taxes that typically have nothing to do with waste 
management and partially by the national budget. The EPR concept is increasingly 
being used in developed countries, but it is only slightly used in developing countries.

Developing countries need effective policy support and adequate governance to 
achieve waste management and recovery in an integrated and sustainable manner. 
The life-cycle approach, the preventative concept, the polluter pays concept, 
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producer obligation, and enforcement of rules requiring local authorities to recycle 
their waste and separate it at source are some of the fundamental principles that 
should be incorporated into a nation’s waste law.

In order to understand policies, the awareness of the urban community is neces-
sary for efficient policy implementation. Strong governance is required to build 
sufficient capacity in the financial, institutional, technological, and infrastructural 
sectors to encourage garbage management that is environmentally responsible. The 
adoption of legislation requiring separation at source regulations to promote waste 
reuse, recycling, and recovery. The implementation of laws that guarantee the dis-
posal of hazardous waste in a way that is environmentally sustainable and safe. 
These two actions could encourage efficient waste management.
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Chapter 7
The Waste Informal Sector Impact 
in Mena Region

Mustapha Azaitraoui, Aziz Ouatmane, Françoise Bonnet, and Hassan El Bari

7.1  Introduction

Improving urban waste management in the MENA Region is increasingly a real 
challenge imposed by significant population growth, real urban evolution, and the 
emergence of new consumption patterns. Despite all the efforts made by institu-
tional actors to improve this sector, and despite considerable progress (improvement 
in collection, landfill and recovery rates), the general observation is that serious 
problems persist both upstream and downstream of the waste management cycle.

Stakeholders are faced with a service that is increasingly costly and a source of 
tensions and pressures that are difficult to identify. Decision-making and the com-
pletion of tenders have also become a delicate exercise, given the rapid evolution of 
the national legal arsenal and the slow implementation of the application texts, and 
the challenge of finding technical solutions adapted to the specificities of each city.

In the majority of MENA cities, waste pickers are informal actors operating on 
the margins of the waste value chain and play an important role in the circular 
economy system. These informal waste pickers have always been pushed to the 
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margins, edges, and interstices of large cities and the “holes” of metropolises 
(Florin 2016).

Informal recyclers play a fundamental role in the urban solid waste management 
system. Their activity valorizes recyclables produced by households, businesses, 
and industries. Although it could allow the recovery of a more or less important por-
tion of household and similar waste, the organization of this activity is currently 
limited to a few cooperatives of sorters at the level of the new controlled landfills, 
while it is still informal, unstructured, and not very profitable at the level of the cities.

In this context characterized by the complexity of the field and the multitude of 
stakeholders, there is a growing consensus on the need for a new integrated approach 
capable of capturing all aspects likely to improve the waste management system, 
particularly municipal solid waste. Analyzing the weak links of the current model, 
questioning the roles of all potential actors, should define new rules and rethink the 
roles required to continuously and efficiently improve the current situation.

The research methodology is based on interviews conducted in Morocco, Algeria, 
and Tunisia. It also relies on the review of existing literature and documentation on 
the subject in the MENA Region, observation of recovery, reclamation, and recy-
cling activities.

7.2  The Informal Sector in the MENA Region’s Urban Waste 
Management System

7.2.1  Waste Management Policies

Worldwide, urban waste management is considered as a public service, like water 
distribution or energy delivery. In most countries, this service is provided by local 
authorities as one of their municipal competences; those competences are usually 
being regulated by a national legal framework. As a general rule, waste management 
policy consists in putting in place the infrastructures (collection system, sanitary 
landfills and/or energy recovery plants, sorting and recycling facilities); setting up a 
separate collection system as well as waste transport, underpinned by a strong set of 
legislations; and establishing a sustainable cost recovery system based on the “pol-
luter pays” principle, as well as respecting the waste hierarchy. This should be done 
in an integrated way (integrated sustainable waste management), meaning that:

• All physical elements (infrastructure) of the system, from waste generation 
through storage, collection, transport, transfer, recycling, recovery, treatment, 
and disposal, are considered.

• All stakeholders are involved, including municipalities, regional and national 
governments, waste generators/service users (including industry, business, insti-
tutions and households), producers (those who put products on the market which 
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become waste at the end of their life, including manufacturers, brand owners, 
importers and others in the supply chain), service providers (whether public or 
private sector, formal or informal, large or small), civil society and non- 
governmental organizations (NGOs) (which play a variety of roles, including 
facilitating the participation of other parties), international agencies, etc.

• All strategic aspects, including the political, health, institutional, social, eco-
nomic, financial, environmental, and technical facets, are taken into account.

Waste management in developing countries is not conducted in such an inte-
grated way and is most of the time characterized by not only an absence of waste 
collection (or at least an absence of separate collection) and disposal schemes but 
also an absence of adequate treatment facilities, – leading to improperly managed 
dumping sites – as well as by weakly enforced environmental and municipal solid 
waste legislation, when existing.

Solid waste management (SWM) is one of the most important environmental 
challenges that countries in the MENA region face. Indeed, “the rapid growth of the 
population, a booming economy, rapid urbanization, and high standards of living in 
the community have significantly accelerated the rate of solid waste generation” 
(Hemidat et al. 2022).

The MENA region countries suffer from an insufficiently regulated context, a 
lack of long-term planning, an over centralization of authority at national level, and 
a lack of cost recovery mechanism at national and local level. Notwithstanding, 
some countries do have a waste management strategy and legislations; however, 
most of them still do not have appropriate long-term vision, legislations, and strate-
gies. Moreover, in countries where waste management laws and strategies exist, 
their enforcement, the other side of the coin, remains problematic.

In addition to that, when implementing waste management strategies, priority is 
given to the sanitation of existing dumping sites. Collection schemes, when exist-
ing, are mingled ones. So far, there is no systemic separate collection in any of the 
MENA countries.

It can be said that while sanitation of dumpsites and building of adequate infra-
structures are increasing year after year, separate collection still does not exist in a 
systematic way. Separate collection schemes exist only as pilot projects, which end 
when donor funding expires.

Separate collection is usually considered as a financial issue for municipalities, 
since it leads to an important increase of the municipal budget, due to the lack of an 
adequate cost recovery system. Furthermore, since separate collection is handled by 
informal waste pickers, introducing separate collection schemes is concerning for 
local decision-makers who do not want to provoke a social crisis, as waste pickers 
could get less revenues in case a formal system would be put in place.

There exist multiple reasons for that situation: on the one hand, an inadequate 
governance of local authorities and, on the other hand, an absence of efficient fiscal 
and financial system allowing the concrete implementation of the waste strategy.

7 The Waste Informal Sector Impact in Mena Region
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7.2.2  Collection System Context

 – What should be collected and how should it be collected?

When talking about urban waste (or municipal waste), we intend to cover house-
hold waste and assimilated ones, made of an important organic fraction and a pack-
aging/dry fraction (paper, cardboard, glass, metal, and plastic). The collection we 
deal with here is the dry fraction. Nevertheless, we must bear in mind that organic 
waste can be collected as (animal) feed in very poor areas.

In the MENA region, most of the time, municipal wastes are collected under the 
responsibility of the municipality, with some exceptions or less efficient systems in 
remote areas. It is well established that the selective collecting of household waste 
is largely carried out by the informal sector. “Recyclables” are collected by waste 
pickers (informal collectors), straight from household waste, with the result that 
much of this waste escapes the quantity of household waste collected by the munici-
palities and their delegates.

Waste pickers operate in two different modes.

• Part of them collect separately in the dumpsites, with or without adequate tools, 
in precarious conditions, regardless of hygiene and security. They usually collect 
the recyclables in landfill, generally located on the outskirts of urban centers, 
after the trucks in charge of collecting mixed household waste have taken the 
(unsorted) waste to the landfill. Only a few controlled landfills now have opera-
tional sorting lines where waste pickers are “employed” to carry out the sorting 
operations under better conditions. There are three sorting lines of this kind that 
are operational in Morocco: in Rabat, Meknes, and Marrakech.

• Others roam around the city’s neighborhoods and rummage through the garbage 
(household and similar waste bins and industrial waste bins) to sort and recover 
all recyclable waste, especially PET bottles, metals, paper, and cardboard. The 
waste that is collected in the city is generally less dirty and soiled than the waste 
collected in landfills, since it is collected further upstream and can therefore 
constitute a better-quality recyclable material.

The means of collection and recovery vary according to age, location, and habi-
tat: it can be realized on foot, bicycle, small or large carts, carts with donkeys, and 
three-wheelers.

The working conditions are harsh both from a sanitary and technical point of 
view. Their activity is not recognized and therefore informal.

 – How is waste collection financed?

In developed countries, financial means rely on the application of the “polluter 
pays” principle applied as closest as possible to the producer of waste (the citizen, 
local taxes, and/or the consumer, extended producer responsibility (EPR) systems).

In those countries (mainly EU, North America, Canada), EPR systems/schemes 
have been implemented for many years and allow for a sustainable management of 
waste (by sustainable management, we mean a management where waste is 
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considered as a resource and is put back into a circular process, essentially thanks 
to selective collection and recycling activities adapted to the existing material flows).

Similarly, waste-related taxation is now applied at the local level and becomes an 
economic incentive for households that produce less waste (pay as you through 
system) or sort more. On the contrary, in developing countries, collection (and 
waste management) is most of the time financed by the general budget of the munic-
ipality. This budget is made of local taxes (tourism…) – without any connection 
either with the waste management service or with the quantity of waste produced – 
and subsidies from the national government. The cost of basic municipal waste 
management operations (collection and transport to the landfill) occupies a consid-
erable portion of city budget in developing nations. It is therefore unthinkable for 
local authorities to implement a separate collection system without additional 
funding.

To address this budget deficit, several MENA countries have begun to think 
about developing an EPR system. Besides the usual problem of lack of legislation 
and appropriate facilities, they are then faced with the problem of the informal sec-
tor. This informal sector can only be part of the solution, but it needs formalization 
(in order to avoid unsound practices) and professionalization.

7.2.3  The Relationship Between the Informal 
and Formal Sector

Once collected, the recovered waste is usually sold by the waste pickers to various 
kinds of intermediaries and wholesalers. The size of the wholesalers depends on 
their premises: those located in the cities (generally in poor areas) have small prem-
ises (garages) and those located in the periphery have larger premises (sometimes 
up to 1000 m2). They usually store, sort, and/or wash recyclable waste purchased 
from waste pickers or smaller intermediaries. Then, they sell it to wholesale shred-
ders. At that stage of the process starts the “formal” sector. Some “shredders” are 
still informal, but others are patented recycling companies with storage facilities. 
After shredding, the material is resold to manufacturers.

Due to their poor conditions of work, lack of means (no storage place, no trucks, 
etc.), and lack of consideration, the first level of the chain (waste pickers) is exploited 
and poorly paid. The people working on the next level are slightly better regarded 
and so on, depending mainly on the quantity they can offer in once.

Without any doubt, the informal sector contributes significantly to the recycling 
rates of many cities in the MENA region (Hemidat et al. 2022). Thus, reducing the 
volume of waste sent to landfills, and environmental pollution, while creating local 
added value through the recycling market and informal employment opportunities.

However, despite these benefits, the informal sector is also associated with nega-
tive social and economic conditions, such as poverty, bad working conditions, 
exploitation, discrimination, child labor, social rejection, and lack of education. 
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Working as a waste picker is associated with low status and considered undesirable. 
There is a general disrespect for the work, thus producing low working ethics of 
workers and poor quality of their work.

In light of this situation, policy- and decision-makers are well aware of the con-
tribution of the informal sector and consider the waste pickers as relevant stakehold-
ers in their waste management systems. Nevertheless, they still have difficulties 
understanding how to formalize them, while improving their working conditions 
and socioeconomic situation, without threatening dozens of jobs provided by such 
a system. For sure, the right recipe depends on the socioeconomic and cultural con-
text, which varies from one country/region to another.

Based on an international benchmark of proven initiatives, the main forms of 
support for the organization of the waste recovery business can be listed as follows:

• Creating a cooperative or association of waste pickers managed by an office.
• Encouraging wholesalers to establish a formal framework with micro- associations 

of waste pickers.
• Tripartite agreement: wholesalers/recyclers/municipality and service provider 

company.
• Developing a micro-credits system: For the purchase of materials and equipment 

or loans.
• Creating dedicated sorting centers (like the three ones in Morocco).
• Creating a municipal/intermunicipal development company.
• The recovery of recyclable waste sector has its own organization, rules, actors, 

and dynamics, specific to each territory. The solution must be tailored to these 
criteria or will not be a solution.

7.3  Waste Management: A Multitude of Actors

Approaches to the management of essential urban services in the MENA region 
have undergone profound changes in recent years. These changes are linked to pub-
lic service reforms that have involved a wide variety of decentralization, liberaliza-
tion, privatization, democratization, and participatory processes (Jaglin and Zerah 
2012). In the case of urban waste, these changes are part of the modernization of the 
management of the service that has interested low- and middle-income countries in 
the last two decades and that has often referred to Western models based on central-
ized and technical approaches to waste collection and treatment, developed at the 
scale of the urban perimeter (Spaargaren et al. 2005). However, in MENA countries, 
modernization in MSW management is taking place with a multitude of actors, 
represented mainly by individuals or micro-enterprises, often belonging to the 
informal sector, already filling the waste collection, recovery, and recycling niches.

In local and national contexts of political, legislative, and administrative reforms 
of waste management systems, there is a reconfiguration of the relationships, roles 
and places of the different actors dealing with waste, as well as the emergence of 
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new actors in a sector that seems, all in all, increasingly lucrative. This growing 
profitability of waste is explained by the rise in raw material prices, leading to a 
renewed interest in secondary raw materials.

On an international scale, the increasingly precise organization of the materials 
chains, whether for recovery, processing, or export, raises the question of the inter-
national circulation of waste, whether formal or informal, official, or clandestine. 
The new international waste players deserve our attention. Finally, the global envi-
ronmental context, the need to reduce waste, and the problems of its reuse, recy-
cling, and treatment have become priorities that impact local and national policies, 
all the more so as waste production is constantly increasing.

7.3.1  Increasingly Privatized Solid Waste Management

Solid waste management is a particularly significant challenge for developing coun-
tries, where resources are limited but urbanization is increasing. Municipalities 
operate within a limited framework: rigid laws, large numbers of employees due to 
the manual tasks involved in cleaning and collection services, and consequently the 
influence of unions on the overall organization. 

Municipalities delegate waste management tasks in order to reduce costs, par-
ticularly wage costs: unlike employees of private companies, municipal employees 
are members of unions and their wages are high. Services can be delegated to pri-
vate companies (public-private partnerships) or to NGOs. 

According to Dorvil (2007), one argument in favor of public-private partnerships 
is that a private contractor is better able to control costs, respond to client needs, and 
adopt new technologies and better management practices.

In this section, we consider the case of three MENA countries: Morocco, Algeria, 
and Tunisia.

7.3.2  Laws Governing the Collection and Disposal of Waste 
in Morocco

Law n°28-00 on waste management and disposal (B.O. n° 5480 of December 7, 
2006) is the first law in Morocco dedicated to the waste sector. It provides for the 
elaboration of three waste management master plans, at three different territorial 
levels, for three distinct types of waste: a national master plan for the management 
of hazardous waste; a regional master plan for the management of non-hazardous 
industrial, medical, and pharmaceutical waste and ultimate, agricultural, and inert 
waste; and a prefectural or provincial master plan for the management of household 
and similar waste. In the framework of the law n°12-90 on urban planning, the 
Urban Development Master Plan notes: “the places to be used as deposits for 
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household waste must be submitted to the communal councils concerned prior to 
their approval.” In January 2007, the National Household Waste Program (PNDM), 
developed by the Secretary of State for Water and the Environment and the Ministry 
of the Interior, was allocated $4.3 billion over a 5-year period for the implementa-
tion of a national solid waste program. This program is a clear signal from the state 
to local authorities, who must now implement integrated projects to reduce untreated 
waste and increase recycling rates. The recent law n°54-05 relating to the delegated 
management of public services has strengthened the legal arsenal of public procure-
ment, particularly for the delegated management of the solid waste sector.

Article 12 of law n°28-00 provides that the prefectural or provincial master plan 
for the management of household and similar waste is drawn up on the initiative and 
under the responsibility of the governor of the prefecture or province concerned, in 
consultation with a consultative commission made up of representatives of the 
councils of the communes and their groupings representatives of the prefectural or 
provincial council, representatives of the administration, representatives of profes-
sional bodies concerned with the production and disposal of such waste, and repre-
sentatives of neighborhood associations and environmental protection associations 
operating in the prefecture or province concerned. The master plan takes into 
account the needs and potential of neighboring areas outside the territory of its 
application, as well as the possibilities of inter-prefectural or inter-provincial coop-
eration in this field. The plan is subject to a public inquiry. It is approved by order 
of the wali or the governor after the opinion of the prefectural or provincial council 
(B.O. N°5480 OF DECEMBER 7, 2006). The territory of each prefecture or prov-
ince must be covered by a prefectural or provincial master plan for the management 
of household and similar waste as of the year 2011. It is drawn up for a period of 
10 years. This plan determines, in particular, the objectives to be reached in terms of 
collection and elimination rates for household and similar waste; the appropriate 
sites for the establishment of elimination and storage facilities for this waste, taking 
into account the orientations of urban planning documents; a 5-year and 10-year 
forecast inventory of the quantities of waste to be collected and eliminated accord-
ing to their origin their nature and type; an investment program for the same dura-
tion including the evaluation of the costs of realization of the controlled landfills and 
the installations of treatment, recovery, storage, or elimination of these wastes, as 
well as the rehabilitation of the noncontrolled landfills, the financial and human 
means necessary, the measures to be taken as regards information, sensitizing, and 
council.

The Communal Charter of 30/09/1976 entrusts local authorities with the respon-
sibility of managing household waste (solid waste). Article 30 of the communal 
Dahir n°17-583 relating to the communal organization establishes that “the com-
munal council regulates by deliberation the affairs of the commune and, to this end, 
decides on the measures to be taken to ensure the full economic, social and cultural 
development of the local community.” By law n°28-00, the communes or their 
groupings are required to establish a communal or inter-communal plan for the 
management of household and similar waste, which defines the operations of pre- 
collection, collection, transport, dumping, elimination, treatment, and recovery and, 
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if necessary, sorting of this waste. Article 17 of the same law establishes that the 
communal or inter-communal plan must take into account the orientations of the 
prefectural or provincial master plan for the management of household and similar 
waste. It defines, in particular, the zones where the communes or their groupings are 
required to ensure the collection, transport, elimination, or recovery of household 
and similar waste; the routes, frequency, and timetables for the collection of this 
waste; the methods of waste collection; the frequency of cleaning operations by 
zone; and the zones where the transport and dumping of this waste are the responsi-
bility of its generators. This plan is established for a period of 5 years and approved 
by order of the governor of the prefecture or province concerned. The municipalities 
or their groupings decide on the management methods of the public service of 
household and similar waste, by direct management, autonomous management, 
concession, or any other form of direct management or delegated management. 
When the management of this service is delegated, the operator is subject to the 
provisions of the law and its application texts. In addition, the municipality must 
organize awareness-raising activities to involve the citizen in the actions that the 
community undertakes to improve waste management (use of appropriate contain-
ers, ensuring the cleanliness of public roads, making efforts to sort waste upstream, 
etc.) and information sessions for the public on respect for the environment, the 
various types of waste, their disposal, etc. Regarding the collection and disposal of 
waste Role of the municipalities, Article 16 of Law No. 28-00 on the management 
and disposal of waste establishes that the communal public service of management 
of household waste and similar includes the collection, transport, disposal, treat-
ment, recovery and, where appropriate, sorting of such waste. This service also 
includes the cleaning of roads, squares, and public places as well as the transport 
and elimination of cleaning waste, under the same conditions as household waste 
management.

7.3.3  Informal Waste Actors in Morocco

Informal recyclable material collectors are fundamental actors in the urban solid 
waste management system in most developing countries. Their activity valorizes 
recyclable materials rejected by households, businesses, and industries and is car-
ried out in a context of low involvement of public authorities in source separation 
actions. This context is also marked by the saturation of landfills, illegal deposits, 
low collection rates, the increase in the quantity of household waste, and negative 
effects on the environment and public health. Although it allows for the recovery of 
a more or less important portion of these recyclables, the informal recycling activity 
is, most of the time, neither recognized nor supported by the authorities 
(Azaitraoui 2007).

The sector is relatively structured (the chain is complete, from the recovery of 
waste from garbage cans to the recycling industry) and the actors in the informal 
sector are numerous. We can identify (Soudi and Chrifi 2008) as follows:
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Landfill collectors: They wait for the arrival and emptying of dump trucks to sort the 
waste and recover the maximum amount of recyclable products.

Itinerant waste pickers: They work mostly at night or at least before the municipal 
service truck arrives. They drive through the city in a cart and collect recyclable 
waste from the garbage cans.

The garbage collectors: To improve their income, they sort the recyclable waste in 
the collection truck in order to sell it to wholesale intermediaries. However, this 
activity is not allowed in private waste management companies.

Intermediary washer/sorters: Usually located in working-class neighborhoods, they 
store, sort, and/or wash recyclable waste purchased from reclaimers or smaller 
intermediaries. They then resell it to wholesale shredders. They are therefore 
simply traders in the material.

Wholesaler-shredders: They are mainly located in Casablanca. They collect the 
plastic recyclable waste from the reclaimers and then grind them before reselling 
them to the industrialists.

The recycling industries: There are an estimated 9500  mikhali (recyclers) in 
Morocco, who operate at landfill sites or in cities, with an average income of no 
more than 35–60  DH (3–5.50  €) per day. The incomes of intermediaries and 
wholesalers would be much higher than those of reclaimers, as their intermedia-
tion margin would reach 50%. At this level of the sector, the beginning of indus-
trialization can be observed: crushing, processing, and organized transport. The 
reclaimers are sometimes subsidized by an intermediary (salary advances, pur-
chase of carts, loans, etc.). Similarly, there are certain special relationships 
between recovery companies and wholesalers (establishment of specifications, 
exclusive supply in the case of the paper-cardboard and glass sectors, etc.). 
Recovery companies are mainly located in Casablanca; paper and cardboard are 
directed to Kenitra.

7.3.4  Laws Governing the Collection and Disposal of Waste 
in Algeria

We had to wait for the establishment of the Ministry of Territorial Planning and 
Environment in 2000, so that we can for the first time in Algeria feel a certain strat-
egy, whether in waste management or in the environment in general.

The texts of application in the field of the household and assimilated waste in 
Algeria are the following ones: Law N°90-08 on the communal code; Law N°01-19 
of 12/12/2001 on the management, control, and elimination of waste; Law N°03-10 
of 19/07/2003 on the protection of the environment within the framework of sus-
tainable development; Executive decree n° 02-175 of 20/05/2002 on the creation of 
the National Agency of Waste; Executive decree n° 02-372 of 11/11/2002 relating 
to packaging waste; Executive decree n° 04-199 of 19/07/2004 fixing the methods 
of creation, organization, functioning, and financing of the public system of 
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treatment and recovery of packaging waste “ECO-JEM”; Executive decree N° 
04-210 of 28/07/2004 defining the methods of determination of the technical char-
acteristics of the packagings intended to contain directly food products or objects 
intended to be handled by the children; Executive decree N° 04-410 of 14/12/2004 
fixing the general rules of installation and exploitation of the installations of treat-
ment of waste and the conditions of admission of these waste at the level of these 
installations; Executive decree 07-205 of 30/06/2007 fixing the modalities and pro-
cedures of elaboration, publication, and revision of the communal plan of manage-
ment of the household and assimilated waste; Inter-ministerial decree of 06/04/2004 
fixing the technical characteristics of the plastic bags intended to contain directly 
food products (MATET – PNUD). The law n°01-19 of 27 Ramadhan 1422 corre-
sponding to December 12, 2001 relating to the management, the control, and the 
elimination of waste aims at fixing the methods of management, control, and treat-
ment of waste, on the basis of the following principles: (1) the prevention and reduc-
tion of the production and harmfulness of waste at the source; (2) the organization 
of the sorting, collection, transport, and treatment of waste; (3) the recovery of 
waste through its reuse, recycling, and any other action aimed at obtaining reusable 
materials or energy from this waste; (4) the environmentally sound treatment of 
waste; and (5) the information and awareness of citizens on the risks presented by 
waste and its impact on health and the environment, as well as the measures taken 
to prevent, reduce, or compensate for these risks (Journal Officiel de la Republique 
Algrienne, 2001). This legislative effort was then consolidated by a regulatory and 
institutional system that resulted in the implementation of communal waste man-
agement plans; the introduction of ecological taxation; the creation of the National 
Waste Agency (AND); the establishment of a national system for the recovery and 
recycling of packaging waste to promote the emergence of a national waste market 
and encourage the development of activities in the field of waste sorting, recycling, 
and recovery; and the implementation of an ambitious national program of inte-
grated municipal waste management.

A PNAE-DD, a National Action Plan for the Environment and Sustainable 
Development, was drawn up in 2002 with timetables for reflection and implementa-
tion. He notes: “as regards urban waste, it must be noted that, with the exception of 
the Algiers landfill for which precautionary measures have been taken, no global 
approach has been undertaken to date”. The budgets allocated are most often used 
to acquire collection equipment while the issues of site selection, facility manage-
ment, operator training or public awareness are not addressed. The non-rational and 
insufficient management of solid waste results in the pollution of water tables, the 
appearance of gas fumes, the proliferation of mosquitoes and rodents, impacts on 
public health due to the incineration of waste in landfills, economic losses (non- 
recycled materials, lack of composting, loss of land, etc.) and aesthetic losses (deg-
radation of the environment, loss of income, etc.) and aesthetic losses (landscape 
degradation) (MATET 2002). The option chosen for the treatment and elimination 
of waste is the creation of technical landfill centers (CET). At the same time, a 
national household waste management program, PROGDEM, was launched to pro-
vide municipalities with waste management master plans. The three actions 
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implemented within the framework of PROGDEM are the elaboration of master 
plans of household waste management, the realization of technical landfills and the 
acquisition of material means, and the closure and rehabilitation of illegal dumps. 
This program consists, in particular, of reorganizing the municipal administration in 
charge of waste management, strengthening the collection and transport capacities 
of the municipal services in charge of waste management, opening up the public 
urban waste management service to private investment and concessions, imple-
menting a training and technical assistance program for local authorities, and set-
ting up appropriate collection equipment (MATET undated).

In accordance with Article 107 of Law No. 90-08 of 7 April 1990 on the com-
mune code (Title III: Responsibilities of the commune; Chapter VI: Hygiene, sani-
tation, and environment), the commune is responsible for maintaining public 
hygiene and sanitation, particularly with regard to the evacuation and treatment of 
wastewater and solid urban waste (Journal Officiel de la Republique Algrienne, 
1990). According to the provisions of Law 01-19 relating to the management, con-
trol, and elimination of waste (Article 32), “the management of household and simi-
lar waste is the responsibility of the commune in accordance with the legislation 
governing local authorities” (Journal Officiel de la Republique Algrienne, 2001).

7.3.5  Institutions Responsible for Waste Collection 
and Disposal

Role of the Municipalities The Law n°01-19 of 27 Ramadhan 1422 correspond-
ing to December 12, 2001, relating to the management, control, and disposal of 
waste endows the municipalities with the responsibilities to elaborate and imple-
ment the municipal waste management plans as planning and management instru-
ments. These plans must be consistent with the wilaya development plan and 
approved by the wali. Their role is also to continuously improve the conditions of 
waste collection and disposal by regulating the conditions under which waste is 
presented for collection. They also set the standards and conditions for the collec-
tion and disposal of waste, rationalizing the collection routes. In particular, they 
establish specifications specifying the obligations of the companies responsible for 
waste collection and disposal, by providing users with sealed containers. In addi-
tion, the utilities designated in Section 32 include the following:

• The setting up of a system for sorting household and similar waste with a view 
to its recovery

• The organization of the separate collection, transport, and appropriate treatment 
of special waste generated in small quantities by households

• The setting up of a permanent information and awareness system for inhabitants 
on the harmful effects of waste on public health and/or the environment and on 
the measures intended to prevent the said effects
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• The implementation of incentives for the development and promotion of sorting 
systems for household and similar waste (Journal Officiel de la Republique 
Algrienne 2001).

Role of the Wilaya The Wilaya’s environmental department assists the municipal-
ity through, for example, the implementation of the communal waste management 
master plan.

Delegation of Urban Waste Management Services The participation of the pri-
vate sector in waste management is practically absent in Algeria. Therefore, the 
authorities have decided to promote incentives to stimulate the participation of this 
sector (creation of micro-enterprises) in activities related to waste management. 
Under the form of contracts or concessions, the activities of collection, operation of 
landfills, recycling, sorting, and composting can be subcontracted. The National 
Environment and Pollution Fund (FEDEP), the National Waste Agency (AND), and 
the National Agencies for Supporting Youth Employment (ANSEJ) and Investment 
Development (ANDI) are called upon to assist in the support and implementation of 
viable projects. In Séààètif, the APC (Assemblée Populaire Communale) decided to 
delegate the collection of household waste in six suburban areas on January 1, 2009 
(peripheral cities such as Aïn-Trick, Cheïkh Laïfa and Abid Ali), to six micro- 
companies created in this framework. This “experiment,” the first of its kind in 
Algeria, was motivated by the growth of the city and the need for greater resources 
to manage the collection. These micro-enterprises were created by young university 
students with the support of ANSEJ, which provides a facilitating framework since 
they benefit from a tax exemption for the first 5 years and support for the manage-
ment of the company. These micro-enterprises obey a set of specifications drawn up 
initially by the ANSEJ management, then later with the environmental manage-
ment; an agreement is signed between the municipality and each micro-enterprise, 
which must have a 12-ton capacity tipper and hire 10 workers. These companies 
currently manage only the collection but also have the possibility to invest in sorting 
and are about to start working at the site of CET to extract recyclable materials, 
through contracts with the APC (Azaitraoui and Moretto 2012).

7.3.5.1  Informal Waste Actors in Algeria

Following the implementation of technical landfills in Algeria, a measure respond-
ing to an emergency in the field of waste management has been put in place within 
the national program of municipal solid waste management. However, recycling/
recovery is still underdeveloped in the country. In this context, selective collection 
and waste sorting projects are about to be launched by the Ministry of Land 
Management and Environment (MATE). Informal recovery activities, which are 
rather developed in the country, should be taken into account in the context men-
tioned above; informal but spatially and economically organized, the recovery sec-
tor includes informal reclaimers from the landfill and the city, intermediaries, and 
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wholesalers. The informal reclaimers do not really have a name; the French seman-
tic of chiffonnier is the one most often used in the press. The term zabaleen, which 
is sometimes used to refer to reclaimers, actually refers to those who produce the 
waste and is, therefore, quite apart from its pejorative aspect, not appropriate to 
refer to reclaimers.

