
Edited by

Sustainable 
Municipal Solid 
Waste Management
A Local Issue with Global Impacts

Hani Abu-Qdais and Anna Kurbatova
Printed Edition of the Special Issue Published in Sustainability

www.mdpi.com/journal/sustainability



Sustainable Municipal Solid Waste
Management: A Local Issue with
Global Impacts





Sustainable Municipal Solid Waste
Management: A Local Issue with
Global Impacts

Editors

Hani Abu-Qdais

Anna Kurbatova

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Hani Abu-Qdais

Jordan University of Science

and Technology

Jordan

Anna Kurbatova

Peoples’ Friendship

University of Russia (RUDN

University)

Russia

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Sustainability (ISSN 2071-1050) (available at: https://www.mdpi.com/journal/sustainability/

special issues/sustainable municipal solid waste management).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-5681-9 (Hbk)

ISBN 978-3-0365-5682-6 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Hani A. Abu-Qdais and Anna I. Kurbatova

Editorial: Sustainable Municipal Solid Waste Management: A Local Issue with Global Impacts
Reprinted from: Sustainability 2022, 14, 11438, doi:10.3390/su141811438 . . . . . . . . . . . . . . . 1

Hani A. Abu-Qdais and Anna I. Kurbatova

The Role of Eco-Industrial Parks in Promoting Circular Economy in Russia: A Life Cycle
Approach
Reprinted from: Sustainability 2022, 14, 3893, doi:10.3390/su14073893 . . . . . . . . . . . . . . . . 5

Safwat Hemidat, Ouafa Achouri, Loubna El Fels, Sherien Elagroudy, Mohamed Hafidi,

Benabbas Chaouki, Mostafa Ahmed, Isla Hodgkinson and Jinyang Guo

Solid Waste Management in the Context of a Circular Economy in the MENA Region
Reprinted from: Sustainability 2022, 14, 480, doi:10.3390/su14010480 . . . . . . . . . . . . . . . . . 21

Guilberto Borongan and Anchana NaRanong

Practical Challenges and Opportunities for Marine Plastic Litter Reduction in Manila: 
A Structural Equation Modeling
Reprinted from: Sustainability 2022, 14, 6128, doi:10.3390/su14106128 . . . . . . . . . . . . . . . . 45

Esra’a Amin Al-Athamin, Safwat Hemidat, Husam Al-Hamaiedeh, Salah H. Aljbour, 
Tayel El-Hasan and Abdallah Nassour

A Techno-Economic Analysis of Sustainable Material Recovery Facilities: The Case of Al-Karak 
Solid Waste Sorting Plant, Jordan
Reprinted from: Sustainability 2021, 13, 13043, doi:10.3390/su132313043 . . . . . . . . . . . . . . . 75

Olesya A. Buryakovskaya, Anna I. Kurbatova, Mikhail S. Vlaskin, George E. Valyano, 
Anatoly V. Grigorenko, Grayr N. Ambaryan and Aleksandr O. Dudoladov

Waste to Hydrogen: Elaboration of Hydroreactive Materials from Magnesium-Aluminum Scrap
Reprinted from: Sustainability 2022, 14, 4496, doi:10.3390/su14084496 . . . . . . . . . . . . . . . . 89

Aseel Najeeb Ajaweed, Fikrat M. Hassan and Nadhem H. Hyder

Evaluation of Physio-Chemical Characteristics of Bio Fertilizer Produced from Organic Solid
Waste Using Composting Bins
Reprinted from: Sustainability 2022, 14, 4738, doi:10.3390/su14084738 . . . . . . . . . . . . . . . . 123

Camilo Venegas, Andrea C. Sánchez-Alfonso, Fidson-Juarismy Vesga, Alison Martı́n,

Crispı́n Celis-Zambrano and Mauricio González Mendez
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Editorial: Sustainable Municipal Solid Waste Management: A
Local Issue with Global Impacts

Hani A. Abu-Qdais 1,* and Anna I. Kurbatova 2,*

1 Civil Engineering Department, Jordan University of Science and Technology, Irbid P.O. Box 3030, Jordan
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On a global level, communities are generating and disposing of increasing quantities
of solid waste. This waste includes different categories like municipal solid waste [1],
industrial solid waste [2] and agricultural waste [3]. Unless managed in a sustainable
manner, such wastes will lead to public health risks, adverse environmental impacts and
other socio-economic problems [4]. Therefore, regulations should be enforced to encourage
sustainable practices like reduction, reuse and recycling of solid waste.

This special issue of Sustainability provides an overview of sustainable solid waste
management by publishing articles on recent research concepts, models and case studies,
in order to stimulate the scientific potential of this field and for a better understanding of
the circular economy principles. To achieve that, specialists from a range of disciplines,
practices and sectors were invited to contribute their research findings. The number and
diversity of submissions that we received to the call from different regions of the world
indicate the growing importance of sustainable solid waste management. The special
issue consists of eight articles. Each of them contributes to the knowledge in the field by
presenting the features of cutting-edge treatment technologies and the latest modeling
techniques. From these eight articles, several unique lessons have emerged.

The first article [5] tackled the issue of sustainable management and the use of biosolids
in Columbia. By adopting the Prospective Analysis (MicMac and Mactor) and Social
Networks approach, the researchers managed to analyze those factors that influence the
management and use of biosolids. The application of such methodology that was focused
on biosolids allowed for the prioritization of determinants, the evaluation of the level of
involvement and communication between actors and other aspects that have not been
considered previously in the management of wastewater treatment plants in Colombia.
The study concluded that there is a weak linkage between the stakeholders which requires
work to improve the communication skills between them.

The challenge of marine plastic littering in Manila, Philippines was addressed in
the second article [6]. The researchers used structural equation modeling to examine the
practical challenges and opportunities to influence the reduction of marine plastic litter-
ing. By using an online survey, the investigators constructed the model which had later
been subjected to validation through interviews and focused group discussions, where
the developed model had been validated to a good internal consistency. The findings
revealed that environmental governance, in terms of waste management policies and
guidelines, COVID-19 regulations for waste management, community participation and
socio-economic activities had a positive impact on decreasing the amount of marine plas-
tic littering.

A case study to characterize and plan household waste in Algeria was covered in the
third article [7]. To assess the spatial distribution of the waste and potential drivers of waste
production, the study adopted a geospatial analysis by integrating the principal component
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analysis with GIS. The results showed that household waste management is influenced by
factors related to the size of the settlement and the characteristics of waste management
companies. The study indicated that the urban waste generation rate is estimated to be at
0.8 kg·inhab·day−1, while the recycling rate is around 7%, composting 1% and the rest of
municipal waste flow is disposed of in sanitary landfills or dumpsites. The investigators
concluded that a combination of multiple regression analysis and principal component
analysis is efficient to describe and understand waste production.

The fourth article [8] dealt with the composting process by converting the organic
fraction of municipal solid waste to mature compost using the composting bin method.
Several materials, including animal waste, agricultural waste and humic substances, were
added to the municipal waste and subjected to composting. Temperature, pH, EC, organic
matter (OM percent), the C/N ratio and micronutrients (N, P, K) were monitored on a
weekly basis. The study concluded that bin composting may be used as a quick check
to ensure that the output of the long-term public projects will meet the sustainability
requirement, enhance the ecosystem services and will mitigate the climate change impact
that may be caused by the disposal of the solid waste in the hot climate regions.

Waste to Hydrogen energy was the topic which was covered by the fifth article [9].
The researchers examined the production of hydrogen energy by processing an aluminum
scrap. Ball-milled hydro-reactive powders of Mg-Al scrap with 20 wt.%, with and without
additives were prepared. Their hydrogen yields and reaction rates in a 3.5 wt.% NaCl
aqueous solution at 15–35 ◦C were estimated and compared. The results showed that
samples with 20 wt.% Wood’s alloy and with no additives demonstrated the highest
hydrogen yields of (73.5 ± 10.0)% and (70.6 ± 2.5)%, respectively. However, their maximum
reaction rates were the lowest. On the other hand, the results indicated that the variation in
reaction kinetics was attributed to the difference in the scrap powder particle size, where
the samples with a salt additive had the finest particle size and the fastest reaction kinetics
at the beginning of the reaction.

An interesting topic is addressed in the sixth article [10]. A case study has been pre-
sented to demonstrate the role of Eco-Industrial parks in promoting the circular economy
in Russia. Given the fact that the circular economy is one of the priorities of the country’s
economy, the researchers adopted the life cycle assessment as a tool to compare two sce-
narios of solid waste management. The first scenario is the disposal of the solid waste at
the landfill, while the second one is to divert the generated solid waste from landfills to an
eco-industrial park, where it is subjected to processing for materials and energy recovery.
The life cycle analysis showed that diverting 1.813 million tons of mixed municipal solid
waste that is generated in Moscow to EIP would lead to a reduction in environmental im-
pacts. The total global warming potential of the EIP scenario is less, by 59%, than the direct
landfilling scenario, while the eutrophication, acidification, smog and ozone depletion are
less, and fossil fuel depletion impacts under the second scenario are less, by 81%, 26%,
18% and 81%, respectively. The study indicated that the adoption of a circular economy in
Russia is still in its early stages. To create an enabling environment for the promotion of a
circular economy, the study recommended overcoming several institutional, technical and
social barriers, where the Russian higher educational institutions can play a major role in
overcoming such obstacles.

Article seven [11] was devoted to solid waste management in the MENA region
in the context of a circular economy. The paper presents a comprehensive overview of
the national municipal solid waste systems of 10 countries in the MENA region with
a detailed evaluation of four countries (Jordan, Egypt, Algeria and Morocco). Current
practices of the solid waste management adopted and the approaches followed by each
country to integrate the circular economy principles in their solid waste management
were identified. The researchers indicated that the solid waste management in the studied
countries is still disposal driven, where it ranges from 73% in the UAE up to 97% in Libya.
Furthermore, the organic fraction constitutes the highest percentage of the solid waste
stream that ranges from 504% in Algeria to 70% in Morocco. Full cost recovery of the solid
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waste services does not exist in any of the studied countries. Furthermore, the existing
legal and administrative frameworks do not enable the adoption of a circular economy.
Therefore, the study recommends that the governments should promote an integrated solid
waste management hierarchy and set up a national policy regarding the diversion of waste
from landfill by making a shift from waste disposal toward waste management and the
circular economy.

Finally, the last article [12] conducted a techno-economic analysis of the Al-Karak solid
waste sorting plant in Jordan. The article investigated the possible technical and economic
performance of the sorting plant in order to achieve financial sustainability and increase
profits to cover its operating costs. Possible different equipment and material flow through
the plant were proposed. To assess the feasibility of the proposed options, an economic
model was used based on three economic factors, which are net present worth (NPW),
return on investment (ROI) and payback period values. The results showed that the input
materials contain a high fraction of recyclable materials like paper, cardboard, plastic and
metals, which account for 63% of the solid waste stream. The analysis shows that to be
economically feasible, the plant operation should be on a two or three shifts basis, where
the rate of return will be 3.5 and 4.4 with a payback period of 3 and 2 years, respectively.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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The Role of Eco-Industrial Parks in Promoting Circular
Economy in Russia: A Life Cycle Approach
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1 Civil Engineering Department, Jordan University of Science and Technology, Irbid P.O. Box 3030, Jordan;
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Abstract: As an approach to move towards a sustainable waste management system, circular economy
(CE) is gaining an increased interest by most countries. Russia is among the countries where the CE
is one of the priorities of the country’s economy, with a market value of the CE is USD$ 755.05 billion.
However, such a strategy is facing challenges and barriers which are country specific. This study
aimed to review the status of the CE in Russia and to identify the obstacles that are hindering
the country from achieving its objectives. Moreover, the study aimed to evaluate the role of eco-
industrial parks (EIP) in Russia in promoting the CE model. The study findings indicate that the CE
adoption in Russia is still in its early stages. To create an enabling environment for CE promotion
in Russia, there is a need to overcome several institutional, technical, and social barriers. Russian
higher educational institutions are playing a major role to create the critical mass of experts that
will help the country transition towards a CE model. Using life cycle assessment (LCA) to analyze
the environmental performance of one of the EIPs in Russia revealed that such enterprises are more
sustainable than the business-as-usual scenarios, under which the generated solid waste is buried
into landfill. The comparison shows that by diverting 1.813 million tons of mixed municipal solid
waste that is generated in Moscow to EIP would lead to a reduction in environmental impacts. The
total global warming potential of the EIP scenario is less, by 59%, than the direct landfilling scenario,
while the eutrophication, acidification, smog, and ozone depletion are less, and fossil fuel depletion
impacts under the second scenario are less, by 81%, 26%, 18%, and 81%, respectively. Furthermore,
the health impacts including carcinogenic, non-carcinogenic, eco-toxicity were found to be 92%, 96%,
and 96%, respectively, less than the baseline scenario.