7.3.5.2  Laws Governing the Collection and Disposal of Waste in Tunisia

In the field of waste management, Tunisia has a strategic reflection at the central 
level, the local level being strongly supervised by the State via ANGed (National 
Agency of Waste Management), agency in charge of planning and adopting the 
strategies at the national level.

The organic law of the communes and the law n° 96-1996 relating to waste and 
the control of their management and elimination constitute the two basic regulatory 
texts governing the solid waste sector in Tunisia. At the national level, the laws 
governing the collection and disposal of waste are the following: the framework law 
92-122 of December 29, 1992, creating the fund of depollution whose object is the 
financing of the projects of appropriate management of the solid waste; the law 
n°96-41 of June 10, 1996, relating to waste and the control of their elimination; the 
law 97-11 of February 3, 1997, carrying promulgation of the code of the local taxa-
tion; the law 2001-14 of January 30, 2001, fixing the methods of collection, trans-
port, storage, and treatment of the non-dangerous waste; the law 2003-80 of 
December 29, 2003, creating the “Fonds de Propreté de l’Environnement et de 
l’Esthétique des Villes” (Cleanliness Fund for the Environment and the Aesthetics 
of Cities); and the decree 2005-2317 of August 22, 2005, creating ANGed and 
entrusting it with the mission of waste management at the national level by the 
elaboration and implementation of plans, programs, and national projects related to 
the management of waste. The National Solid Waste Management Program 
(PRONAGDES) was the strategic framework for waste management for the period 
1995–2006. The new strategic framework, renamed PROGIDD (Programme 
National de Gestion Intégrée et Durable des Déchets), will cover the period 
2007–2016 (SWEEP-NET/AMRA Consulting, 2010). Its two main overall objec-
tives are to improve environmental protection through the implementation of inte-
grated and sustainable waste management and to promote the quality of life of 
citizens. To achieve these objectives, the national strategy will be based on two 
basic principles: prevention, by reducing the source and environmental damage 
caused by waste, and the participatory approach, by involving the various stake-
holders in the different stages of waste management, from design and planning to 
implementation. The overall objectives are detailed in four specific objectives which 
are the reduction of waste quantities; the treatment, recycling, and recovery of 
waste; the improvement of the legal and financial institutional framework of waste; 
and the improvement of communication, consultation, awareness, and data control 
in this sector (Ferchichi, 2010).
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At the local level. The organic law of the communes 95-68 published in 1995 
entrusts the communes with the responsibility of household waste management at 
the local level.

7.3.6  Institutions Responsible for Waste Collection 
and Disposal

The Ministry of the Environment and Sustainable Development develops the coun-
try’s general policy on the environment and land use planning and proposes a regu-
latory framework in this area; it supervises the budgeting of plans, programs, and 
actions undertaken by the implementing body, ANGed. It supervises the National 
Agency for Environmental Protection.

Implementation of the national policy. ANGed, created in 2005, is a public com-
pany under the supervision of the Ministry of the Environment, which is in charge 
of national waste management programs. It promotes the partnership between all 
the stakeholders and, in particular, between the local authorities, the industrialists, 
and the private sector. It helps and assists municipalities and industrialists in the 
field of sustainable waste management and prepares and implements awareness pro-
grams on waste management, in collaboration with environmental associations, in 
particular. It promotes systems and programs for the collection, recycling, and 
recovery of waste.

7.3.7  The Eco-Lef Plastic Sector

The state strategy foresees the setting up of technical disposal centers, essentially 
reserved for the burial of final waste, which implies that the state has set up in paral-
lel mechanisms and tools for the recovery and recycling of materials contained in 
household waste: Eco-Lef is a public system of recovery and valorization of used 
packaging which was set up in 2001. Currently, almost all the industrial packers of 
water, soft drinks, juices, and milk derivatives adhere to the Eco-Lef system. A net-
work of Eco-Lef points for the collection and transfer of packaging waste has been 
set up, particularly in large cities. The Eco-Lef point constitutes a primary reception 
center for packaging waste, by paid contribution, with a view to its recovery. This 
system can be a source of income for individual collectors. The main objectives of 
this project are to stimulate the packaging waste recovery market by giving this 
waste a market value, the “take-back price,” and to involve local actors (municipali-
ties, associations, waste collectors, etc.) more closely. Between 350 and 370 micro- 
enterprises have been created in Tunisia under this program, offering nearly 20,000 
jobs for executives with a minimum of 4 years of higher education. Thus, the Eco- 
lef, a scheme mixing social, economic, and environmental aspects, is a mechanism 
that works well, with rates of 90–95% of plastic recovery and interesting 
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consequences on the social level. The waste management channels that have been 
set up for recoverable waste are packaging, used oil and filters, accumulators, and 
batteries; other channels are being set up for used tires, paper, and cardboard 
(Azaitraoui and Moretto 2015).

7.3.8  Informal Waste Actors in Tunisia

Informal recovery is “semi-formalized” through the Eco-lef system, which accepts 
products only from approved establishments, but continues to have the population 
of informal collectors as its main base. The informal sector is therefore in the pro-
cess of being formalized and is less prevalent than it was a few years ago; the means 
to achieve full inclusion of the informal sector remain to be implemented. Mostly 
men, the scavenging activity concerns a minority of women, who tend to work in the 
city, and children, for whom scavenging is a seasonal activity corresponding to the 
school vacations. The earnings from salvage work are between 3 and 12 dinars (1.50 
and 6 €) per day, which compared to the daily salary of a municipal worker (5 dinars, 
or 2.50 €) remains reasonable; however, many salvagers are heads of families with 
many dependents. The work of recuperation remains physically and morally very 
difficult. The vast majority of reclaimers have a previous professional activity 
related to another field (handicrafts, construction, etc.), but reclaiming is a primary 
source of income. Although they have very little contact with other waste manage-
ment actors, apart from wholesalers, reclaimers in the city are often in contact with 
residents who sort their materials and give them to them; this is an element that 
should be taken into account in a source separation program.

7.4  The Integration of Informal Waste Sector

The lack of urban solid waste management (SWM) policies that incorporate the 
informal waste sector (IWS) reinforces developing countries’ negative perceptions 
about informal recycling. (Sembiring and Nitivattananon 2010). The majority of 
pickers continue to labor alone, often in hazardous conditions, putting their health 
at danger and leaving them subject to the recycling industry’s exploitation (Silva de 
Souza and Mancini 2017). Poor and marginalized social groups engage in informal 
waste recycling as a means of generating cash and, in some cases, daily survival. 
The IWS is common in developing world cities. This is a disadvantaged popula-
tion’s adaptive response to scarcity. Informal recyclers frequently constitute distinct 
social groupings or belong to minorities, such as Egypt’s Zabbaleen in Egypt 
(Wilson et al. 2006). Many countries have tried to integrate informal collection, but 
success stories are rare. Most integration courses have focused entirely on public 
policy and the legal collection system, leaving the private sector out of the picture 
(Xue et al. 2019).
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Main Studies done on the issues of 
integrating the IWS during last decade

Conceptualization of IWS in SWM 
toward an inclusive society (1)

Highlight the need of incorporating 
policy, institutional, social, and 

financial variables (2)

Brazil's informal recycling sector (3)

Study of  the technical, social, 
economic, and institutional 
integration of collectors (4)

Fig. 7.1 Main studies on IWS integration during the last decade. (1) Sembiring and Nitivattananon 
(2010), (2) Aparcana (2017), (3) Silva de Souza and Mancini (2017) and (4) GIZ (2018a, b)

Several studies have been done on the issues of integrating the informal waste 
sector in developing countries, as shown in Fig. 7.1 (Sembiring and Nitivattananon 
2010; Aparcana 2017; Silva de Souza and Mancini 2017; GIZ 2018a, b). In this 
context, authors proposed a contribution to a conceptualization of the informal sec-
tor’s integration in SWM toward an inclusive society by emphasizing the problem 
that decision-makers face when integrating this informal sector (Sembiring and 
Nitivattananon 2010).

In other study, the authors highlight the need of incorporating policy, institu-
tional, social, and financial variables to increase the likelihood of a successful for-
malization process (Aparcana, 2017). While Silva de Souza and Mancini (2017) 
examine Brazil’s informal recycling sector (IRS), focusing on the ongoing integra-
tion process by providing the history and context of this integration, as well as its 
economic, social, and environmental benefits and current obstacles.

Furthermore, other authors have deeply studied the technical, social, economic, 
and institutional integration of collectors in order to have a better knowledge of the 
difficulties in finding solutions. They try to answer the question: What sorts of col-
laborations and initiatives could help to enhance informal collectors’ incorporation 
into service and value chains? (GIZ 2018a, b).
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7.4.1  Role and Benefits of IWS Integration

Considering the waste management in circular economy context, the informal sec-
tor plays a critical role, and finding sustainable ways to integrate it into the value 
chain is critical (Diaco et al. 2020).

However, it will be difficult to persuade municipal officials and politicians to 
change their traditional strategies of repression, neglect, or cooperation with the 
informal recycling sector in favor of the integration with the formal SWM system. 
The recognition of the economic, social, and environmental benefits of informal 
recycling by individuals in positions of authority is a critical first step (Wilson 
et al. 2006)

Indeed, the numerous measures taken to develop appropriate IWS integration 
methods focused on improving waste workers’ working conditions and livelihood 
outcomes. In the first place, alleviate both their vulnerability and improve their 
access to livelihoods through increased income (Paul et al. 2012).

In addition, integration of the informal sector has resulted in social, economic, 
and environmental benefits, such as increased income, poverty reduction, and 
resource preservation. In this context, continuing the integration process will benefit 
both the pickers and the municipality, as landfill costs will be reduced (Silva de 
Souza and Mancini 2017). In fact, increased waste collection and recycling activi-
ties, if done correctly, can boost the economic position of informal waste workers, 
and a focus on capacity building and training can guarantee that these employees 
benefit from the circular economy shift as well (Diaco et al. 2020).

The main roles and benefits of integrating the informal waste sector are illus-
trated in Fig. 7.2. Collaboration and integration of collectors into municipal waste 
can lead to new commercial opportunities, as well as new environmental services 
such as separate recyclables collection and environmentally suitable development 
(GIZ 2018a, b).

As a consequence, finding an informal collector integration solution is critical 
for ensuring the waste management sustainability (Xue et al. 2019). The IWS for-
malization will restore the dignity of informal waste pickers by providing stable job 
and social coverage and highlighting the beneficial impact and critical significance 
of their work in improving social, economic, and environmental outcomes (Diaco 
et al. 2020).

7.4.2  Barriers Affecting the Formalization of IWS

According to the author, the integration and ascension of the IWS remains a serious 
issue, as well as a gap in most developing nations’ waste management legislation 
(Paul et al. 2012).

The goal of research into the barriers to integration is to provide different meth-
ods to analyzing formalization initiatives, with the objective of finding not only the 
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Fig. 7.2 Role and benefits of IWS formalization. (1) Paul et al. (2012), (2) Xue et al. (2019), (3) 
Diaco et al. (2020) and (4) Silva de Souza and Mancini (2017)

normal barriers but also the enabling elements that contribute to successful and 
long-term formalization activities. (Aparcana 2017)

The organizational problems of the cooperatives, the characteristics of the recy-
cling market, the dependence on the public sector, and the low participation of the 
community are the main obstacles to the integration of SRIs in Brazil (Silva de 
Souza and Mancini 2017).

Some integration solutions have been viewed only through the perspective of 
poverty alleviation, taking into account collectors’ economic survival strategies but 
ignoring the collection business model’s long-term viability. The majority of infor-
mal sector integration attempts were affected by policy/legal and institutional obsta-
cles, according to 20 cases of informal sector integration from ten low- and 
middle-income countries (Aparcana 2017) (Fig. 7.3).

7.4.3  Towards a Success of IWS Integration

The effectiveness of the process of integrating the IWS with formal waste manage-
ment operations depends on a shift in public perception. It is critical for the citizens 
to know the link between recycling and better waste management (Ali 1997; Masood 
and Barlow 2013).

Collaborating with the informal sector to help them organize and add value to 
their recycled materials before selling them on is one step toward integration, since 
it allows them to climb up the hierarchy and extract higher value from recovered 
resources (Wilson et al. 2006).
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of IWS
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Policy/Legal and 
Institutional (2)

Fig. 7.3 The main barriers affecting the IWS integration. (1) Silva de Souza and Mancini (2017) 
and (2) Aparcana (2017)

In recent study, the authors suggest three assessment criteria for formalization 
initiatives:

 (i) social mobilization and acceptance (social element);
 (ii) stakeholder, legal, and institutional arrangements comprising roles, responsi-

bilities, and management functions (policy and institutional element); and
 (iii) financial and operational aspects (Zurbrügg et al. 2012). Integration with pri-

vate companies or the public sector may need the use of an intermediary.

It is susceptible to political changes and would be more secure if incorporated in 
law and/or contracts, allowing it to function as a structural integration tool (GIZ 
2018a, b).

In this context, it’s important to conduct a complete waste characterization study 
in order to identify material potentials and establish new recycling programs that 
could provide more livelihood. opportunities for the IWS. The present material 
recovery system, as well as prospective new markets, should be clarified as part of 
this. It is crucial to conduct a stakeholder role analysis to identify potential support-
ers as well as the forces that stand in the way of improving the IWS integration 
process during the planning phase (Paul et al. 2012).

Velis et al. (2012) established the “InterRa” assessment tool, which is based on a 
typology for categorizing potential interventions to encourage the integration of 
informal recycling systems into a city’s SWM system. The authors look at three 
main intervention areas (the SWM system, the materials and value chain, and soci-
ety as a whole), all of which are supported by organizational and empowerment 
dimensions. According to the authors, a balanced development of all four interven-
tion areas would boost the likelihood of formalization success. Furthermore, they 
claim that informal waste-recyclers’ organization and empowerment is a critical 
aspect in enabling MSWM systems to evolve into more fully integrated systems 
(Velis et al. 2012; Aparcana 2017). The “InteRa” tool examines a collection of ini-
tiatives to integrate the informal sector into four categories: materials and value 
chain, social aspects, organization and empowerment, and solid waste management 
system (Silva de Souza and Mancini 2017). The “InteRa” tool has shown to be a 
very effective tool for analyzing integration efforts in a specific city and comparing 
the results to other examples (Silva de Souza and Mancini 2017).

M. Azaitraoui et al.



131

7.4.4  IWS Formalization Countries Experiences

Many obstacles remain in integrating informal recycling with formal MSWM sys-
tems. One could argue that, despite 20 years of efforts to ameliorate the living and 
working conditions of Cairo’s 60,000 Zabbaleen, government attitudes remain 
antagonistic. After years of deliberation over how to improve waste management 
services in the city, the authorities opted to privatize the whole MSWM system in 
2002, awarding four contracts to international businesses to begin in January 2003 
(Iskandar 2003; Wilson et  al. 2006). It may be argued that a more cooperative 
approach, incorporating the Zabbaleen and NGOs working with them in the plan-
ning process before to privatization, would have been preferable to attempting to 
achieve an agreement after the contracts were let (Wilson et al. 2006).

As shown in Fig. 7.4, in developing countries we can find several approaches and 
tools for IWS integration. In the Philippines, the relevant local government selects 
and trains a devoted project management team, which later organizes and oversees 
the IWS integration process. Preparation and execution of pilot programs involves 
waste pickers for increased material recovery. Such programs should include a 
series of seminars or workshops where waste pickers can learn about and appreciate 
the municipal SWM enhancement program’s efforts and transparency (Paul et al. 
2012). The National Framework for the IWS in Solid Waste Management aims to 
integrate the IWS. The Philippines’ National Framework for the Informal Sector in 
Solid Waste Management strives to integrate the informal sector by providing an 
enabling policy environment, skills and livelihood development, jobs, and secure 
social services (Aparcana 2017).

IWS Integration : Approaches and
Tools

BRAZIL

- Governement
Reconize

Recyclage Waste
Picking as 

Profession in
2022

- Cooperative 
Organizational
Problems. (1)

EGYPT

Waste Pickers : 
Social Groups 
and Minority 

(Zabbalen) (2)

MOROCCO

- Cooperative in
NHWP 

Framework.
- Replication
Necessitate a 

Reform in
Legislation (3)

PHILIPPINES

- National
Framework for 
IWS as tool for 

Integration.

- Training of 
IWS Workers 

(4)

Fig. 7.4 Approaches and tools for IWS integration: some countries cases. (1) Silva de Souza and 
Mancini (2017), (2) Wilson et al. (2006), (3) Diaco et al. (2020) and (4) Aparcana (2017)
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In Brazil, throughout the 2000s, social consciousness grew as a result of the for-
mation of numerous social movements and increasing attention from the public 
sector. The Brazilian Work Ministry recognized recyclable materials picking as a 
profession for the first time in 2002, signaling the start of the integration process of 
Brazil’s informal recycling sector. By federal mandate in 2006, recyclable materials 
created in all public buildings have to be delivered to picker cooperatives to assist 
generate cash (Silva de Souza and Mancini 2017).

In Morocco, the sorting center at the Oum Azza landfill (Rabat) proved to be a 
success as part of the National Household Waste Plan (NHWP). For a variety of 
reasons, replicating this approach in other kingdom cities makes sense. The replica-
tion will necessitate a reform in legislation that:

 (i) Supports the structuration of those employees by developing a simple registra-
tion mechanism for those informal rag pickers in dedicated cooperatives, asso-
ciations, or directly at recycling factories

 (ii) Assists cooperatives and associations in training and equipping registered rag 
pickers with at least basic equipment to ensure their safety and efficiency. As 
recommendations for household waste sector, integrating informal waste pick-
ers in local waste sorting and collection operations by putting up a simple reg-
istration mechanism for them in dedicated cooperatives or recycling plants 
(Diaco et al. 2020)
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Chapter 8
Max-Neef’s Fundamental Human Needs 
as Social Indicators for Sustainability: 
Examples of Waste Management in South 
Africa

Catherina Schenck , Charlotte Nell, Derick Blaauw , and Lizette Grobler

8.1  Introduction

The debates on both circular economy (CE) and Sustainable Development Goals 
(SDGs), as approaches to addressing broader sustainability challenges, are gaining 
momentum. The CE is framed as a transformative model with economic, environ-
mental and social benefits, while the United Nations (UN) created the SDGs in an 
attempt ultimately to guarantee social, economic and environmental well-being 
(Fig. 8.1).

According to Clube and Tennant, the current interpretations of CE, as well as 
sustainability, fall short in delivering clarity on the social dimension or indicators of 
sustainability (Dempsey et al. 2011; Kissoon 2018; Clube and Tennant 2020).
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Economic

SocialEnvironment

Fig. 8.1 The three 
dimensions of 
sustainability. (Source: 
Author’s construct)

Already in 1991, Max-Neef, the Chilean ‘barefoot economist’, as he called him-
self, stated that in the traditional paradigm of sustainability, we have indicators that 
pertain to the social dimension of such sustainability. One example would be the 
gross national product (GNP), which is a gauge of society’s quantitative economic 
growth. He then argued that we need indicators for the qualitative growth of society.

What should that be? Let us answer the question thus: The best development process will 
be that which allows the greatest improvement in people’s quality of life. The next question 
is: What determines people’s quality of life? Quality of life depends on the possibilities 
people have to adequately satisfy their fundamental human needs. A third question there-
fore arises: What are those fundamental needs and/or who decides what they are? (Max- 
Neef 1991: 16)

This chapter aims to describe Max-Neef’s identified generic, universal and finite 
fundamental human needs (FHNs) as social indicators for sustainability in the con-
text of waste and waste management in a developing country, such as South Africa.

The chapter will start with the description of social dimensions/indicators of 
sustainability, followed by a description of Max-Neef’s Human Scale Development 
(HSD) framework. We then illustrate the nine FHNs as social indicators for human 
well-being in the context of waste management in lower-income areas in 
South Africa.

We see the chapter as an introductory and working document to guide thinking 
with regard to social indicators for sustainability using Max-Neef’s HSD and tax-
onomy of FHNs.

Let us first take a look at what literature puts forward as social dimensions/indi-
cators of sustainability.
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8.2  The Social Indicators of Sustainability

Current research on the social indicators of sustainability refers to aspects, such as 
human interactions, organisations, relationships, culture, as well as the physical, 
environmental, emotional and intellectual facets of society. How people live, work, 
play, connect with one another, co-operate to meet their needs and generally survive 
as members of society is the aspect identified by Torjman (2000). For Torjman, the 
social dimension of sustainability and social development should result in poverty 
reduction, social investment (e.g. improved education, health and social cohesion) 
and the building of safe, caring and cohesive communities. Talan et al. (2020) high-
light aspects such as equity, diversity, quality of life, as well as social cohesion, 
empowerment, participation, sense of place, integrity, influence, competence, diver-
sity, networking, equal access, education and health and safety to describe the social 
features of sustainability. Similar to Max-Neef, Dempsey et al. (2011) summarised 
the social dimension of sustainability as pertaining to the quality of life and the well- 
being of the person, the society, the environment and the economy and identified 
social dimensions as social interactions and networks, participation, stability, pride 
and sense of place and safety and security.

8.3  Max-Neef and Human Scale Development

Max-Neef (1991) developed an alternative framework to what he refers to as neo- 
classical models for development. He introduced the HSD framework to assist 
researchers and development practitioners to think more broadly than economic 
growth as the core indicator for development and that the human/social dimension 
had to be included to achieve sustainability. The HSD framework is a holistic sys-
tem of interrelated fundamental human needs (FHNs), which are few and finite. The 
nine FHNs are identified as subsistence, protection, affection, participation, under-
standing, idleness, creation, identity and freedom. These are considered universally 
applicable FHNs and independent of culture and context. For Max-Neef, poverty 
exists if any of the FHNs are not met, and the well-being of the person and society 
is compromised (Nel et  al. 2021). The holistic FHN taxonomy provides a lens 
through which to view the currently neglected social component of sustainability 
and circular economy (Schenck et al. 2017).

The HSD framework provides both the FHN taxonomy (the theory) and the par-
ticipation guideline. This guideline can be used to facilitate a participatory process 
to identify a community’s FHNs and plan how each identified FHN can be satisfied 
or fulfilled (Gimelli et al. 2019).

For Max-Neef (1991), HSD is a people-centred approach with the goal of 
increasing the self-reliance and well-being of the person. Self-reliance should be the 
key outcome of the HSD process. The social  indicators of sustainability and the 
SDGs ultimately have the same goal: to ensure human well-being, which is achieved 

8 Max-Neef’s Fundamental Human Needs as Social Indicators for Sustainability…
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through fulfilled FHNs and being self-reliant. Spiering and del Valle Barrera (2021) 
explain that HSD provides a set of guidelines for co-producing three types of knowl-
edge needed to achieve sustainability transformations: systems knowledge (what 
is), target knowledge (what should be) and transformation knowledge (how to get 
from where we are to where we should be). The most important principle on which 
the HSD framework is built is that people should be protagonists with regard to their 
future and at the centre of the development process.

It is important to note that Max-Neef diverted from Maslow’s hierarchy of needs. 
Max-Neef believed that all nine needs are equally important and that there is no 
specific order in which they should be fulfilled.

8.3.1  On Needs and Satisfiers

It is Max-Neef’s distinction between needs and satisfiers and the people-centred 
approach focus of his theory, which is seen as his major contribution in the develop-
ment field (Cruz et al. 2009; Spiering and del Valle Barrera 2021; Bissolati 2022; 
Brand-Correra and Steinberger 2022; Mora-Motta et al. 2022). The nine FHNs are 
regarded as finite, few, classifiable and relevant to all human beings irrespective of 
culture and context. ‘Satisfiers’ of needs, on the other hand, are unique and different 
in cultures, over time and according to context and may thus change (Max- 
Neef 1991).

Satisfiers of needs are often described as basic necessities, such as food, shelter, 
health, education, employment and safety. According to Max-Neef, these aspects 
are satisfiers of the FHNs. For example, the FHN for subsistence can be met by 
satisfiers, such as food, water and housing; the FHN for protection can be met by 
adequate health and safety, insurance, family and social cohesion; and the FHN for 
affection by the receipt of sufficient care and concern, family and social cohesion. 
Kissoon’s (2018) clean and noise-free landfill will be a satisfier for the FHN of 
protection, while job creation is a satisfier for the FHN for creation. As can be seen 

Table 8.1 Max-Neef’s matrix of FHNs

Being Having Doing Interacting

Subsistence
Protection
Identity
Freedom
Idleness
Participation
Creation
Understanding
Affection

Source: Max-Neef (1991)
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from the examples, satisfiers do not satisfy only one FHN but can contribute to the 
satisfaction of several such needs. To be part of the family can satisfy the FHNs for 
protection, affection, understanding, idleness and identity. Not all families – or fam-
ily life – satisfy the same needs.

Regarding needs and satisfiers, Holm et al. (2005) remarked that, for Max-Neef, 
the term ‘need’ refers to deprivation (what people do not have or the poverties they 
experience) and the term ‘satisfier’ refers to the potential to satisfy the need and 
contribute to the enhancement of well-being. Max-Neef developed a grid for the 
development of satisfiers in collaboration with the communities. Holm et al. (2005) 
refer to these satisfiers as existential categories which encompass a way of being 
(qualities), doing (actions), having (things) and interacting (settings) and which 
people employ to actualise their needs (Table 8.1).

However, Max-Neef emphasises that not all satisfiers are synergic in the satisfac-
tion of FHNs or well-being. They can also produce opposite effects. Max-Neef clas-
sified these satisfiers in the following five categories:

 1. Synergic satisfiers satisfy a given need, simultaneously contributing to the fulfil-
ment of other needs. These synergic satisfiers share the attribute of being anti- 
authoritarian and democratic in nature. The satisfier should lead to self-production 
and self-reliance (Max-Neef 1991). Living in a democratic dispensation, for 
example, satisfies the FHNs for participation, understanding, identity and free-
dom. Max-Neef’s well-known example is one of breastfeeding as synergic satis-
fier of subsistence, affection and protection.

 2. Singular satisfiers are those that satisfy only one particular need. The satisfier is 
often symptomatic and not systemic. Well-intentioned handouts of clothes and 
food often fall into this category as they do not necessarily enhance the develop-
ment of self-reliance.

 3. Pseudo-satisfiers provide a false sense of satisfaction, such as fashion and fads, 
as well as exploitation of natural resources for the short-term benefit of income 
and wealth.

 4. Destructive satisfiers (or destroyers/violators of needs) can be authoritarian 
decisions imposed on people which impair the satisfaction of their needs. An 
example of this is demonstrated by municipalities who moved waste pickers 
from landfills to material recovery facilities with a full-time, protected, decent 
working and supervised environment and a monthly payment. This action 
resulted in the waste pickers leaving the full-time job to move back to the land-
fill. During research into the issue of landfill waste pickers, the latter indicated 
that they can earn more, enjoy the freedom of choosing when they want to work, 
are self-employed and not supervised and can access more than just recyclables 
(which they can sell and/or use), such as food and construction material (Schenck 
et al. 2019).

 5. Inhibiting satisfiers are those that curtail the possibility of satisfying other needs, 
such as deep-rooted cultural and religious customs, habits and rituals. In our 
studies, diaper and textile dumping were linked to beliefs that witchcraft can be 
practised if diapers and textiles are disposed of in the dustbin or at a spot where 
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others can link the textile or baby diaper to the original owner. By dumping these 
in a river or open area, the odds of linking the waste material to the original 
owner are diminished.

It is due to the application element in HSD that Spiering and del Valle Barrera 
(2021), as well as Spiering (2022), argue that HSD can be regarded as transforma-
tive science. Transformation research is seen as concerned with understanding and 
analysing transformation processes, while the goal of transformative science 
addresses problems arising from the challenges of unsustainability by developing 
possible or potential solutions (Spiering and del Valle Barrera 2021).

There is an emerging awareness in the sustainability discourse that waste and 
waste management are strongly linked to human well-being. In this chapter, the 
holistic and dynamic understanding of well-being found in Max-Neef’s HSD frame-
work is used to highlight the transformative potential of waste management on/in 
the lives of residents.

The next section will illustrate the nine FHN as social indicators for sustainabil-
ity in the context of waste management in lower-income areas in South Africa. This 
will be done by discussing five waste management case studies conducted in low- 
income areas in South Africa.

8.4  Waste Management in South Africa

South Arica is regarded as a developing country with the typical characteristics of 
developing countries such as rapid urbanisation, the highest inequalities in the 
world, a struggling economy, diverse cultures, corrupt political landscapes and inef-
fective governance, in particular on local government level (Brand-Correa 
et al. 2018).

South Africa, as a developing country, has well-developed regulations, strategies 
and legislation for waste management but lacks proper and effective consistent 
implementation and enforcement. Collection services vary significantly between 
provinces, municipalities and often between adjacent suburbs. Urbanisation and the 
increase in informal housing put pressure on the system in particular as it means that 
fewer ratepayers pay for municipal services (Kalina  2020, 2021; Schenck 
et al. 2022). In the latest Household Survey in 2019 (StatsSA 2020), it was reported 
that 30.8% of South African households have to manage their own waste, while only 
58.8% (in 2016 it was 61% households) had their waste collected by a municipal 
collection service. Poor waste management and complex socio-political challenges 
are major contributors to the dirty state of the cities and towns in South Africa and 
the resultant compromised well-being of its citizens.
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Fig. 8.2 Study area map indicating the focus areas. (Source: Alex Kimani)

8.5  Research Setting

For the collective case-study research, eight townships in five municipalities in four 
of South Africa’s provinces were selected: the townships of Matshelapata and 
Mankweng in the Polokwane Municipality (Limpopo Province), the township 
Calvinia-West in the Hantam Municipality (Northern Cape Province), the 
Bergmanshoogte and Poding Tse Rolo townships in Philippolis, which fall under 
the Kopanong Municipality (Free State Province), and the townships Paarl East and 
Mbekweni in the secondary city of Paarl in the Drakenstein Municipality (Western 
Cape Province). Fisantekraal, a township falling under the City of Cape Town 
Metropolitan Municipality, was also included in the study. The map (Fig. 8.2) illus-
trates the location of the townships involved in the research which took place 
between 2019 and 2021.

The participating townships were chosen due to their lower socio-economic sta-
tus within the municipalities as they experience greater problems in the manage-
ment of their waste than the more affluent areas do. All townships are characterised 
by high unemployment and grant dependency. The townships were selected because 
of the differences in waste management service delivery, which will be described 
briefly in Table 8.2 below.
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Table 8.2 Summary of the townships studied

Focus areas
Level of waste management service rendered 
(2019–2021)

Name of category B local municipality

Drakenstein Mbekweni and Paarl East Weekly door-to-door waste collection by the 
municipality. Daily mini drop-off waste collection by 
the municipality. Black bags and wheelie bins 
provided by the municipality

Hantam Calvinia West, Calvinia Weekly door-to-door waste collection by the 
municipality. No bins and black bags provided

Kopanong Poding Tse Rolo and 
Bergmanshoogte, 
Philippolis

Irregular weekly door-to-door waste collection by 
municipal workers and trucks, if and when available, 
alternatively by local residents
Collection services funded by the Philippolis 
Concerned Citizens group as a result of corrupt and 
bankrupt municipality

Polokwane Mankweng and 
Matshelapata

Mankweng: Waste removal privately done
Matshelapata: No waste collection services rendered 
by the municipality. Residents responsible for their 
own waste management

Name of category A municipality

City of Cape 
Town

Fisantekraal Weekly door-to-door waste removal in areas with 
formal housing
Bins and bags provided to formal houses
Informal areas not provided with bins and bags
Drop-off areas available for informal and formal 
areas for waste streams that are not collected by the 
municipality such as garden/organic waste

Source: Research data

8.6  Data Collection

A multiple/collective case-study research design with a mix of quantitative and 
qualitative data collection methods was used to build the case studies (Creswell 
2014). The data were collected between April 2019 and November 2021. During 
2020 and 2021, the data were collected between the waves of COVID-19 outbreaks.

Quantitative data collected included:

• Household surveys: Determining household waste perceptions and behaviour. A 
total of 877 questionnaires were completed in the selected townships.

• Household waste characterisation studies: Which consisted of 5-week house-
hold waste characterisation studies, analysing the waste generated by 230 
households.

• Illegal dumping mapping: All illegal dumpsites were mapped in each township. 
Geospatial data were collected by making use of the mobile application field 
area measure. Coordinates and the size of each illegal dumpsite were captured, 
and the types of waste in/on the dumpsites were recorded and listed. Photos were 
taken of each illegal dumpsite. Maps were made using ArcGIS software 
(Kimani 2020).
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Qualitative data collected included:

• Household interviews: In total 322 semi-structured open-ended interviews 
exploring perceptions of the reasons for littering and illegal dumping were com-
pleted with one member per household.

• Interviews with taxi drivers and commuters: In the central business districts of 
Drakenstein Municipality (Paarl and Wellington) and Polokwane Municipality 
(Mankweng), semi-structured questionnaires were used to interview taxi drivers 
while they were waiting in the queues to pick up passengers and commuters. 
Philippolis and Calvinia do not have taxi ranks. A total of 71 taxi drivers and 120 
taxi commuters available and willing to participate in the study were interviewed 
in both areas until data saturation.

• Interviews with street vendors: These were interviewed in Paarl CBD and 
Mbekweni. The other towns did not have street vendors to be interviewed.

• Interviews with key informants: Key informants in the communities were inter-
viewed, such as the local waste managers, the municipal manager, members of 
business chambers, ministers of religion, NGOs, interested people and teachers.

• Observations: These were noted and photos taken.

8.7  Fieldworkers: Students and Residents

To collect the data, the services of trained postgraduate students from the University 
of the Western Cape (UWC) and the University of Limpopo (UL) were engaged. 
Data were also collected by well-trained unemployed residents of the townships – 
referred to as participant researchers. The benefit of their paid assistance was two-
fold: they enabled easier access to the communities and enhanced the credibility of 
the research process among the residents of the townships. In addition to developing 
skills, the project’s financial support also established goodwill in the community.

8.8  Ethical Considerations

The Human and Social Science Research and Ethics Committee (HSSREC) of the 
University of the Western Cape provided ethical clearance for the research project.

8.9  Illustrating the FHNs as Social Indicators

The indicators will be described briefly after which the results and findings of the 
study will be used to illustrate how the indicators can be employed as a proxy for 
social sustainability in the waste management context.
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8.9.1  Indicator 1: Subsistence

8.9.1.1  Definition

Subsistence denotes the most fundamental form of needs, referring to the basic 
means of survival, such as food, shelter and water (Max-Neef 1991; Cruz et  al. 
2009; Nel et al. 2021), and, when fulfilled, contribute to the physical and mental 
health and well-being of the person (Max-Neef 1991).

8.9.1.2  Example

Waste removal services and waste infrastructure for a clean environment affect the 
satisfaction of subsistence needs. The expectation of regular, effective, efficient and 
local relevant waste removal services and well-maintained infrastructure was 
expressed by all communities. The communities receiving insufficient/ineffective 
waste management service delivery spoke of the need for regular waste removal or 
at least infrastructural support. They struggle to manage waste without support, 
information and infrastructure – in particular certain difficult waste fractions, such 
as bulky waste and used disposable diapers which cannot be buried and burnt. 
Research has shown that engineered-driven waste removal seems to be sufficient for 
more affluent suburbs, but lower-income communities without resources, such as 
sufficient storage opportunities, space and access to private transport, have different 
infrastructural needs. Locally innovative approaches need to be developed with the 
community. Infrastructure limitations, such as the lack of space to store waste due 
to small and overpopulated houses and stands, which then leads to roaming dogs, 
pigs and goats eating and spreading uncollected waste, create difficulties for house-
holds to manage their waste effectively.

Transport and transport costs appear to be major hindrances to managing waste 
and establishing efficient waste governance systems in developing countries. Thus, 
in addition to high transport costs for municipalities, the lack of transport was high-
lighted as a major obstacle to managing waste in the lower-income areas despite the 
fact that regular waste collection is done in certain townships.

It also became clear that the dumping of waste in low-income areas is not neces-
sarily an indiscriminate act but rather a discriminate or intentional act: an attempt 
to keep the household’s immediate surroundings clean. In all areas there were par-
ticular requests for waste management solutions for the difficult waste fractions 
which residents struggle to dispose of effectively and legally. These waste fractions 
were identified as yard waste (garden/organic waste), dead animals (in particular, 
dead dogs), bulky waste (fridges, old furniture) and construction and demolition 
(C&D) waste (bricks, cement, concrete). Most of these waste fractions, which can-
not typically fit into a bin, are not taken away during regular waste collection (if and 
where available). The removal of such waste is manageable if access to transport, 
finances and/or infrastructure, such as drop-off facilities, is available. Inequalities 
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are pertinent when in low-income areas residents are not able, or do not have the 
means, to manage difficult waste fractions themselves and, as a result, dump, burn 
or bury such waste in or just outside their immediate environment. Due to the lack 
of or access to transport, waste fractions not collected by the municipality were 
moved with wheelbarrows and dumped in selected sites if there was no landfill or 
mini drop-off within walking distance. These results agree with the findings of 
Wang et al. (2018) that the distance from a residence to a waste collection facility 
has a significant impact on waste management in rural areas. Furthermore, in one 
area with regular waste removal, but high prevalence of backyard dwellers (due to 
shortage of housing and the need for additional income to the households), the 
municipality provided bins and bags only to the households and not to the backyard 
dwellers. This decision resulted in significant dumping by the backyard dwellers 
who did not have space to keep the waste nor the means to transport it to landfills. 
In another area the municipality built mini drop-off facilities or provided skips to 
the community. However, solutions, such as mini drop-offs or skips, can degenerate 
into opportunities for dumping if not well managed and regularly cleaned. The case 
study described by Schenck et al. (2021) also highlighted that not well-managed 
mini drop-offs and skips become destructive satisfiers and sources of vandalism or 
crime and may hold more threats than answers.

8.9.1.3  Application of Satisfiers

Satisfiers for the subsistence indicator would include increasing holistically pro-
vided waste management alongside sufficient other infrastructural subsistence 
needs, such as shelter and access to water, food, electricity and roads. The neglect 
of any of the infrastructural satisfiers will contribute to poverty of subsistence.

Appropriate, efficient, sufficient and inclusive waste management systems and 
infrastructure will also contribute to the satisfaction of other needs, such as affec-
tion, protection, identity, creation and understanding, as will be illustrated.

8.9.2  Indicator 2: Affection

8.9.2.1  Definition

Nel et al. (2021) explain that the need for affection refers to caring and being cared 
for, as well as meaningful relationships, networks and interactions (Pauw 2006). 
Acts of caring and being cared for relate closely to identity and self-esteem.
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8.9.2.2  Example

During interviews with the participants in the studies, experiences of a non-caring 
government (in all three spheres of government, i.e. local, provincial and national 
spheres) were expressed as one of the reasons for dumping of waste and littering 
(‘The Government doesn’t care – why should I care?’). Due to experiences of lack 
of service delivery and lack of communication in some municipalities, as well as the 
levels of corruption, the need for the development of affection (caring and trust) and 
collaboration was clearly not met.

During conversations the lack of care, collaboration, trust and social cohesion 
within the communities and among each other (Schenck et  al. 2022) were high-
lighted. Poverty, crime, political differences, inequalities and limited support and 
safety networks were given as some of the reasons why experiences of care and 
collaboration were limited. These observations corroborate Brandt’s (2017) descrip-
tion of socially disorganised communities as a major contributor to the mismanage-
ment of waste.

8.9.2.3  Application of Satisfiers

Waste management as satisfiers for affection would include increased experiences 
of effective, equal and holistic service delivery, as well as regular and appropriate 
communication between government/institutions and communities. Affection and 
care would be increasingly met with the facilitation or fostering of improved social 
cohesion, networking, active citizenry and communication within communities.

8.9.3  Indicator 3: Participation

8.9.3.1  Definition

For Max-Neef (1991), participation as FHN is a truly effective – or valid – way of 
promoting human well-being, and social justice can only be achieved through real 
and effective citizen participation. Dempsey et al. (2011) also emphasise participa-
tion as social indicator for sustainability, which relates to concepts, such as social 
capital, social networking, social coherence, accessibility and sense of community.

8.9.3.2  Example

In all communities involved in the study, there were requests for increased collab-
orative and inclusive planning to address waste management issues, appropriate 
communication, collaboration and engagement between the municipality, other 
stakeholders and the community, as well as among community members and within 
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communities. Participants did not see the responsibility of area cleansing only as a 
municipal responsibility but as an opportunity for community engagement (FHN of 
affection), building social cohesion and creating opportunities for, for instance, 
income generation (due to high unemployment and poverty levels).

Interesting were the results when we explored the best method of communication 
which municipalities should employ when informing or engaging with communi-
ties. Municipalities and waste management companies rightfully make use of social 
media, such as Facebook, WhatsApp and monthly notices, to communicate with 
their residents. The results from our studies show that a mix of media should be used 
to accommodate those who do not have access to social media mainly due to the 
unaffordability of data. In two of the areas, fewer than half of the residents indicated 
that they can afford the data needed for social media. Media, such as community 
meetings, radio, pamphlets and a roaming vehicle with a loud hailer, are preferred 
in addition to social media. Interesting was the popularity of a local radio station in 
one township where it was indicated that most residents listen to that particular 
radio station. While interviewing participants outside their residences for the pur-
pose of data collection, the radio was audible in the background. Of significance is 
the fact that all the communities emphasised engagements, such as community 
forums, as important in order to have a platform to voice their concerns and be part 
of planning waste management and other service delivery issues. One area still has 
traditional leaders such as a chief and nduna with established engagement structures 
in place, and the community meetings were indicated as the preferred mode of 
communication.

8.9.3.3  Application of Satisfiers

Satisfiers with regard to participation should include increased collaborative and 
participatory planning and implementation of locally relevant waste management 
programmes.

The implementation of participatory methods in planning and collaborative exe-
cution, management and monitoring of waste management might assist in the devel-
opment of appropriate and applicable methods and infrastructures to deal with the 
waste management hindrances which communities experience. Forms of ‘citizen 
science’1 could produce and offer valuable information which authorities and 
researchers could use for an in-depth understanding of difficult waste issues (Goldin 
et al. 2021).

1 Citizen science refers to nonscientists who are actively involved in generating information and 
knowledge to their benefit.
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8.9.4  Indicator 4: Creation

8.9.4.1  Definition

Creation as a FHN refers to opportunities – as well as the skills, abilities and capa-
bilities – to be creative, invent, design and work (Max-Neef 1991; Nel et al. 2021).

8.9.4.2  Example

One of the major themes extracted from interviews with residents in the townships 
was the need for the creation of work and income opportunities due to the high 
poverty levels and unemployment rates in all the townships. Managing waste was 
considered such an opportunity. In fact, their perception is that people litter and 
dump ‘to create jobs’. They believe that persons, such as those who work on 
Expanded Public Works Programme2 (EPWP), would lose their jobs if residents 
were to dispose of their waste in bins instead of littering or dumping. The only 
research outside South Africa which refers to job creation as a possible reason for 
littering and dumping was an article by Salvia et al. (2021), who reported on their 
study in Kisumu, Kenya. Kisumu’s residents also mentioned littering behaviour as 
sustaining job and income creation.

8.9.4.3  Application of Satisfiers

Satisfiers towards creation could include an increase in formal and informal job, 
income and business opportunities in waste management within local communities. 
Based on the previous indicators, the planning for work and income opportunities 
should be done in collaboration with the communities through open and transparent 
processes. Thus, increased opportunities for self-employment, entrepreneurship and 
SMMEs form part of this indicator. Appropriate policies and legislation which can 
facilitate these processes should be put in place.

8.9.5  Indicator 5: Understanding

Understanding relates to critical thinking, formal and informal education, skills 
training, enhancing capabilities and gaining knowledge and skills to be able to 
understand and interact with the world (Nel et al. 2021). Paulo Freire (1998) refers 
to the ability to ‘read the world’.

2 EPWP programmes are government-led temporary job creation programmes. One such opportu-
nity is the cleaning of streets in certain areas.
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8.9.5.1  Example

Participants in the study highlighted the lack of education and awareness about 
waste, waste management and the importance of clean environments as reasons for 
people littering and dumping and not knowing how to manage waste, in particular 
the difficult waste fractions. They further recommended a variety of educational and 
awareness opportunities for school children, youth, adults and the aged. For instance, 
children and the youth at schools should be taught how to clean their environment 
and why it is important to live in clean environments. The wish to educate adults on 
matters such as how to store waste and what to do about the aforementioned difficult 
waste fractions. They asked for information regarding income opportunities from 
waste and waste recycling, as well as communication regarding the logistics of 
waste collection.

8.9.5.2  Application of Satisfiers

Satisfiers of understanding related to waste management would include an increase 
in the variety of modes of education and awareness to establish foundational knowl-
edge and skills regarding waste and waste management as determined by the resi-
dents. Active participation in waste management activities towards cleaner 
environments would also be evident.

8.9.6  Indicator 6: Idleness

8.9.6.1  Definition

The FHN for idleness refers to time and opportunities to rest or to play or for recre-
ation (Nel et al. 2021).

8.9.6.2  Example

Members of the communities expressed concerns regarding dirt and dumped waste, 
as this renders open and recreational spaces unpleasant (and even dangerous), inhib-
its freedom of movement and limits opportunities for idleness  – particularly for 
children to play.

In one particular area with no waste management and with a high prevalence of 
venues which attract crowds, such as taverns and shebeens, the environment was 
strewn with so much observable broken glass, as well as dumped, soiled, disposable 
diapers, that children and youth could not play in the veld and open spaces, nor 
could they swim in the rivers and dams. This situation/scenario, combined with 
limited demarcated recreational facilities and opportunities, resulted in illegal 
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dumpsites becoming the playground for children and the gathering places for 
offenders, drug users and other criminal activities. For Dempsey et al. (2011), such 
a physical environment, instead of providing experiences that create a healthy sense 
of place, community and attachment, will lessen interaction and participation.

8.9.6.3  Application of Satisfiers

Effective waste management creates cleaner environments with increased opportu-
nities and facilities for idleness. The ability to use open spaces, rivers and dams for 
recreational opportunities would also contribute to some of the other FHNs, such as 
participation (being part of sport and recreation), creation (generating income 
opportunities) and understanding (using these spaces and opportunities for educa-
tional and awareness purposes).

8.9.7  Indicator 7: Protection

Protection refers to having access to aspects, such as adequate and reliable protec-
tion systems which would include reliable policing, a safe environment, social secu-
rity, health and food systems, safety nets and relationship networks (Nel et al. 2021). 
Social cohesion and well-being cannot be met in unsafe and unprotected environ-
ments (Dempsey et al. 2011).

8.9.7.1  Example

Waste management is first and foremost a satisfier of the need for protection from 
dirty environments, unhealthy contexts and unhealthy waste management practices, 
such as dumping and the open burning of waste. Protection includes waste manage-
ment which enhances good health and clean physical environments.

Ma and Hipel (2016) conducted a systematic literature review to explore the 
social dimension of municipal solid waste management. They highlighted the find-
ing that unmanaged waste renders people’s health, environment, well-being and the 
economy vulnerable.

The participants who experience the lack of effective and appropriate waste man-
agement expressed their vulnerability and exposure to dirty and unhealthy environ-
ments. All communities were marked by serious and extensive illegal dumping. 
This created particular concern with regard to the children’s health as they resorted 
to playing on these illegal dumpsites. In addition there were concerns around chil-
dren and adults collecting recyclables on landfills, as well as dumped glass and 
diapers in open fields, rivers and watercourses which, in turn, pollute their own and 
their animals’ water sources.
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8.9.7.2  Application of Satisfiers

Satisfiers towards protection should include increased and improved engaged waste 
management services and programmes, cleaner environments, fewer health con-
cerns and less prevalence of the creation of nuisance conditions, such as flies, ver-
min and windblown litter.

8.9.8  Indicator 8: Freedom

8.9.8.1  Definition

Freedom exists when people experience equal rights, participation and access  – 
including the access to services, opportunities and a clean environment. Freedom 
includes a wider range of choices, freedom of movement, critical thinking, being 
allowed a critical voice and increased levels of self-esteem and self-reliance. Max- 
Neef’s concept of freedom as a FHN resonates with Sen’s (1999) notion that per-
sonal and societal development is the realisation of freedoms and the abolition of 
unfreedoms, such as poverty, famine and lack of political rights, as well as aspects 
of political, religious or cultural traditions which constrain people’s ability to 
develop. Thus, an increase in human capabilities facilitates freedoms.

8.9.8.2  Example

Freedom in the low-income communities was experienced as restricted due to pov-
erty and unemployment, corruption, ineffective and unequal service delivery, dirty 
environments and limited access to facilities and opportunities – even bad roads, 
overcrowded housing and limited access to water were mentioned. The challenge of 
dealing effectively with difficult waste fractions was another concern. Those com-
munities without waste management had to deal with their own waste on a daily 
basis. As mentioned before, dirty environments limit freedom of access to open 
areas, rivers and participation in education and awareness. Consequently, effective 
communication and thus the participation in collective decision-making are ham-
pered. Access to possible job and income creation opportunities are equally limited.

In one of the townships, a young member of the community made the comment 
that ‘they have taken our eyes away’: limited freedom and opportunities are avail-
able to the residents of the communities.
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8.9.8.3  Application of Satisfiers

Regarding waste and waste management freedom as indicator would be met by 
increasing levels of cleanliness, access to good waste removal and waste manage-
ment opportunities, as well as other types of service delivery. Furthermore, access 
to income opportunities in relation to waste matters would mean a step in the direc-
tion of freedom from extreme poverty. The freedom to participate and consider vari-
ous choices with regard to methods of waste management and greater participation 
in planning, decision-making and implementation would engender self-esteem and 
self-reliance within the community. Finally, improved government services in gen-
eral would significantly contribute to a sense of freedom among the residents of the 
townships researched and discussed.

8.9.9  Indicator 9: Identity

Living in a clean environment, experiencing care and concern for each other and the 
authorities, being educated and the fulfilment of all the FHNs contribute to the for-
mation of a person’s and a community’s identity. Identity speaks to the sense of 
belonging and the sense of place within a community and environment (Dempsey 
et al. 2011).

8.9.9.1  Example

Waste and clean – or dirty – environments form part of our identity and the identity 
of a community. In the townships studied, community members were uncomfort-
able with the environment. When asked about reasons for the littering and dumping, 
reference was made to the ‘others’ who are not well educated, careless, lazy and not 
well raised – those from the other countries/provinces, those from other cultures, the 
municipality. Seldom did residents acknowledge participation in the act of littering 
and dumping. ‘This is not how we are raised’. From the interviews with the mini- 
bus taxi drivers, their uneasiness about the littered taxi and taxi ranks was expressed 
‘I feel dirty myself’ and ‘I feel disrespected’.

8.9.9.2  Application of Satisfiers

Many identity and self-perception measurements exist in psychology. Developing 
this indicator can measure an individual’s and a community’s experiences of them-
selves in relation to waste and waste management, as well as clean or dirty environ-
ments. Engaged and effective waste management will show respect towards 
residents. Nurturing an identification with clean environments, cultivating personal 
responsibility and agency with regard to a clean environment, can facilitate sense of 
pride and belonging.
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8.10  Discussion and Conclusion

The aim of this chapter was to explore Max-Neef’s nine universal and finite FHNs 
as social indicators for sustainability in the context of waste and waste management 
in South Africa. The rationale is that, according to Max-Neef, these FHNs, if satis-
fied, enhance all human beings’ self-reliance and well-being. Efficient, consistent 
and appropriate waste management can be considered a synergic satisfier of all nine 
FHNs (or indicators) if implemented in an engaged and participatory manner so that 
it creates greater socio-economic opportunities, increases social cohesion, improves 
communication, engenders experiences of care and affection and leads to a sense of 
place, pride and freedom (Murray and Pauw 2022). Conversely, inappropriate and 
ineffective waste management can hinder the satisfaction of needs and experience 
of well-being. According to Oteng-Ababio (2014: 12), the endeavour to satisfy 
these FHNs can be enhanced through engagement and incentives to do ‘the right 
thing’. Facilitative policies, plans and programmes should be evaluated against the 
criteria of synergic satisfiers and should be developed with the residents. Clube and 
Tennant (2020) advise that Max-Neef’s matrices be used as decision support tools 
to ensure that circular economy (CE) and sustainable initiatives maximise need sat-
isfaction. Building on the completed research, the participatory completion of the 
matrices would be the next step in the development of the social indicators for sus-
tainability in the context of waste and waste management.
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Chapter 9
Urban Mining and Circular Economy 
in South Africa: Waste as a Resource 
for New Generation of Hybrid Materials

Noredine Mahdjoub 

9.1  Introduction

Driven by a philosophy of exponential consumerism, excess of availability, and 
rapid manufacturing of new products, highly unsustainable levels of waste genera-
tion have arisen in the South African context. It converges to the crucial need to 
adapt the way waste is managed (Rootes 2009; Arora et al. 2017; Silva et al. 2017).

Conventional waste management solutions partake in the surge of rejected mate-
rials that end up either dumped in non-engineered landfill or incinerated to become 
ashes. This leads to reconsidering conventional methods and brainstorming for 
more sustainable system that could require the use of further materials that could be 
found through extraction and mining of discarded and rejected materials. Traditional 
and accepted conventional waste management methods are currently colluded 
towards unsustainability and the inevitable need for redesign to achieve satisfactory 
environmental outcomes for sustainable development and waste minimisation.

The South African waste sector, public and private, is an underutilised resource 
of materials and energy. The focus on waste has intrinsic economic value, and the 
formal and informal recycling systems are fundamental to the South-African waste 
management system (Karani and Jewasikiewitz 2007; Arora et al. 2017).

The movement of reforms of traditionalist waste management bases has already 
started in some developing countries, while some countries considered to be part of 
the “first world” are fundamentally reconceptualising and reframing their waste 
management systems (Lauridsen and Jørgensen 2010; Cramer 2013; Silva 
et al. 2017).
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Waste and society, consumption behaviours, and circular economy concepts 
reinforce the drive for renewed adapted standards in governance structures, waste 
policies, and contextualized waste scenarios. Circular economy concepts provide 
greater social and environmental benefits when juxtaposed to the South African 
context and its formal and informal ecosystems (Cossu 2013; Cossu and Williams 
2015; Ghisellini et al. 2016).

In most developed countries, urban mining concepts are being applied on a large 
and global scale to recuperate resources from anthropogenic mines. In countries 
from the global south like South Africa, secondary resource can be perceived as 
both a challenge and an opportunity for material recovery towards resource benefits, 
environmental savings, and economic benefits as well.

South African sustainable cities should not differentiate between waste and 
resources. They need to consider innovative philosophies that include secondary 
resource utilisation. Urban mining could be specifically relevant to the four high 
priority waste streams identified by the South African RDI waste roadmap: munici-
pal solid waste, waste plastic, organic waste, and waste tyres.

This contribution is a compendium of preliminary experimental studies con-
ducted in the KwaZulu-Natal province. The research compiles investigations con-
ducted in the KwaZulu-Natal province, on the municipal solid waste (glass) streams, 
the waste tyres waste stream, paper mill sludge (PMS) waste, and food waste. 
Urban Mining

“Closing Loop” has become a trendy subject of conversation in the waste man-
agement expert’s community; it is becoming a subject of conversation even outside 
the sphere of the waste management sector. Recycling, recovery of resource, landfill 
diversion, and waste minimisation are terms used in debates and conversations 
between politicians, national governance systems, businesses, and industries. This 
diverse groups are now evolving the conversation to material recovery, zero waste, 
and circular economy while drifting to more concepts such as urban mining and 
landfill mining. Due to social media and easier way of communication, waste man-
agement or waste awareness exists and has become a viral topic. Societies are more 
aware of waste resource management, and they acknowledge the importance of the 
resources still present in what is considered as waste. In the context of South Africa, 
many reasons can explain this momentum; as a developing country, South Africa 
has seen an increase in consumerism as well as a shortage of raw materials for 
example, and many landfilled are starting encountering a lack of space availability 
for waste disposal. Moreover, GHG emissions mitigation has become a priority in 
South Africa, as a consequence the need for control of environmental contamina-
tions, such as the use of proper engineering landfill systems, and the need of proper 
waste treatment have become priorities.

The circular economy model rejects the linear “take-make-waste” approach 
(Cossu 2013; Cossu and Williams 2015). This model strives to maintain products’ 
usage for a longer time via reusing waste and reducing waste generation. It also 
consists in utilising as much as secondary raw materials as possible while in produc-
tion cycles to promote economic growth and to create new job opportunities.
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The concept of Materials Recycling fits within an idea of transformation of 
selected wastes into new generation of materials that become usable in the manufac-
ture of other products. This recovered materials are reintroduced in produc-
tion cycles.

All activities relating to the extraction and processing of wastes previously 
stocked, in particular, kinds of deposits (e.g. municipal landfills) is called landfill 
mining. As the natural continuation of this concept, urban mining is the extension of 
landfill mining. It expands the process of reclaiming compounds and elements from 
any kind of anthropogenic stocks, including buildings, infrastructure, industries, 
products (in and out of use), and environmental media receiving anthropogenic 
emissions (Cossu 2013; Cossu and Williams 2015).

As defined by R.Cossu and I.Williams, from an etymological point of view, 
urban mining should refer to the exploitation of anthropogenic stocks; however, 
today the term is widely used for describing almost any sort of material recycling 
(Cossu 2013; Cossu and Williams 2015).

9.2  The Case of South Africa

Several factors have contributed to the rise of consumerism in South Africa: popula-
tion growth, extensive urbanisation, economic and industrial growth, and shift of 
income bracket via rising incomes. Consumption of materials in South Africa and 
in countries of the global south is still low compared to developed countries (Arora 
et al. 2017).

In most developed countries, urban mining concepts are being applied on a large 
and global scale to recuperate resources from anthropogenic mines. In countries 
from the global south like South Africa, secondary resource can be perceived as 
both a challenge and an opportunity for material recovery towards resource benefits, 
environmental savings, and economic benefits as well.

South African sustainable cities should not differentiate between waste and 
resources. They need to consider innovative philosophies that include secondary 
resource utilisation. Urban mining could be specifically relevant to the four high 
priority waste streams identified by the South African RDI waste roadmap: munici-
pal solid waste, waste plastic, organic waste, and waste tyres.

9.3  Municipal Solid Waste (Glass)

This study considers the feasibility of utilising waste glass as a partial replacement 
of natural aggregates in concrete. As the chemical and physical properties of cullet 
are similar to fine aggregate, cullet used in concrete can reduce the amount of waste 
glass that ends up in landfills (Umapathy et al. 2014; Senthil Kumar and Baskar 
2015a, b), including colored glass which is typically not recycled. However, 
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currently there are very few applications of waste glass in concrete due to lack of 
knowledge and long-term data on the behaviour of concrete containing glass aggre-
gate (Senthil Kumar and Baskar 2015a, b). The Glass Recycling Company (TGRC) 
was established in South Africa in 2006 as a glass industry association body with 
the overall objective of reducing the total volume of glass being sent to landfills. 
There are however numerous challenges faced by TGRC. The logistics involved in 
transportation of waste glass poses a great challenge due to its weight and shape. 
Although recycling of waste is a top priority in the waste hierarchy, the cost of pro-
ducing glass has decreased substantially over the past few years; hence, recycling is 
becoming as expensive or even more expensive than producing new glass from vir-
gin resources. This has led to a decrease in price paid for glass and an increased 
focus on potential alternative applications for this waste stream. Since the main 
component of glass is sand, the properties and specifications are very similar, and 
concrete containing glass aggregate meets the requirements of conventional con-
crete (The Clean Washington Centre, 1996). A potential problem recognised by 
Stanton (1940) is the effect of the alkali-silica reaction (ASR) which may occur 
between the cement which is alkaline and reactive silica, theoretically creating “sil-
ica gel” which is prone to microscopic cracking in the presence of moisture. 
However, the presence of ASR gel may not necessarily result in destruction of the 
concrete; it is however considered as a possible risk and should be mitigated effec-
tively (Swamy 1992). Positive effects of glass introduction were reported, whereby 
particles smaller than 1.18 mm showed lower expansion than natural fine aggregates 
and particles smaller than 75 μm in size showed an increase strength development, 
which could possibly attribute to the cementitious properties of glass powder (Liang 
et al. 2007, 2021). In South Africa, this unconventional way of producing concrete 
may receive scepticism because it is perceived that waste materials are inferior to 
virgin materials, and for this reason, more extensive testing is important to demon-
strate the benefits and provide technical confidence.

9.4  Waste Tyres

The rapid expansion of the automobile industry throughout the globe has led to an 
increase in demand for natural and synthetic materials. The large number of vehi-
cles present today has led to the accumulation of waste tyres worldwide. Rubber 
tyres are one of the most widely used materials in the transport industry; however, 
the disposal of used tyres is difficult due to their characteristics and properties 
(Torretta et al. 2015). There are approximately one and a half billion tyres manufac-
tured annually throughout the globe (Pilusa et al. 2014). In South Africa, there are 
fourteen million tyres sold annually (Department of Environmental Affairs 2018). 
Due to the non-biodegradable properties of the tyres, the disposal of the used tyres 
in a sustainable way becomes challenging (Bisht and Ramana 2017). It is estimated 
that there are approximately 30 million to 60 million tyres in stockpiles throughout 
South Africa (Department of Environmental Affairs 2018). The latest waste tyre 
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statistics show that approximately 27.01% of waste tyres collected in South Africa 
were recycled for the first 6 months in 2019.