Keywords: circular economy; eco-industrial park; life cycle assessment; solid waste; Russia

1. Introduction

Since it contributes in achieving sustainable development goals (SDGs), circular econ-
omy (CE) is becoming a popular concept that is being promoted by many countries and
businesses around the world [1–3]. Circular economy aims to move from a linear economy
model, to a more sustainable one in which products, materials, and resources are kept in
the system for as long as possible and in which the generation of waste is minimized [4].

In Russia, the promotion of the circular economy is one of the priorities for the Russian
economy. The estimated market value of the circular economy in the country is about
USD$ 755.05 billion [5]. However, the CE model is still under development [6,7] and studies
that deal with CE in Russia are still few [8,9]. Hence, the influence of circular practices on
the formation of market requires further research [10]. Recent developments and changes
in the waste management framework of the Russian Federation have considered that waste
as a resource [11,12]. This has paved the way towards introducing the CE model into the
country’s economy. Implementation of the concept of circular economy in Russia will not

Sustainability 2022, 14, 3893. https://doi.org/10.3390/su14073893 https://www.mdpi.com/journal/sustainability5
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only reduce environmental contamination, but also will lead to acceleration in economic
growth and to the creation of new jobs.

EIPs are gaining interest as an approach towards the promotion of CE [13–16], where
such projects are building symbiotic relationships between various industries that reside
in park areas to achieve waste reuse and recycling and pollution reduction [17]. In many
countries, EIPs are emerging, where materials and resources are shared to optimize both
economic and environmental performance [18]. For example, in Korea, EIPs have become
a central element of Korean industrial innovation strategy to assist in the transition to CE [19].

Considering the fact that the real world-application of CE in EIP is still far from per-
fect [20] and the scarcity in the research that deals with the measurement and assessment
of the circular economy within the eco-industrial parks, there is a pressing need for an
evaluation system and approach to test the circular economy potential of such projects [13].
Furthermore, performance measurements of eco-industrial parks are difficult to obtain
as the material and energy flows within these facilities are complex; they are available in
different forms and measured by different units [21]. One of the issues that needs clarifi-
cation at the level of industrial symbiosis clusters is the relationship between industrial
ecology and circular economy concepts, which indicates the need to address such a gap
in knowledge by conducting further research [22]. In addition, the available studies lack
characterization of the EIPs’ organizational models and analysis of how these models are
affecting EIPs’ sustainability [23]. Therefore, the issue of EIPs is becoming a research topic
in the field of recycling economy [24].

Wenbo (2011) [13] used analytic network process (ANP) to evaluate the circular econ-
omy performance of five eco-industrial parks in China. The study found that the ANP
method can be effectively applied to circular economy performance evaluation and conse-
quently used in decision making. One of the limitations of such an approach is that the
quantified indicator values are largely dependent on the experts’ opinion.

Tian et al. (2014) [25] studied the performance of EIPs in China. A group of ten met-
rics, including resource consumption, economic development, and waste emissions, were
applied in the performance assessment process. The researchers found that absolute energy
consumption, fresh water consumption, industrial wastewater generation, and solid waste
production in 17 eco-industrial parks had been increased, while the average intensity of
the emissions (tons of pollutant per million yuan invested) of the four metrics had been
decreased. In addition to economic gain, Wang et al. (2019) [26] assessed the potential
environmental impacts of an energy intensive EIP by adopting life cycle assessment (LCA).
The results showed that LCA is an effective tool in evaluating environmental impacts. The
study found that effective environmental impact reduction could be attained in terms of
primary energy, greenhouse emissions, acidification, eutrophication, particulate matter
emissions, and human toxicity.

One important issue of EIPs is to measure the environmental sustainability of their
operations. An optimal EIP is one which minimizes negative impacts and maximizes
positives ones. However, the question is how to measure such sustainability aspects in
terms of social, environmental, and economic aspects [27]. Many studies recommended
the use of quantitative environmental sustainability indicators. For example, Azapagic
and Perdan (2000) [28] used ozone depletion as an environmental indicator, and income
distribution as a social indicator, while the value added was used as an economic indicator.

Tools such as life cycle assessment (LCA) have proven to be effective means in assess-
ing the eco-efficiency of industrial parks [28]. Belaud et al. (2019) [29] provided a toolbox
for developing an EIP in France by integrating the circular economy concept with life cycle
thinking. Zhao et al. (2016) [24] used a multi-criteria decision making approach to develop
a framework for assessing the performance of EIP from the perspective of circular economy.
By applying the developed model to six EIPs in China, it was found to be an effective tool
of assessment.

Recently, several studies used SimaPro software to conduct LCA analysis for assessing
the environmental sustainability of various solid waste management options [30–34]. Out of
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96 reviewed studies that used LCA in municipal solid waste management, 44 (46%) studies
used the SimaPro model [35]. The most commonly used FU in the LCA of MSWM is 1 MT of
waste, 88 out of total studies used it as an FU. [35]. However, few LCA studies were conducted
in Russia to assess the environmental impacts of solid waste management. For example,
Tulokhonova and Ulanova (2013) [36] assessed the environmental impacts of four solid
waste management scenarios in Irkutsk using the integrated solid waste management Model.
Another study used LCA to assess the environmental impacts of landfills in the Irkutsk
region [37]. Kaazke et al. 2013 [38] conducted an LCA study to assess the environmental
impacts of solid waste management practices in Khanty-Mansiysk and Surgut as compared to
other alternatives. The researchers used the LCA-IWM model to compare various alternatives
of solid waste management. Recently, Vinitskaia et al. (2021) [39] used LCA to evaluate the
existing and the proposed municipal solid waste management system in Moscow. The study
evaluated six scenarios of waste management and found that the largest emissions reduction
potential was associated with the refuse derived fuel (RDF) option.

Eco-Industrial Parks in Russia

EIPs will become the basis for Russia’s promotion of circular economy [40].
Dorokhina (2018) [12] explored the possibility of adopting the Chinese experience
in establishing the EIP in the Russian Federation. According to the Strategy for the
Development of Industry for the Processing, Utilization, and Disposal of Industrial and
Municipal Waste of the RF until 2030, an eco-industrial park (in Russian eco-techno park)
is a united and interdependent complex of industries that utilize materials and energy
flow in the process of waste treatment and utilization to manufacture new products, where
scientific research and/or educational activities are integral parts of such complexes [15,41].
Thus, from the legislative point of view, an eco-industrial park is an industrial cluster that
includes sorting, recycling, and disposal activities of waste within one site [12,42].

In nine regions of the Russian Federation, thermal schemes and regional programs
for waste management (including MSW) have been approved. Such programs provide the
possibility of the creation of eco-industrial parks. However, none of the regional programs
gave a detailed definition and description of the eco-industrial parks; they only denote
them as facilities for complex waste processing [41]. As such, this raises many questions on
the role of EIP in promoting a CE model in the country.

One major goal of the Russian solid waste strategy is that by the year 2030, about 80%
of generated solid waste will be diverted from landfills to recycling facilities as compared
with the current level of 10%. The construction and operation of eco-industrial parks in
Russia will help in achieving that goal [42]. Therefore, it is planned by the year 2030 to
build and operate 70 eco-industrial parks [15]. Figure 1 shows the locations of operating,
under construction, and planned EIPs in the Russian Federation.

Currently, eco-industrial parks are in operation in the Perm, Kurgan, Volgograd,
Astrakhan, and Rostov regions, while another ten regional eco-industrial parks with a total
capacity of more than 2 million tons per year are at various stages of operation, construction,
and design in the Southern Federal District [43].

The main objective of this study was to review the status of the transition from
a linear to circular economy in Russia and to identify the challenges that are facing such
a transition. Furthermore, the potential role of EIPs in promoting the CE concept in Russia
was analyzed by assessing the environmental impacts of a model EIP as a case study using
life cycle assessment (LCA).
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Figure 1. Location of eco-industrial parks in the Russian Federation.

2. Materials and Methods

To achieve the objectives of the study, an extensive literature review on the status of CE
both worldwide and in Russia was conducted. To understand the latest progress achieved
in moving from a linear to a circular economy, searches within different databases, such
as Scopus and web of science, and search engines, such as Google scholar, were carried
out. The searches were based on two criteria, namely high impact journals and the relevant
key words. As a result, scientific articles, reports, and documents were collected, reviewed,
and analyzed. A critical analysis of the CE and the role of EIP in promoting such a model
in Russia was carried out. Data on the EIP case study was collected. Information on the
amounts and composition of solid waste in Russia was obtained.

2.1. Study Area: Case Study Eco-Industrial Park

For the purpose of this study, one of the EIPs in Russia was selected and its operations
subjected to LCA analysis. It is one of the first EIPs in Russia for the sorting, processing,
and disposal of municipal solid waste. The total area of the EIP is 1600 hectares. The annual
capacity of the EIP is 1.813 million tons of mixed municipal solid waste that is generated
in Moscow (the Moscow region generates a total annual amount of 11 million tons). The
EIP has two sorting plants that recover recyclables from the mixed solid waste stream.
Each plant has an annual capacity of 500,000 tons. The components recovered include
ferrous and non-ferrous metals, glass, paper, plastic, and electronic scrap. After sorting,
food waste is directed to composting. The residual material, after sorting, is directed to
a nearby sanitary landfill, where the produced compost at the EIP territory is applied as
a cover on the top of the landfilled waste.

2.2. Life Cycle Assessment

To assess the ecological performance of the case study eco-industrial park, the LCA
method is used in compliance with ISO 14040 standard. LCA is defined as a tool to assess
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the environmental benefits and burdens associated with waste management systems during
its life cycle [44]. LCA analysis consists of four interrelated steps as follows:

2.2.1. Goal and Scope Definition

The goal and scope definition step includes the identification of the functional unit as
well as the system boundaries. The primary goal of the study was to evaluate the role of the
eco industrial parks in Russia in promoting the circular economy concept using a case study
EIP. Environmental performance of the EIP was analyzed based on LCA using Simapro 9
Software version [45]. The functional unit (FU) used in the study was 1.813 million tons of
municipal solid waste, where all the emissions and impacts were calculated based on this
unit. To describe the environmental flows of the system, system boundary was determined.
Figures 2 and 3 illustrate the system boundary used in the study which indicates the inputs
and outputs of the system. As can be seen, the boundaries of the system were limited to
landfill and EIP processes. The collection and transportation activities of the solid waste
were excluded from the LCA analysis.

Figure 2. Business as usual scenario where the solid waste is dumped into landfill (scenario 1).

Figure 3. Layout and system boundaries of the eco-industrial park (Scenario 2).
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2.2.2. Scenarios

In order to achieve the study objectives, it is important to identify the solid waste
management scenarios. The study covers two scenarios, namely direct landfilling of solid
waste, which is the main practice that is currently applied in Moscow (business as usual)
as shown in Figure 2. Under this scenario, it is assumed that the whole amount of the
solid waste (1.83 million tons) is diverted to the landfill. On the other hand, the second
scenario is based on the fact that 1.813 million tons per year of municipal solid waste will
be diverted from the landfill to the EIP, where it will be subjected to sorting and material
and energy recovery. The recyclable items include metals, paper, and plastic. The organic
fraction of the waste will be subjected to composting, while the energy recovery happens
through incineration and briquettes-making from wood waste (Figure 3). The residual
materials, after sorting the mixed solid waste, will be disposed of in a landfill.

2.2.3. Life Cycle Inventory

Life cycle inventory analysis identifies the list of materials as well as energy input and
output. The data on the input and output were obtained from the documents published
on the web about the EIP. This includes the annual amount of solid waste received on the
facility from Moscow, the energy and water needed to run the facility, and the amounts of
waste directed to recycling, energy recovery, and composting. Furthermore, the data on the
recovered product types and amounts were collected. Table 1 shows the inputs and outputs
from the EIP, while the composition of the solid waste generated in Moscow is shown in
Figure 4. The compiled data from the LC inventory were introduced into SimaPro software
version 9 [45]. Since the data on the waste quantities are available, and the waste treatment
processes and recovery are well established, the cut-off approach was used in determining
the level of environmental impacts [46]. The cut-off level used in the assessment was 1%.
The main characteristics and assumptions for the LCA of the EIP processes are presented
in Table 2.

Table 1. Materials and resources Input and output of the case study EIP.

Input Output

Solid waste quantity 1,813,000 ton/year 101,824 tons/year to landfill

Sorting 1,000,000 ton/year

Material recovery from sorting 245,115 t/y. This includes

- Paper, cardboard 133,260.0 ton/year
- Black metal 24,792.3 ton/year
- Non-ferrous metal 11,598.3 ton/year
- Glass 33,060.0 ton/year
- Plastics (MIX) 42,404.8 ton/year.
- Compost 300,000 ton/year

Composting (25% food of waste) 453,250 ton/year 300,000 ton/year

From bulky to RDF 270,000 ton/year RDF, 193,802 t/y

WtE plant 253,200 ton/year Energy, 35 Mwh

Plastic fraction 254,800 ton/year PET, PE, PP
46,852 ton/year

Water 390,000 m3

Electric Energy 35 Mwh

Natural gas 1,200,000 nm3
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Figure 4. Physical composition of solid waste generated in Moscow Region [47].