Incineration of these tyres releases toxic chemicals such as carbon monoxide, 
sulphur, and nitrogen oxides into the atmosphere, which are detrimental to the 
health of organisms and the environment (Ziadat and Sood 2014; Bisht and Ramana 
2017). Disposal of tyres at landfills and stockpiles pose many hazards as they pro-
mote the breeding of pest and bacteria (Eldin and Senouci 1994). Due to the chemi-
cal composition of tyres, they are highly combustible. Therefore, the accumulation 
of tyres is regarded as a fire hazard as they are difficult to extinguish if set alight 
(Ziadat and Sood 2014). The ambient grinding process is one of the material recov-
ery methods used to convert waste tyres into crumb rubber. The rubber component 
of the tyre is shredded into coarse-sized particles which are used in a variety of 
applications. The steel found in the tyre is removed and recycled. However, polymer 
fibres that are used as tyre reinforcement are disposed at landfill sites.

The concept of using fibres for concrete reinforcement is not a new one. Previous 
studies investigated the effects of incorporating fibres in concrete, for example, 
using fibre derived from recycled PET drink bottles. Generally, addition of fibres to 
concrete would act as crack inhibitors and substantially increase the tensile strength, 
cracking resistance, impact strength, wear and tear, fatigue resistance, and ductility 
of concrete (Kandasamy and Murugesan 2011; Koo et  al. 2014; Al-Hadithi and 
Alani 2015).

Shi Yin et al. describe this a sewing effect, increasing the ductility; it is also at 
times defined as a “bridging” effect (Yin et al. 2015). Furthermore, they noted when 
testing beams that plain concrete beams failed almost instantaneously with the 
occurrence of the first crack, but the fibre beams (polypropylene fibre) failed over a 
period of additional bending as the bending force was transmitted to the fibres once 
the first cracks occurred; this was a result of the matrix action that is attributed due 
to the concrete mixed with the fibres (Pešić et al. 2016).

Trois et al. explored a possible solution for the reuse of tyre fibres by adding 
them as a performance enhancement material in low strength concrete. Experiments 
were conducted using different masses of contaminated and partially cleaned tyre 
fibres as a replacement for fine aggregates in the concrete (Naicker et al. 2015).

The tyre fibres were substituted by percentage mass for fine aggregates in the 
concrete mixes, while all other components remained constant. The following con-
crete mixes were designed for the investigation:

 1. 0% Tyre fibre mix (control)
 2. 2% Partially clean fibre mix
 3. 5% Partially clean fibre mix
 4. 2% Contaminated fibre mix (contaminated with crumb rubber from the tyres)
 5. 5% Contaminated fibre mix (contaminated with crumb rubber from the tyres)
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Fig. 9.1 28-day results for compression strength for the different concrete mixes. (Naicker 
et al. 2015)

9.4.1  Compression Strength Test

The results obtained from the compression strength test are presented in Fig. 9.1. 
Three cubes were cast for each concrete mix, and an average value was used as the 
final strength of the mix.

From Fig. 9.1, it can be noted that the target strength of 25 MPa was achieved for 
the control mix. The concrete mix containing 2% partially cleaned fibres displayed 
an increased compressive strength of 0.19 MPa when compared to the control mix. 
A large transition was recorded between concrete mixes containing 2% and 5% 
partially cleaned fibres. The concrete mix containing 5% partially cleaned fibres 
was relatively dry when compared to the other mixes. One of the reasons for the 
phenomena is the absorption of the water by the partially cleaned fibres. A gradual 
decline in the compressive strength of concrete mixes containing contaminated 
fibres was experienced. This trend was also experienced in experiments conducted 
on concrete incorporated with contaminated tyre fibres (Pešić et al. 2016; Baričević 
et al. 2018). The high volume of crumb rubber may influence the strength of the 
concrete. Past literature mentions that as the volume of crumb rubber increases, the 
compressive strength of the concrete decreases (Al-Tayeb et al. 2013; Dong et al. 
2013; Hunag et al. 2016; Bisht and Ramana 2017).

As it is exhibited in Fig. 9.1, for the 5% partially cleaned fibre concrete mix, the 
compressive strength for the third cube does not lie within 15% of the average; 
therefore, the results for the mix is not valid. This would suggest that more samples 
will be required to evaluate the compressive strength of the concrete mix and 
improve the validity of the results.
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9.4.2  Splitting Tensile Test

The results from the splitting tensile test are presented in Fig. 9.2. Three cylinders 
were casted, and an average splitting tensile strength was calculated for each con-
crete mix.

As observed in Fig. 9.2, there is an increase of 0.15 MPa in the tensile strength 
for the concrete mix containing 2% partially cleaned fibres, when compared to the 
control mix. A sharp decline is noted in the tensile strength between 2% and 5% 
partially cleaned concrete mixes. The concrete mixes containing contaminated 
fibres experienced a gradual decline in the tensile strength of the concrete as the 
percentage of fibre added increased. During the tests, it was noted that the samples 
did not split completely into two separate pieces. A crack could be noted; however, 
the fibres held the samples together.

9.4.3  Flexural Test

The results obtained from the flexural test of the concrete samples are presented in 
Fig. 9.3. Three beams were cast for each concrete mix, and an average of the results 
for each mix was used as the final value.

It can be observed in Fig. 9.3, for 2% fibre, that there was an increase in the flex-
ural strength of 0.15 MPa and 0.03 MPa for partially cleaned and contaminated fibre 

28 day splitting tensile strength of the samples

2,5

2
1,91

2,06
1,8

1,62

1,5 1,21

1

0,5

0
0% 2%

Percentage of fibre
5%

Contaminated fibre Partially clean

Sp
lit
tin

gt
en

sil
e

)qP
M(htgnerts

Fig. 9.2 28-day results for splitting tensile strength for the different concrete samples. (Naicker 
et al. 2015)
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Fig. 9.3 28-day results for flexural strength of the different concrete samples. (Naicker et al. 2015)

respectfully when compared to the control mix. This was followed by a decline in 
the flexural strength in both partially clean and contaminated fibres, for the 5% fibre 
concrete samples. A similar trend was observed in the results published by Baricevic 
et al. (2018), with wet spray, air-entrained concrete. It is clear that more tests are 
required to identify the effects of increasing amounts of tyre fibres in concrete on 
the flexural strength of the material. During the tests, it was observed that the beams 
did not split into two separate pieces.

9.5  Paper Mill Sludge (PMS)

Pulp and paper mill residual solids (also called sludge) are composed mainly of cel-
lulose fibers, moisture, and papermaking fillers (mostly kaolinitic clay and/or cal-
cium carbonate) (Bajpai 2015). The main methods of disposing this type of sludge 
have been land application and land filling. Landfilling costs in Europe have risen 
due to the increasingly strict laws, taxes and decreasing capacities of landfills 
(Ochoa de Alda 2008). Paper mill sludge is also often incinerated in order to reduce 
the volume of the waste disposal and to recover heat (Fava et al. 2011).

Paper sludge has high water absorption. This property of paper sludge reduces its 
flow properties when used in cement mortar and concrete. Research conducted by 
Segui et al. (2012) included the use of paper sludge as hydraulic binder, the result of 
this experiement revealed that paper sludge as an hydraulic binder provided satis-
factory strength as a whole. The use of PMS in clay bricks is one of the most 
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researched applications of paper sludge reuse. Sutcu and Akkurt et al. (Segui et al. 
2012) found that paper sludge in clay material reduced the combustion load during 
the firing process of bricks. In more recent studies, paper sludge was also used in 
energy recovery techniques. This includes pyrolysis, direct liquefaction, steam 
reforming, anaerobic digestion, and gasification (Singh et al. 2018). Many different 
ways of re-using waste PMS have been researched. These various applications 
include hydraulic binders, cementitious materials, polymer reinforcement, and 
fibreboards. These applications were researched due to PMS containing gehlenite, 
tricalcium aluminate, belite, metakaollinite, and mayenite (Singh et al. 2018). Any 
source of calcite and kaolin can be used as a pozzolanic addition in the manufactur-
ing of cement. The pozzolanic reaction of PMS is as good as that of natural metaka-
olin. The presence of CaO and MgO in sludge creates volume instability. This limits 
the partial replacement of cementitious binder by sludge to 10%.

In South Africa, approximately 500,000 tons per annum of sludge is produced 
from pulp, tissue, and paper mills. This sludge waste is mostly landfilled, discharged 
into the ocean via a sea outfall pipeline, or incinerated. Implementation of environ-
mental legislation, such as the National Environmental Management: Waste Act, 
2008 (Act 59 of 2008) places the sector under considerable pressure to find better 
management practices for mill sludge disposal. However, apart from legislative 
pressure, pulp and paper mills can benefit from finding alternative methods of 
sludge management by producing value-added products to supplement the mills’ 
income and reduce their carbon footprint. The difficulty with pulp and paper mill 
sludge is the variants in process conditions (from mill to mill) and the type of fibre 
feedstock (virgin fibre or recycled fibre), which result in the properties of mill 
sludge being different. Therefore, a single solution for mill sludge diversion from 
landfill is not realistic, and some beneficiation options might be better suited to 
certain mill types than others. A typical sludge contains about 60% organic matter 
and 40% inorganic matter. The inorganic matter can be beneficiated through the 
manufacture of bricks, whereas the organic matter can be beneficiated by the sepa-
ration of fibres and converting them to nanocrystalline cellulose, as well as by the 
microbial processing of the sludge to produce biopolymer plastics (Godfrey et al. 
2022; Jele et al. 2022).

This study was undertaken at the South African Research Chair Waste and 
Climate Change hosted at the University of KwaZulu-Natal headed by Prof C. Trois. 
We considered the elaboration of hybrid materials in the making of concrete bricks 
using PMS as a performance enhancer. All the sample testing undertaken were hard-
ened state tests of concrete samples. All the tests were conducted after 28 days of 
curing and consisted of compressive strength test, splitting tensile strength tests, and 
flexural strength test (beam test). All testing was done in accordance with the South 
African National Standards.
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9.5.1  Compressive Strength

As shown in Table 9.1, the concrete sample that contained 2% PMS fibres showed 
a 15.03 MPa reduction in compressive strength, which is a 35.04% loss in strength 
from the control sample. The concrete sample with 5% PMS fibres showed a reduc-
tion of 18.87 MPa in compressive strength, which is a 44% loss in compressive 
strength from the control sample. The concrete sample that contained 10% PMS 
fibres showed a significant loss of 37.73 MPa, which resulted in 87.97% reduction 
in compressive strength from the control sample. The loss in compressive strength 
of the samples with PMS fibres means that these samples cannot be graded as the 
same grade of concrete as the control mix.

For the test of the samples to be valid, the range between the compressive 
strengths of the samples needs to be within 15% of the mean compressive strength 
of the samples. It can be seen that all the samples fell within the required range of 
15% and the tests are considered valid.

9.5.2  Splitting Tensile Strength

The concrete samples containing 2 and 5% PMS fibres both showed an increase of 
splitting tensile strength from the control sample (see Table 9.2). The sample with 
2% PMS and 5% PMS samples showed a 1.27  MPa (59.53%) and 0.42  MPa 
(19.61%) increase in splitting tensile strengths, respectively, whereas the sample 
with 10% PMS showed a 0.9 MPa reduction in splitting tensile strength, which is a 
42.51% reduction from the splitting tensile strength of the control mix.

It can be seen that the increase in PMS fibres in 2 and 5% concentration increased 
the average splitting tensile strength of the concrete. There is a drop in average split-
ting tensile strength from 2% PMS substitution to 10% PMS substitution. According 
to the concrete institute, one of the factors that affect concrete strength is the surface 
texture of aggregates. The PMS fibres consisted of inconsistent surface texture, as 
they were hand shredded and not uniform. This could have had aided in the increase 
in the splitting tensile strength of the concrete.

The decrease in tensile strength from the 2% PMS to 5% PMS to the 10% PMS 
samples can be attributed to the inconsistent size and geometry of the PMS fibres. 

Table 9.1 Summary of 28-day compressive strength results. (Naicker et al. 2015)

Mix
Average 28-day compressive strength 
(MPa)

Percentage change in compressive strength 
(%)

0% PMS 42.89 0.00
2% PMS 27.86 35.04 Decrease
5% PMS 24.02 44.00 Decrease
10% 
PMS

5.16 87.97 Decrease
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Table 9.2 Summary of 28-day splitting tensile strength results. (Naicker et al. 2015)

Mix
Average 28-day splitting tensile strength 
(MPa)

Percentage change in splitting tensile 
strength (%)

0% PMS 2.13 0.00
2% PMS 3.40 59.53 Increase
5% PMS 2.55 19.61 Increase
10% 
PMS

1.23 42.51 Decrease

Table 9.3 Summary of 28-day flexural strength results. (Naicker et al. 2015)

Mix Average 28-day flexural strength (MPa) Percentage change in flexural strength (%)

0% PMS 5.89 0.00
2% PMS 5.23 11.21 Decrease
5% PMS 4.80 18.49 Decrease
10% PMS 2.42 58.92 Decrease

The PMS fibres were hand shredded, and large unsorted PMS fibres have probably 
reduced concrete strength with higher concentrations of PMS.

9.5.3  Flexural Strength (Beam Test)

As shown in Table 9.3, the sample with 2% PMS showed a 0.66 MPa reduction in 
flexural strength, which is a 11.21% loss in flexural strength from the control sam-
ple. The 5% PMS samples showed a reduction of 1.09 MPa in flexural strength, 
which is 18.49% loss in strength from the control samples. The sample with 10% 
PMS fibers showed a 3.47 MPa reduction in flexural strength, which is a 58.92 loss 
in strength from the control sample.

9.6  Food Waste

Sharma et al. (2019) put forward the various problems that result from the inade-
quate management of organic waste. These include pollution of the natural environ-
ment, eutrophication, aesthetic degradation, greenhouse gas emissions, and impacts 
on public human health. Of the potential waste valorisation applications, organic 
pollutants release heavy metals that are a health hazard to both people and the envi-
ronment (Sharma et al. 2019). Composting using organic waste has proven to be 
shown to reduce the amount of organic waste sent to landfills (Sharma et al. 2019). 
This agricultural recycling of organic waste ensures that landfilling costs are 
reduced, transportation costs of the waste are avoided, and conventional fertilisers 
that may be imported are substituted (Sharma et al. 2019).
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One type of organic waste that has a good potential for alternative building mate-
rials within urban mining is bone. Research suggests that the use of bone within 
concrete production in its various forms is feasible. According to Bhat et al. (2012), 
bone is a slow-deteriorating, hard but light material with an extracellular matrix.

Bovine bone waste is widely produced within South Africa. Currently, the over-
whelming majority of this waste stream is landfilled, contributing to waste manage-
ment costs for local municipalities, as well as contributing to South Africa’s climate 
change emissions through methane emitted from landfill. Thus, there is significant 
scope to valorise this waste stream within a South African context.

Using bone waste as an additive during the production of concrete has numerous 
benefits, including the preservation of natural resources and landfill airspace reduc-
tion (Abubakar et al. 2016). Some of the other benefits from the implementation of 
crushed bovine bones in concrete production are the improvement of livelihoods as 
valorisation of bone waste has the potential for job creation and consequentially 
improve the lives of those that generate bone waste which has demonstrated to be a 
resource. Another benefit from the implementation of crushed bovine bones in con-
crete production is the improvement of livelihoods as valorisation of bone waste has 
the potential for job creation. Bone waste has proved/shown to be a resource and has 
the potential to improve the lives of those that generate it. Furthermore, if this waste 
stream is successfully valorised, butcheries nationwide or markets such as bovine- 
head markets within informal markets sectors will economically benefit from sell-
ing bone waste for construction purposes. The addition of bone in concrete results 
in a light weight concrete with many structural benefits; lightweight concrete means 
that elements of structures such as beams, columns, and foundations may be 
designed at reduced sizes (Bhat et al. 2012).

Though this study has a broad national application, this work will speak to the 
study area of the bovine-head market at Warwick Junction Informal Market in 
Durban, South Africa. The market sells bovine-head meat and dumplings daily to 
the public in the Durban Central Business District (CBD). A total of 20 traders work 
at the market, and their tasks are divided into cookers and skinners. The market’s 
most significant waste streams are bovine-head bones, skin, and residual wastes 
resulting from the market’s activities.

The Warwick Junction Informal Markets (WJIM) are the biggest collection of 
informal markets in Southern Africa. WJIM comprise of nine markets of which two 
are the early morning market and the BHM. The BHM is a facility run by 20 traders 
who prepare bovine head meat and sell it to customers in the Durban CBD. One of 
the traders revealed that the bovine heads are acquired from various butcheries in 
the near vicinity. The current method of disposal at the market is direct disposal to 
the local municipal sanitary landfill, and the implications of this disposal method 
are undesirable. This case study aims to create a crushed bone hybrid concrete that 
is a sustainable alternative for conventional concrete while diverting this organic 
waste from landfills and mining this particular type of waste stream.
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Table 9.4 Summary and comments on compressive strength test

Compressive strength

%CBB in 
concrete mix

28-day 
CS 
(MPa) Comments

0% 40.2 The 28-day compressive strength decreased with an increase in 
%CBB content as observed in previous literature. Overall, 
compressive strengths were greater than those achieved in previous 
literature

10% 33.7
15% 29.7
20% 27.6

9.6.1  Experimental Investigation and Discussion

The compressive strengths achieved in MPa ranged between 27.6 and 40.2, as seen 
in Table 9.4. When compared to the range of 16.49 MPa to 24.29 MPa achieved in 
a study by Ogarekpe et al. (2017), this preliminary results surpassed expectations. 
The differences in strengths may have been influenced by type of bovine bones 
used. The bones used in this study were jaw bones, and because the study by 
Ogarekpe et al. does not specify which kind of bovine bones were used, a compari-
son in this regard cannot be made. Compressive and flexural strength (Table 9.5) in 
this study result decreased with an increase in the percentage of CBB content, and 
this was the predicted outcome observed in previous studies. According to South- 
African Standards, low-strength, medium-strength, and high-strength concretes 
have strengths of 15 MPa, 25 MPa, and 30 MPa, respectively. The 20% CBB con-
crete achieved a strength of 27.6 MPa which was above the medium-strength con-
crete strength; hence, concrete with a 20% CBB content could be applied as a 
medium-strength concrete. The applications of medium-strength concrete accord-
ing to South African standards are footpaths, reinforced foundations, patio slabs, 
light-duty house floors, garage floors, and driveways. The flexural strength results 
as seen in Table 9.5 fluctuated with the 15% CBB content achieving a maximum 
strength of 3.3 MPa. The control specimens yielded greater strengths in comparison 
to the all the hybrid CBB concrete specimens.

9.7  Viability of the Waste Resource from the Different Waste 
Streams for Bricks

In terms of average compressive strength, some of the bricks incorporated with 
waste performed better than the control sample. Using South African standards for 
building requirements, a number of practical applications become apparent (see 
Table 9.6).
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Table 9.5 Summary and comments on flexural strength test

Flexural strength
%CBB in 
concrete mix

28-day FS 
(MPa) Comments

0% 3.9 Flexural strength at 28 days reduced with an increase in CBB 
content and this relationship followed the same trend found in 
previous literature

10% 2.3
15% 3.3
20% 3.2

Table 9.6 Suggested bricks with waste for various applications in functions of their compressive 
strength. (Mahdjoub et al. 2021)

Possible applications
Average required compressive 
strength for solid units (MPa) Proposed brick specification

Single storey or the upper storey 
of a double storey building

4.0 Cow bones, glass, paper 
Mill Sludge, tyres nylon 
fibers

Lower storey of a double storey 
building

10.0 Cow bones, glass, paper 
mill sludge, tyres nylon 
fibers

Infill panels in concrete and 
steel-framed buildings of four 
storeys or less

4.0 Cow bones, glass, paper mll 
sludge, tyres nylon fibers

Free standing, retaining, parapet, 
and balustrade walls

5.0 Cow bones, glass, paper 
mill dludge, tyres nylon 
fibers

9.8  Conclusion

Waste from a broad perspective is a subject of concern for most emerging countries. 
In the context of Africa, the newly defined etymological terms of urban mining and 
circular economy are supposedly considered to be new concepts.

However, historically speaking, or traditionally speaking, African people have 
always applied, not knowingly, the concepts of urban mining and waste recovery as 
a secondary source of materials. Since the recognition of these concepts from the 
developing countries, more African countries have started reconsidering their mod-
ern approach to waste and materials and are now consciously moving towards 
urban mining.

This collection of investigation has articulated some possibilities for waste utili-
sation as a source of material for the creation of hybrid materials. Testing revealed 
that incorporation of waste into building material was viable, and this incorporation 
should be perceived as a performance enhancer method through urban mining. 
Developing this process could lead to income generation for the local economy of 
some developing countries. It could also initiate consistent and intensive waste min-
ing adapted to the context of emerging states.
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Chapter 10
Composting: An Alternative with Marked 
Potential for Organic Waste Management

M. C. Gutiérrez Martín, P. Márquez García, J. A. Siles López, 
M. A. Martín Santos, and A. F. Chica Pérez

10.1  Description of Composting Process and Technology

Composting is a widely accepted method to transform organic waste into a valuable 
stable soil amendment, also called compost. Compost is a non-toxic and non- -
pathogenic product that can be applied as an appropriate fertiliser and soil condi-
tioner to support plant growth, used by rural farmers for centuries. Compost enriches 
the soil with macronutrients and micronutrients over a prolonged period, as opposed 
to synthetic fertilisers, promoting a sustainable agriculture.

Furthermore, composting is an interesting valorisation methodology of organic 
waste, friendly with environment, which prevents the climate change and improves 
the circular economy. Organic waste composting is a task of municipal solid waste 
(MSW) management, which is preceded by other management tasks such as pro-
duction, source separation, temporary storage, collection, and transport. Furthermore, 
all of the mentioned activities are associated with sustainability aspects, such as 
policy, regulation, institutional frameworks, public participation, financial and cor-
porate governance, and technological aspects (Sharma and Sharma 2020).

With regard to implanted technology, several types of facilities with different 
level of development and complexity can be found installed worldwide. In general 
terms, these facilities include from window systems that consist of the simple accu-
mulation of compost piles, which usually are 1.5–3.0 m high and 3.0–6.0 m wide 
(but the cross-sectional dimensions vary with feedstock and turning equipment), to 
in-vessel systems or bioreactors, which are most of the technologies currently used 
in developed countries. Although windrows are opened systems that require low 
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installation and maintenance costs, the emissions generated (aerosols, odour and 
leachate) cannot be correctly managed. In these rows, the compostable material is 
generally aerated by turning to improve its porosity and oxygen content, moisture, 
and temperature, which are relevant to monitor the composting process properly. 
Sometimes, windrows are dotted with forced aeration systems, but this involves an 
added cost to the composting process. Generally, in-vessel systems consist of tanks 
where moisture, airflow, and temperature can be more readily controlled, ensuring, 
and adequate for aerobic development of the process and the sanitation of the final 
product. These systems are dotted with air circulation systems that allow pressurised 
fresh air to be injected and the exhaust to be extracted through a biofilter to mini-
mise or remove volatile compound and the odour associated to these emissions. 
However, this technology is not considered applicable in developing countries due 
to cost and maintenance reasons (Couth and Trois 2012).

10.2  Implementation Status of Composting 
in Developed Countries

The urban waste management models have been gradually materialised in recent 
years towards circular economy in the productive cycle of our society, where waste 
is beginning to be considered as resource. It is undeniable that social concern for the 
immediate environment is increasingly relevant, especially due to the consequences 
of climate change with direct and indirect negative effects worldwide. In this con-
text, the European Union (EU) has clearly marked the steps that all members states 
must take to move towards an improvement in the management of urban waste, 
starting with minimisation and prevention and, as the last option, leaving energy 
recovery of waste and landfill, as stated by the Landfill Directive (1999/31/EC) and 
Waste Framework Directive (2008/98/EC). However, one of their fundamental 
strategies is to establish differentiated management of organic waste from house-
hold origin and organic nature substrates generated in the municipalities such as 
parks, gardens, and fresh market waste, all called “biowaste” (Ravindran et  al. 
2021). The target for recycling municipal waste by 2035 is set to 65% in the revised 
legislative framework on waste. In this regard, the EU promotes the implementation 
of precise measures and actions among its members in order to enhance current 
conditions and build a legal framework for the proper MSW management (Comesaña 
et al. 2017). As a result, the amount of recycled waste (material recycling and com-
posting) increased from 39 million tons in 1995 to 116 million tons in 2017, at an 
average annual rate of 5.0%. In some countries, there are explicit and detailed rules 
set by legislation under waste law. However, the standards on the use and quality of 
compost differ considerably within EU members, mostly due to differences in soil 
policies (Cesaro et al. 2015). Platform like the European Compost Network (www.
compostnetwork.info) brings all European biowaste organisations and their operat-
ing plants, research, policy making, consultants, and authorities together and creates 
a network for sustainable recycling practices in composting (Bruni et al. 2020).
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Concretely, Spain made public the transposition of this obligation to Law 
22/2011 and of waste and contaminated soils. However, at this moment, different 
situations can be found among the autonomous communities. Catalonia especially, 
but also Euskadi and Navarra, stands out as those that already integrate the collec-
tion and segregated treatment of biowaste as part of its urban waste management 
model, although it has not reached the entire population yet. In the rest of the com-
munities, in the best of cases, selective collection has only begun in some munici-
palities, but without having specific treatment facilities at the moment (Campos-Alba 
et al. 2021; Füleky and Benedek 2010). Despite the composting history and accu-
mulated information about the need for organic waste recycling, currently in the EU 
most of the municipal waste is still deposited in landfills (45%). In Spain, landfilling 
currently accounts for 57.8% of urban waste generated, while composting of selec-
tively collected biowaste does not exceed 0.8% (Indicadores – Serie Territorial – 
Dosieres España – UE n.d.).

In terms of process scaling, composting can be broadly applied at centralised 
large-scale plants that are complex and serve vast geographic areas and sectors, at 
community-scale plants that serve primarily residential neighbourhoods or com-
munity levels, and home-scale operations that serve individual housing units (Pai 
et al. 2019). It should be marked that the development of the different scale opera-
tions depends mainly on policies and governmental promotions, but also geographi-
cal situation of the areas, culture, traditional routines, and climate conditions 
determines the kind of facilities as well as the scale operation. Despite the advanced 
technological development of many of the composting plants located in Spain, oth-
ers do not meet the objectives for which they were or should have been built. In fact, 
in some cases, they are inadequately managing organic waste as a result of very low 
production yields, high liquid and gaseous emissions, poor quality products, and 
consequently little reduction in the amount diverted to landfill (Moreno and 
Moral 2008).

In developed countries, special attention is paid to the separate collection on the 
initial stages of waste management to optimise the global management process of 
organic fraction of municipal solid waste (OFMSW) also improving the composting 
process and obtaining a high-quality final product. The requirements for compost 
quality depend on its destination, which includes agriculture, horticulture, and 
urban landscaping. Several countries and public and private organisations have 
established quality standards for compost, where certain properties are prioritised, 
and different limits are established according to the end use. However, there is a 
need to homogenise such criteria at international level (Cesaro et al. 2015; Oviedo-
Ocaña et al. 2019).

It is worth noting that different countries have addressed strategies for reducing 
the environmental impacts of composting processes and evaluated new analytical 
and microbiological approaches to define compost quality (Greff et  al. 2022). 
Furthermore, the current strategies should prioritise the adequate management of 
composting processes to minimise excessive emissions of ammonia (NH3), green-
house gases such as nitrous oxide (N2O), and methane (CH4) (Bernal et al. 2017).
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10.3  Implementation Status of Composting 
in Developing Countries

The general situation in developing countries is marked by a high generation of 
solid waste motivated by the development in urban areas over rural ones in a process 
called urbanisation. For example, in Africa, the average population growth rate in 
urban areas is more than three times as high as in rural areas. The projection is that 
by 2030 there will be 41 countries in sub-Saharan Africa (SSA) with higher urban 
than rural populations (Cofie et al. 2009), or Asia with 4.2 billion inhabitants will 
likely experience smaller proportional increase than Africa. However, the usual 
unplanned urbanisation growth will lead to an increased demand for proper and 
healthy municipal services. Specifically, the urbanisation involves a high amount 
and variety waste generation, which demands the development of appropriate norms 
to promote available methods and facilities to manage large amount of organic solid 
waste, such as composting facilities. In this context, the implementation status of 
composting processes in developing countries is extremely varied. As an example, 
in Egypt, which is an African Middle East Arab country, 75% of the MSW is gener-
ated in urban areas. Total estimated MSW for 2025 is expected to reach 33 million 
tons for a growth rate of 3.2%, based on 2001 records. Collection services cover less 
than 30% of urban and rural areas. A portion of 8% of the total collected MSW is 
sent to composting facilities, but the rest is sent to uncontrolled landfills putting at 
risk the public health and the environment (GIZ 2014). In Latin America, the daily 
MSW generation is estimated to be approximately 436,000 tonnes (0.93  kg/
person·d) and with a predicted generation of 1.5 kg/person·d, by 2025, mainly com-
ing from the urban population (Oviedo-Ocaña et al. 2017). This situation is similar 
in other developing countries in Southeast Asia, Africa, and Latin America. These 
evidences reveal an inefficient waste collection, improper segregation, and poor 
community participation in developing countries, which are the major restriction in 
the implementation of MSW recycling policy that is usually under control of non- -
sufficiently efficient sectors (Silpa Kaza and Lisa Yao 2018; Suthar et al. 2016).

Due to poor public acceptability, budget constraints, infrastructure insufficiency, 
and lack of self-sustaining approaches, waste minimisation, recycling, reuse, and 
waste-to-energy could not gain much attention in developing counties (Ferronato 
and Torretta 2019). Many studies reported possible solutions for improving the solid 
waste management in developing countries, such as organic waste valorisation pro-
grams, with compost or biogas production (Hettiarachchi et al. 2018), implementa-
tion of energy recover plans and technologies (Ouda et  al. 2016), production of 
energy from biomass waste by making briquettes (Sawadogo et  al. 2018), and 
involvement of the integration of human waste pickers with legal incentives (Ghisolfi 
et al. 2017), among others. Kumar et al. (2008) reported an assessment of the status 
of municipal solid waste management in 59 selected cities in India and highlighted 
the need to promote processing technologies such as composting or vermicompost-
ing to treat the biodegradable fraction of waste. These initiatives have been recom-
mended to recover valuable resources from such waste streams under circular 
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economy models, providing high opportunities for the socioeconomic development 
of the countries. However, many barriers still remain for improving formal collec-
tion, treatment, or valorisation and final disposal (Matter et al. 2015). Specifically, 
because of the numerous advantages that composting process involves, some strate-
gies should be promoted to encourage organic waste management through this pro-
cess in developing countries: (1) to further home composting, that is, a productive 
option for treating organic waste at source (Loan et al. 2019), due to its many ben-
efits such as reducing pressure on landfills, minimising garbage collection and 
transportation costs (Tanaka 2007), reducing loss of organic resources derived from 
landfilling (Smith and Jasim 2009), and generating high added value products with 
intrinsic value by improving soil structure and fertility (Andersen et  al. 2011; 
Barrena et al. 2014); (2) to popularise composting through marketing approaches; 
and (3) to encourage well-regarded businesses and hotels to fertilise their lawns 
with compost to raise public awareness of the benefits and simplicity of composting.