Table 2. Main characteristics and assumptions of the EIP processes.

Waste Treatment Process Main Characteristics and Assumptions

Incineration with energy recovery Design capacity of 253,200 tons per year, where all the energy recovered will be used
for the operation of the EIP and will produce 10% ash that will be landfilled.

Sorting and material recovery facility
Two lines of sorting with an annual capacity of 500,000 tons each. It is assumed that all

the solid waste received is mixed and not being subjected for sorting at source.
Collection and transportation to the EIP are excluded from the LCA analysis.

Composting

All the biodegradable organic fraction is separated and subjected to composting. The
amount of the solid waste that will be subjected to composting is 453,250 tons per year
(25% of the generated waste) to produce 300,000 tons per year of finished compost. All

the produced compost is assumed to be used as a final cover of the landfill that is
located within the EIP boundaries.

Landfilling
It is assumed that all the residual waste, after separation and energy recovery, will be

directed to the sanitary landfill. The estimated landfilled waste is about
101,824 tons/year and assumed to be inert; it will not be subjected to biodegradation.

2.2.4. Impact Assessment

In the LCA impact assessment phase, the impact categories are identified, and their
magnitude is assessed. In this study, impacts were modeled by the widely used midpoint
model for the reduction and assessment of chemical and other environmental impacts,
TRACI 2.1, which has been expanded and developed for sustainability metrics and ex-
presses impacts in terms of discrete environmental effects [48]. This method covers the
following impacts categories followed by their units for each:

• Global warming (kg CO2 eq);
• Ozone depletion (kg CFC-11 eq);
• Smog formation (kg O3 eq);
• Respiratory effects (kg PM2.5 eq);
• Acidification (kg SO2 eq);
• Eutrophication (kg N eq);
• Toxic carcinogenic and noncarcinogenic substances (CTUh);
• Fossil fuel depletion (MJ surplus);
• Ecotoxicity (CTUe).
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2.2.5. Interpretation

The interpretation stage includes presentation and analysis of the results. The highest
impacts based on two scenarios are presented. To check the reliability and robustness of the
results, sensitivity analysis was carried out. This was performed by investigating how the
variation in the inputs values will affect the outputs. In this study, the impact of variation
in the sorted solid waste quantity on the values of the emissions was assessed.

Figure 5 shows a flow diagram of the methodology followed in conducting the
LCA analysis.

Figure 5. Flow diagram of the methodology followed in conducting LCA analysis.

3. Results and Discussion

3.1. Circular Economy in Russia

In Russia, the concept of circular economy is not mature enough, as is the case in many
EU countries. The enabling drivers are not yet developed enough to move the country
toward a more sustainable and efficient consumption and production system. The barriers
and challenges that the adoption of CE in Russia faces come under three main categories
as follows:

3.1.1. Administrative and Regulatory Barriers

Among the barriers that the adoption of a CE model in Russia faces are the absence of
institutional support with appropriate structure and lack of public awareness and decision
makers’ knowledge [7,49,50]. Therefore, decision makers need to better understand the CE
principles in order to develop an appropriate supportive framework.

Bogoviz et al. (2021) [51] proposed an organizational administrative model for a CE
in Russia. According to the model, a structural hierarchy has been proposed with higher
levels of decentralization and dependence, in which the state role is limited to issuance of
regulations and standards, monitoring of compliance, and finance. One core principle of
the CE is the efficient use of resources by the industry. According to a survey conducted by
Ratner et al. 2021 [49], Russian firms are suffering from the complexity of administrative
and regulatory procedures to increase resource efficiency, where the rules and regulations
are outdated, which is leading to high cost of projects to adopt resource efficiency. As
a result, the use of renewable energy by the Russian industrial firms is very limited. Only
3.8% of the companies covered by the survey conducted by Ratner et al., 2022 [49], are
using renewable energy. According to Liubarskaia and Putinceva (2021) [52], Russia is
lacking well developed legislation for secondary resources circulation. This suggests the
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urgent need for radical changes in the regulatory frameworks to create enabling conditions
for the industry to improve their resource efficiency.

3.1.2. Knowledge and Awareness Barriers

One of the prerequisites to institutionalize sustainable solid waste management ap-
proaches based on the principles of circular economy is the availability of qualified and
trained human resources. Educational institutions including universities are agents of
change for sustainability [53], and play a vital role in overcoming the issues of lack of
awareness, consumers’ behavior, and knowledge in the field of CE [54,55]. In Russia, higher
educational institutions can help in building capacity by preparing qualified human re-
sources, in order to create a critical mass of experts that will enable the smooth transition of
Russia towards a CE model. To achieve this objective, Russian institutions gradually started
incorporating circular economy aspects into their curriculum (for example, RUDN Univer-
sity, Irkutsk National Research Technical University, Perm National Research Polytechnic
University). In order to join the fragmented efforts, in 2021 the Russian environmental
operator (REO), in collaboration with 15 Russian universities and leading companies spe-
cializing in solid waste management, formed a consortium for capacity building by training
personnel in the field of CE. Moreover, within the framework of the working group on
extended producer responsibility (EPR) representatives of leading higher education insti-
tutions, such as RUDN University and RANEPA, are actively involved in promoting the
circular economy in training programs.

International agencies, such as the German International Association for Development
(GIZ), also play a crucial role in the capacity building efforts. Within the framework of
a project titled “Climate-Neutral Waste Management in the Russian Federation”, GIZ
Russia took the initiative to develop training materials for decision makers working in the
Russian waste sector, to build their capacities in order to introduce the circular economy
principles into the Russian waste management system.

3.1.3. Financial Barriers

Access to finance is a major issue for the enterprises engaged in CE to improve their
sustainability performance. According to the International Financial Corporation of the
World Bank [56], the main barrier to the development of waste industry in Russia is the lack
of finance to construct waste processing facilities. Larchenko et al. (20121) [50] reported
that economic barriers, including financial support to enterprises, to adopting CE are one
of the serious obstacles. The smaller the size of the firm, the more difficulty there is in
obtaining finance [57].

In the EU, extended producer responsibility (EPR) principle has emerged as a signif-
icant tool which fosters the enforcement of the circular economy package [58], while in
Russia, EPR is one of the pillars of the new regulatory package of solid waste management.
According to the Federal Law FZ 89 of the year 2014 on Waste Production and Consump-
tion, the EPR was introduced as a financial mechanism to help in the transition towards
a circular economy. However, the proposed structure of the EPR policy has certain short-
comings [9]. For example, the environmental fees under the proposed EPR system for PET
and paper are far below the cost of obtaining materials ready for recycling, which hinders
the financial sustainability of recycling such items. Another issue that faces the adoption of
EPR is the absence of a well-established market for secondary materials. However, starting
from 2018, several materials, such as scrap metals, paper, car tires, polymers, electrical
appliances, and electronic waste, have been banned from disposal into landfills, yet the
market for secondary materials is still in its initial development stage [40,43]. The need for
the involvement of all stakeholders, including generators of solid waste, manufacturers,
and regulatory agencies, is a major factor in the successful implementation of an EPR
system. Creating economic incentives for the enterprises, especially medium and small
(MSE) ones, to adopt CE initiatives will decrease the risks for such businesses in investing
in recycling, recovery infrastructure, and eco-technologies for closing the loop.
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3.2. Eco-Industrial Parks and Circular Economy

EIPs play a significant role in promoting circular economy models. In Russia, such
projects help in the adoption of the CE concept to achieve sustainable development in
the country [59]. According to Ratner et al. (2022) [49], one of the preferred options for
Russian firms to promote the CE on a company level, is to have demonstration projects
and to enhance cooperation with enterprises in other sectors for waste exchange and
material reuse. EIP lends itself as an appropriate vehicle to demonstrate the collaboration
of various industries residing at the EIP level. Therefore, developing and operating EIPs
can serve to achieve the objectives of the circular economy. However, in the Russian
Federation, attention should be directed not only for the development of EIPs, but also for
the optimization of their operations to promote the circular economy model [40].

The exponential increase in the amounts of solid waste generation and the absence of
infrastructure for source separation of municipal solid waste is a serious problem that is
reflected in the efficient operation of EIPs in Russia [60], and consequently on the circular
economy concept [59,61]. Realizing this fact, the Russian government decided to move
from traditional end-of-pipe technology into a more sustainable and integrated solid waste
management approach, where the circular economy is one of the core pillars [62]. To achieve
that, a territorial waste management scheme was introduced to all major cities of the country,
and regional operators were appointed to implement waste management activities including
transportation, utilization, and final disposal. According to the new arrangements, a two-bin
source separation system is being introduced in Moscow [39]. Such arrangement will pave
the way for better performance of EIPs to achieve the circularity objectives.

3.3. Life Cycle Assessment Analysis

Life cycle assessment was carried out in this study to assess the environmental and
health impacts of the case of EIPs in Russia based on two scenarios. The baseline scenario
mainly represented the business-as-usual conditions, where the solid waste generated
is being hauled to an unsanitary landfill which lacks leachate and biogas management
systems, while scenario 2 is diverting an annual amount of 1,813,000 tons from the landfill
to the EIP with different treatment and recovery options, as shown in Figure 3.

The results of LCA characterization analysis for each impact category for both scenarios
are presented in Table 3. As can be seen from the characterization table, the landfilling sce-
nario has higher impacts when compared with landfilling under EIPs in all environmental
impact categories. This is in line with the findings of Rajcoomar and Ramejeawn, (2016) [31],
who reported that landfilling scenarios have the highest values of impacts. As shown in
Table 2, the total global warming potential of the landfilling scenario is 9.05 × 108 kg CO2
eq. This global warming impact is mainly due to the fact that there is no gas control
and management system in the landfill, where all the generated greenhouse gases are
emitted to the atmosphere. Considering the total annual amount of the landfilled solid
waste is 1.813 million tons, the per ton greenhouse gas emission is 500 kg CO2 eq/ton.
This is in agreement with the value that was reported by Vinitskaia et al. (2021) [39], who
found that landfilling in Moscow region is emitting 0.5 t CO2 eq per 1 ton of disposed
solid waste. Another study by Abu Qdais et al. (2019) [63] found the greenhouse gas
emissions from landfills is about 1115 kg CO2 eq/ton, which is more than twice of the
value reported in the current study. This is may be attributed to the fact that the study
by Abu Qdais et al. (2019) [63] was conducted for Jordan, where the organic fraction of
municipal solid waste (food) is greater than 50%, and the country is located in a hot arid
climate, which is not the case in Moscow, where the organic percentage is 25% and the city
is located in a cold region. In addition to the greenhouse gases emitted, there are other air
pollutants emitted under both scenarios that include PM 2.5, chlorofluorocarbons (CFCs),
and smog.
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Table 3. Values of all impact categories for the two landfilling scenarios.

Impact Category Unit
Landfilling

(S1)
Landfill Eco-Industrial

Park (S2)
Percent

Reduction/Increase

Global warming kg CO2 eq 9.05 × 108 3.70 × 108 59%

Eutrophication kg N eq 2,475,291 460,371.03 81%

Acidification kg SO2 eq 249,148.17 184,625.32 26%

Smog kg O3 eq 3,920,057.9 3,227,569.2 18%

Ozone Depletion kg CFC-11 eq 6.9706184 1.2806006 81%

Carcinogenic CTUh 3.7935234 0.26318803 92%

Non carcinogenic CTUh 7.3697049 0.2988090 96%

Ecotoxicity CTUe 1.64 × 108 5,372,424.5 96%

Fossil fuel depletion MJ surplus 60,254,697 52,659,851 13%

Respiratory effects kg PM2.5 eq 26,690.386 40,035.7 +33%

Under the second scenario, the landfill has a lower global warming potential than
under the first scenario, as the biodegradable organic fraction of the solid waste is diverted
from the landfill to be subjected for composting, where the landfill under this scenario
receives only inert waste from the residues of the EIP processes with compost as a landfill
cover. Moreover, it can be noticed from Table 3 that the second scenario (EIP) has less
environmental and public health impacts by different percentages, except for the respiratory
effect where the landfill scenario impact is less than the EIP scenario by 33%. The total
global warming potential of the second scenario is less by 59% of the first scenario, while
the eutrophication, acidification, smog, ozone depletion, carcinogenic, non-carcinogenic,
eco-toxicity, and fossil fuel depletion impacts under the second scenario are reduced by
81%, 26%, 18%, 81%,92%, 96%, 96%, and 13%, respectively.