On balance, the implementation of a waste management program that prioritises 
composting has the potential to create jobs in the waste management sector. 
Popularising composting would also provide farmers with unlimited quantities of 
organic fertiliser at low or no cost. Therefore, increased public awareness of the 
benefits of composting in developing countries is vital to both supporting environ-
mental sustainability and reducing poverty (Ibáñez-Forés et al. 2019).

10.4  Residual Substrates for Organic Waste Composting

10.4.1  Urban Solid Waste

According to recent estimates, about 2.01 billion tons of solid waste are produced 
per year in the world, with a high percentage of garbage ending up in landfills. 
Moreover, the fastest growing regions are sub-Saharan Africa, South Asia, and the 
Middle East and North Africa where, by 2050, total waste generation is expected to 
nearly triple, double, and double, respectively, which will have vast implications for 
the environment, health, and prosperity, thus requiring urgent action. Knowledge of 
waste composition is of particular importance for decision makers to determine 
proper MSW management options, which is influenced by economics. Food waste 
has the largest content in MSW, accounting for 44% followed by paper and card-
board trash (17%), plastic (12%), glass (5%), and metal (4%) (Silpa Kaza and Lisa 
Yao 2018). The content of organic waste generated in developing countries is much 
higher than that contained in the waste derived from developed countries (Kumar 
et al. 2008). Recent studies reported the evaluation of paper and paperboard recy-
cling possibilities (Suthar and Kishore Singh 2022). Landfilled paper waste could 
be valorised by applying a suitable composting mechanism to breakdown such com-
plex lignocellulosic substances into nutrient-rich manure for agronomic applica-
tions (Rai and Suthar 2020).
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On the other hand, sewage sludge (SS) is also a potential residual substrate to be 
valorised through composting due to its high production worldwide. It is estimated 
that, considering that the daily amount of domestic SS generated per person on a dry 
basis is 60 g and the rate of population served by wastewater treatment plants in 
total population is 70%, the annual amount of SS is 1.24 million tons per year, on a 
dry basis, in Turkey (Turkstat 2021). In a comparative manner, Toamasina is the 
second largest city in Madagascar with a population of 326,286 and produces about 
14,100 m3 faecal sludge per year (Dirix et al. 2021), which is stored in latrines with-
out a post-treatment. Developing countries (like India) have constructed millions of 
toilets with on-site sanitation technologies (OSTs). However, these OSTs lack the 
required management system for collection, transportation, and disposal of faecal 
sludge (sludge getting accumulated in OST), leading to considerable water and soil 
pollution (Chandana and Rao 2022). Furthermore, the presence of pathogenic 
organisms in this waste may pose health risks, limiting the direct application of 
sludge to soil fertilisation as well as the prohibited legislation in many countries 
such as Turkish national legislation (Şevik et al. 2018). Therefore, SS treatment by 
methods such as composting before they are applied to the soil is mandatory, allow-
ing stabilisation of the organic material with both a reduction in mass and volume 
and obtaining an enrich in nutrients hygiene product (Kulikowska 2016). Composting 
of SS can contribute to the antibiotics persistence removal in the primary sludge 
improving the agricultural recycling of this waste (Couth and Trois 2012). 
Furthermore, physicochemical properties of SS such as high content of organics, 
nitrogen, phosphorus, and trace elements make this organic substrate play a key role 
in composting processes.

In addition, Eftoda and McCartney (2004) reported that the compact structure 
and high moisture content of SS demand the addition of bulking materials to create 
a more properly compostable structural support with interparticle cavities that allow 
the material aeration during composting process. By adding bulking agent to the 
composting mixture, substrate properties such as moisture content, C/N ratio, par-
ticle size, and pH values of mixtures are adjusted to optimum conditions (Cies̈lik 
et al. 2015; Ingelmo et al. 2012; Zittel et al. 2018). Leaves, wood, straw (Amir et al. 
2005), sawdust (Kebibeche et al. 2019), or lignocellulosic crop waste (Greff et al. 
2022) have been generally reported in the literature as bulking agents in the com-
posting of SS.

10.4.2  Agro-Industrial and Fishery Waste

Management of agro-waste derived from agricultural practices has emerged as a 
significant global problem also in developing countries. Identically, handling raw 
animal manure in a hygienic and eco-friendly process appears tedious too. For 
example, in India, approximately 700 million tons of organic waste materials per 
year are disposed unsafely in the respective surrounding environment (Sofia 
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Vizhimalar et al. 2021). As a consequence, there is an emergent need for cleaner and 
safe production methods of organic manures from biowastes (Ravindran et al. 2021).

Similarly, disposal of dairy manure by inappropriate manage methods also 
causes environmental problems such as the spread of bad odours, infiltration of 
nitrates, and other pollutants into the groundwater causing eutrophication due to an 
excess of nitrogen and phosphorus (Zhao et al. 2021). Turkey, which is the country 
of agriculture and animal husbandry, has 12.4 million animal, and it is estimated 
that approximately 226 million tons of dairy manure are produced annually. In order 
to mitigate this problem, Şevik et  al. (2018) proposed the co-composting of SS, 
dairy manure, and tomato stalks evaluating the effects of free air space, due to com-
pact structure of SS and C/N ratios.

Sofia Vizhimalar et al. (2021) reported the composting of agro-waste with cow 
and mule dung, obtaining final composts characterised by good stability and matu-
rity index after 90 days of process. The effect of obtained composts on Raphanus 
sativus was evaluated, and they reported germination of Raphanus sativus L. seeds 
and vigorous plant growth parameters, which confirmed the non-pathogenic 
phytotoxic- free nature of finished composts. Some authors mixed poultry manure 
with different proportions of rice hulls and/or sawdust being these substrates two 
common C-rich wastes derived from rice and timber agro-industries in subtropical 
NE Argentina. In the Mesopotamia region of NE Argentina, considerable amounts 
of C-rich wastes are generated from timber and rice agro-industries. Considering 
the high proportion of sandy or highly weathered soils in this region under humid 
subtropical climate, this study proposed composting like an interesting alternative 
for processing those wastes. However, neither rice hulls nor sawdust can be com-
posted alone, because of their high C/N ratio (higher than 100), high cellulose and 
lignin concentration, and very low nutrient concentrations. Thus, they must be com-
posted in mixtures with materials rich in nutrients, especially N, and easily decom-
posable C (Leconte et al. 2009; Rynk 1992). As a novel study, Alavi et al. (2019) 
researched the removal of tetracycline from chicken manure in Khuzestan Province, 
Iran, by using abundant bulking material (bagasse) in the composting process (Alavi 
et  al. 2019). Furthermore, utilisation of sugarcane bagasse in composting offers 
numerous advantages such as maintenance of water content of the organic mixture 
by forming porous spaces in the composting mass to increase the availability of 
oxygen and reduces the loss of static (Aranganathan et al. 2019). On the other hand, 
Musa spp. banana is cultivated over 130 countries in tropical and subtropical areas 
and specially in South America, Africa, and Asia, being the second largest produced 
fruit, after citrus (Díaz et  al. 2021). From the whole fruit, only 20–30% is con-
sumed, whereas the remnant fraction includes peel, pseudostem, foliar residues, and 
rachis or stems should be valorised. Because of the generation around four tons of 
lignocellulosic waste per ton of harvested fruit by the banana industry alone, several 
studies proposed the composting of banana peel with other waste such as orange 
peel waste and fish waste (Isibika et al. 2021) or with arecanut waste (Chanakya and 
Sreesha 2012).

Regarding fishery waste, seafood processing sector generates large quantities of 
biological waste that are dumped in landfills and even discarded in open sea waters 
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that create health and environmental problems. These kinds of waste are character-
ised by a high N and P content and organic matter. Furthermore, fishery waste does 
not contain any toxic or carcinogenic agents compared to municipal and industrial 
effluents (Aranganathan et al. 2019).

Finally, it is worthy to note the importance of these types of waste as they offer 
the opportunity to be composted in situ or even co-composted with other wastes 
from nearby areas improving the sustainability of the process.

10.4.3  Food Waste

Food waste is characterised by having strong potential to be valorised through com-
posting due to the high organic matter content susceptible to be biodegraded by 
aerobic microorganisms. The huge proportion of food waste generated should be 
the reason for promoting the implementation of waste separation at sources and 
their collection at homes, hotels, and restaurants with the aim of promoting the 
installation of facilities for collection and adequate treatment of OFMSW. However, 
food waste treatment sites are currently operating only in large and developed coun-
tries. On the contrary, developing countries have significant limitations in bringing 
food waste to centralised facilities for recycling (Tai et  al. 2011). For example, 
Jamaica depends on private sector to the activate recycling systems. In Nigeria, 
there are no policies or regulations on food waste recycling and management, and 
therefore, recycling operations are carried out mostly by informal sectors; specifi-
cally, only 8% of total food waste generation is recycled and used to produce com-
post (Ogwueleka 2009). In the future, the growth of innovative technologies might 
contribute to addressing the food waste treatment. Moreover, the transfer of tech-
nologies and lessons learned from developed countries would also definitely give 
developing countries simplified methodologies to comprehend their food waste 
management systems (Mbuligwe et al. 2002; Suthar et al. 2016). Sometimes, gov-
ernments encourage people to separate food waste at sources in some cities to rein-
force 3R (Reduce, Reuse, and Recycle) implementation, including composting 
programs. In Thailand, the government encouraged increasing organic waste utilisa-
tion by 50% before 2026 (Sharp and Arun 2012). Following this purpose, the gov-
ernment provided free organic waste bins for Thai people. However, until the 
present, their food waste recycling system has not obtained significant achieve-
ments, mainly due to the underdeveloped food waste treatment system, poor mar-
kets for food waste products, and insignificant economic incentives. In a similar 
manner, India generates a large amount of food waste, but their recycling activities 
are poor, and the dump sites are mostly used to dispose organic wastes (Agarwal 
et al. 2021). Following the purpose of improving food waste management, Bharucha 
(2018) proposed some key solutions such as implementing initiatives in restaurants 
to allow clients to take away leftovers and choose their serving size, training staff to 
minimise wastage, hiring food waste auditors, or reducing prices for end stock or 
offering sales to minimise waste.
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10.5  Potential Improvements in the Composting Process

10.5.1  Co-composting

Co-composting process can be considered an adequate strategy to valorise waste 
generated in nearby areas and dotted with complementary physicochemical proper-
ties. The use of different wastes in composting process as input material helps to 
optimise process conditions (Alavi et al. 2017). The selection of residual substrates 
in co-composting processes should be promoted by (1) material quality in terms of 
C/N ratio, pH, moisture, nutrient content, and porosity; (2) the availability of the 
compostable material; (3) the acquisition cost: purchasing the material should be at 
a minimum cost, so that operational costs for the composting facility is not increased; 
(4) minimum recollection distance from composting facility; and (5) material han-
dling facilities should not lead to major operational changes in the composting facil-
ity (i.e. material conditioning in sorting and grading, drying, and shredding 
activities) (Oviedo-Ocaña et al. 2017). In developing countries, these aspects should 
be considered to achieve the organic waste valorisation by minimising the manage-
ment costs. The literature reports many studies in which co-composting is the selec-
tive treatment approach to valorise different waste generated in a local area. 
Although technological development is not highly advanced on an industrial scale, 
numerous studies about co-composting are being carried out in developing countries.

Specifically, the co-composting is widely used to treat SS, which is known to be 
hazardous waste containing a high load of organic and chemical pollutants such as 
dangerous pathogens, toxic heavy metals, pesticides, carcinogens, and other sub-
stances with a high odour nuisance (Białobrzewski et al. 2015). In addition to the 
production of SS, another serious environmental problem arises nowadays in 
Tunisia, the olive oil extraction industry. It represents a substantial share of the 
economies of Mediterranean countries but leads to serious environmental problems 
by producing huge amounts of wastes within a short production period. For this 
reason, Asses et al. (2018) proposed two mixtures of SS with olive mill waste or 
green waste, respectively, obtaining in both cases hygienic compost with proper 
agronomic quality. Moreover, compost application in peat amended at ratios equal 
to 30% and 50% improved the growth speed and fresh biomass of maize and tomato 
plants. Other authors reported the co-composting of SS with dairy manure by using 
tomato stalks as bulking agent in order to valorise some waste agricultural by- -
products generated in Turkey (Şevik et al. 2018). The co-composting of SS with 
sawdust and wheat straw was also evaluated to obtain a final compost without bacte-
rial pathogens and low heavy metals concentration. The obtained results indicated 
that the addition of wood sawdust increases the nitrogen content leading to slightly 
alkaline compost, which influences seeds germination by reducing the phytotoxicity 
of SS (Kebibeche et al. 2019). Soto-Paz et al. (2019) evaluated the co-composting 
of biowaste with sugarcane filter cake and star grass collected from the processing 
of sugar cane and from the areas surrounding the composting facility, respectively. 
In this study, biowaste was obtained from a municipality in Colombia where source 
selection and selective collection are applied.
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Many studies in developing countries are promoted by specific local needs, spe-
cifically the valorisation of agricultural waste with low possibilities of being valo-
rised alone without being mixed with other waste. Jalili et  al. (2019) proposed 
co-composting as an appropriate strategy for agricultural waste recycling, including 
the pistachio de-hulling waste. This study evaluated the co-composting at labora-
tory scale, by mixing this agricultural waste, cattle manure, and municipal dewater-
ing SS. However, in some occasions, these studies are not extrapolated at real scale 
due to the lack of financial support and/or the necessary technical knowledge, which 
make difficult the safe disposal and/or treatment of the waste (Jara-Samaniego 
et al. 2015).

Finally, some studies reported novel research in co-composting processes such 
as the use of the black solider fly (BSF larvae (Hermetia illucens (L.) Diptera: 
Stratiomyidae) in the composting of banana peel and orange peel waste with fish 
waste. Co-composting fibre or carbohydrate-rich fractions with fractions that have, 
e.g. higher protein content is another way of improving the BSF larvae composting 
efficiency of these substrates (Isibika et al. 2021). Lopes et al. (2020) also deter-
mined the impact of BSF larvae co-composting of two rather high-quality waste 
fractions, that is, whole fish carcasses of rainbow trout (Oncorhynchus mykiss) and 
reclaimed bread.

Other novel research proposed the use of rice husk biochar amendment (0, 2, 4, 
6, 8, and 10%) in the presence of salts for the co-composting of food waste and 
swine manure. Concretely, biochar was co-composted with olive mill waste. The 
prominent characteristics of the biochar, high porosity, and sorption capacity with 
low density improve the aeration, making it a desirable amendment material for 
composting process. The results revealed that biochar amendment improved the 
degradation rates by microbial activities in comparison with control. The final com-
post quality was improved by reducing the bulk density (29–53%), C/N ratio 
(29–57%), gaseous emissions (CO2, CH4, and NH3), and microbial pathogens 
(Escherichia coli and Salmonella sp.) (Aycan Dümenci et al. 2021).

10.5.2  Technological Innovation

In general terms, the future of composting technology should be developed through 
the establishment of technology centres at large scale to manage the organic waste 
generated in extended areas. In fact, the advantage of technology installations such 
as closed tunnels or bioreactors that optimise the management of composting pro-
cess and the obtaining of high-quality product should be also more promoted in 
developed countries. Furthermore, the development of more restrictive legislation 
about the quality of final product is necessary for the country globally.

Although composting is predominantly carried out at home scale in developing 
countries, there is some exceptions such as India, where there are more than 70 
composting facilities treating mixed MSW, which recycle up to 5.9% of total food 
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waste and generate about 4.3 million tonnes of compost each year. As an exception, 
two plants in Vijayawada and Suryapetare are known to handle source-separated 
organic wastes (Kumar et al. 2008). Moreover, there are also initiatives to promote 
composting of MSW from universities and technological centres. For example, 
KwaZulu-Natal University initiated the first mechanical biological pre-treatment of 
MSW in South Africa in collaboration with the eThekwini Municipality, in the city 
of Durban. The Durban pilot project involved waste pre-treatment in passively aer-
ated windrows, using the Dome Aeration Technology, and prolonged passive aera-
tion in shallow landfills using the pre-treatment aeration and flushing model (Cossu 
et al. 2003).

10.6  Strategies for Composting Development in Developing 
Countries: Africa, South America, and Asia

The strategies to be implemented in developing countries should focus on encourag-
ing the selective collection of waste and the implementation of facilities to develop 
proper waste management, to promote the composting of all organic waste with 
appropriate characteristics, and to improve the obtaining of high-quality final prod-
uct. All the purposes depend not only on technological aspects but also on factors 
related to municipal waste management such as social, institutional, politic, regula-
tory, economics, and funding aspects (Zurbrügg et al. 2012). This situation leads to 
stablish protocols of action as follows:

 (a) The establishment of business management principles in the administration of 
composting systems.

 (b) The development of studies to stablish product quality standards in accordance 
with the different uses and applications.

 (c) The development of demonstration projects involving the agricultural sector to 
promote the compost use.

 (d) The development of research studies to evaluate the environmental impacts 
associated with organic waste composting in comparison with other alternative 
options. To do this, public policy for the valorisation of organic waste should be 
formulated. Furthermore, incentive policies should be promoted due to the 
environmental benefits associated with composting processes such as the 
decrease of greenhouse gas (GHG) emissions in landfills.

 (e) The development of pilot projects and social strategies for the implementation 
of source separation and selective collection, as well as for the identification of 
strategies to increase community participation in the different stages of bio-
waste composting projects.

Details of some strategies and/or plans implemented in different developing 
countries in Africa, South America, and Asia are described further.
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10.6.1  Africa

In Africa, in general terms, composting has failed in cities such as Dakar (Senegal) 
and Abidjan (Cote d’Voire) due to the lack of demand for the final product. However, 
some environmental, economic, and health factors encourage composting of organic 
waste in governmental plans. From an environmental point of view, GHG emission 
factors for waste management are increasingly used, but such factors are very scarce 
for developing countries. Some studies promoted the composting of garden waste to 
contribute in the development of composting strategies in South Africa. Friedrich 
and Trois (2013) proposed the composting of garden waste as a net GHG emitter, 
releasing 172 and 186 kg CO2 equivalent per tonne of wet garden waste, for aerated 
and turned windrow composting, respectively.

Some International NGOs have programs to subsidise the costs for developing 
countries to establish small scale composting to enhance awareness of food waste 
recycling in some African countries such as Benin, Cameroon, Kenya, Zambia, and 
Nigeria (Marmolejo et  al. 2012). In Cameroon, governmental policies establish 
strategies for environmental protection and promotion of conservation of materials 
through an adequate disposal and recovery of MSW; however, in practice, manage-
ment is focused on collection and disposal on the land (Manga et al. 2008).

10.6.2  Asia

In Southeast Asian Nations, composting is supported by governments due to high 
operation and maintenance costs, the high cost of the final product with respect to 
commercial fertilisers, and the available market. In the case of Malaysia, the gov-
ernment undertook vermicomposting as a primary national plan to use food waste 
to produce bio-fertiliser. However, in fact, there still remain some inefficiencies of 
composting production caused by impurified waste feedstock, which results from 
the incomplete separated food waste system in source in most developing countries 
obtaining composts that need to be enriched with various chemical fertilisers (Thi 
et al. 2015). In India, composting is a tradition mainly in rural areas; utilisation of 
large-scale and centralised composting plants had not been economically feasible 
due to the lack of selective collection in source. In Jordan, even with a high fraction 
of biodegradable organic solid waste generated in the country, composting has not 
been considered as an option for solid waste management (Ikhlayel et al. 2016).

10.6.3  South America

According to the World Bank Report “What a Waste 2.0” (Silpa Kaza and Lisa Yao 
2018) worldwide, only 5.5% of waste is composted and in Chile only 0.4%. On the 
other hand, the report Food Wastage Footprint: Impacts on Natural Resources (FAO 
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2013) affirmed that home composting can potentially recover up to 150 kg of food 
waste per household per year. In this line, Ludlow et al. (2021) reported that achiev-
ing net-zero greenhouse gas emissions by 2050  in Latin America requires a step 
change in resource management and the utilisation of organic waste, which is cur-
rently an untapped opportunity. This study carries out a quantitative and qualitative 
assessment of organic waste-to-energy potentials including annual crop residues, 
horticulture residues, livestock manure, and OFMSW by region in Chile. First, it 
produces a comprehensive quantification of organic waste. The stakeholder elicita-
tion concluded that financial, technical, and institutional barriers prevent waste 
utilisation, highlighting the needs to address elevated investment costs and high 
reliance on landfilling practices, which together with public policies could enable 
the full exploitation of these resources to ensure energy security and resource effi-
ciency. The aim of these strategies is to stablish the organic waste recycling in Chile 
through the installation of composting plants or, as alternative, anaerobic digestion. 
Furthermore, the increase of awareness in the community about the positive impact 
that sustainable waste management generates on the environment should be also 
enhanced.

In 2017, the US Environmental Protection Agency (U.S. EPA), on behalf of the 
Clean Air & Climate Coalition’s Waste Initiative, conducted a waste characterisa-
tion study at the Naucalpan (Mexico) transfer station. The study indicated that 
approximately 69% of the waste handled at the transfer station could be recycled or 
otherwise diverted from the landfill and that more than half of the waste could be 
used as feedstock in composting or anaerobic digestion projects. The city is using 
the results of this study to inform decision-making on project design and procure-
ment options (US EPA 2020).

Finally, the strategies should also be focused on promoting and ensuring the 
obtaining of high-quality final products in composting processes. In this sense, 
some studies evaluated the characteristics of the obtained compost in comparison 
with those obtained in more developed countries. Oviedo-Ocaña et al. (2017) exam-
ined the compost produced in five biowaste composting facilities in Valle del Cauca 
(Colombia) and compared the results with local and international standards, finding 
deficiencies in the chemical characteristics. Jara-Samaniego et al. (2017) obtained 
similar results at the composting facility of Chimborazo (Ecuador).

10.7  State of Legal Regulations on Compost Quality 
and Its Application

In developing countries, the statutory standards of compost quality have been devel-
oped at regional and national levels by considering different issues, with environ-
mental issues being the most relevant to its agronomic value. In general terms, the 
existing standard for organic fertiliser considers the compost quality in a general 
class without further classification. In fact, concern about the organic waste in 
developing countries is mainly focused on their management more than their 
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Compost Standards
Classification

Heavy Metals
Concentration

Commom parameters:

Cd, Cr, Cu, Hg, Ni, Pb, Zn

Others:
Co, Mo, As, Se

Countries
Canada, Austria, 
Germany, Spain,
Netherlands, EU-

Biowaste Directory

Stability/Maturity
Level

Parameters:
Organic matter, CO2

evolution, O2 uptake rate,
self heating test, VOA, etc.

Countries
Australia, US-

California ,
Composting

Council, Germany,
Canada

End Uses

Types: growing
media, vegetable 

crops, topsoil, soil
improvement, etc.

Countries
Austria, 

Germany, US 
Compposting
Council, UK
BSI-PAS 100

Type of Imputs
Materials

MSW, selective
collected organic

waste, sewage
sludge, etc.

Countries
Austria, 

Germany,
Italy, Spain

General, Single 
classification

Countries
Malaysia

Fig. 10.1 Compost standards classification in different countries. (Van Fan et al. 2016)

valorisation through composting, although both management and composting might 
be promoted and powered by common policies.

Many developed countries have considered the concentration levels of Cd, Cu, 
Cr, Hg, Ni, Pb, and Zn; however, most developing countries, such as Malaysia 
Standards (2012)-MS 1517:2012, do not include Cu and Zn, whose excessive con-
centration might pose a threat to public health when they are transferred to the food 
(Van Fan et al. 2016). In Indonesia, the proposed compost standards and guidelines 
were created to meet all environmental regulations throughout the country and to 
assure the public that the compost is safe for use. However, these guidelines do not 
propose a stringent and expensive testing regime, including the control of some 
parameters such as heavy metal concentration to be applied in agricultural soils 
(Hoornweg et al. 1999).

Figure 10.1 summarises the classification of compost standards in different 
countries based on different criteria including heavy metals concentration, maturity/
stability level, end uses, or types of input materials.

In the same countries, the composts are classified into three categories based on 
maturity and stability level for the standard set by US-California Compost Quality 
Council (CCQC 2001) and Canada-BNQ. Canada-BNQ also classified the compost 
based on the organic matter (OM) content, while CCQC 2001 classified the com-
post based on CO2 evolution, O2 uptake rate, self-heating test, volatile organic acids 
(VOA), seed germination, etc. A similar approach is adopted in the Australia 
Standard AS 4454–2012 for composts, soil conditions, and mulches. Even if the 
compost is not classified mainly based on the heavy metal limits, in all cases, most 
countries have set the safety limit of heavy metals for compost. The British Standards 
Institution Publicly Available Specification (BSI-PAS 1002012) covers a wide range 
of general quality criteria to be first fulfilled followed by further classifications 
based on the end use (Cesaro et al. 2015).
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Chapter 11
Appropriate Biochemical Conversion 
Technology for Organic Waste Recovery 
in Developing Countries

Hassan El Bari, Sanae Habchi, Fadoua Karouach, and Nabila Lahboubi

11.1  The Biochemical Biomass Conversion Technologies

Growing energy consumption, increasing fossil fuel trends, escalating fuel prices, 
and rising levels of CO2 and other greenhouse gases are some of the main drivers for 
the search for alternative energy sources (Nanda et al. 2016). Numerous biomass 
conversion technologies are used to valorize all components of a raw material. 
These technologies include a wide spectrum of biological/biochemical processes to 
generate products such as biofuels and value-added products. These processes are 
generally defined as fermentative, although each of them requires specific operating 
conditions (e.g., anaerobic environment, light supply) and/or specific microorgan-
isms (bacteria, yeast, cyanobacteria, algae) (Gouveia and Passarinho 2017).

11.1.1  Anaerobic Digestion of Biomass

Every year, millions of tons of biomass waste are produced, with disposal posing a 
challenge. Over 88% of the world’s electrical and thermal energy consumption is 
met by non-renewable resources, namely petroleum and natural gas (Ziemiński and 
Frąc 2012). Anaerobic digestion (AD) is a biological process that uses anaerobic 
bacteria to degrade organic substrates in an oxygen-free environment. The end- 
products of AD are biogas and residue named digestate. The biogas contains mostly 
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of methane and is considered as a renewable energy (Bakraoui et  al. 2020b; 
Lahboubi et al. 2021).

The conversion of cellulose and hemicellulose to bioethanol, methane, and 
hydrogen is more efficient when the digestibility of lignocellulosic biomass is 
improved (Boontian 2014). The AD process is a potential process for digesting bio-
mass waste into large amounts of methane, which can be utilized directly as a source 
of energy or converted to hydrogen (Albertson et al. 2006). Due to current environ-
mental issues, such as global warming, high-rate methane and hydrogen fermenta-
tion from renewable biomass has received a lot of interest recently (Demirel et al. 
2010). Figure  11.1 shows the process of AD from different organic wastes. The 
by-products of AD are biogas and digestate (Beniche et  al. 2021; Habchi et  al. 
2022). The biogas is used to produce thermal or electrical energy and also the bio-
fuels, and the digestate is used as fertilizer for the soil and can also be used by the 
thermochemical conversion. Methane production can be improved using different 
pretreatment methods (Lahboubi et al. 2022; Habchi et al. 2022) or by co-digestion 
(Beniche et al. 2020; Karouach et al. 2021).

11.1.1.1  The Stages of Anaerobic Digestion

It is critical to know and understand the process, technological elements, biochem-
istry, and microbiology of AD in order to ensure proper design and implementation 
of anaerobic treatment systems. Several sequential, simultaneous, and complex bio-
logical and chemical reactions are involved in the AD process. The substrates of one 
group of microbes are the products of the next.

Anaerobic degradation is divided into four stages: hydrolysis, acidogenesis, ace-
togenesis, and methanogenesis (Kerrou et al. 2021). Various microorganism popula-
tions are involved in the degrading process. Different steps in the biosynthesis of 
methane can be distinguished according to the substrates utilized by these bacteria 
and the products they create (Moletta 2006). They are shown in the diagram below  
Fig. 11.2.

Fig. 11.1 The process of anaerobic digestion
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Fig. 11.2 The stages of anaerobic digestion

Hydrolysis
Hydrolysis is an extracellular process that converts complex polymers (proteins, 
polysaccharides, lipids, cellulose, and soon) that are inaccessible to microbes into 
simple, soluble molecules (amino acids, simple sugars, fatty acids, glycerol, etc.). 
As a result, the hydrolysis process seeks to break down organic macromolecules 
into smaller components that acidogenic bacteria can utilize (Ostrem 2004).

Acidogenesis
The acidogenesis stage entails the conversion of monomers from the hydrolysis 
stage into a variety of chemicals, including organic acids, volatile fatty acids 
(VFAs), alcohols, hydrogen, carbon dioxide, ammonium, and so on. There are two 
types of acidogenesis: hydrogenation and dehydrogenation. Acetates, CO2, and H2 
are the primary transformation products, with additional acidogenesis products 
playing a minor role (Chynoweth et  al. 1998). The methanogenic bacteria could 
employ the new products as substrates and energy sources immediately after these 
changes. The bacteria’s response to an increase in hydrogen concentration in the 
solution is the build-up of electrons by molecules such as lactate, ethanol, propio-
nate, butyrate, and higher volatile fatty acids. The novel products are incompatible 
with methanogenic bacteria and must be transformed by obligatory hydrogen- 
producing bacteria in a process known as acetogenesis (Ziemiński and Frąc 2012).

Acetogenesis
The action of acetogenic bacteria permits the transformation of acids produced dur-
ing the acidogenesis phase into acetic acid, hydrogen, and carbon dioxide during the 
acetogenesis stage. Acetic acid is particularly significant in methanization since it 
can account for up to 70% of the methane generated (Ntaikou et al. 2010). The oxi-
dation of the substrates (propionic and butyric acids, as well as ethanol) is accom-
panied by the generation of acetate, hydrogen, and carbon dioxide at this stage. Two 
species of bacteria are involved in this process:

• Hydrogen-producing bacteria (OHPA) are anaerobic bacteria that produce 
hydrogen (“obligate hydrogen-producing acetogens”). They can make acetate 
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and hydrogen from decreased acidogenesis products like propionate and butyr-
ate. It is worth noting that these bacteria have a considerable multiplication time, 
ranging from 1 to 7.5 days.

• Non-syntrophic acetogenic bacteria: these bacteria’s metabolism is primarily 
focused on the generation of acetate. They thrive in high-CO2 conditions, which 
are common in anaerobic habitats. Non-syntrophic acetogenic bacteria are 
divided into two categories.

• Bacteria that create acetate, butyrate, and other chemicals from simple sugars 
make up the first category. Acetate is made from hydrogen and carbon dioxide.

Methanogenesis
Methanogenic archaea transform the products of the previous stage into methane 
and carbon dioxide in this final step. To create methane, they fundamentally use 
acetate, formate, carbon dioxide, and hydrogen as substrates. There are two main 
mechanisms for methane generation for this purpose, both involving strict anaero-
bic archaea (Moletta 2006):

• Acetoclast methanogens: Acetate + H2 ↔ CO2 + CH4

• Hydrogen-trophic methanogens: CO2 + 4H2 ↔ 2H2O + CH4

In anaerobic digesters, about 60–70% of methane is produced by acetoclast 
methanogens (Batstone et al. 2002).

11.1.1.2  Operating Conditions for Anaerobic Digestion

Several factors influence AD, including the physical system and biogas generation 
(CH4 and CO2). It is therefore critical to keep the experiment under controlled cir-
cumstances in order to produce a decent biogas yield.

To ensure process stability, the following parameters can be managed and main-
tained at acceptable intervals. Temperature, pH, alkalinity, residence time, waste 
composition, and inhibitor presence are all factors to consider. The relevance of 
each parameter must be understood because any variation from the permissible 
range can cause the system to shut down.

Temperature
Temperature is a crucial element in biological processes because it impacts micro-
organism growth kinetics and material transfer. AD requires continuous environ-
mental conditions, preferably close to the process optimum, to get the best biogas 
yield. Frequently, a significant portion of the biogas produced is used to provide 
process energy. The anaerobic digester can be heated via coupling solar energy and 
biodigester (Ouhammou et al. 2019). According to the authors, the coupled system 
provides a 100% reduction in energy usage for nearly 10 months of the year and a 
70% reduction for 2 cold months. Microorganisms are categorized into three types 
based on the temperature range in which they can proliferate (Cresson et al. 2006). 
The temperature phases are as follows:
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• Psychrophilic: T < 20 °C
• Mesophilic: 20 °C < T < 45 °C with optimum for 35 °C
• Thermophilic: 45 °C < T < 65 °C with optimum for 55 °C

pH and Alkalinity
pH is an essential parameter in AD because each of the microbial groups involved 
in the reactions has a specific pH range for optimal growth. It is therefore important 
to monitor the pH and, if necessary, adjust it in the feed or automatically regulate it 
in the digester. The optimum pH for AD is around neutral, between 6.5 and 8.5 
(Lahboubi et al. 2020). If the acceptable operating range of a reactor is between 6.5 
and 8.5, the ideal values for methanogenic microorganisms vary between 7.0 and 
7.2. A drop in pH below 5.0 is lethal to these organisms. The use of pH as an indica-
tor of the process is normally based on the fact that a drop in pH corresponds to the 
accumulation of VFA (Bakraoui et al. 2020a). An important element in maintaining 
pH is the alkalinity of the digester (Wilson 2004).

Alkalinity (Alk) measures the buffering capacity in the digester and thus its abil-
ity to maintain a stable pH (Batstone et al. 2002). Alkalinity is usually expressed in 
terms of equivalent calcium carbonate concentration (mg CO3Ca/L). An alkalinity 
value greater than 1000 mg CO3Ca/L is recommended so that methanogenic popu-
lations are not inhibited. It should be noted that pH and alkalinity in an AD system 
are affected by the concentration of CO2 in the upper void space of the digester (in 
the biogas) (Wilson 2004).

Volatile Fatty Acids
One of the most essential markers in monitoring the AD process is VFA concentra-
tion. Acidogenic and acetogenic bacteria create VFAs, which are then eaten by 
methanogenic bacteria). It is widely assumed that their concentration in the digester 
indicates a methanation process fault (Wilkinson 2011). It is widely assumed that 
their collection in the digester indicates a digestive process dysfunction. The main 
cause of toxicity and reactor failure in the AD process is the reduction in pH that 
occurs as VFAs accumulate (Hill and Bolte 1989).

Retention Time
The retention time (RT) also known as residence time is the amount of time the 
substrate spends in the reactor on average. It is determined using the volumetric 
loading rate of a reactor while it is in operation. A longer retention time should theo-
retically result in a more complete deterioration of the feedstock. The reaction rate, 
on the other hand, diminishes as retention duration increases (Boe and Batstone 
2005). Each type of substrate has a different retention period, which spans from 14 
to 30 days for most dry procedures to as little as 3 days for wet processes. According 
to a research, a decrease of 64–85% of volatile matter in a reactor can be achieved 
in less than 10 h for specific wastes; however, the retention time is longer (Sakar 
et al. 2009).

Organic Loading Rate
The pace at which organic matter can be delivered into a digester is known as the 
organic loading rate (OLR). Overloading could lead to system failure due to the 
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accumulation of inhibitory chemicals; hence the OLR is an important control 
parameter in AD.  In this situation, the system’s feed rate should be lowered 
(Lettinga 2001).

Figure 11.3 resumed the most important parameters (Alk, T, pH, OLR, RT, and 
VFA) of the AD control.

Fermentation of Biomass
The current global energy picture emphasizes nonconventional energy sources. 
Biomass has established itself as a reliable unconventional feedstock for bioethanol 
production (Khan and Dwivedi 2013). Biomass resources are classified into four 
groups around the world. Wood scraps are currently the most abundant biomass 
source for energy production. It comes from the paper mills, sawmills, and furniture 
making industries. Agriculture residues and dedicated energy crops are the next 
largest, followed by municipal solid trash. Dedicated energy crops appear to be the 
greatest and most promising future biomass resource among these biomass 
resources, which include short-rotation woody crops and herbaceous crops, espe-
cially tall grasses. This is due to the potential to get several harvests from a single 
planting, which lowers the average annual cost of establishing and managing energy 
crops dramatically, especially when compared to traditional crops.

In some emerging nations, the production of fuels, chemicals, and power from 
trees, crops, and agricultural and forestry wastes is already underway. Executive 
orders have been passed to exploit such resources for the development of clean 
energy in several wealthy nations as well (Shah and Rehan 2014).

AD Operating
conditions 

T

pH

OLR

RT

VFA

Alk

Fig. 11.3 Anaerobic digestion operating conditions
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11.1.1.3  First-Generation Bioethanol Production

First-generation biofuels are made from biomass that is commonly utilized in the 
food industry, such as corn, soy, and sugar cane. These biofuels are created by fer-
menting or chemically converting the oils, sugars, and starches found in biomass 
into liquid fuels. Bioethanol production utilizing first-generation feedstock is a 
well-established technology with high bioethanol productivity and output; the 
method is associated with the food-to-fuel controversy and a high environmental 
effect due to land use charge (Ayodele et al. 2020). Moreover, an integrated biore-
finery technique can be used as an efficient strategy to lower the bioethanol mini-
mum selling price in half, according to a techno-economic analysis published in the 
literature by Aghaei et al. (2022) on the production of bioethanol from corn stover 
residue by applying pretreatment techniques. The saccharification and fermentation 
pretreatments showed their positive effect on the first-generation bioethanol produc-
tion process in terms of yield and cost. Figure 11.4 depicts the bioethanol manufac-
turing process using sugar-based feedstocks high in sugar or starch that are 
fermented to produce bioethanol.

In order to meet the Kyoto Protocol’s carbon dioxide reduction targets and lessen 
reliance on the supply of fossil fuels, governments around the world have carefully 
considered and directed state policies toward the improved and affordable utiliza-
tion of biomass for meeting their future energy demands. Brazil and the USA pro-
duce the majority of the world’s bioethanol, contributing 26.72% and 56.72%, 
respectively (Gupta et al. 2015).

Assessing the sustainability of first-generation bioethanol is not an easy task, as 
it depends on several factors related to the economic situation of the country in 
terms of food security and agricultural activities.

11.1.1.4  Second-Generation Bioethanol Production

In order to produce second-generation bioethanol, a wide range of non-edible agri-
cultural and industrial lignocellulosic wastes are used, such as rice husk, wheat 
straw, maize stalks, olive pomace, bagasse, coconut husk, paper pulp industry waste, 
and even fruit peels.

Fig. 11.4 First-generation bioethanol production
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Table 11.1 Composition of the sugar cane molasses

Water 
content, %

Soluble solids 
content, %

Total 
sugar, %

Total nitrogen 
content, %

Mineral 
substances 
content, % pH References

18,2 81,8 54,6 0,5 6,2 7,6 Elena et al. 
(2009)

18,85 81,15 48,87 0,90 13,82 5,3 Hashizume 
et al. (1966)

– 88,67 51,36 0,39 10,45 5,1 Hassan et al. 
(2019)

Agricultural waste can be exploited, and the demand for fossil fuels can be 
alleviated, in particular, molasses, a by-product obtained during the refining of 
sugar cane (Ghorbani et al. 2011). In the commercial production of bioethanol, 
manufacturers most often use sugarcane molasses as feedstock because of its 
abundance and low cost. The most commonly used microorganisms for fermenta-
tion are Saccharomyces cerevisiae yeasts because of their ability to hydrolyze 
sucrose from sugarcane molasses into glucose and fructose and too easily identi-
fiable hexoses (Elena et al. 2009). Molasses has been of great interest for bioetha-
nol production because it is cheap, rich in sucrose, which is a substrate that does 
not require pre- treatment before fermentation (Bouallagui et al. 2013). Table 11.1 
presents the composition of the sugarcane molasses; we notice that the sugar 
content is higher than 50% for the three examples presented. That means it is a 
suitable feedstock since the sugar is a key element for the bioethanol production.

In Pakistan, bioethanol produced from sugarcane molasses has been evaluated 
for its potential for availability, energy efficiency, and environmental sustainability. 
The current potential of molasses-based bioethanol was found to be sufficient to 
replace about 7% of the nation’s total gasoline usage. Pakistan is the eighth largest 
producer of sugar in the world and the fifth largest producer of sugarcane (Ghani 
and Gheewala 2021).

In Mexico, an estimated yearly need of 3 billion liters is expected to be pro-
duced primarily from sugarcane, knowing that bioethanol is now being intro-
duced as a fuel oxygenator (Lopez-Ortega et al. 2021). This study shows how the 
Brazilian experience gained over 40  years of successful transformation of its 
biorefinery sector. This long experience could be used to transform the Mexican 
sugar industry by redeveloping sugar mills to produce bioethanol from molasses 
first and then using juice to sustainably increase bioethanol production (Lopez-
Ortega et al. 2021).

11.1.2  Sustainability of Second-Generation 
Bioethanol Production

Increasing energy demand, growing debates about whether first-generation biomass 
should be used for food or fuel, and market pressure for environmental sustaina-
bility are forcing bioethanol supply chain decision-makers to use non-edible 
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second- generation biomass feedstocks while reducing carbon emissions. Most bio-
fuel manufacturers now use edible first-generation biomass feedstocks. Motivating 
them to move to a second-generation feedstock, from both an economic and envi-
ronmental standpoint appears to be critical in this context (Esmaeili et al. 2020a). 
From a sustainability standpoint, first-generation biofuels have both benefits and 
drawbacks in terms of environmental and socioeconomic implications.

In African case, for several reasons, the bioethanol business has been rapidly 
expanding for use as an alternative motor fuel. This sector of the economy is still 
developing in South Africa (Amigun et al. 2011) (Table 11.2).

The production of bioethanol is in direct function with the raw material used. For 
Brazil, it uses sugar cane as raw material to produce bioethanol; the production was 
44.9% billion liters in 2006 as shown in Table 11.3; this is the most important pro-
duction compared to other countries. In order to produce an important quantity of 
bioethanol, the choice of the raw material to be used is a very important step which 
allows us a good management of the waste more precisely in the developed coun-
tries. In 2018, global bioethanol output hit 108.6 billion liters (Table  11.3). The 
United States and Brazil together generate 84% of the world’s bioethanol, with the 
EU accounting for 5% and China for 4% (Table 11.3). Sugarcane, corn, and sugar 
beets are the most commonly used crops for bioethanol production (Sydney 
et al. 2019).

To reduce dependence on fossil fuels, sustainable energy requires renewable 
energy sources. Corn has been used to make first-generation bioethanol as a renew-
able energy source. However, the creation of such a biofuel raises corn-based food 
prices, leading to heated arguments over food vs fuel. First-generation bioethanol 
producers would be enticed to switch to second-generation bioethanol production 
by financial incentives (Esmaeili et al. 2020b). Along with better technologies, resi-
dues from the second-generation process (e.g., unreacted lignocellulosic material) 
could be used as fuels, increasing the amount of surplus bagasse. Instead of biodi-
gestion to produce biogas, pentose fermentation to bioethanol will result in increased 

Table 11.2 Commercial first- and second-generation biofuels compared at present technology levels

First generation Second generation

Source of 
energy

Starch, sugar, and oil are examples of 
fuel-producing substances

Mostly lignocellulose is turned into fuel

Source of 
biomass

Only the principal crop product (e.g., 
grain, sugar, or oil-seed component of 
the plant) is used to make the fuel; the 
rest of the plant is not utilized

Produced from whole plants, crop 
wastes, forestry residues, or waste from 
wood processing

Crops Corn, wheat, sugar cane and sugar beet, 
rapeseed, oil palm, and soybean are all 
annuals

Switchgrass, Miscanthus, Coppice 
Willow, and Alfalfa are examples of 
perennials

Prospects N2O emissions, which are generally 
doomed, contribute to global warming

Genetic engineering is closely tied to 
development, and its widespread use 
endangers food security and exacerbates 
climate change

Adapted from Ponti and Gutierrez (2009)
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Table 11.3 Bioethanol production for different countries

Country Feedstock
Bioethanol production of 
2006a (% billion liters)

Bioethanol production of 
2018b (million liters)

USA Primarily corn 46.9 60,000
Brazil Sugarcane 44,9 28,000
Canada Corn, wheat, straw 0,5 –
China Corn, wheat, cassava, 

sweet, sorghum
2,6 –

EU Wheat, other grains, sugar 
beets, wine, alcohol

4,1 –

India Molasses, sugarcane 0,8 –
aPonti and Gutierrez (2009)
bSydney et al. (2019)

bioethanol production, increasing the process’ energy demand and, as a result, 
reducing the amount of excess lignocellulosic material available (Dias et al. 2013).

Bagasse might thus be used for second-generation bioethanol production, with 
the cogenerated by-product being applied to the soil to create a sustainable second- 
generation bioethanol production system that improves soil carbon stocks and nutri-
ent bioavailability (Inglett et al. 2021).

Given the drawbacks and benefits of both kinds first and second generations of 
bioethanol, an integrated approach of both technologies is recommended. Ayodele 
et al. (2020) reported that combining 2G and 1G bioethanol production in a single 
facility delivers technological, economic, and environmental benefits, compared to 
a stand-alone 2G bioethanol production method. Bioethanol synthesis from 1G 
feedstock has the advantage of producing a lot of bioethanol. However, there are 
concerns about the food-to-fuel debate as well as significant environmental conse-
quences. Due to the abundance of lignocellulosic biomass resources and its poten-
tial as a cleaner and ecologically friendly biofuel, bioethanol production from 2G 
feedstocks has gotten a lot of attention, but is initial investment and end-product 
cost still too high. The integrated approach leads to reduce the operational and the 
end-product cost and to preserve the environment, which makes it a cost-effective 
and a sustainable approach. In the same context, Ferreira et al. (2018) reported that 
incorporating second-generation feedstocks into first-generation facilities can have 
favorable technological, economic, and environmental outcomes. These possibili-
ties can affect waste management by constructing suitable biorefineries and circular 
economies, in addition to realizing bioethanol production from second-generation 
feedstocks. This strategy entails enhancing first-generation bioethanol plants by the 
valorization of intrinsic waste streams, the integration of cogeneration systems, and 
the incorporation of lignocellulosic materials and other wastes.

In another study related to the same field, conducted by Furlan et  al. (2012), 
based on first- and second-generation bioethanol synthesis from sugarcane, a mod-
eling using a process simulator for four case studies. The results revealed the impor-
tance of appropriate bagasse partitioning for the process energy self-sufficiency. 
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Sugarcane bagasse is currently primarily used to provide electric and thermal energy 
to the process. The creation of second-generation bioethanol raises heating demands 
by at least 25%, limiting the decision range for how much bagasse may be redi-
rected to second-generation fuel production. Furthermore, the surplus of electric 
power has decreased by at least 31%, which might have a significant influence on 
process economics because it is sold as part of the industry goods portfolio.

Bioethanol manufacturing is currently progressing to the third generation. Third- 
generation biofuels are made from algal biomass, which has a considerably differ-
ent growth yield than traditional lignocellulosic biomass. Because of its high protein 
content and high hexose content (15.29% of the raw material on a dry basis), 
Sargassum muticum is a good feedstock for third-generation bioethanol production 
(10.55%) (del Río et al. 2019).

It is clear that there are certain criteria that need to be met to improve and opti-
mize bioethanol production. These criteria include, for example, process quality 
certificates, which guarantee the efficiency of alternative energy sources, and are 
becoming increasingly popular as a result of the promotion of biofuels, particularly 
bioethanol, in the industrial or agro-industrial sector. In developing countries, the 
biggest problems with biofuel production, however, go beyond the consequences of 
utilizing subpar technology or not relying on its advancement. To increase the pro-
duction of bio-ethanol sustainably and efficiently, while also balancing the needs of 
society and the environment, the industrial sector must encourage and implement 
innovative techniques, tools, and infrastructure. Extensive research and government 
investments are required to support the best growth of biofuel production. The 
development of bioethanol needs to be encouraged by tax breaks and financial aid 
provided to biofuel companies.

11.2  Organic Waste Management and Recovery 
in Developing Countries

Many developing countries are today confronted with major development issues, 
which may be aggravated if old development programs are maintained. Following 
the recent global economic crises, development issues are projected to worsen as a 
result of the negative impact on rich countries’ ability to provide required support to 
poor countries. Urbanization is accompanied by an increase in the number of people 
living in cities. The number and complexity of created wastes and overburdens, 
especially solid wastes, will increase as a result of the growth. The mismanagement 
of these wastes can damage the environment and lead to different problems. Thus, 
different developing countries opt to treat solid wastes by specific treatment, accord-
ing to the nature and characteristics of the waste, to produce valuable product that 
can be used.
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11.2.1  Appropriate Biogas Technology 
for Developing Countries

In developing countries, the common digesters implanted are the fixed dome 
(Chinese type), floating cover (Indian type), and a balloon digester (Fig. 11.5).

Figure 11.5 shows the common applications of biogas used in the developing 
countries. The use of biogas in these countries is restricted to cooking and lighting. 
In Syria, the size of digesters implanted is between 14 and 100 m3, with an annual 
production of 4.6 billion m3 of biogas and 341 million tons of high quality organic 
fertilizer (Jafar and Awad 2021). In Nepal, more than 431,000 biogas digesters fam-
ily sizes (4–10 m3) were installed with an annual biogas production of 3.04 billion 
m3 (Lohani et al. 2021). Farmers with a medium or high income were more likely to 
adopt the technology than lower farmers income (Mwirigi et al. 2009).

In fact, different studies in the literature suggest that food waste (FW) can pro-
duce biogas using AD processes as an alternative source of energy.

Using local material for building a rural biodigesters can minimize construction 
costs. The AD technology did not just provide cooking energy but also contributed 
to the sanitation system (Ogwang et al. 2020). The latest author declares that AD 
has an important effect on reducing chemical oxygen demand (COD) from FW by 
about 58%. The authors mention that the process can reduce 99% of pathogens 
from FW.

11.2.1.1  Fixed Dome

The fixed dome is popularly used in developing countries as a biodigester to recover 
organic waste and produce biogas and digestate. Figure 11.6 shows the scheme of 
fixed dome digester and its accessories. It consists of underground digester with 
inlet for feeding material and two outlets: one for collecting biogas and the second 

Fig. 11.5 Biogas plant technology for food waste and their products
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one for collecting the digestate. In general, the food wastes can be co-digested with 
cattle manure in a wet fermentation process. Fixed dome digesters provide different 
positive impact on the environment, but there are limitations in biogas production in 
winter due to the decrease of temperature which leads to the drop-down of produced 
biogas volume (Lohani et al. 2021). The main advantages of the fixed dome digester 
are relatively low cost for construction and a lifespan of more than 10 years. The 
most disadvantage of the fixed dome digester is that it needs a highly qualified tech-
nical constructor to limit the problems of pressure fluctuation. In a research carried 
out with the design of Chinese Fixed Dome Digesters (CFDD) for the construction 
of a small-scale digester design that is optimized for rural South Africa, the authors 
compared a prototype digester with two experimental design features (Ogwang 
et al. 2020). They found out that the optimized digestion generated 9.3 NL CH4/
KgVS (about 10% more biomethane) than the control digester.

11.2.1.2  Floating Cover

The floating cover digester consists of an above or shallow ground digester made of 
concrete and steel. The principal design of the floating cover digester is the same as 
the fixed dome digester. The wastes are fed from the inlet of the digester, and the 
biogas was collected using a flexible floating cover where the gas is stored 
(Fig.  11.7). Figure  11.7 shows the scheme of the floating cover digester and its 
accessories. The most advantage of the floating cover digester is the operation can 
be visually seen due to the cover which rises and falls with the fluctuation of the gas 
pressure. The disadvantages of the floating cover digester are the steel utilized in the 

Fig. 11.6 Scheme of fixed dome digester
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Fig. 11.7 Scheme of floating covers digester

building design is highly expensive; its life duration is relatively limited; and it 
requires regular maintenance due to corrosion (Orhorhoro et al. 2019).

11.2.1.3  Balloon Biodigester

A balloon biodigester is a plant that combines a digester and a gas holder in a heat- 
sealed plastic or rubber bag. Figure 11.8 shows the scheme of the balloon biodi-
gester and its accessories. The gas is collected in the balloon’s upper section. The 
inlet and outlet are directly linked to the balloon’s skin. Weights can be placed on 
the balloon to boost gas pressure. The skin may be damaged if the gas pressure 
surpasses the capacity of the balloon. As a result, safety valves are necessary. A gas 
pump is required if higher gas pressures are required. Specially stabilized, rein-
forced plastic or synthetic caoutchoucs are preferred since the material must be 
weather and UV resistant (Ghiandelli 2017). RMP (red mud plastic), Trevira, and 
butyl are some of the other materials that have been effectively used. Typically, 
functional life-span does not exceed 5 years (Zaki et al. 2021). The balloon biogas 
plants are advised if local maintenance is or can be made possible and the cost 
advantage is significant.

The advantages of the balloon biodigester include low-cost prefabrication 
(Kabyanga et al. 2018) and construction sophistication; transportation convenience; 
shallow installation for use in places where the groundwater table is high; high- 
temperature digesters are used in hot areas; cleaning without difficulty and sample; 
and safe maintenance and emptying.
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Fig. 11.8 Scheme of balloon digester

The balloon biodigester may necessitate the use of gas pumps for low gas pres-
sure; scum cannot be removed during operation; the plastic balloon has a limited 
useful life and is subject to mechanical damage; and it is usually not accessible 
locally. Furthermore, local craftsmen are rarely capable of repairing a broken bal-
loon. There is little opportunity for local employment development and thus low 
self-help potential.

11.2.2  Rural Biogas and Poverty Reduction 
in Developing Countries

11.2.2.1  Effect of Biogas on the Developing Countries

Through many biogas applications, biogas technology may contribute to the reduc-
tion of poverty in developing countries (Fig. 11.9). Figure 11.9 represents how bio-
gas may be used to reduce poverty. On the one hand, biogas may be used for cooking 
or heating. Instead of buying wood or charcoal, inhabitants can use it for free in 
their kitchens. Biogas, on the other hand, may be converted into energy and used to 
lighting the house or power devices. As a result, citizens would refrain from paying 
their electrical bills. Some households may go larger distances to obtain hardwoods 
from a forest or park; but, with biogas technology, they will not have to go as far and 
also it can help minimizing deforestation. Biogas digesters, according to Shaibur 
et al. (2021), minimize the time necessary to collect wood for cooking, allowing 
individuals to pursue education and employment elsewhere. For example, in Nepal, 
rural household biodigesters can save 2  h/day of time for women and children 
(Katuwal and Bohara 2009).

Small-scale biogas systems would also help to accomplish the sustainable devel-
opment goals: SDGs 1: no poverty; SDG 3: good health and well-being; SDG 5: 
gender equality; SDG 7: affordable and clean energy; SDG 13: climate action; and 
SDG 15: living on land, according to Lohani et al. (2021). The production of biogas 
requires working power for the production, collection, and transport of raw 
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Fig. 11.9 The application of biogas

materials; this implies that the creation of a regional biogas sector helps to generate 
new jobs. A research shows that, in developing countries, biogas technology can 
decrease the poverty gap and increase the incomes for biogas adopters more than 
non- adopters (Rahman et al. 2021). For example, in Bangladesh, biogas adopters 
had a household poverty gap of around 16% smaller than non-adopters. The authors 
declare that biogas adopters have a per capita household income between 13% and 
27% more than non-adopters. A study showed that a 10 m3 fixed dome digester can 
produce up to 2.5 m3 per day of biogas, which is equivalent to 13 kg of firewood 
(Diouf and Miezan 2019). In a recent study, we find that five families (each with 
eight individuals) have constructed a fixed dome digester utilizing co-digested cas-
sava and vegetable and fruit waste in the design of a household biogas digester 
(Sawyerr et  al. 2020). With a mass of incoming biomass of 465.12  kg/day, the 
installed digester generates 10 m3 biogas/day. The digester’s material cost is esti-
mated to be at R 121 136.09 (South African Rands) by the authors (which is equiva-
lent to 7 792.75 USD) .

The production of the rural population, which lives below the national poverty 
line, is mainly dependent on traditional biomass fuels such as wood and dung cake 
(dried cattle manure) (Rahman et al. 2019). The biogas digester for domestic use 
can contribute to achieving the UN Millennium Development Goal (MDG). Among 
these MDG, we can (i) cite reduction in poverty and hunger (MDG 1), (ii) empower 
women and maintain gender equality (MDG 3), and (iii) ensure environmental sus-
tainability (MDG 7) (Amigun and von Blottnitz 2010). As domestic biodigesters 
increase employment, they can also enhance the quality of living. The domestic 
biodigester improves the sanitary facilities that can eradicate different diseases and 
cause annual numbers of deaths.
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11.2.2.2  Recommendations to Promote Biogas Technology 
in Developing Countries

Various significant government engagements are necessary to understand what 
caused domestic biogas plants to operate successfully or unsuccessfully and to 
investigate potential obstacles (Bond and Templeton 2011). Biogas stoves look to 
have fresh development potential in light of the current push to minimize indoor air 
pollution by promoting cleaner cookstoves. According to the authors, low-cost 
designs with greater resilience, functionality, and simplicity of building, operation, 
and maintenance would help biogas plants gain market share. Furthermore, small- 
scale bioreactors that successfully digest accessible substrates in both rural and 
urban settings are required to move beyond a reliance on animal dung.

In a study carried out to bring attention to the state of energy usage in developing 
nations, they have mentioned the role that AD for biogas generation may and does 
play in satisfying these countries’ energy and waste management demands (Surendra 
et  al. 2014). The author states that developing countries have a big challenge in 
terms of the construction of biogas digesters and its maintenance costs. The authors 
recommend that construction costs must be reduced and that the direct and indirect 
costs and advantages of biogas technology should be evaluated and assessed. 
Provisions for financial services (soft loans) should be made accessible, according 
to the authors, to increase rural communities’ access to biogas technology. 
Microfinance institutions set up in selected regions might be one option to consider 
so that impoverished people have simple access to a range of financial services. The 
authors give an example in Nepal; over 260 microfinance organizations provide 
financing to households that cannot afford the upfront cost of a biogas system.

Government agencies and non-governmental organizations (NGOs) might play 
an important role in encouraging digester owners to install new efficient digester 
technology, optimize critical operational parameters, and better manage digesters 
and locally accessible feedstocks (Khan and Martin 2016). The authors indicate that 

•Substituting biogas for solid biomass-based household
fuels to reduce indoor air pollution

SDG 3: good health

•Biogas plant reduce the ability of woman to collect woodSDG 6: gender equality

•Low cost energy

•Reducing dependence on fossil based energy sources by 
substituting with biogas

SDG 7: affordable and clean energy

•Replacement of fossil fuel-based electricity sources with 
biogas and commercial fertilisers with digestate 
biofertiliser to reduce carbon dioxide emissions

•Methane and nitrous oxide emissions from animal manure 
reduction

SDG 13: climate change

Fig. 11.10 Biogas plant contribution to achieve sustainable development goals
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it is critical to make a gradual adjustment in attitudes and policies in order to replace 
the chemical fertilizer assistance program. According to the authors, in rural 
Bangladesh, biogas competes primarily with (free) solid biomass financial invest-
ments, and the biogas may fail to break even over time. Developing a sustainable 
biogas energy system in rural regions necessitates extensive changes in all techno- 
economic, social, and policy elements and is one of the most important investments 
in the future Fig. 11.9. .

11.3  Main Obstacles to Overcome for Biogas 
Technology Promotion

In order to promote biogas technology in a given country or region, it would be 
necessary to be aware of the main obstacles that hinder the development of biogas 
as a renewable energy source. It is important to know what are the largest obstacles 
the region/country needs to overcome so that the biogas industry can reach its full 
potential. In general, six types of obstacles and barriers can be found in the litera-
ture: (i) institutional, (ii) technical, (iii) economic, (iv) market, (v) environmental, 
and (vi) sociocultural (Nevzorova and Kutcherov 2019). These authors compare 
these barriers in developed and developing countries.

The promotion of biogas technology may be based on a country’s geographical 
data, development level, and weather; thus, it is critical for each country’s biogas 
strategy to determine its particular obstacles.

In this paragraph, we will first give a bibliographical review on these different 
obstacles that hinder the development of the biogas sector in developing countries. 
In particular, we will indicate, according to this bibliographical study, the priority 
ranking according to different authors and countries. Then, the priority order for 
each of the six types of barriers according to different authors and studies will be 
determined. In this context, different methodologies were used to realize these 
research studies. In a recent study, the analysis of the financial, technical, social- 
cultural, and institutional impediments to biogas transmission, in sub-Saharan 
Africa, was done (Rupf et al. 2015).