Each process of the EIP has a contribution to the various impacts categories. Figure 6
presents the results of LCA characterization of the EIP processes, which shows the share of
each EIP process to various impact categories. It can be seen that the landfill has the highest
share in the eutrophication and global warming impacts with 100% and 95%, respectively.
These findings are also confirmed by other researchers [30,34]. Under the EIP scenario, the
landfilling contribution to impacts other than global warming is minimal, ranging from zero
to 10%. On the other hand, it can be observed that solid waste sorting has an environmental
benefit for all impact categories, where it ranges from 20% for eutrophication to 95% for the
respiratory effect impact category. Organics composting has a minimal share in all impact
categories, ranging from 2 to 5%.

Figure 6. Contribution of each EIP process to various impacts categories.

Table 4 shows sensitivity analysis as a result of diverting 10% and 20% of the solid
waste from the landfill to the sorting process at the EIP. It can be observed that the en-
vironmental impacts have been decreased by different percentages ranging from 22% to
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698%. For example, diverting 10% of landfilled solid waste to a sorting facility at the EIP
led to a reduction in the global warming impacts from 2.60 × 107 to −9.09 × 107 kg CO2
eq (i.e., 249% decreasing). This may be attributed to the decrease in the volume of raw
material mining as a result of recycling metals, glass, and different types of plastics. These
percentages were doubled when the 20% of landfilling was reduced. This explains the large
difference in global warming impacts when the quantity of sorting increases. Vintiskaya
et al. (2021) [39] reported emission reductions of 90–1850% during sensitivity analyses for
municipal solid waste management systems in Moscow.

Table 4. Sensitivity analysis based on 10% and 20% diversion of solid waste from the landfill.

Impact Category Unit Emissions from
EIP (Scenario 2)

Emission with
10% Conversion

from Landfill

Emission with
20% Conversion

from Landfill

Decrease in the
Impact

Category for
10% Diversion

Decrease in the
Impact

Category for
20% Diversion

Ozone depletion kg CFC-11 eq −16.721524 −21.146866 −25.572208 26.50% 53%

Global warming kg CO2 eq 26,045,152 −90,906,690 −2.08 × 108 249% 698%

Smog kg O3 eq −14,728,371 −19,733,735 −24,739,099 33% 68%

Acidification kg SO2 eq −1,486,174.7 −1,909,028.5 −2,331,882.3 28.50% 57%

Eutrophication kg N eq 340,068.98 263,239.19 186,409.4 22.60% 45%

Carcinogenic CTUh −14.434815 −17.961323 −21.487831 24% 49%

Non carcinogenic CTUh −44.415678 −55.6601 −66.904522 25% 50.6%

Respiratory effects kg PM2.5 eq −291,183.18 −368,841.4 −446,499.62 26.7% 53%

Ecotoxicity CTUe −2.52 × 108 −3.13 × 108 −3.74 × 108 24% 49%

Fossil fuel
depletion MJ surplus −5.15 × 108 −6.46 × 108 −7.77 × 108 25% 51%

4. Conclusions and Recommendations

Although circular economy models have been successfully adopted in many countries,
the concept is still immature in the Russian Federation. The solid waste management in the
country, until recently, was a disposal-driven system, where about 90% of the generated
solid waste found its way in most cases to unsanitary landfill sites. Such practices are
neither safe nor economic. The Russian government realized that such an approach does not
serve the objectives of sustainability, and started making radical changes to the solid waste
regulatory framework. The national solid waste management strategy calls for diverting
80% of the generated solid waste to recycling facilities by the year 2030, which will enhance
the adoption of CE in the country. Despite this, there are still several challenges which need
to overcome in order to secure a smooth transition to CE. Among such challenges is the low
level of solid waste separation at source. Furthermore, the lack of enabling institutional
framework and availability of human resources that are capable of leading the transition to
CE are other issues that need to be resolved.

One of the aspects that could help in achieving sustainable solid waste management in
Russia is the establishment of EIPs. Such enterprises divert significant amounts of items that
exist in the solid waste stream from landfills to be reused and recycled as a result of material
and energy recovery. By applying the LCA model to one of the operating EIPs in Russia, the
study showed a decrease in both environmental and health impacts of an EIP scenario as
compared to the baseline scenario where the waste disposed into landfills. Normalization
of the assessed impacts has shown that eutrophication, carcinogenic, and global warming
are the highest among all the impacts, while the ozone depletion, acidification, fossil fuel
depletion, and smog impact categories are minimal.

The results of the study indicate the necessity of creating an enabling environment to
efficiently adopt the CE principles in Russia. Russian universities are in a good position
to lead the process of capacity building in institutions that are involved in the implemen-
tation of CE strategies. Such capacity-building efforts should be performed in a better
collaboration with industry and public authorities. LCA is an effective tool to analyze
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waste management options based on their environmental performance. Applying the
LCA analysis to one of the EIPS in Russia has shown that EIP recycling and recovery
activities can reduce both environmental and health impacts, as compared to traditional
waste management that relies mainly on landfilling. One of the limitations of the study is
that the marketing of the products is not within the boundaries of the study. This is due to
the absence of data on the marketing stage. Therefore, it is recommended that further LCA
studies should be directed to assess EIPs’ performance that includes marketing.
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Abstract: Solid waste management in most MENA countries is characterized by lack of planning,
improper disposal, inadequate collection services, inappropriate technologies that suit the local
conditions and technical requirements, and insufficient funding. Therefore, waste management is
mainly limited to collection, transportation, and disposal. As the circular economy has recently been
given high priority on the MENA region’s political agenda, all MENA member states are seeking to
move away from old-fashioned waste disposal, “waste management”, towards a more intelligent
waste treatment, “resource efficiency”. This paper presents a comprehensive overview of national
systems for municipal solid waste (MSW) management, and material and energy recovery as an
important aspect thereof, in the context of the circular economy in selected countries in the MENA
region. Since policy, regulation, and treatment technologies are traditionally connected to MSW
management, the focus of this article is twofold. Firstly, it aims to identify the different practices
of solid waste management employed in selected MENA region countries and their approaches
to embracing the circular economy and, secondly, it examines the extent to which policies and
technologies applied play any role in this context. The study revealed that most waste management
issues in the countries analyzed appear to be due to political factors and the decentralized nature of
waste management with multi-level management and responsibilities. In fact, material and energy
recovery in the context of municipal solid waste management does not differ significantly in the
countries in the MENA region considered. In most cases, “waste” is still seen as “trouble” rather than
a resource. Therefore, a fresh vision on how the solid waste management system can be transformed
into a circular economy is required; there is a need for paradigm shift from a linear economy model
to a circular-economy model.

Keywords: solid waste management (SWM); legal framework; financial framework; treatment
technologies and disposal; MENA region
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1. Introduction

The MENA region covers an area of more than 15 million square kilometers and has
about six percent of the world’s population, equivalent to the population of the European
Union (EU). The total population of the region has increased from about 100 million in 1950
to about 465 million in 2020 [1,2].

The MENA region is characterized by its dependence on its non-renewable resources
It includes 20 countries, with a total population of about 465 million (Table 1). The three
smallest countries, Bahrain, Djibouti, and Qatar, each have populations of 1.7 million, 1.0,
and 2.9 million, respectively. In contrast, the two largest countries, Egypt and the Islamic
Republic of Iran, have about 102 and 84 million people, respectively. Along with Algeria,
Morocco, and Sudan, these five most populous countries account for about 70% of the
region’s population. About half of the population lives in cities [1].

Table 1. Population of MENA region countries [1].

MENA Member
Country

Population
in Million

Inhabitants

MENA Member
Country

Population
in Million

Inhabitants

Egypt 102 UAE 9.8
Iran 84 Israel 9

Algeria 44 Lebanon 7
Iraq 40 Libya 7

Morocco 37 Oman 5
Saudi Arabia 35 West Bank & Gaza 4.8

Yemen 30 Kuwait 4
Syria 17.5 Qatar 2.9

Tunisia 12 Bahrain 1.7
Jordan 10.2 Djibouti 1

Currently, solid waste management (SWM) is one of the most important environmental
challenges facing countries in the Middle East and North Africa (MENA) region. This is
attributed to the rapid growth of the population, a booming economy, rapid urbanization,
and high standards of living in the community, which have significantly accelerated the
rate of solid waste generation [3,4]. The provision of an efficient and sustainable waste
management system that takes into account the potential impact on public health and the
environment is critical to most governments in the region.

In general, the waste resource sector across the region is insufficiently regulated.
Notwithstanding continuous attempts, most countries in the MENA region have not yet put
in place appropriate long-term legislation and strategies in the field of waste management
and the circular economy [4]. The waste management system in the region faces many
obstacles, for example, but not limited to, lack of planning, centralization of authority
at the national level, overlapping of powers and responsibilities, lack of coordination
between relevant institutions and ministries, insufficient cost recovery mechanisms, lack of
trained and skilled personnel, inequality in service between rural and urban areas, and the
lack of reliable databases [5,6]. The inability of the existing waste management systems
and municipal administrations to cope with the growing waste-generation rates and the
pressures placed on waste infrastructure has led to significant health and environmental
problems in the region. Demand for municipal services continues to outstrip the capacity
of systems and infrastructure that have already seen years or even decades of under-
investment, unreliability, and high costs [7,8].

Despite the fact that, recently, many countries in the MENA region have introduced
the concept of Integrated Solid Waste Management (ISWM), to date, there have been no
tangible results in terms of reducing the amount of waste that is landfilled or dumped. The
latter remains the primary waste disposal practice in most MENA countries, being poorly
managed and lacking most basic engineering and sanitary procedures for collecting and
treating gas and leachate. However, collection and sorting, composting, incineration of
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medical waste, and sanitary landfills are starting to be practiced, while recycling, reuse, and
resource recovery are still in the initial stages [7–9]. Against this background, a fresh look
is required and there is a need for a new a joint vision on how the solid waste management
system can be transformed into a circular economy. Being the main drivers of the transition
towards a sustainable waste management system, the policies, strategies, and practices
in place that regulate the performance of waste management in the region should be
comprehensively reviewed. To this end, the aim of this study was to identify the different
practices of solid waste management employed in selected MENA region countries and
their approaches to embracing the circular economy. A further objective was to examine
the extent to which the applied waste management policies, regulations, and technologies
play any role in the context of circular economy.

2. Municipal Solid Waste Generation and Composition in MENA Region Countries

The definition of municipal solid waste (MSW) can vary widely between countries.
Typically, the term municipal solid waste refers to solid waste generated from community
activities (for example, residential, commercial, institutional, and industrial). While con-
struction waste and hazardous waste are excluded from MSW in European countries, they
are considered to be domestic solid waste in most developing countries [10]. Municipal
solid waste is commonly called waste, garbage, trash, or refuse; hence, waste refers to the
waste generated from several activities.

The amount of MSW generated by developing countries is about 120 million tons
per year. This amount was generated by 16 countries (Table 2). The average values of
waste generation per capita in developing countries are relatively low, ranging from 0.5
to 1.1 kg/capita/day, compared to those countries in the Organization for Economic Co-
operation and Development (OECD) with an average value of 2.2 kg per capita per day [4].

Table 2. Municipal solid waste amount in the MENA region.

Waste kg/Day Disposal Route %
Country

Large City Rural
Waste Volume

Million Ton/Year Recovery Landfilling

Egypt 0.85 0.5 26.0 10 90
Algeria 0.8 0.6 13.5 8 92
Bahrain 2.7 1.1 0.8 5 95

Iraq 1.4 0.85 12.8 5 95
Yemen 0.6 0.35 3.8 7 93
Jordan 0.9 0.6 3.4 7 93
Kuwait 1.5 1.4 1.6 10 90

Lebanon 0.95 0.8 2.04 23 77
Libya 1.12 0.85 3.2 3 97

Morocco 0.76 0.3 7.4 9 91
Qatar 2.5 0.6 1.5 10 90
Oman 1.3 0.7 2.5 5 95
Saudi
Arabia

1.8 1.5 18 12 88

Syria 0.5 0.4 3.6 25 75
Tunisia 0.8 0.5 2.5 9 91

UAE 1.47 1.2 8.5 27 73

Having accurate and reliable data on waste composition is a critical factor for waste
management and utilization options. Moreover, the process of selecting an approach for
MSW management and treatment (recycling, energy recovery, etc.) is strongly influenced
by the composition, characteristics, and composition of the waste. Thus far, these required
data are not available in many developing countries, and if available they are in many
cases inconsistent. Moreover, most of the available data are based on theoretical estimation
rather than actual measurements [11,12].

A full description of the amount of waste generated and its composition in the four
targeted MENA region countries is provided next.
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2.1. Algeria

Given its surface area, Algeria is a large country; it is ranked tenth-largest in the
world by size. However, it has a very varied population distribution, with high population
densities in the north and very low in the south. The economic activities are concentrated
in urban areas and large metropolises; consequently, there is a major difference in the waste
generation between the cities in the country [13].

The total amount of municipal solid waste produced in the year 2020 is estimated
to be around 13.5 million tons. The daily amount of waste generation per capital is
about 0.80 kg/person/day. Municipal/household waste accounts for about 90% of all
households and the remaining 10% corresponds to other waste streams. Indeed, the amount
of waste generated is affected by several factors, the most important of which are the city’s
population and its nature (commercial, industrial, etc.) [14].

Availability of accurate and reliable data on the composition of the waste is essential
and crucial in evaluating and selecting appropriate waste treatment options. Waste compo-
sition, density, and moisture are important factors for managing treatment facilities and
also affect the waste collection process.

In this context, in 2014 and 2018, the Agence National des Déchets (National Waste
Agency) conducted two major national campaigns to determine the composition of the
waste generated in Algeria. The campaign, which was launched in April 2018, took
a year (until the end of March 2019) to monitor the differences in the composition of
the composition on a quarterly basis (Figure 1). It aimed to accurately determine the
composition of household waste and obtain updated data that would enable determining
the most appropriate waste treatment methods or technologies [14].

Figure 1. Average annual composition of MSW in Algeria [14].

The results show that organic materials dominate the waste composition, account-
ing for 54%, followed by plastics (18%), paper and cardboard (8%), textiles (12%), glass
(2%), metals (2%), and other (4%). Recently, a transition has been made from the com-
mon disposal practices applied in Algeria (illegal dumping) towards controlled sanitary
landfills, which reflects a real awareness of environmental protection and the need for an
integrated management of municipal solid waste. Currently, the waste generated in Algeria
is served through 122 to 146 technical landfills, 32 controlled landfills, 29 sorting centers,
and 54 Class 3 landfill technical centers (for inert waste), in addition to the rehabilitation of
40 unauthorized dumpsites [14].

Regarding the recycling activities at the national level, compared to other sectors,
ferrous metals constitute the most important recycling sector, where the amount recovered
annually is about 628,915 tons. This includes scrap, steel, and iron castings.
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As for the recycled plastic and paper and cardboard waste, the amounts are about
304,321 and 108,396 tons, respectively, annually. In addition, similar amounts of non-ferrous
metals and wood are also recycled [14].

2.2. Egypt

Egypt generates around 26 million tons of MSW annually [15], thus representing
almost one-third of the solid waste types generated in the country [16]. The MSW generation
rates vary greatly between rural and urban areas. About 45% of the generated MSW comes
from Greater Cairo (Cairo, Giza, and Qalioubiya governorates) and Alexandria, with a
total population of 30.7 million generating 32,570 tons/day and with a collection efficiency
between 50 and 70%. These regions are followed by the Delta region consisting of the
seven governorates of Beheira, Kafr El-Sheikh, Gharbia, Monufia, Sharqia, Dakahlia, and
Damietta. This area has a total population of 36.4 million, which generates 30% of the total
MSW (Figure 2).
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Figure 2. MSW generation distribution in Egypt [15].

The MSW collection coverage of the Delta region is only 50%, as the area is challenged
by the shortage of public land for waste treatment due to the agricultural activities and land
ownership, leading to a great deal of waste being dumped on vacant land or agricultural
drains, causing severe negative environmental and public health implications. Lastly, the
other 16 governorates, with a population of 35 million, generate the remaining MSW, which
represents 25% of the waste generated. On these bases, MSW generation rates across the
Egyptian governorates vary between 0.3 and 2.0 kg/capita/day [17,18] (CAPMAS, 2021;
MoE, 2020).

The MSW composition in Egypt is 56% organics, 13% plastics, 10% paper and card-
board, 4% glass, 2% metals, and 15% other material [16], as shown in Figure 3. However,
MSW composition varies significantly across the different governorates, where the organic
fraction can range between 41 and 70%, plastic between 6 and 16%, glass between 1.5 and
9.4%, and metals between 1 and 8% [19].
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Figure 3. Average annual composition of MSW in Egypt.

Concerning the current waste management practices in Egypt, according to the most
recent statistics issued by the Egyptian Ministry of Environment, MSW management in
2016 was based on open dumping (81%), a small recycling share (12%), and only 7%
was landfilled [16]. Nevertheless, since its establishment in 2018, the Egyptian Waste
Management Regulatory Authority (WMRA), has been working hard to improve its waste
management status through enhancing recycling rates, by promoting composting, and RDF
production. Currently, it is assumed that less than 10% of the OFMSW generated in Egypt
is composted as the process is not economically feasible [20], while for RDF production,
the Egyptian government is seeking to encourage production and its utilization in cement
plants [21].

2.3. Jordan

The solid waste generation in Jordan has been continuously increasing. However, due
to the influx of Syrian refugees, the country has witnessed a sharp increase in the amount
of solid waste generated [8,22]. The amount of solid waste collected in 2015 (3,365,261 tons)
is greater by 24% than that collected in 2013 [8,23].

As is the case in most developing countries, the solid waste generated in Jordan is
mainly composed of organic materials. Figure 4 shows the composition of solid waste
generated by different sources in the City of Irbid [22].

2.4. Morocco

Morocco generates 7.4 million tons of municipal solid waste annually. The solid
waste generation per capita is estimated at 0.76 kg/day/capita and 0.3 kg/day/capita in
urban and rural areas, respectively. About 70% of household waste produced in Morocco is
organic, with a moisture content of 70%, which causes the leachate problem. The proportion
of recyclable waste ranges between 15 and 25%, 5–10% of which is paper and cardboard,
6–10% plastic, 1–4% metal, and 1–2% glass (Figure 5).

The total amount of organic waste in Morocco is estimated at 68.6 to 90.04 million
tons annually including food industry, agricultural residues, wood residues, and other
organic waste. Sewage sludge is estimated to be about 234,000 tons in 2020. The amounts
of industrial waste and demolition and construction waste are about 5.4 million tons and
14 million tons, respectively. As for medical waste, it is about 21,000 tons/year, of which
6000 tons are hazardous waste [24].
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Figure 4. Solid waste composition generated by different sources in Irbid City, Jordan.

Figure 5. Solid waste composition generated by different sources in Morocco.

3. Municipal Solid Waste-Management Practices

Some waste management practices are more costly than others, and integrated ap-
proaches facilitate the identification and selection of low-cost solutions. Some waste
management activities cannot bear any charges; some will always be net expenses, while
others may produce an income. An integrated system can result in a range of practices
that complement each other in this regard [25]. This means that the integrated solid waste
management hierarchy cannot be followed strictly since, in particular situations, the cost
of a prescribed activity may exceed the benefits, when all financial, social, and environ-
mental considerations are taken into account. The MSW practices can be divided into four
main activities:
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• Sorting and collection: Waste sorting is the process of separating MSW into different
types. Waste sorting can occur before or after the waste is collected. The collection
process involves collecting waste from households, from community and street bins,
or from bulk generators in large containers or vehicles. It extends to activities such as
driving between stops, idling, loading, and on-vehicle compaction of waste.

• Recycling: After waste sorting, recyclables are reprocessed into products.
• Transfer and transportation: This process involves the delivery of collected waste to

transfer stations or treatment facilities.
• Treatment and disposal: Waste treatment is the process of disposing of waste after

collection. Waste can be buried at landfills or burned through an incineration process.
Non-recyclable waste items can be converted into compost or energy as various forms
of useable heat, electricity, or fuel.

These four activities are used to examine and analyze the current solid waste manage-
ment practices in the four selected MENA region countries, as described next.

3.1. Algeria

Up to 97% of the waste generated in Algeria is send to different controlled landfills
and dumping sites without any pre-treatment, which generates high levels of methane gas
due to the high amount of organic and water content. Specifically, 57% of the generated
waste is disposed in open landfills or dumpsites, and 30% is being burned in uncontrolled
open public or municipal landfills, while only 10% is disposed of in controlled or sanitary
landfills (Figure 6). On the other hand, the rate of recyclable material recovery from the
waste stream does not exceed 3%; only 1% of the waste generated is recycled and 2% is
subject to compost production [26]. It is clearly seen from Figure 6 that 87% of the generated
waste is disposed of in open / uncontrolled dumpsites. According to a survey conducted by
the Office of the Ministry of Regional Planning and Environment, more than 3130 surface
dumps have been identified in the country, with a surface area of about 4552.5 hectares.
Most of these dumps have almost reached their maximum capacity and cannot receive
more waste [26].

 

Figure 6. Methods of waste disposal in Algeria [27].

In 2001, the Algerian government decided to abandon the traditional model of waste
disposal through open landfills and move towards the use of sanitary landfills. Accordingly,
a plan was drawn up to establish 100 sanitary dumps, most of which were completed at
the end of 2010 [27].
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3.2. Egypt

Current waste management practices in Egypt do not include any source reduction
or segregation programs. However, change in consumers’ and residents’ consumption
patterns is often discussed as the cause of waste management challenges. These include
increased waste-generation rates, increased use of single-use plastics, the difficulty of
managing and treating mixed waste streams, inefficient use of resources, and, consequently,
increased rates of pollution and environmental degradation [16,28,29]. However, recently,
source reduction has been discussed extensively for managing single-use plastics, yet there
have still been no source reduction measures implemented.

In terms of waste collection, the collection coverage was 20% in 2015 and reaching a
maximum of 70% in Cairo city, the Egyptian capital. Improving waste collection is one of the
main waste management plans in Egypt, which aims to reach 80% by the year 2030. These
goals are also associated with the African Union Commission’s Agenda 2063, which calls
for improving urban waste collection services to cover nine out of ten people by 2023 [28,30].
Waste collection in urban areas in Egypt is conducted through an integration of formal and
informal sectors, where waste is formally collected from waste containers installed in the
streets for a fee collected from residential and commercial units, as discussed earlier [18].
However, the informal sector offers a door-to-door collection service in the neighborhoods
where the residents can afford to pay an extra fee for such services; recyclables are picked
out from the collected waste before disposing of it in the formal waste management chain.
Generally, it can be assumed that the collection costs in Egypt represent between 50 and
80% of the MSW management costs.

According to the MSW collection system practiced in Egypt, most of the recycling
activities are conducted through the informal sector and waste scavengers. The remaining
waste in the formal waste management chain is commonly managed to produce compost
and RDF, and to dispose of the rejects through landfilling and dumping. The OFMSW
represents up to 70% of the MSW and its typical management approach is composting;
however, that is challenged by the lack of appropriate compost quality that can comply
with the environmental standards. Since there are no MSW source separation practices
implemented in Egypt and MSW is collected as a mixed waste stream, there are substantial
concerns about inadequately produced compost which comprises heavy metals that exceed
the limitations of the Egyptian regulations [31,32]. Additionally, the process is not finan-
cially viable due to the compost’s low sale value at 50–80 EGP per ton after production
costs of up to EGP 200 [20]. Finally, for landfilling, Egypt is currently transitioning from
disposing of waste in illegal dumpsites to controlled and sanitary landfills [15,33].

3.3. Jordan

The waste sector in Jordan is governed by several national authorities including
municipalities, the Ministry of Local Administration (MOLA), and the Ministry of Environ-
ment (MoEnv).

Currently, Jordan generates around 3.2 million tons per year. On average, Jordanians
produce 0.81 kg of municipal waste per capita per day. Up to 90% of the solid waste
generated in Jordan (approximately 2.1 million tons) is disposed of at one of the existing
17 operating landfills. The Ghabawi landfill is the only landfill in Jordan that meets
international best practices. It was developed after a feasibility study. It has been subjected
to an environmental-impact assessment, and meets international design and construction
standards [5,34]. Currently, Al-Akeeder, which is the second-largest landfill in the country
and serves the northern Jordan, is being subjected to rehabilitation activities, where the old
cells are closed, while the newly opened cells are meeting sanitary landfilling standards.

Municipalities are directly responsible for the daily collection of waste, in addition to
bearing the full costs of the process of collection, transportation, and disposal in landfills.
This usually consumes 70% of the municipal budget allocated to waste management.
Thus, these duties can affect the limited financial resources available to cover these costs,
distracting from thinking about the indirect costs.
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The composition of municipal waste in Jordan is moving from a primarily organic
mixture to a more complex mixture with more plastic, paper, and cardboard, as well as
electronic waste. The composition of waste varies across the country, but in municipalities it
is generally 51% organic, 15% plastic, and 14% paper. More than 50% of the waste generated
by households is organic/food waste [9].

Recycling is still not practiced in Jordan on a formal level and the MSW is collected
as mixed waste without any source separation activities. The solid waste recycling rate,
which is 7%, is low, even when compared to the average of 10% in the Gulf Cooperation
Council (GCC) countries. Other waste types, such as agricultural waste [35], hazardous
waste, medical waste [36], construction and demolition waste, and electronic waste are
also generated in increasing volumes in Jordan, with insufficient means of treatment and
disposal. In terms of environmental impact, landfill waste is an important component
of Jordan’s greenhouse gas emissions profile, contributing 10% of the country’s total
greenhouse gas emissions [34].