In other research, the authors summarize the primary barriers to adoption found 
during stakeholder interviews, as well as suggestions for how to overcome each of 
them, based on the lessons gained (Mukeshimana et al. 2021; Budiman 2021).

Biogas diffusion obstacles in India were identified using composition analysis. 
Financial, information, market, social, and cultural hurdles, as well as regulatory 
and institutional, technological, and infrastructural barriers, were all cited as major 
roadblocks (Mittal et al. 2018). The authors compared these hurdles in India’s rural 
and urban areas. This suggests that biogas penetration barriers vary depending on 
the use area, substrate, resource potential, technological maturity, and scale. These 
variables may differ by country or region.
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In Africa, biogas generation stands out as a viable solution with various advan-
tages, particularly in terms of reducing health risks, indoor air pollution, and defor-
estation, which is rapidly becoming a severe issue in the country. However, the 
majority of biogas production initiatives have failed because more than 40% of the 
population lives in rural areas where firewood is the primary source of heat, cook-
ing, and other necessities (Dahunsi et al. 2020).

In a recent study, the importance of the obstacles was ranked using the Analytical 
Hierarchy Process (AHP). This research revealed that financial barriers are the most 
powerful, with high capital costs and a lack of finance mechanisms ranking high 
among all hurdles (Mukeshimana et al. 2021).

The priority ranking of the four categories of barriers is shown in Fig. 11.10. 
Fig. 11.11. Financial constraints were placed first, followed by institutional impedi-
ments, with technical and sociocultural barriers ranking third and fourth, respectively.

In another study, the purpose was to determine systemic obstacles to biodigester 
adoption by looking at the landscape of biogas governance in Indonesia, its frag-
mentation, and its relevance for biodigester adoption (Budiman 2021). This research 
reveals impediments to technology adoption that go beyond the user/individual 
level. It depicts the interaction of various aspects such as policy, technology transfer 
governance, technical production concerns, and sociocultural issues.

11.3.1  Financial and Economic Barriers

In developing countries, high capital costs combined with widespread poverty are 
major economic barriers. Biogas systems are unique in that almost all costs are 
incurred up front, while operational costs are minimal.

In Africa, biodigesters’ high initial costs are a significant obstacle to implemen-
tation. Increased access to finance is one strategy now being used to address the 
high initial investment costs (Meyer et al. 2021).

In fact, the initial costs of building a biogas plant, such as construction, labor, and 
equipment, are relatively high for rural households. The entire cost of installing a 
family biogas plant varies depending on the size, location, and model.

1  Financial

2  Institutional

3 Technical

4 Socio-cultural 

Fig. 11.11 The priority 
ranking of the four 
categories of barriers. 
(Adapted from 
Mukeshimana et al. 2021)
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Fig. 11.12 Financial barriers ranking. (Adapted from Mukeshimana et al. 2021)

As shown in Fig. 11.12, high capital costs (HCC) were the most highly regarded 
financial barrier, followed by a lack of financial mechanisms (LFM). Meanwhile, 
lack of paying ability owing to poverty (LPAOP) and insufficient subsidies (IS) were 
rated third and fourth, respectively, while the extended payback period and poor 
rates of return (EPPPRR) were ranked last. The expense of technology installation 
was noted by many stakeholders as a problem in biogas generation (Budiman 2021).

11.3.2  Institutional Barriers

According to literature assessment, government intervention is still necessary. In 
many cases, political support and particular programs to promote biogas technology 
are lacking. The National Biogas and Manure Management Program, launched by 
the Indian federal government, takes a top-down strategy. The program is ineffi-
ciently targeted because owning 2–3 cattle is one of the criteria for receiving capital 
subsidies to establish a biogas plant under the program (Mittal et al. 2018).

The most significant policy barrier to biogas adoption in Bangladesh was found 
to be a “no feed-in tariff policy.” “Lack of concrete biogas policy” and “Insufficient 
attention from government” were the other major policy hurdles, followed by “Lack 
of financial policy” (Hasan et al. 2022). The governance problem inside biogas proj-
ects has an impact on production and consumption barriers (Budiman 2021).
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11.3.3  Technical Barriers

The lack of locally sourced biogas technologies can make it difficult to deploy bio-
gas as a source of energy. Biogas plant production is influenced by operator exper-
tise, professional employees, and well-trained workers (Nevzorova and Kutcherov 
2019). Poor design and lack of standards for biogas construction, insufficient feed-
stock supply, and a lack of technical services and research and development facili-
ties are all examples of technical barriers (Mukeshimana et al. 2021). The results 
show that “lack of waste treatment and storage facilities,” “lack of feedstock sup-
ply,” and “planning and installation challenges” were the most significant technical 
barriers to biogas technology deployment (Hasan et al. 2022).

11.3.4  Sociocultural Barriers

Biogas adoption in rural areas is hampered by a number of social and cultural hur-
dles. First, due to the associated social shame, people and plant owners are hesitant 
to employ night soil/human excreta in biogas plants (personal communication E). 
Second, in rural households, women are generally responsible for cooking and are 
thus exposed to indoor air pollution induced by solid fuel combustion (Mittal et al. 
2018). Most of the social obstacles can be overcome by taking social and cultural 
considerations into account when designing systems, as well as properly communi-
cating with potential biogas users about the suitable use and benefits of biogas tech-
nology to fulfil their needs (Rupf et al. 2015).

The consumption barrier is linked to community social difficulties. People’s 
socioeconomic acceptance of biodigesters also contributed to low demand 
(Budiman 2021).

11.3.5  Market Barriers

Lower fossil fuel prices and a higher price for biogas are major market hurdles. 
Biogas is more expensive than natural gas, which worries users because they will 
pay more than “normal.” In order for biogas to reach the public sector, its price must 
be competitive with other available fuels (Nevzorova and Kutcherov 2019). Another 
difficulty in obtaining organic biomass feedstock in villages is the lack of local 
markets for these feedstocks (Mittal et al. 2018). Since conversion losses are mini-
mized with biomethane injection into the natural gas grid, it is an effective deliv-
ery system.

In Bangladesh, the most significant market hurdle to biogas deployment was 
described as an “immature biogas market.” “Lack of involvement in the global 
 carbon market” and “unsettled energy market” are two additional important 
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impediments mentioned. In the Bangladesh biogas market, “low primary-end-user 
demand” and “competition with fossil fuels” are deemed less important (Hasan 
et al. 2022).

11.3.6  Environmental Barriers

Despite the fact that biogas has a number of important environmental benefits, few 
authors address potential negative factors such as noise pollution, odor complaints, 
and the necessity for ample water supplies for biogas digesters (Nevzorova and 
Kutcherov 2019). AD necessitates a large volume of water, with a ration of water 
and manure to be placed into the digester of 1:1 (Kelebe 2018). As a result, while 
biogas generation may not be a problem during the rainy seasons, but it may be a 
problem during the dry seasons, particularly where the distance to water supply is 
great and in areas where water is scarce (Kelebe 2018).

Soil biodiversity, water storage and retention capacity, erosion management, and 
agricultural yield stability are all directly connected to soil organic matter concen-
tration (Pirelli et  al. 2021). As a result, the author mentions that monitoring and 
evaluating soil organic carbon (SOC) as an indicator for soil quality is critical for 
determining the long-term viability of bioenergy crops and defining appropriate 
management techniques.

11.4  Conclusion

Several biomass conversion technologies are used to valorize organic wastes. These 
technologies cover a wide range of biological/biochemical processes that produce 
biofuels and value-added goods, among other things. The promotion of biofuels, 
particularly bioethanol, in the industrial or agro-industrial sector has led to a rise in 
the need for process quality certificates, which attest to the efficacy of alternative 
energy sources. The largest issues with producing biofuel in developing nations, 
however, go beyond the negative effects of using subpar technology or ignoring its 
growth. The industrial sector has to support and put in place innovative methods, 
devices, and infrastructure for boosting bioethanol production effectively while jug-
gling societal and environmental demands. Government funding and extensive 
research are needed to promote the best expansion of the biofuel industry. Tax con-
cessions and financial aid for biofuel companies must be used to promote the growth 
of bioethanol.

Note that assessing the sustainability of first-generation bioethanol is not an easy 
task, as it depends on several factors related to the economic situation of the country 
in terms of food security and agricultural activities.

Poor management of significant amounts of organic waste has the potential to 
harm the ecosystem and cause major problems. AD is used to treat these wastes and 
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can produce biogas and digestate. Fixed dome, floating cover, and balloon digesters 
are the most popular digesters used in developing countries. Through various biogas 
applications, such as cooking or heating, as well as energy for lighting the house or 
the usage of electronics, biogas technology may aid in the reduction of poverty in 
developing countries.

In recent years, there has been a lot of interest in the existing obstacles to the 
widespread use of biogas as an energy source. Thus, awareness of the hurdles to 
wider adoption of biogas is important to handle, as well as their potential impact on 
the energy industry as a whole. The general barriers can be defined as six interre-
lated sets of constraints in both established and emerging economies. These barriers 
are technical, economic, market, institutional, sociocultural, and environmental. 
High capital costs and widespread poverty are significant economic obstacles in 
developing countries. Political support and targeted initiatives to advance biogas 
technology are frequently absent. Biogas production is influenced by skilled opera-
tors, qualified staff, and trained employees. People and plant owners are hesitant to 
use night soil or human excreta in biogas plants, which influences biogas adoption. 
Because biogas is more expensive than natural gas, users are concerned that they 
will end up paying more than necessary. Even though biogas has a number of sig-
nificant environmental advantages, there are different inconvenient factors, such as 
odor complaints, noise pollution, and the need for sufficient water supply for biogas 
digesters.
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T Temperature
t Time
VM Volatile Matter

Greek Symbols

λ Air factor
Φ Equivalence ratio
ω Empirical parameter

Subscripts

0 Reference
a Air
b Burnout
c Combustible/Fuel
i Ignition
max Maximum rate of mass loss
s Stoichiometric conditions

12.1  Introduction

In the future decades, developing countries will be confronted with rising fossil fuel 
prices and climate change. To adequately and coherently overcome these chal-
lenges, they will certainly need an energy transition and resilient pathways through 
which they can achieve economic growth. This transition needs to promote clean 
and energy-saving (or energy-efficient) technologies, especially those of renewable 
resources (solar, wind, and hydropower) and biomass. Bioenergy is the largest form 
of renewables in use today. It is used in the industrial and transportation sectors, as 
well as for heating, cooking, and power generation through appropriate technolo-
gies (combustion and/or gasification). In developing countries, biomass and various 
wastes are abundant renewable resources that could reduce greenhouse gas emis-
sions when used in efficient conversion systems compared to fossil fuels. 
Furthermore, the use of these products would increase farm incomes and improve 
soil quality. The competitiveness of biomass energy depends mainly on conversion 
system technologies and the availability of low-cost feedstocks, such as straw, crop 
waste, and agricultural or forestry residues. For these reasons, capacity factors for 
bioenergy plants are varied. Thus, between 2010 and 2019, the global 
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Table 12.1 Evolution of solid biomass use for energy in the IEA bioenergy member countries and 
comparison with the domestic forest areas

Country
GJ solid biomass/capita

GJ/hectare forest (2019)2005 2010 2015 2019

Brazil 9.86842 12.23684 12.85088 13.24561 7.41176
China 4.82456 3.46491 2.80702 2.80702 21.41176
India 4.84277 5.72327 5.34591 5.59748 132.58824
South Africa 6.28931 6.79245 5.59748 5.59748 19.76471
Sweden 33.33333 39.90826 38.3792 40.21407 14.82353
USA 7.03364 6.88073 6.88073 7.49235 8.23529
EU28 6.72783 8.7156 9.02141 9.78593 32.11765

Adapted from IEA bioenergy countries’ Report-update 2021 (Pelkmans 2021)

weighted- average capacity factor for bioenergy projects ranged from a low of 65% 
in 2012 to a high of 86% in 2017 (IRENA 2020). In 2019, the levelized cost of 
electricity (LCOE) ranged from a low of 0.057$/kWh in India and 0.059$/kWh in 
China to 0.08$/kWh in Europe and 0.099$/kWh in North America (IRENA 2020).

To clarify expectations, the solid biomass potential is presented in Table 12.1. 
This category of organic waste consists of wood and its derivatives and agricultural 
residues such as bagasse and straw. It remains the dominating type of biomass used 
for energy in all countries which have a high domestic forest area per capita and 
considerable wood processing industries. It shows that the highest energy levels 
from solid biomass (per capita) are reached in Sweden (developed country), whereas 
developing countries (Brazil, China, India, and South Africa), the USA, and the 
European Union (EU28) have low energy levels. The last right column of Table 12.1 
also exhibits the amount of solid biomass used for energy in 2019  in terms of 
domestic forest areas.

The organic wastes conversion is quite often carried out by using different ther-
mochemical conversions, namely pyrolysis, torrefaction, combustion, gasification, 
and hydrothermal carbonization

12.2  Organic Wastes Characterization

The conversion of energy from biomass to other forms of energy needs the knowl-
edge of the physicochemical properties of each biomass predisposed to be a candi-
date for the chosen conversion technology. This technology could account for 
differences in the physical characteristics of the biomass and the proximate compo-
sition which can vary greatly in terms of moisture and ash content. Moreover, many 
conversion technologies are in need of ultimate analysis (elemental composition or 
elemental (C, H, N, S, O)) too (D. Yogi Goswami and Kreith 2008).
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12.2.1  Physicochemical Properties of Biomass

12.2.1.1  Physical Characteristics

Bulk density and particle size are the two major physical properties that should be 
considered in designing conversion systems for biomass handling. The bulk density 
of a biomass is influenced by the size, shape, moisture content, particle density, and 
surface characteristics. For example, hollow wheat straw particles have wet and dry 
density bulk ranging from 24 to 111 kg.m−3. This biomass is composed of cylindri-
cal shape particles whose lengths range from 6 to 50 mm and moisture content var-
ies from 8% to 60% wet basis (w.b) (Lam et al. 2008).

12.2.1.2  Chemical Characteristics

The chemical properties of a biomass constrain the choice of the thermochemical 
conversion process. The most important characteristics of biomasses concern ulti-
mate (or elemental) and proximate analyses.

Ultimate Analysis

The chemical elements of a solid biofuel (biomass) have varying concentrations 
according to their types and origins. In the organic phase, the ultimate (or elemen-
tal) analysis gives the composition of biomass essentially as weight percentages of 
six major elements, namely carbon (C), hydrogen (H), and oxygen (O) as well as 
nitrogen (N), sulfur (S), and chlorine (Cl) if any one of those elements exists. In 
fact, the Cl significant content is present in certain biomass materials like municipal 
and animal wastes, herbaceous biofuels, fruit residues, and grains. During thermo-
chemical conversion, this element (Cl) can react with other elements to form chlo-
ridric acid (HCl), Cl2, KCl, and NaCl. Consequently, it may be a possible pollutant 
and corrosive agent in combustion and gasification conversion processes.

It should be noted that American Standard Testing Methods (ASTM) is usually 
used to carry out the elemental analysis. Furthermore, this analysis is used to deter-
mine the empirical chemical formula of a biomass and allows for establishing mod-
els for predicting its higher heat value (HHV) (Vargas-Moreno et al. 2012). In order 
to clarify and elucidate that issue, Tables 12.2 and 12.4 display the ultimate analysis 
of olive pomace, argan nut shell, and miscanthus, respectively.

Table 12.2 Elemental analysis and high heat value of olive pomace and argan nut shell

Elemental analysis (%) C (%) H (%) N (%) S (%) O (%) HHV (MJ/kg)

Olive pomace (Elorf et al. 2016) 59 8.5 1.5 0 31 21.3
Argan nut shell (Rahib et al.; 2021) 51.33 6.32 0.005 0 42.35 20.6
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Proximate Analysis

Chemical characteristics essentially concern proximate and ultimate analyses. In 
addition, proximate analysis covers the determination of moisture content (MC), 
volatile matter (VM), and ash (Ash). As for the calculation of the fixed carbon (FC), 
it is given by Eq. (12.1):

 
FC MC Ash VM% % % %( ) = − ( ) + ( ) + ( ) 100

 (12.1)

The proximate analysis can be done by ASTM (American Society for Testing 
and Materials) methods (Milne et al. 1990), thermogravimetric analysis (TGA), or 
differential thermogravimetric (DTG) (Klass 1998).

Usually, the high heat value (HHV) is required with proximate analysis too. 
HHV of a fuel sample is the higher amount of heat released when a unit mass of the 
fuel is burned. It is measured using oxygen bomb calorimeter in which a specified 
mass of sample is burned under standardized conditions. As with ultimate analysis, 
Table  12.4 shows an example of proximate analysis of olive pomace (OP) and 
miscanthus.

12.2.2  Types of Biomasses

Lignocellulosic biomass is the oldest energy source after the sun. It is the most 
renewable organic material such as wood, crops, plants, and animal wastes. Biomass 
gets its energy from the sun via the photosynthesis process since sunlight provides 
plants with their energy needs to convert water and carbon dioxide into oxygen and 
sugars. Due to its unlimited supplies, biomass is considered a renewable energy 
source. Developing countries have a diversified and abundant potential biomass 
such as rice straw (China, India, Indonesia, …), sugarcane bagasse (Brazil, India, 
China, …), wheat straw (China, India, Argentina, …), and maize straw (China, 
Brazil, Mexico, South Africa, …).

12.3  Gasification and Pyrolysis

Pyrolysis and gasification are high temperature thermochemical conversion tech-
nologies for converting biomass and waste into gaseous fuel. Different technologies 
are used for this purpose including fixed bed, entrained flow, and fluidized bed.

In pyrolysis, when the organic material is subjected to an intense temperature 
gradient, under an inert atmosphere (argon), it decomposes producing gases (pyrol-
ysis gases: H2, CO, CO2, CH4, C2H4, C2H5, C2H6, C6H6, C3H4, C3H6, C3H8, C4H10, 
H2S, C7H8, C2H5OH, C2H4O) (Elorf et al. 2021) and a solid product namely char and 
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tars (composed of a mixture of water and several hundred oxygenated organic com-
pounds whose composition depends on the initial biomass) (Evans and Milne 1987).

Depending on the temperature and the heating rate, there are three types of 
pyrolysis:

• Slow pyrolysis (T = 350–600 °C and heating rate k ≤ 10 °C/min).
• Fast pyrolysis (T = 600–800 °C, 10 ≤ k ≤ 50 °C/min) generally is used to maxi-

mize the yield of liquid bio-oil products.
• Flash pyrolysis (T = 450–600 °C, k ≥ 50 °C/min and residence time less than 

1 s). Yields of flash pyrolysis oil can be as high as 60–70 wt.% under optimized 
conditions (Ighalo et al. 2022).

The heating rate has a great influence on the pyrolysis process. When it is high, 
it leads to the rapid formation of volatile matter with a high C/H ratio. Conversely, 
slow pyrolysis at low temperatures (between 300 and 400  °C) promotes char 
production.

During pyrolysis, temperature of biomass particles is highly variable. Certainly, 
the temperature rise is difficult to control because it is ruled by competitions between 
chemical kinetics and heat transfers. Heat transfers in the particle are subject to dif-
ferent parameters: particle size, humidity, thermal conductivity of the material, etc. 
Temperature and heat flux density have influence on the overall distribution of 
pyrolysis products. The geometry of the particles to be pyrolyzed is an important 
parameter if the size is too high and the residence time of the tars within the parti-
cles increases, which can cause the degradation of these tars via intraparticle sec-
ondary reactions. The mass yield of the pyrolysis products, which represents 30% 
of char, 30% of condensable, and 30% of gas, for a heat flux density less than 
10 kW/m2 and a temperature value less than 500 °C (primary pyrolysis), becomes 
approximately 60–75% of condensable for a heat flux density greater than 10 kW/
m2. When the temperature becomes greater than 700 °C (secondary pyrolysis), the 
gases represent more than a third of the products for a heat flux density <10 kW/m2 
and reach 80% of the pyrolysis products for heat flux density values >10 kW/m2.

Pyrolysis is also a preliminary phase to gasification. When the oxidizing agent is 
present with limited quantity in the pyrolysis process, partial gasification is obtained. 
Conversely, when this oxidizing agent is present in sufficient quantity, the thermo-
chemical process is a combustion phase.

12.3.1  Gasification

Like pyrolysis, gasification is a thermochemical process of converting biomass or 
waste into a mixture of combustible and non-combustible gases called syngas. This 
process takes place in a gasifier. The combustible fraction of syngas consists of 
methane (CH4), carbon monoxide (CO), and hydrogen (H2), and the non- combustible 
fraction consists of carbon dioxide (CO2), moisture (H2O), and nitrogen (N2).
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There are several types of gasifiers: moving bed gasifiers and fixed-bed gasifiers 
which can be classified as updraft, downdraft and double fire throated gasifiers, and 
bubbling or circulating fluidized bed gasifiers. Figure  12.1 provides a schematic 
view of some gasifier types.

The choice of gasification process type rests on several parameters such as the 
installation fuel consumption (in kg/h), power range (10–10,000 kW for fixed-bed 
gasifiers and 5–100  MW for fluidized-bed), the biomass or waste used, and the 
downstream gas application.

12.3.2  Fixed Bed Gasifiers

The first gasification technology that emerged is fixed-bed gasifiers. Fixed-bed pro-
cesses are generally easy to make and operate. They are the most chosen for small- 
to medium-scale heat and power production. In updraft or downdraft fixed-bed 
gasifiers, the fuel, consisting of biomass or waste, forms a dense bed inside the 
reactor which moves vertically. Biomass is introduced at the top of the gasifier in 
updraft processes, the gasifying agent is introduced at the bottom, and syngas is 
recovered at the top. However, in a downdraft gasifier (Fig. 12.1b), the biomass is 
introduced at the top, as in an updraft gasifier, the gasifying agent is introduced in 
the middle at the level of the throat and the syngas is recovered at the bottom.

The gas produced in the updraft process is heavily laden with tar. The tar which 
forms during the pyrolysis phase flows upward to the cooler region. On the other 
hand, the downdraft process promotes tar cracking. Indeed, tar production is low 
because the tar produced during the pyrolysis phase crosses the combustion zone 
and a large part is converted. Nevertheless, to produce gas without tar or with very 
small quantities of tar, a cleaning system must be provided.

Finally, it can be noted that fixed bed gasifiers support large particles. The parti-
cles constituting the fuel can have a dimension ranging between 2 and several mil-
limeters. The residence time required for gasification is counted in hours.

12.3.3  Bubbling and Circulating Fluidized Bed Gasifiers

The other category of gasifier is bubbling fluidized bed gasifiers (Fig. 12.1c) and the 
circulating fluidized bed (Fig. 12.1d) which suits for the medium and large scale and 
for which the particle sizes is limited up to 20 mm that needs the grinding of the raw 
material. This process requires higher fluidized bed velocity to suspend the particle 
bed (Grace et al. 2006) and produce a high level of mixing between biomass and bed 
material which makes it possible to achieve a biomass thermal conversion system of 
around 96% (Sansaniwal et al. 2017). This is due to the partial oxidation of most of 
the carbon contained in the biomass. As a result, smaller amounts of tar are gener-
ated (no more than 20 g/mm3 for bubbling and 5 g/mm3 for circulating fluidized 
bed) (Valderrama Rios et al. 2018).

12 Suitable Thermochemical Conversion Technology for Organic Waste Recovery…



228

Fig. 12.1 Schematic of gasifiers: Fixed bed [(a) downdraft, (b) updraft], (c) bubbling fluidized 
bed, (d) circulating fluidized bed

12.3.4  Gasification Process

In a gasifier, the gasification process generally involves four phases:

• Drying in which the moisture content in the biomass or waste is vaporized and 
humidity is converted into steam. This step takes place up to a temperature of 
about 200 °C so that the moisture content drops below 20%, allowing the favor-
able moisture condition for gasification to be reached.

• Pyrolysis is in which biomass components are decomposed into volatile com-
pounds (gas pyrolysis and tar) and solid residues (char).
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• Oxidation or partial combustion takes place in the presence of a gasifying agent. 
In the gasification process, the oxygen quantity is lower than the theoretical 
requirement in the combustion process.

• Reduction or gasification occurs in the presence of other gasifying agents such as 
CO2 and water vapor.

These phases entail reactions that happen at the same time in the gasification 
process (Watson et al. 2018). The main reactions in this zone during the air gasifica-
tion process are as follows (Gai and Dong 2012; Mandl et  al. 2010; Patra and 
Sheth 2015):

 
Pyrolysis CH O Tar Char Gases H ;CO;CH CO H O C Hx y n m: ; ; ;→ + + ( )2 4 2 2  (12.2)

 Oxidation C O CO kJ mol: . /+ → = −0 5 1112 ∆H  (12.3)

 C O CO kJ mol+ → = −2 2 394∆H /  (12.4)

 Boudouard C CO CO kJ mol: /+ ↔ = +2 2 172∆H  (12.5)

 Water gas C H O CO H kJ mol− : /+ → + = +2 2 131∆H  (12.6)

 Water gasshift CO H O CO H kJ mol− : /+ ↔ + = +2 2 2 41∆H  (12.7)

 Methanation C H CH kJ mol: /+ ↔ = −2 752 4 ∆H  (12.8)
 
Methane reforming CH H O CO H kJ mol: /4 2 23 206+ ↔ + = +∆H  (12.9)

In the gasification process, where several reduction reactions occur, the gas produc-
tion is impacted by the reaction temperature. Endothermic reactions are thus favored 
when the temperature increases, which improves the process.

12.3.5  Gasification Modeling

In the gasification process, the reactions generated are complex and factors such as 
moisture content, biomass feedstock composition and operating parameters (tem-
perature, pressure, air/biomass ratio, etc.) have an important effect on the gas pro-
duced. To understand the effect of each parameter on the performance of gasification 
systems, mathematical modeling for the gasification process has developed (kinetic 
models, artificial neural networks, CFD, thermodynamic equilibrium model) (Silva 
et al. 2019). In the stoichiometric equilibrium model, the chemical reaction equilib-
rium constant method is used, while the non-stoichiometric equilibrium model uses 
Gibbs free energy minimization. Note that the equilibrium approach is independent 
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of the gasifier design. In the kinetic models, the reaction kinetics and species trans-
port equations are solved, and the temperature and composition profiles of the prod-
ucts at different positions along the gasifier are described. In computational fluid 
dynamics (CFD), mass, momentum, energy, and species transport conservation 
equations, turbulence models, and multiphase flow models in a space-time domain 
of a gasifier are solved for the prediction of temperature and concentration profiles 
in all regions of the gasifier.

12.4  Biomass Combustion

Combustion is the thermochemical process intended to produce heat directly. 
Ligneous biomass is made up of forest or agri-food residues: bark, branches, straw, 
sawdust, wood pellets, etc. It is used as fuel to supply a boiler, a hot air generator, 
or a wood oven. Thus, this primary energy is used to obtain hot water, hot air, or 
steam. Steam is used, among other things, to produce electricity.

The use of biomass as an energy source contributes to the natural carbon cycle; 
the amount of carbon dioxide (CO2) released into the atmosphere during the com-
bustion corresponds to that absorbed by the biomass by photosynthesis. Sectors that 
do not require significant energy consumption to grow and process raw biomass 
have a favorable CO2 balance.

Energy recovery from wood and biomass is the leading source of renewable 
energy in France and Europe. In the latter, wood and biomass represent approxi-
mately 65% of renewable energy consumption and in France just over 50%, includ-
ing 75% of thermal energy (the second renewable energy is hydropower, used to 
produce electricity) (Rogaume 2009). Even though numerous research and develop-
ment works aimed at developing new ways of energy recovery (pyrolysis, gasifica-
tion, liquefaction, etc.), more than 95% of the current recovery is carried out by 
direct combustion in plants whose power and technology vary considerably. Besides, 
among the biomasses of plant origin, wood is the vast majority of these systems.

12.4.1  Principle of Biomass Combustion

Biomass combustion is a complex process that includes transfers of heat and matter 
and reactions in homogeneous and heterogeneous phases. Its main stages are as fol-
lows (Nussbaumer 2003; Rosendahl 2013):

 – Drying
 – Pyrolysis
 – Oxidation reactions in the gas phase
 – The gasification/combustion of char
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During the heating of biomass, its constituents are hydrolyzed, oxidized, dehy-
drated, and pyrolyzed as temperature increases, forming condensable and non- 
condensable volatile species, as well as coal with high carbon content. At the 
ignition temperature of the volatile species and in the presence of oxygen, exother-
mic reactions (combustion) are triggered. The major combustion products (CO2 and 
H2O) can also react with the residual char during its oxidation.

The stoichiometric combustion (ideal combustion) of a CαHβOγ hydrocarbon 
with air can be expressed by the following equation:

 
C H O
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+ + −





 +( ) → + + + −
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(12.10)

The coefficients associated with each species in Equation (12.10) (marked in bold) 
are called stoichiometric reaction coefficients. The amount of air needed to burn a 
stoichiometric mixture is called stoichiometric or theoretical air. The approximate 
standard composition of dry air is about 21% oxygen and 79% nitrogen, hence the 
value of 3.76.

In fact, the combustion is non-stoichiometric, i.e., the fuels are often burned with 
a quantity of air different from the theoretical ratio. If less than the stoichiometric 
air is used, the mixture is described as rich in fuel. If excess air is used, the mixture 
is considered as lean in fuel. For this reason, it is convenient to quantify the combus-
tible mixture using the two main relations: equivalence ratio (ER or Φ) and fuel-air 
ratio (FAR).

The air-fuel ratio, AFR, is defined as the mass of air supplied to a combustion 
system per unit mass of fuel during combustion, namely:

 

AFR
Air used kg time unit

fuel used kg time unit

m

m
a

c

=
( )
( )

=
/

/
 (12.11)

where ma and mc are the respective masses (or flow rates) of air and fuel.
The inverse of AFR is also used, fuel-to-air ratio, FAR = 1/AFR. The equiva-

lence ratio (Φ) of a system is defined as the ratio of the real fuel-to-oxidizer ratio to 
the stoichiometric fuel-to-oxidizer ratio. Mathematically,

 
Φ =

FAR

FAR
real

s  (12.12)

The subscript “s” indicates a value under stoichiometric conditions. For Φ < 1, 
the mixture is considered lean; for Φ = 1, the mixture is stoichiometric; and for 
Φ  >  1, the mixture is considered rich. The inverse of Φ is also used, air factor, 
λ = 1/Φ.

Generally, combustion products include many different species in addition to the 
main species (CO2, H2O, N2, O2). The equilibrium of the stoichiometric equation 

12 Suitable Thermochemical Conversion Technology for Organic Waste Recovery…



232

requires the use of thermodynamic equilibrium relations. If the combustion prod-
ucts contain only major species (complete combustion) and excess air, the overall 
lean combustion equation (Φ < 1) is written as follows:
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As a result of the combustion process, different types of pollutants can be 
distinguished:

 – Unburnt pollutants such as CO, CXHY, PAH, tar, soot, unburnt carbon, H2, HCN, 
NH3, and N2O

 – Pollutants from complete combustion such as NOx (NO and NO2), CO2, and H2O
 – Ash and contaminants such as ash particles (KCl, etc.), SO2, HCl, PCDD/F, Cu, 

Pb, Zn, Cd, ...