Recently, the government has started moving towards improved practices of solid
waste landfilling by gaseous-emission reduction and leachate containment by both natural
and synthetic liners. The Ministry of Local Administration is responsible for overseeing the
implementation of the National Strategy and Action Plan (NSAP) for Municipal Solid Waste
Management 2015–2034, which prioritizes mitigating environmental degradation through
rehabilitation of dumpsites/unsanitary landfills, isolating the landfills by appropriate
fences and buffer zones, adding sanitary linings to manage the leachate, and capping to
reduce greenhouse gases (GHG) emissions.

3.4. Morocco

Nowadays, Morocco generates 7.4 million tons of municipal solid waste annually, 79%
of which is generated in urban areas. The per capita solid waste generation is estimated
at 0.76 kg/day/capita and 0.3 kg/day/capita in urban areas and rural areas, respectively.
However, the rate of solid waste production varies from city to city according to its nature
and classification (residential, commercial, industrial, etc.). Taking into account the annual
growth of municipal solid waste generation of about 1.36% and a collection rate of 96%,
the total amount of solid waste landfilled is estimated to be around 26.8 million tons.
According to figures published in the National Strategy for Waste Reduction and Recovery
in 2019, the amount of landfilled waste is expected to reach 39 million tons by 2030. In
2017, the amount of household waste generated was about 4.7 million tons, in addition
to 5.4 million tons of industrial waste and 14 million tons of construction and demolition
waste [24].The amount of organic waste disposed in Morocco ranges between 68.6 and
90.04 million tons annually, including food industry, agricultural residues, wood residues,
and other organic waste. The amount of industrial waste generated annually is about
5.4 million tons, in addition to 14 million tons of construction and demolition waste [24].
Organic waste dominates the waste composition, reaching about 70%, with a high water
content of about 70%. The proportion of recyclable materials in the generated waste ranges
between 15 and 25%, of which 5–10% is paper and cardboard, 6–10% plastic, 1–4% metal,
and 1–2% glass. In terms of waste treatment and disposal, 25 disposal and recovery centers
have been established since 2008. In the “Sorting, Recycling and Recovery” sector, priority
is given to energy recovery from waste through anaerobic digestion, landfill gas production
from sanitary landfills, incineration, and RDF utilization, while recycling is still in the
initial stages [37]. Since the introduction of the National Program for Domestic Waste
(PNDM) in 2008, Morocco has significantly improved the landfilling rate of domestic waste
in controlled landfills, from 10% before 2008 to 44% in 2015 [38]. The current recycling rate
is presented in Table 3. The remainder of the collected waste is deposited in the 300 illegal
landfills in the country. Similarly, the rate of waste collection, which is operated by private
companies under a public service license, has increased from 44% in 2007 to 86% in 2015.
From a financial point of view, the collection costs in the municipal solid waste management
budget are as royalty and range from 45 to 110 USD per ton, while landfilling costs range
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from 11 to 32 USD per ton [4,39]. Since the activation of the National Program for Domestic
Waste (PNDM) in 2008, about 25 landfill and waste recovery (CEV) centers have been
established across the country. A target of establishing 15 operational sorting centers in the
CEVs by 2025, and 25 in 2030, has been set by the SNRVD. The first waste sorting center
opened in September 2018 in Fez, ahead of the opening of the country’s largest sorting
center in Marrakesh. The production capacity of these facilities is between 300 and 768 tons
of waste per day, which makes it possible to strengthen the sorting, recycling, and recovery
channels required by the SNRVD and develop the capacity of local communities in terms
of waste treatment [24,39].

Table 3. Current recycling rate (2015 data) and new SNRVD objectives [24].

Recycling Rate Per Sector 2015 2025 2030

Plastics 25% 50% 70%
Cardboard and Paper 27% 50% 80%

Metals 46% 60% 80%
Used oil 36% 50% 70%
WEEE 12% 20% 40%

Batteries 30% 50% 80%
Tires 42% 60% 80%

4. Comprehensive Analysis of Municipal Solid Waste-Management Systems

4.1. Legal and Financial Frameworks in Target MENA Region Countries

One of the critical components that maintains the operation of highly advanced solid
waste management systems is the government’s ability to implement existing policies
and regulations as well as develop and issue new regulations and laws in line with the
requirements of the transition towards adopting sustainable solutions within the framework
of waste management and the circular economy. Below is a detailed description of the most
prominent laws and regulations covering waste management in the targeted countries in
the MENA region.

4.1.1. Algeria

Since the 2000s, an important legal directive has been put in place to allow Algeria
to respect the international commitments that the country has made and to ensure that
environmental issues are addressed from a sustainable development perspective.

In Algeria, the task of municipal solid waste collection has been delegated to the
municipalities by Law No. 01-19 of 12 December 2001 relating to waste management,
control, and disposal. This law defines the basic principles that lead to the integrated
management of waste, starting with its generation, followed by its collection, and ending
with its treatment and disposal. Table 4 summarizes the Algerian legislative acts for
municipal solid waste management [27].

In the waste management sector, Law 01-19 has been reinforced by several executive
texts taking into account the following principles:

• Prevention of and reduction in the production and harmfulness of waste at the source;
• The organization of sorting, collection, transport, and treatment of waste;
• The recovery of waste by reuse, recycling, and any other action aimed at obtaining,

from this waste, reusable materials or energy;
• The environmentally sound treatment of waste;
• Informing and raising citizens’ awareness of the risks presented by waste and their

impact on health and the environment, as well as the measures taken to prevent,
reduce, or compensate for these risks [38].
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Table 4. Algerian laws for municipal solid waste management [27].

Law and Executive Decrees The Related Field

Law N◦. 01-19 The management, control, and disposal of waste.

Law N◦. 03-10 The protection of the environment in the context of
sustainable development.

Executive decree
N◦. 02-175 The creation of the national waste agency.

Executive decree
N◦. 04-410

The general rules for the development and operation of waste
treatment facilities and the admission of waste at

these facilities.

Executive decree
N◦. 07-205

The modalities and procedures for the preparation,
publication, and revision of the scheme of municipal

household and similar waste management.

Executive decree
N◦. 04-199

The modalities for the establishment, organization, operation,
and financing of the public system of treatment and recovery

of packaging waste.

Several actors at both national and local levels are directly involved in waste manage-
ment in Algeria. Among these are:

• The Ministry of the Environment through its various instruments, in particular the
National Waste Agency, whose main mission is the accompaniment and support of
organizations active in the waste management sector, in particular local communities
(municipalities, collection operators, management institutions, etc.).

• The Ministry of the Interior, Local Authorities, and Regional Planning, which provides
financial and logistical support to the Communal People’s Assemblies by making
annual grants. The amount reserved for urban waste management is quite significant.

Other ministries are also involved in the field of waste management. These include
the Ministry of Health (dealing with medical waste), the Ministry of Industry (dealing
with special hazardous waste), and the Ministry of Agriculture (dealing with agriculture
waste and phytosanitary). Primarily, municipal waste management is the responsibility
of local authority cleaning services (APC). This makes it difficult to control and monitor
all phases of municipal solid waste: collection, transportation, treatment, and disposal of
waste. In each city, a private company affiliated with the local authority is established,
which is responsible for waste management in the concerned city, including the collection
of fees. The primary role of local authorities is to supervise and monitor the performance
of the private companies and ensure the cleanliness of cities. Despite the efforts made by
the government, the participation of local communities in the field of waste management is
still very limited. However, the average fee per person for household waste management
(mainly collection and disposal) ranges from 4 to 7 USD/year [14].

4.1.2. Egypt

Egypt generates around 26 million tons of MSW annually, with generation rate varying
significantly across the country. It has ambitious plans for improving the current MSW man-
agement systems [15]. To achieve these plans, numerous infrastructure waste management
projects are being initiated, and a regulatory framework has been established. Law 202
for 2020 promulgating the Waste Management Regulation Law was issued on 13 October
2020 by the Egyptian Ministry of Environment. However, the executive regulation of the
law has not yet been released. The law aims to develop the integrated management of
municipal, industrial, agricultural, demolition, and construction waste as well as their safe
disposal. The law also aims to reduce waste generation, promote reuse, and ensure the
recycling, treatment, and final disposal of waste, and finally, to manage waste in a way that
reduces damage to public health and the environment [18]. Concerning MSW, the new law
does not include any articles calling for mandatory source separation nor prohibiting the
landfilling of any specific waste streams or materials.
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The financial instruments applied for MSW management in Egypt involve a type
of pay-as-you-throw fee. However, the fee is based on an estimated waste-generation
rate that varies from one neighborhood to another across the different Egyptian cities and
governorates where the MSW generation varies from 0.3 to 2.0 kg/capita/day. The new law
states, in Article 34, that this fee ranges between 2 and 40 EGP per month per residential
unit, 30 to 100 EGP for commercial units, up to 5000 EGP for governmental and community
services establishments, and up to 20,000 EGP for commercial, industrial, and touristic
establishments. Residential and commercial units are identified according to the number of
electricity meters and, accordingly, the fees are collected with the electricity bills. Neverthe-
less, the fees collected only partly cover the waste management services’ financial needs,
which demand considerable municipal spending of approximately 7.2 billion EGP per year.
Consequently, the new law, in Article 16, calls for extending the producers’ responsibility to
cover the end-of-life environmentally sound management and disposal costs of their prod-
ucts; yet, according to Article 17, the government shall issue a decree identifying priority
products to be managed according to an Extended Producer Responsibility (EPR) financial
scheme [18]. This has been proposed as a solution for the current financial challenges
of waste management. The proposal relates to three waste streams that are extensively
present in MSW, which are tires, packaging, and waste electrical and electronic equipment
(WEEE) (Sustainable Recycling Industries, 2017). Furthermore, currently, the Egyptian
government are working on establishing a strategy for EPR implementation for packaging
waste, considering the different packaging materials available.

4.1.3. Jordan

Solid waste management within the urban and rural areas of the country is mainly
implemented by municipalities. On the other hand, the disposal process into the sani-
tary landfills and dump sites (excluding Greater Amman Municipality) is undertaken by
Joint Services Councils (JSCs), who own and operate 16 landfills. The JSCs are govern-
mental agencies that are formed from several member municipalities located within one
geographical region. They mainly deal with solid waste disposal [34,40].

Until recently, Jordan had no special bylaw that regulated the solid waste generated
in urban and rural centers of the country. However, in 2020, the Jordanian parliament
passed the Waste Management Framework Law for the year 2020. This identified five basic
principles of solid waste management, namely, prevention, the precautionary principle,
extended producer responsibility, the polluter pays principle, and the proximity principle.
Before passing the law, the Jordanian government endorsed the National Solid Waste
Management Strategy, which established a road map to shift from a disposal driven (end of
pipeline) solid waste management system into a more sustainable integrated system based
on the reduce, reuse, and recycle approach.

The main institutions that are responsible for solid waste management include the
Ministry of Environment (MoEnv), which is mainly concerned with the regulatory and
policy aspects as well as monitoring of enforcement and compliance with these regulations.
The Ministry of Local Administration (MOLA) is responsible for the supervision of the
municipal functions and providing them with financial support. On the other hand,
municipalities are responsible for the day-to-day work of solid waste management within
their boundaries, which includes collection, transport, and transfer. Street sweeping is also
part of the municipalities’ work. The cemeteries are managed and operated by the JSCs.
These are a consortium of a group of municipalities located in one geographic area and
share the use of landfills to dispose of the solid waste generated by them [34].

4.1.4. Morocco

The primary objective of sustainable solid waste management is to address concerns
related to public health, environmental pollution, land use, resource management, and the
social and economic impacts associated with improper waste disposal. The main challenges
facing the municipal solid waste management system in Morocco are the lack of appropriate
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infrastructure and adequate funding, especially in remote and small areas. Against these
challenges, Morocco has taken several steps, engaged in an ambitious sustainable devel-
opment agenda, and undertaken a wide range of reforms. Among those are the National
Charter for Environment and Sustainable Development, the National Strategy for Sustain-
able Development 2015–2030, and the Nationally Determined Participation Commitments
(INDC) through which Morocco commits to a 32% reduction in greenhouse gas emissions
(GHG) by 2030. The framework is Law No. 99-12 on the National Charter for Environment
and Sustainable Development. Morocco, like many other countries, has embarked on
multiple regulatory and institutional approaches in this field of waste management by
strengthening the legal arsenal that will serve as a framework for public authorities in this
field. Law No. 28-00 on Waste Management and Disposal was promulgated to regulate
waste management by covering the entire chain from collection to disposal, including
treatment and recovery. For example, the Ministry of Energy, Mines and Environment is
responsible for, among other treatments, treating waste by anaerobic fermentation method.
The purpose of the law is to lay the foundations for a waste management policy, which in
turn ensures the improvement of the performance of the management processes in force
in addition to minimizing, as much as possible, the negative effects of waste on human
health and the environment. The Moroccan Waste Code distinguishes between municipal
waste, non-hazardous industrial waste, medical waste, pharmaceutical waste, agricultural
waste, and hazardous waste, each of which falls under different planning and treatment
regimes. Indeed, there are many laws and regulations in Morocco that regulate various
aspects of waste management. Law 11-03 deals with the protection and development of
the environment, while Law 12-03 focuses primarily on environmental-impact studies. A
regulatory text for waste incineration activity was approved through Decree No. 2-12-172
issued in 2012, which specifies technical instructions related to waste removal and recov-
ery operations by incineration. The disposal of plastic bags and their replacement with
biodegradable bags is regulated in accordance with Law No. 22-10. Morocco consumes
26 billion plastic bags every year and the quota per capita is about 900 bags per year. In July
2016, Law No. 75-15 called “Zero Mika” came into force “which prohibits the manufacture,
import, export, marketing, and use of plastic bags”. On the other hand, Decree No. 2-09-139
regulates the management of medical and pharmaceutical waste in terms of the rules
for sorting, packaging, collection, storage, transportation, and disposal. In Morocco, it is
apparent that the actions implemented relate, in large part, to the use of landfill of waste
in the absence of any approach aimed at reducing their production. Current practices for
the implementation of the national municipal waste policy are represented mainly by the
National Household Waste Program (PNDM). The Law 28-00 created an obligation for
public inquiries for master, provincial, and landfill plans (Decree n◦ 2-09-683, 2010). It sets
out the modalities for the development of the regional master plan for the management of
industrial, medical, pharmaceutical, non-hazardous, and agricultural waste. The National
Waste Management Program is part of the policy of reforming and developing the munici-
pal waste sector, which aims to structure this sector in local plans, especially by improving
waste collection services, establishing waste treatment and recovery centers, and closing
and rehabilitating old landfills. For hazardous waste, and in accordance with Article 9 of
Law 28-00, a National Master Plan for Hazardous Waste (PDNDD) is being finalized in
order to create an integrated and sustainable management system for hazardous waste.
The National Charter for Environment and Sustainable Development (CNEDD) launched
in 2009 consolidated the achievements of civil society participation at the local level and
made it an important part of implementing the rule of law and legislation. After reviewing
the most prominent laws regulating waste management in the target countries and in order
to assess the situation more accurately, Table 5 summarizes the extent to which targeted
MENA region countries apply the most prominent laws in force adopted by developed
countries in the field of waste management and the circular economy.
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Table 5. The extent to which the targeted MENA region countries apply the most prominent laws in
force adopted by developed countries.

Targeted MENA Region Countries
Regulatory Instruments

Algeria Egypt Jordan Morocco

Bans and Restrictions
(e.g., a landfill ban) N/A N/A N/A N/A

Mandatory Source
Separation N/A N/A N/A N/A

Economic Instruments

Extended Producer
Responsibility (EPR) N/A Planning phase Working on it N/A

Deposit-Refund N/A N/A N/A N/A
Landfill/Incineration

Tax N/A N/A Minimal N/A

Pay-As-You-Throw
(PAYT) N/A Partially applied

In Amman only.
Flat rate in
other cities

N/A

N/A: Not Available

It is clear from Table 5 that the region suffers from a lack of many laws and regulations,
which, if they existed, would have contributed significantly to a qualitative leap in the
waste management systems currently in use. Indeed, the first step that precedes the
implementation of any waste management strategy or plan is the enactment of laws that
support that strategy and ensure its success. Developed countries would not have reached
their current advanced levels in the field of waste management and the circular economy
without effective and strict laws. For example, Germany passed a law in June 2005 stating
that waste can no longer be landfilled without pre-treatment, which in turn contributed
to the transition from waste disposal to waste management. Reaping the fruits of this
transformation took nearly 20 years of development and research. Therefore, all current
laws in the region must be laid out for review and discussion with decision-makers in order
to ascertain what is appropriate and to develop new laws that are compatible with the
MENA region’s circumstances and requirements.

4.2. Waste Sorting and Collection

Unlike high-income developed countries where there is public and societal awareness
of waste sorting, sorting activities at the household level in developing countries, some
of which are MENA region countries, are still limited and almost non-existent in some
countries. Therefore, MSW generally consists of mixed waste containing food and other
types of waste. Waste sorting is usually performed by poor families or the so-called informal
sector in order to earn additional income from selling recyclable materials. Despite the
high proportion of the municipal budget being spent on waste collection, about 80–90% of
the total municipal solid waste budget, the efficiency of municipal solid waste collection
is still very low in many countries, and this varies within the country itself. For example,
in Jordan, the collection rate in Amman reaches 90%, while in remote or rural areas, the
efficiency of the collection process stands at 50%, and sometimes less. Moreover, due to the
low efficiency of waste collection, dumping of waste on the side of the road is a common
practice and sometimes some of the public take up the task of burning waste in public
places and on the roadside [40].

4.3. Waste Treatment and Disposal

Open dumping and landfilling are the most common methods of MSW disposal in
developing countries, mainly because they are the cheapest treatment methods especially
when social and environmental impacts are not considered. Together, these two methods
account for about 70–90% of the total municipal solid waste. Compared with other treat-
ment methods, open dumping and landfilling pose the highest risks to the environment

35



Sustainability 2022, 14, 480

and human health, causing deterioration in soil and water quality, air pollution, and the
spread of diseases [34]. Recycling and material recovery activities are still in their initial
stages due to the absence of supporting policies, regulations, and laws, in addition to the
absence of public awareness of the importance of separating materials from the source.
Incineration and energy recovery are very limited due to the high cost of investment and
inappropriate composition of mostly inert and biodegradable waste that has high water
content, which negatively affects the calorific value of waste. Composting has long been
promoted as a method of treating biodegradable waste, creating new job opportunities
and additional income generation for communities. However, many problems arise for
composting practices. Composting run by municipalities often faces technical problems due
to a lack of experience and know-how as well as the use of mixed MSW, which produces
poor quality compost. Therefore, the application of composting practices is still limited
to small or experimental projects, which are often unable to produce a market-oriented
end product.

Despite most MENA region countries starting to improve their waste management
services and adopting new strategies to achieve a sustainable waste management system by
applying some advanced environmental technologies and expanding the scope of recycling
and reuse, success is still limited, as the percentage of waste that is landfilled is still at
its highest levels. This is clearly obvious from Table 6, which summarizes the practices
adopted by the four countries covered by this study.

Table 6. Summary of the MSW practices adopted by the MENA region countries.

Treatment Method
Country Million Tons y−1 % Landfilling

Rate (%)
Recycling
Rate (%)

Composting
Rate (%)

Anaerobic
Rate (%)

WtE Rate
(%)

Algeria 13.5 100 92 7 1 - N/A

Egypt 26 100 88 12 Incl. in
recycling N/A N/A

Jordan 3.2 100 90 10 - - -
Morocco 7.4 100 91 9 NA NA NA

The typical problems in municipal solid waste management in the region can be
identified as insufficient collection systems, limited use of recycling and energy-recovery
activities, and lack of know-how and skilled manpower.

Moreover, an overview of solid waste management practices in the four selected
MENA countries is provided in Table 7. It is quite clear that there are many problems in the
handling, collection, transportation, treatment, and disposal of solid waste in the MENA
region countries examined.

Table 7. Overview of MSW practices in the MENA region countries.

MENA Region Countries
Activity

Algeria Egypt Jordan Morocco

Source
reduction

Discussions about source
reduction, but it is rarely

incorporated into any
organized plan.

Unregulated, some discussions
about source reduction, but it is

rarely incorporated into any
organized plan.

Discussions about source
reduction, but it is rarely

incorporated into any
organized plan.

Structured educational
programs began to

emphasize source reduction
and material reuse.

Collection

Improving service and
increasing collection from
residential areas. Larger
vehicle fleet and more

mechanization.

Intermittent and inefficient.
Improving service and

increasing collection from
residential areas.

Collection rate up to >90%.
Larger vehicle fleet. Compactor
trucks and highly mechanized

vehicles are common.

Collection rate up to >90%.
Compactor trucks and

highly mechanized vehicles
are common.

Improving service and
increasing collection from

residential areas.
Collection rate up to >90%.

Larger vehicle fleet.
Compactor trucks and

highly mechanized vehicles
are common.
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Table 7. Cont.

MENA Region Countries
Activity

Algeria Egypt Jordan Morocco

Recycling

The informal sector is still
involved. Some high-tech

sorting and treatment
facilities. The material is

often imported for recycling.

Most of the recycling is done by
the informal sector and

waste pickers.
Some high-tech sorting and

treatment facilities. The material
is often imported for recycling.

Increased interest in
long-term markets.

Most of the recycling is done
by the informal sector and

waste pickers.

The informal sector is still
involved. Some high-tech

sorting and treatment
facilities. The material is

often imported for recycling.

Composting

It is rarely conducted
formally even though the
waste stream has a high
organic matter content.

It is rarely conducted formally
even though the waste stream

has a high organic
matter content.

Large composting plants are
usually unsuccessful; small

facilities are more sustainable.

It is rarely conducted
formally even though the
waste stream has a high
organic matter content.

Large composting plants are
usually unsuccessful; some
small composting facilities

are more sustainable.

Incineration

Some incinerators are used,
but they face financial and
operational problems. It is

not as common as in
high-income countries.

They are not popular or
successful due to the high

CAPEX and OPEX costs, high
moisture content of the waste,

and high proportion of
inert materials.

Some incinerators are used, but
they face financial and

operational problems. It is not as
common as in

high-income countries.
-Predominant in areas where

land costs are high. Most
incinerators equipped with
environmental controls and
energy-recovery systems.

For medical waste only.

Some incinerators are used,
but they face financial and
operational problems. It is

not as common as in
high-income countries.

Landfilling

Sanitary landfills equipped
with a combination of
linings, leak detection,
leachate collection, and

treatment systems.

Low-tech sites. Open dumping
is still the most

practiced method.
Some controlled and sanitary

landfills equipped with a
combination of linings, leak

detection, leachate collection and
treatment systems.

About 70% of the solid
waste generated goes to

sanitary landfills, while the
remainder is disposed into

unsanitary landfills.

Some controlled and
sanitary landfills with some

environmental controls.
Open dumping is still the
most practiced method.

Costs

Collection costs account for
80–90% of the MSWM
budget. Fees for waste

management are regulated
by local governments. The

fee collection system
is inefficient.

Collection costs account for
80–90% of the MSWM budget.

Fees for waste management are
regulated by local governments.

The fee collection system
is inefficient.

Collection costs account for
80–90% of the MSWM
budget. Fees for waste

management are regulated
by local governments. The

fee collection system
is inefficient.

Collection costs account for
80–90% of the MSWM
budget. Fees for waste

management are regulated
by local governments. The

fee collection system
is inefficient.

The waste management system in most MENA countries is limited to collection and
transportation. During the past few decades, there has been a remarkable development
in the solid waste collection and transportation system, but the recovery of materials and
energy is still in its initial stages. Although these countries have tried to move towards a
sustainable waste management system, their attempts have not brought about any lasting
change as they were basically pilot initiatives or projects that ended when donor funding
expired. This is due to the absence of planning, the use of inappropriate technology, and the
inability of the municipalities to continue in light of their financial deficits. This indicates
the urgent need to shift from poor management of municipal solid waste to a more effective
and sustainable management system.

5. Outlook from Selected MENA Region Countries

5.1. Algeria

The general approach to solid waste management should be based on strengthening
legislative and institutional frameworks, as is the case in developed countries. This includes
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public–private partnership (PPP) in waste management, and environmental, technical, and
economic aspects of the processes used for treatment and recovery, in parallel with the
adoption of a permanent education and awareness policy on waste management [26,41].
The management of urban solid waste is part of the National Action Plan for Environment
and Sustainable Development (PNAE-DD) through the adoption of a National Program
for Integrated Management of household waste (PROGDEM). It aims for an integrated,
phased, and progressive management approach to household waste [41]. This program has
defined the main directions for the implementation of this management through:

• The reorganization of the municipal administration responsible for waste management;
• Develop legislation and laws regulating waste management that promote recycling,

energy and materials recovery, and reduce amount waste that ends up in landfills;
• Capacity building in the field of waste collection and transportation services;
• Providing an opportunity for private investment in the field of waste management

and related public services;
• Implementation of training and technical assistance programs;
• Establish cooperation between the private and public sectors, which is required in

order to ensure the technical, financial and social sustainability of the implemented
solid waste management system.