12.4.2  Used Technologies

Burning waste is an old process that reduces its volume and recovers energy. The 
mastery of this technology in a closed fireplace is much more recent. Indeed, the 
first urban waste incinerators date back to the beginning of the last century in 
Europe. This technology then developed with the inexorable increase in the quantity 
of urban waste throughout the twentieth century. It makes it possible to reduce the 
volume of this waste by around 90%, recover energy from this waste, and restrict 
landfilling to final waste only.

Energy recovery from biomass through combustion has benefited from the devel-
opment of the thermal waste treatment chain. This processing chain is made up of 
five elements:

 1. The combustion equipment supply system
 2. The combustion equipment (furnace, burner)
 3. A possible energy recovery system
 4. A flue gas analysis and treatment device
 5. A storage space for solid residues after combustion

The varying shapes and characteristics of the solids to be burned require different 
combustion plants. The most used technologies are (Tillman 1987) the following:

 – Grate kilns
 – Fluidized bed kilns
 – Rotary kilns
 – Pulverized carbon kilns
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The grate kiln is the most used incineration process for urban waste. The block 
diagram is shown in Fig. 12.2. Generally, the combustion zone can be divided into 
three parts as shown in Fig. 12.2. The distribution of the primary air under the grate 
is done by means of boxes, the number of which varies according to the installations.

For units with a high treatment capacity, it is generally a furnace-boiler assem-
bly. Several types differ in shape, size, or even the inclination of the grid, thus giving 
different movements to the waste. Grid dimensions depend on the heat value of the 
fuel and the load

12.4.3  Technical Issues Related to Biomass Combustion

Three main phenomena can occur during the combustion of biomass and affect the 
operation of the combustion equipment used, or even damage it: the formation of 
bottom ash, the fouling of the heat exchange zones, and corrosion (Demirbas 2007; 
Khan et al. 2009; Sommersacher et al. 2012).

12.4.3.1  Formation of Bottom Ash

Bottom ash is a pile of partially melted ash. The bottom ash formation process is 
associated with the phenomenon of sintering (agglomeration of particles under heat 
effect) and partial melting of ash particles. Bottom ash deposit on a burner for pul-
verized biomass boilers can cause burner ignition problems or other operational 
difficulties and affect combustion performance. On the heat exchange surfaces of 
the combustion chamber, the bottom ash reduces the heat absorption capacity of the 
furnace. Among the compounds that promote the formation of bottom ash, we can 

Fig. 12.2 Schematic diagram of a grate kiln
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mainly mention alkalis, mainly potassium (K) and sodium (Na), silica (Si), sulfur 
(S), and chlorine (Cl).

The design of the boiler/furnace can limit the appearance of bottom ash. 
Temperature close to the combustion chamber wall should, for example, be low 
enough to avoid the melting of ash on these walls, the starting point for the forma-
tion of bottom ash.

12.4.3.2  Fouling of Heat Exchange Zones

Ash deposition “fouling” can occur in the convection zones of boilers on the heat 
exchange surfaces where the temperature of the flue gases decreases. This causes 
the reduction of heat absorption capacity of the convection zones of the boilers and 
an increase in the gas outlet temperature. If the fouling is severe, it can increase the 
pressure drop in the heat exchanger tubes. The main technical means of destroying 
ash deposits in convective zones is the use of compressed air or steam guns, which 
by mechanical impact and thermal shocks allow the breaking of deposits to elimi-
nate them.

12.4.3.3  Corrosion

The corrosion is caused by different mechanisms: the direct attack of gaseous HCl 
or Cl2 on the heat exchange surfaces; the formation of chloride and/or alkaline sul-
fate deposits, which dissolve the oxide layer protecting the heat exchange surfaces; 
and the sulfation of chlorides of alkali metals and heavy metals deposited on the 
exchange tubes, which results in the release of Cl, which can then attack the surface 
of the tube and lead to its corrosion. Among the technical solutions to prevent cor-
rosion, we can mention the use of specific alloys or coatings. Lowering the tempera-
ture of the water or water vapor in the heat exchange tubes also makes it possible to 
reduce the temperature of their metal surface and thus reduce the rate of corrosion.

12.4.4  Biomass Combustion: CNRS-ICARE Boiler

12.4.4.1  Experimental Setup

As part of the VERA 2015–2018 project (France – Morocco), we developed a bio-
mass boiler (Fig. 12.3) for the combustion of agricultural residues, and, in particu-
lar, olive pomace and argan nut shells. The biomass supply is done by the supply 
tank (biomass storage hopper) and an endless screw to convey the fuel inside the 
chamber. In the boiler, the biomass is distributed with a rotating leveler at the bot-
tom of the chamber. The air supply is done by a fan driven by a variable speed motor 
and, therefore, an adjustable airflow after calibration. The flame develops vertically 
along the chamber; the combustion products pass through a cyclone and then a 
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Fig. 12.3 VERA biomass boiler developed at ICARE-CNRS, diagram of the entire installation 
(left), photo of the boiler (right)

Table 12.4 Properties of selected biomass materials

OP Miscanthus

Proximate analysis (%)
MC 7.4 9.8
VM 74.2 69.4
FCa 16.1 20.4
Ash 2.3 0.4
Ultimate analysis (%)
Carbon 53.5 53.4
Hydrogen 6.8 4.4
Nitrogen 1.1 0.48
Sulfur – 0.3
Oxygena 38.6 41.3
HHVb (MJ/kg) 22.5 16.8

Jayaraman and Gökalp (2015) and Missaoui et al. (2017a, b)
MC moisture content, VM volatile matter, FC fixed carbon
aBy difference
bHigher heating value

smoke scrubber to remove particles and possibly odors. The boiler has a viewing 
window, full-height thermocouples, and a multi-gas analyzer installed at the cham-
ber outlet.

Many thermo-physical analyses were performed (TGA, elemental analyses, heat 
value measurements) to determine the properties of the biomasses used before the 
combustion stage (Bennini et al. 2019; Elorf et al. 2016; Rahib et al. 2021). As an 
example, Table 12.2 gives the elemental analysis results (C, H, N, S, O) and the 
caloric value for given samples of olive pomace and argan nut shells (ANS). Note 
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that the calorific value is high, which allows two biomasses to be a substitute for 
wood or coal in heat production systems. Elemental analysis gives high levels of 
carbon and oxygen and relatively low levels of hydrogen and nitrogen. No trace of 
sulfur is observed in these types of biomasses.

12.4.4.2  Combustion of Olive Pomace

Figure 12.4 illustrates examples of flames obtained according to the granulometry 
of olive pomace: raw particles (1–20 mm), medium size (1–5 mm), and fine size 
(<1 mm). It was observed that the flame develops better with raw- or medium-sized 
biomass compared to that obtained with fine particles. This is due probably to the 
high density of the biomass bed with the fine particles that somehow weakens the 
injection of air into the combustion zone, which leads to poor mixing between the 
reactants.

Figure 12.5 shows the maximum temperatures obtained as a function of AFR 
(air-fuel ratio) for the combustion of 1 kg of raw olive pomace. The Ti readings 
indicate values above 600 °C in the combustion products. These results are extremely 

Fig. 12.4 Example of flames obtained according to the particle size of olive pomace
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Fig. 12.5 Temperature variation according to the AFR (air-fuel ratio) at initial injection

Table 12.3 Variation of gas emissions according to AFR and particle sizes

Mass 0.5 kg raw pomace
0.5 kg medium 
particles 0.5 kg fine particles

Total time (min) 09:00 10:00 13:00
Measurement time 02:00 04:00 02:00 06:00 04:00 08:00 10:00
Air flow rate (m3/h) 10 9 22 8 21
AFR 3.5 3.5 8.7 3.5 10.7
O2% 7.1 13.7 11.4 15.8 … … …
CO2% 14.27 9.43 10.8 5.35 5.38 3.1 2.03
CO% 1.264 0.622 0.498 0.713 0.356 0.286 0.27
NO ppm 138 199 155.5 82 44 34 64
NO2 ppm 2 0 9.5 9 18 40 10
NOx ppm 139 199 165 91 61 75 74

promising for use in heating/DHW and eventually to produce steam which can be 
used with a micro turbine to produce electricity (Creyx et al. 2016).

Table 12.3 shows the evolution of pollutant emissions for three samples of olive 
pomace with different grain sizes: raw particles, medium-diameter particles 
(1–5 mm), and small-diameter particles (<1 mm). Experiments were conducted by 
sometimes varying the air flow (from rich to the lean regime), knowing that the 
stoichiometric AFR is estimated at 6.9. In general, relatively correct NOx emissions 
are observed, between 50 and 200 ppm depending on the flow conditions, size of 
biomass, and measurement time. CO emissions globally are high, but the rate natu-
rally decreases with excess air. These rates are usually obtained for biomass boilers. 
This high CO in the fumes is probably due to poor mixing in the biomass bed. The 
air would not necessarily pass through all the areas where biomass particles are 
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present on the perforated air inlet plate. It would be better to modify the air intake 
plate by making more holes with fewer gaps. Note that the combustion of this bio-
mass visibly produces a lot of soot, given the color of the flame, the high presence 
of the CO level, and the recovery of small black particles at the level of the cyclone. 
The formation of soot depends strongly on the nature of the fuel, the behavior of the 
flame, and the local equivalence ratio (Desgroux et al. 2013) which is linked to input 
parameters such as the air flow rate and the size of particles.

Experiments were also done on argan nut shell biomass (ANS) as presented in 
Rahib et al. (2021).

12.5  Hydrothermal Carbonization (HTC)

12.5.1  General Concept

HTC is a process that uses water and heat to transform biomass or residues into 
carbon compounds (Fig. 12.6). This transformation results in decarboxylation and 
hydrolysis reactions but also polymerization reactions allowing the production of 
secondary hydrochar (Zhao et al. 2014). The biomass-to-water mass ratio can vary 
from 1:2 to 1:10, making it possible to work with wet residues such as sewage 
sludge, olive pomace, bagasse, and also fishery waste, algae, and animal waste. This 
hydrothermal treatment on wet residues avoids the drying phase needed in the case 
of pyrolysis or gasification or direct combustion of biomass.

Water plays the role of solvent, but HTC exploits the physicochemical properties 
of water which evolve with temperature. HTC is usually produced in closed reactors 
that produce autogenous pressure. Note that water at 180  °C has an equilibrium 
pressure of 1 MPa and about 4 MPa at 250 °C. The technology used should there-
fore take into account the rise in pressure. This pressure management makes HTC 

Fig. 12.6 Schematic illustration of the hydrothermal carbonization process
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more constraining to gasification or pyrolysis. Furthermore, the water reaches 
supercritical conditions for a temperature of 371  °C and a pressure of 221 bars. 
Under these conditions, the density of water is about 0.3 g/cm3. This density is about 
3 times less dense than water at 25 °C and about 1000 times denser than water in the 
vapor state at 1  bar. The ionization constant of the water can reach a value of 
10−11 mol2.kg−1 corresponding to a value of 1000 times greater than that obtained at 
ambient temperature. This evolution increases the concentration of protons and free 
hydroxyl ions by 30 times, thus favoring catalytic reactions. Moreover, the evolu-
tion of the dielectric constant (ε) is surprisingly observed. This constant decreases 
to 2.5 at 250 bars and for a temperature of 400 °C giving it a polarity equivalent to 
that of acetone. These conditions allow solubilizing of the organic compounds 
(Kruse and Dinjus 2007).

Water also denatures plant cell walls and degrades the main biomass constituents 
which are hemicellulose, cellulose, and lignin. In the biomass compounds not men-
tioned, we have extractable compounds (which are soluble compounds in toluene or 
acetone according to the protocols put in place to quantify the three major com-
pounds), proteins, lipids, and mineral compounds. The decomposition phases will 
be different depending on the chemical families. For the three main compounds, 
their decompositions are carried out by the first hydrolysis which will release mol-
ecules of lower molecular weight. Thus, α-cellulose (polymer consisting of glucose 
units bound together by alpha 1–4  bonds) decomposes into polysaccharides and 
hexoses (glucose, fructose). These oses then undergo dehydration to form furfurals 
and organic acids (Bobleter 1994; Wang et al. 2018). At the same time, these furfu-
rals can condense to make polymers. These polymers will form secondary char 
(Sangare et al. 2022). For hemicellulose, the more complex polymer of pentoses 
xylose and hexoses, its decomposition pathways are quite similar, but the carbohy-
drate unit obtained is a pentose called xylose. In contrast to cellulose and hemicel-
lulose, lignin has an aromatic structure based on three compounds: the p-coumaryl, 
coniferyl, and sinapyl alcohol. Thus, its decomposition path is different. In a simpli-
fied way, part of this lignin will solubilize in oligomers which will give phenolic 
compounds, and aldehydes. These compounds will form polymers giving an aro-
matic hydrochar. On the other hand, some of the lignin will not solubilize. This 
insoluble part is also a polyaromatic hydrocarbon similar to that obtained by pyroly-
sis, which may be called primary carbon. So, the contents of cellulose, hemicellu-
lose, and lignin have a significant influence on the hydrochar porosity, surface 
functional group, and thermal stability. For example, this is observed during TG 
analyses, by the values of the characteristic peak of decomposition of hemicellulose 
which is around 295 °C; for cellulose 350 °C and for lignin, its characteristic peak 
is wider between 360 and 700 °C.

Moreover, hydrothermal treatments generate three different phases: a solid phase 
called hydrochar, an oil phase called biocrude or bio-oil, and a gas phase. In the 
range of process temperatures between 180 and 260 °C, the largest phase is solid. 
This is hydrothermal carbonization (HTC). For temperatures between 260 °C and 
the supercritical temperature (371 °C), the major phase will be the biocrude. This is 
hydrothermal liquefaction. Its application allows the production of biofuels that 
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must undergo treatment for their use (Deuber et al. 2021). Finally, for temperatures 
above the supercritical temperature, the main phase will be the gas whose composi-
tion will mainly be CO, CO2, CH4, and H2 (syngas) which are the ultimate stage of 
decomposition of the main biomass compounds. It is the supercritical water gasifi-
cation (SCWG) (Graz et al. 2016; Kruse 2008).

12.5.2  Potential Hydrochar Applications

In the context of the HTC, hydrochar has several ways of valorization which are the 
use as solid fuel, as an activated carbon, or as soil remediation.

12.5.2.1  Solid Fuel Application

To assess the quality of the hydrochars, the following combustion characteristics are 
used: the HHV (in MJ/kg), the volatile matter (VM), fixed carbon (FC), and ash 
fractions (in %) which are obtained owing to the proximate analysis. However, we 
can also determine the ignition (Ti), maximum reaction rate (Tm), and burnout tem-
perature (Tb) by identifying the relevant point of (TG-DTG) analyses. Ti is associ-
ated with which the fuel is likely to self-ignite. Tb corresponds to the temperature 
stabilized for a rate loss of weight less than 1%/min when the sample is completely 
oxidized (Sangare et al. 2020; Zhang et al. 2020). Furthermore, a combustibility 
index (SN) can be expressed, and the more its value is high, the better the combus-
tion characteristic.

12.5.2.2  Activated Carbon Application

Hydrochar has a great interest as carbon materials are used, for example, as absor-
bents for gas purification, water treatment, and energy storage. The textural proper-
ties of the activated carbon (AC) prepared from hydrochar were studied by N2 and 
CO2 gas adsorption to give the surface areas and the pore volumes. The treatments 
studied focus on their impact on their BET surface and the volume of pores gener-
ally. For instance, BET surface values of 673 m2/g were obtained for hydrochar 
produced from glucose (Fechler et al. 2013).

12.5.2.3  Soil Amendment

The hydrochar can be used as a soil amendment to sequester carbon and enhance 
soil quality by improving the soil structure and the water retention and enhancing 
the cation exchange capacity. For example, studies have shown that poultry 
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litter- derived hydrochar seems to be an adequate amendment for sandy soils (Mau 
et al. 2020).

12.5.2.4  The Process Water (PW)

The HTC liquid treatment represents the largest mass of the outgoing effluent of 
HTC process. By reutilization of the PW, the amount of contaminated wastewater 
can be strongly reduced. However, the process temperature influences hydrochar 
and PW composition during PW recirculation. In the case of green municipal waste 
(MGW), the PW after HTC was fully reused up to 11 times (Köchermann et al. 
2018). Results showed that hydrochar mass yield increases with progressing PW 
recirculation. However, the HHV was not affected by it. The liquid contains mole-
cules such as furfurals and acids obtained from the degradation of the main compo-
nents of biomass.

Some studies have examined the potential of PW for biochemical methane pro-
duction. This liquid may also be a source of nitrogen and humic acid which improves 
soil fertility (Gupta et al. 2021). The process water can also be used for microalgae 
production and provides some necessary nutrients without inhibiting the growth of 
microalgae (Özçimen et al. 2022).

The fate of this water must be taken into account in the whole process. 
Furthermore, this water affects the energy balance of the process. In order to have a 
favorable balance, it is necessary to seek to work with the highest biomass/water 
mass ratio. In the case of olive pomace, it has been shown that this ratio must be at 
least equal to 1/5  in order to allow an energy balance favorable to the process 
(Missaoui et al. 2017a, b).

12.5.3  HTC Process

The three main operating parameters of HTC are the temperature (T), the reaction 
time (t), and the weight ratio biomass/water. Other factors may affect biomass deg-
radation such as the feedwater pH and the concentration of substrate.

In the case of temperature and reaction time, there is an interaction between these 
two quantities. A conversion rate depends on the reaction time and its kinetics which 
varies with the temperature. So, some studies used a term of hydrothermal severity 
(R0) which takes into account these two parameters.

 
R t T0 100= × −( ) exp /ω

 (12.14)

with T = process temperature (°C); t = reaction time (min); ω is an empirical param-
eter that relates to the gas constant (R), the activation energy (Ea), and the reference 
temperature. Its value is equal to 14.75 when lignocellulosic biomasses are involved.
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This term can be also called severity index (SI) expressed by the following 
equation:
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with T0 = reference temperature.
Most studies focus on the influence of T and t. For t, it is very variable, since it 

can range from 0 min to 24 h of treatment. In general, the longer the time increases, 
the lower the mass yield of the hydrocarbon, but the higher its HHV and its fixed 
carbon content.

To show these relations, the following application relates HTC processing of 
olive pomace collected from a three-phase centrifugation system of a semi- industrial 
unit in Morocco. In this application, the biomass/water mass ratio is 1/3. A Doelhert 
design was implemented in view to study the influence of T and t. The studied 
domain was for T between 180 and 250 °C and t between 0 and 60 min. In fact, 
t = 0 min corresponds to the time at which the solution remains at the desired tem-
perature. t  =  0  min allows showing the impact of the heating rate. Owing to 
Doelhert’s design, we are able to represent the main effect graphic also the response 
surface modeled from factors on specific responses (as in Fig.  12.7) owing to a 
model as

 Y b b X b X b X b X b X X= + ++ + ++ ++0 1 1 2 2 11 12 22 22 12 1 2  (12.16)

With Xi factors, Y response and bi model coefficients.
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Figure 12.7 reveals that the carbon rate increases with t and T contrary to the 
oxygen rate. So, the ratio O/C decreases with increasing factors favorable pour fuel 
application. The same trend is shown with the HHV allowing to have a value of 20% 
greater than the raw olive pomace. On the other hand, the hydrochar mass yield 
decreases to a minimum value of 66%.

The energy efficiency (EY) makes it possible to take into account this antagonis-
tic evolution by the fact that its calculation is carried out with the following formula:

 
EY Mass yield Densification energy ratio%( ) = ×

 (12.17)

and densification energy ratio:

 

DE
HHV

HHV
dried hydrochar

dried olive pomace

−( ) =
 (12.18)

The EY values were between 80% and 92%. Moreover, the energy balance, 
which takes into account the energy recovery minus the energy consumption, can be 
considered positive in all the domains favoring the introduction of such a process.

12.6  Characterization of Gaseous Products Evolved 
from Biomass Fuels During Thermochemical 
Conversion Using TGA-μGC

12.6.1  Introduction

The production of new clean and sustainable fuels from biomass thermochemical 
conversion has enhanced the demand for in-depth characterization of the evolved 
gases upon thermal decomposition. In order to apply these processes, the thermal 
degradation must be properly characterized for mass loss, temperature, and the 
nature and composition of the gases evolved during the thermal conversion of 
biomass.

Thermogravimetric analysis (TGA) coupled with micro-gas chromatography 
(micro-GC or μGC) allows determining precisely and in a short time the key param-
eters required for the process design of thermochemical conversion technologies.

This section describes a practical application of the thermal degradation of two 
biomass wastes in a Netzsch TGA instrument coupled with a 3-module micro-gas 
chromatograph (SRA Instruments), and the results presented illustrate the investiga-
tion of fuel production from olive pomace (OP) and miscanthus.
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12.6.2  Theory and Operating Principles of TGA 
and Simultaneous Evolved Gas Analysis

12.6.2.1  Thermogravimetric Analysis

TGA is a thermo-analytical technique that combines gravimetric measurements 
with furnace heating to measure the mass of a sample as a function of temperature 
in a defined atmosphere (Dunn 2002). The sample (usually a solid) undergoes ther-
mal degradation and subsequent gas–solid heterogeneous reactions that result in the 
evolution of gaseous, liquid (tars), and residue by-products. In TGA, the gaseous 
products are removed by a flowing gas, and the changes in the remaining mass of 
the sample can be presented in two different plots, as depicted in Fig. 12.8a.

Gasifying agent: air at an equivalence ratio of 0.20 from 700 to 1000 °C. (a) TGA 
curves and black and red (solid) lines represent the TG and DTG profiles, respec-
tively. (b) Main volatile decomposition products over time and temperature, dash- 
dotted line: temperature program from room temperature to 1000 °C; color lines: 
releasing profile of target gas products (CO, CO2, CH4, and H2).

The thermogravimetric (TG) curve (in wt.%) is a plot of the mass of the sample 
against time or temperature. Similarly, the derivative of TGA data can be plotted as 
a derivative thermogravimetric (DTG) curve (in wt.%/min or wt.%/°C), which is a 
plot of the rate of change of mass with respect to temperature or time against tem-
perature or time (Dunn 2002). This allows for the determination of mass-loss stages 
and specific decomposition temperatures, such as the temperature of the maximum 
rate of mass loss (Tmax) at which the material decomposes or reacts (DTG peak). 
Onset (ignition, Ti) and final (burnout, Tb) degradation temperature data can also be 
evaluated from TG plots (ASTM 2011; Sangare et al. 2020).

Therefore, TGA is extensively used for assessing the reactivity phenomena 
involving biomass and solid wastes. It can provide valuable information on compo-
sitional changes and enables a wide range of experimental conditions (i.e., sample 
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mass, heating rate, specific atmosphere, final temperature, holding time, nature, and 
flow rate of the reactive gas) to be adapted to the feedstock composition to which 
TGA is applied, which is done through analysis of characteristic TG and/or DTG 
profiles (Fig. 12.8a).

Furthermore, detailed information like moisture loss and volatile matter (VM), 
fixed carbon (FC), and ashes content can also be determined using TGA standard-
ized analytical procedures (ASTM 2014).

12.6.2.2  Simultaneous Thermogravimetric and Micro-Gas 
Chromatography (TGA-μGC) Analysis

TGA can be used simultaneously or separately, depending on the research objective, 
for the analysis of dehydration, thermal decomposition, oxidization, and other pro-
cesses which are involved in the energy conversion of biomass and waste manage-
ment. By combining TGA with other analytical methods, additional information 
can be obtained from one sample. In particular, TGA coupled with micro-GC 
enables both qualitative and quantitative analyses of biomass and organic waste 
samples.

The operation principle of a micro-GC analysis system is based on miniaturized 
chromatographic separations to provide rapid and in situ characterization in gas 
mixtures (Regmi and Agad 2018). The composition of evolved gases enriched in 
hydrogen (H2), carbon monoxide (CO), and methane (CH4) can be studied by micro-
 GC analysis (Fushimi et al. 2003; Xu et al. 2011, 2020; Yang et al. 2007; Zhu et al. 
2018). Carbon dioxide (CO2), nitrogen (N2), and oxygen (O2), if released, can also 
be detected and quantified.

Figure 12.9 summarizes the flow of operating procedure of the TGA-μGC sys-
tem. Simultaneous TGA and micro-GC measurements are carried out in three steps: 
(i) the sample is first heated on the TGA, (ii) the evolved gaseous effluent is directed 
to the micro-GC through the transfer line, (iii) the target gas species eluting from the 
micro-GC columns are identified and quantified by comparing the peak area signal 
and retention times with those of calibration standards under the same conditions as 
the samples. The thermogravimetric and chromatographic data are continuously 
recorded on a computer over the course of the experimental run.

TGA Micro-GCTransfer 
line

Computer

Thermal decomposition Evolved gas analysisInterface

Fig. 12.9 TGA and micro-GC coupling principle
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The experimental setup consists of a Netzsch STA 449 F3 Jupiter thermogravi-
metric analyzer coupled with a micro-gas chromatograph (Micro GC SOLIA 490, 
SRA Instruments). The micro-GC device is equipped with micro-packed columns 
and three thermal conductivity detector (TCD) channels. The experimental proce-
dures were based on the methodology developed by Sangaré et  al. (2022). The 
TGA-μGC coupling requires the synchronization of the operating conditions of 
both instrumental devices. The setup optimization was obtained by following manu-
facturers’ specifications for the Solia 490 micro-GC and performing preliminary 
TGA-μGC measurements on cellulose as a reference case. The micro-GC starts 
with the TGA at the beginning of the run, and the complete gas composition is 
obtained in less than 3 min (~150 s analysis time) for H2, CH4, CO, and CO2, by 
optimizing the heating rate, final temperature, and carrier gas (type and flow rate) 
experimental conditions. Three consecutive runs were conducted, which demon-
strated a maximum standard deviation of less than 2.3% for the peak area of all 
compounds of interest. The detailed operating conditions can be found elsewhere 
(Sangaré et al. 2022).

As an example, the pyrolysis and gasification outputs of cellulose under argon 
and air atmospheres are presented in Fig. 12.8. Firstly, a dehydration stage took 
place due to evaporation of moisture below 150 °C. This was followed by a primary 
pyrolysis step that produces char, followed by air gasification of that char from 700 
to 1000 °C with an equivalence ratio of 0.20. A single mass-loss stage in the tem-
perature range between 300 and 415  °C, and a maximum decomposition rate 
(1.42 wt.%/°C) was reached at ~355 °C (DTG peak), which is in agreement with the 
results reported in the literature (Yang et al. 2007). The devolatilization rate shows 
that cellulose is converted mainly to volatiles. Approximately 85 wt.% of cellulose 
was devolatilized up to 700 °C (Fig. 12.8a). To quantitatively characterize the effect 
of temperature on gas release, the analysis of the gas evolution over time and tem-
perature was made by online TGA-μGC measurements.

Figure 12.8b shows the effects of pyrolysis and gasification temperature on the 
composition of gas products of cellulose. CO, CO2, H2, and CH4 are the main gas 
products. The content of CO, CO2, H2, and CH4 in the pyrolysis gases accounted for 
more than 36 mol%. As the temperature increased, the H2 content in the product 
gases increased from 5.83 mol% at 700 °C to 8.31 mol% at 1000 °C, while CO, 
CO2, and CH4 evolution exhibited the opposite trend. The H2/CO ratio was increased 
from 0.45 to 0.87 at 700 °C and 1000 °C, respectively. The lower heating value 
(LHV) of the product gases from cellulose was 6.5 MJ/Nm3, as estimated by Xie 
et al. (2012).

TGA-μGC coupling is considered to be an effective technique to identify and 
easily quantify the main compounds causing a mass loss during thermal decomposi-
tion. The resulting data can contribute to determining the utilization of a biomass 
sample or mixture as an energy source in thermochemical processes or other 
applications.

In the following, a comparative case is presented to support biomass and waste 
management valorization opportunities using thermochemical conversion technolo-
gies for social development in rural areas of developing countries.
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12.6.3  Case Study

Two examples are presented to illustrate the simultaneous characterization of bio-
mass thermal decomposition and analysis of the evolved gas, in a single run, using 
TGA-μGC coupling.

The first is the gasification of olive pomace (OP), and the other is the gasification 
of miscanthus. In terms of waste characteristics, the proximate analysis, ultimate 
analysis, and heating values of miscanthus and OP are given in Table 12.4. The OP 
composition is almost comparable with miscanthus. So, OP and miscanthus opted 
for the present comparative study.

The influence of the feedstock type on the gasification process through TGA of 
the biomass samples is depicted in Fig. 12.10. As can be seen in this figure, both 
samples involve a major mass loss step that occurred at 250–415 °C, with approxi-
mately 30% of solid residue left for the OP and 20% for miscanthus at 1000 °C. The 
DTG showed a maximum weight loss rate (0.80 wt.%/°C) at 350 °C for OP, and two 
observable peaks (~1.51 and 0.92 wt.%/°C) attained for miscanthus at 325 °C and 
365 °C, respectively. This suggests that this region could be divided into two stages 
corresponding to different thermochemical reactions, in which the main weight loss 
is due to removal of the volatile matters of the biomass. In both cases, the differ-
ences in the intrinsic chemical and structural features of the two biomass samples 
possibly account for the different gasification behaviors observed (McKendry 2002; 
Yang et al. 2007).

The gas data in Fig. 12.10 show that the CO2 evolved during gasification was 
lower for miscanthus, while CO production was increased and CH4 and H2 were 
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much similar for both study cases. The produced gases had a LHV of 9.1 MJ/Nm3 
and 9.7 MJ/Nm3, respectively, for OP and miscanthus, at this temperature range 
(250–1000 °C).

12.6.4  Summary

The measurements presented show that the combination of TGA and micro-GC 
analyses allows determining accurately (±2.3% standard deviation) and in a short 
time (~150 s analysis time) the amounts of the target gases, such as H2, CH4, CO, 
and CO2, produced during the pyrolytic and gasification processes. The pyrolysis of 
cellulose was used here as an example. Under similar measurement conditions, 
within one test series, a comparative evaluation of the gasification products of OP 
and miscanthus was presented. The effect of measurement conditions, including 
temperature, heating rate, feedstock composition, and blending ratios, as well as the 
type and flow rate of the carrier gas must be considered when performing simultane-
ous TGA-μGC studies. Finally, the proposed methodology can contribute to expand-
ing the analytical techniques used in thermochemistry and broaden the assessment 
of waste sources for the production of synthetic fuels in developing countries.
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