5.2. Egypt

Egypt has ambitious plans to improve MSW management systems that are listed in
Egypt Vision 2030. These involve increasing the waste collection coverage and efficiency
from 20% and 60%, respectively, in 2016, to reach 80% and 90%, respectively, by 2030. The
plans also include increasing the recycling rate to 25% by the year 2030, as well as ensuring
100% safe disposal of hazardous wastes [28,42] (EEAA, 2018; MPED, 2016). Furthermore,
WMRA has been working since 2018 towards increasing the collected MSW recycling
rates to 80% by 2026. Of this, 60% will be recycled for compost and RDF production,
and 20% will be thermally treated for energy production. These plans are reinforced by
numerous waste management infrastructure projects to build transfer stations, recycling
plants, and sanitary landfills, as well as cleaning of waste accumulation sites, to cover the
country completely in a four-year plan starting in 2019 [15,33]. The RDF production is
being promoted by the Egyptian government, as the Ministerial Decree No. (49) of 2021
obliges cement plants to use a minimum of 10% RDF in the alternative fuels used for their
energy requirements. The decree comes in response to the Ministry of Environment’s
plans to increase the waste-to-energy practices in cement plants to 15% by 2030 through
the utilization of nearly 22 million tons of solid waste and 30 million tons of agricultural
residues to produce RDF [21]. Moreover, waste-to-energy projects are being planned,
relying on MSW through incineration, pyrolysis, and gasification. Minimization of single-
use plastics is also currently considered to be an MSW management focus area, as a
response to the extremely high consumption of plastic bags in Egypt, which accounts for
around 12 billion bags annually littering Egypt’s streets and waterways [43]. Furthermore,
numerous consultancy projects are currently being conducted to set strategies, guidelines,
and roadmaps for improving MSW management through dumpsite closure, packaging-
waste extended producer responsibility, and improving the management of other waste
streams that are often present in the Egyptian MSW such as medical, electronic, construction,
and demolition waste. These MSW management developments will be complemented with
some important pillars including:

Introducing better definitions for waste management, practices, recycling, and recov-
ery, to ensure that all the stakeholders are in agreement.

Inclusion of all the relevant formal and informal stakeholders in the formal develop-
ment and plans for MSW management and ensuring their proper understanding of all the
relevant regulations as well as national and international codes of design and practice.
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Promoting MSW source separation, as well as MSW waste stream separation from
other waste streams commonly mixed with MSW through its management chain such as
medical, industrial, construction, and demolition waste.

Developing business models for waste management interventions to encourage private-
sector investment in MSW management.

5.3. Jordan

The national solid waste management strategy that was adopted by the Jordanian
government in 2015 has established a road map for moving from the traditional end-of-
pipeline technology towards a more sustainable and integrated solid waste management
system [44].

Table 8 explains the proposed composting plants and their location and capacities
according to the national solid waste management strategy.

Table 8. Proposed composting plants and their location and capacities according to the national solid
waste management strategy [34,44].

Region
Governorate/
Municipality

Design
Capacity (ty−1)

Initial Starting
Amount (ty−1)

Year of
Operation

Northern
Irbid 84,000 21,000 2025

Mafraq 22,000 5500 2025

Central
Amman & Zarqa 215,000 53,750 2025

Salt Greater
municipality 25,000 6250 2025

Southern Aqaba 25,000 6250 2025

During the short and mid-term periods (until the year 2024) the strategy aims to
convert the existing landfills into sanitary landfill sites. On the other hand, by the end of
the long-term period (2025–2034), there should be the following facilities in operation:

Three major clean material recovery facilities (MRFs);
Two mechanical biological treatment facilities for mixed waste;
Two anaerobic digestion units;
Five composting plants.

5.4. Morocco

The national strategy predicts that the total amount of waste that will be landfilled
by 2030 is about 39 million tons. The implementation of this strategy should reduce waste
generation, increase material and energy recovery, and reduce environmental degradation
associated with waste management. The cost was estimated at USD 0.5 billion or 0.4%
of GDP. In order to encourage all companies involved in the waste management sector
and the circular economy, the General Confederation of Moroccan Enterprises (CGEM)
created in 2016 the Coalition for the Valorization of Waste (COVAD). An entrepreneurial
dynamic was publicized on the occasion of the COP22, in particular via the Moroccan
platform “Initiatives Climat”, which identified and recounted personalized success stories.
Two sectors were highlighted: anaerobic digestion and the production of organic biofuels.

In addition, Morocco introduced its first environmental tax (the ecotax) in 2014, con-
sisting of 1.5% based on value when selling and importing plastics. Imposing this was not
without struggle with the plastics industry. However, its proceeds now bring in USD 17 mil-
lion to the National Environment Fund, which aims to finance the development of new
recycling channels. Morocco highlighted its dedication to environmental protection and
sustainability in the 2021 agreement of the United Nations Environment Assembly (UNEA),
underlining its commitment to global cooperation in the name of a “green world”. Morocco
remains highly focused on environmental sustainability and the transition to green energy.
The policy boasts a comprehensive plan to push Morocco into a “green economy” by 2030
through targeted investments, subsidies, and reforms. In Washington DC on 15 December
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2020, the World Bank Board of Executive Directors approved a USD 250 million (EUR
214.2 million) program to support the Moroccan agriculture sector’s Green Generation
Strategy, as part of a joint operation with the French Development Agency (AFD). The
Green Generation Program-for-Results is designed to make farming more rewarding and
strengthen sustainable agriculture by streamlining climate-smart practices.

6. Summary

Waste management in the MENA region is an extremely critical issue. Some years
ago, significant changes occurred in the operational environment of the waste sector in
the region due to the Arab Spring, which led to massive and sudden migration in many
countries and a large influx of refugees. Jordan is one of those countries, for example. This
has led to the creation of an additional environmental and economic problem represented by
increasing pressure on infrastructure, greatly increased pollution, and rapid urbanization,
which negatively affects the waste management system in the host countries.

However, this work has shown that some countries have already begun to improve
their waste management service and have adopted new strategies to achieve a sustainable
system within the framework of waste management and the circular economy. Indeed, some
countries have implemented some advanced environmental technologies and expanded
the scope of recycling and reuse. Nevertheless, this progress has been quite limited and
unsustainable, and did not go beyond the level of pilot projects, which often ended when
funding expired.

On the other hand, this work shows that the solid waste sectors in the MENA region
suffer from critical problems and face many challenges in terms of waste management and
the techniques applied to improve it. The typical problems in MSW management in the
region can be identified as the increase in per capita MSW generation rates, the gaps in
current related legislation, financial constraints, lack of know-how, limited material and
energy-recovery activities, insufficient collection systems, and lack of trained and skilled
manpower. Therefore, it was clear from the study that waste management challenges in the
region are common and similar. They can be summarized, but are not limited, as follows:

The lack of legislation and weak implementation are considered two of the main
challenges facing waste management in the MENA region countries. Furthermore, the lack
of tools to assess and monitor the performance of waste treatment technologies and their
output quality and utilization is considered one of the main problems.

The low level of cooperation between national institutions and local authorities, and
the overlapping roles. Governments should define roles, prioritize responsibilities, and
develop regulations to ensure a harmonized framework.

There is an urgent need to review and reform the waste management sector to improve
its services in many countries in the region. Most waste sectors in the region have central
waste management in terms of planning and defining tariffs, regulations, and laws that
regulate waste management systems, which can be developed by decentralizing these
sectors and giving municipalities powers that enable them to provide a better service.

The impact of refugee flows due to political instability in the Middle East and North
Africa region, which has burdened the waste sectors and doubled the pressure on the
infrastructure.

The limited participation of the national private sector in decision-making and de-
veloping plans and strategies in waste management in most countries of the Middle East
and North Africa. There is an urgent need in most MENA countries for private-sector
participation and investment in the waste management sector to achieve the sustainable
development goals.

Limited funding sources and their negative impact on the quality of waste manage-
ment and the sustainability of projects in the region. The fees collected for managing
waste are very low, covering no more than 30% of the costs. The funding system for waste
management is unequally distributed, as 90% of the funds available go to logistics and only
10% remains for treatment. Therefore, work, should be done to strengthen and empower
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the municipalities so that they are able to develop and implement sustainable solutions
that are compatible with their circumstances and capabilities.

Separate collection is still not practiced in the region. The MSW is collected as mixed
waste and contains hazardous materials. Up to 90% of it is sent to different controlled
landfills and dumping sites without any treatment, which generates high levels of methane
gas due to the high amount of organic material and water content. The rate of recyclable
material recovered from the waste stream is about 5–10%.

Indeed, most of the approaches undertaken in the past have included the adoption of
treatment and disposal technologies without a full understanding of the process, which has
led to the lack of knowledge and local skilled manpower. All of these issues emphasize the
weaknesses and problems in the previous measures. In order to overcome these problems,
first, a technical solution should be developed with the required modifications and proper
implementation considering the legal, financial, and management aspects.

7. Recommendations

The governments must promote an integrated solid waste management hierarchy and
set up a national policy regarding the minimization of waste to landfill by making a shift
from waste disposal towards waste management and the circular economy.

Attention should be paid to increasing coordination and linking governmental bodies,
institutions, and services at the administrative and legislative levels to improve manage-
ment in terms of waste collection, treatment, and disposal.

Establish more cooperation between local waste management authorities and different
ministries responsible for various policies including waste management, energy, and the
environment in order to explore the full potential of implementing a sustainable waste
management system that adopts a holistic approach.

It is essential that local industry and educational institutions have regular links with
waste management regulatory bodies. This can be facilitated by creating a network platform
that brings together all stakeholders in the waste management sector.

A network concerned with waste management should be created at the level of the
countries of the MENA region for the various member states to share their experiences in the
research and development of innovative technology to reveal the potential in the recycling
industry and convert waste into energy and any regulatory framework to accommodate it.

Reconsider the waste management fee system through the establishment of the ex-
tended product responsibility system.

Establish cooperation between the private and public sectors involved in the solid
waste management system and the circular economy in order to ensure the technical,
financial, and social sustainability of the solid waste management system implemented.

Cooperate with universities and research institutions in order to support municipalities
facing challenges, provide sustainable solutions, and develop plans to improve the waste
management system and provide better services.

Launch large-scale awareness programs on solid waste management and the circular
economy for all citizens and stakeholders. Work on developing preventive measures
represented by adopting environmentally responsible behaviors and attitudes that make
it possible to carry out sorting, selective collection, and recovery of materials and energy
from waste.

8. Conclusions

Solid waste management has become one of the major environmental problems facing
municipal authorities in the MENA region. It has been aggravated over the past few years
by the sharp increase in the volume of waste generated as well as qualitative changes in its
composition. The provision of adequate waste management services is critical because of
the potential impact on public health and on the environment. Lack of planning, lack of
proper disposal, insufficient collection services, use of inappropriate technology, inadequate
financing, and limited availability of trained and qualified manpower together with massive
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and sudden population increases are considered to be the main problems facing solid waste
management in the region.

The aim of this study was to identify the different practices and approaches of solid
waste management employed in selected MENA region countries, and the extent to which
the policies, regulations, and technologies applied play any role in the context of solid
waste management and the circular economy.

The study revealed that most waste management issues in the countries analyzed
appear to be due to political factors and the decentralized nature of waste management
with multi-level management and responsibilities. Material and energy recovery in the
context of municipal solid waste management does not differ significantly in the countries
in the MENA region considered; in most cases, “waste” is still seen as “trouble” rather
than a resource. Therefore, a fresh look is required and there is a need for a paradigm shift
from a linear economy of “waste management”, to a circular-economy model of “resource
efficiency”. The latter can be achieved by adopting a joint vision on how the solid waste
management system can be transformed into a circular economy. Since they are the main
drivers of any transition towards a circular-economy system, the policies, strategies, and
practices in place that regulate the performance of waste management in the region must
be revised.

For fairness, despite the financial and technical obstacles facing the waste management
sector, continuous attempts are made to divert waste from landfills to some advanced recy-
cling facilities. Indeed, most countries in the MENA region are approaching sustainable
waste management solutions and most decision makers do identify their problems and
previous mistakes for setting a solid waste management system. Currently, there is a
consensus among the concerned authorities in the region that the success of any sustain-
able waste management solution requires the involvement and cooperation of all parties
involved in the sector such as international companies, local private companies, and mu-
nicipalities. Awareness is also being raised regarding the necessity of shifting towards the
implementation of waste management in the context of a circular economy.
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Abstract: Land-based plastic pollution has increased to the level of an epidemic due to improper
plastic waste management, attributed to plastic waste flux into the marine environment. The extant
marine plastic litter (MPL) literature focuses primarily on the monitoring and assessment of the
problem, but it fails to acknowledge the link between the challenges and opportunities for MPL
reduction. The study aimed to examine the practical challenges and opportunities influencing the
reduction of marine plastic litter in Manila in the Philippines. Data collected through an online survey
from 426 barangays were analyzed using structural equation modeling (SEM) and were then validated
using interviews and focused group discussions. Good internal consistency (0.917) and convergent
and discriminant validity were achieved. The empirical study has established structural model fit
measures of RMSEA (0.021), SRMR (0.015), CFI (0.999), and TLI (0.994), with a good parsimonious
fit of the chi-square/degrees of freedom ratio of 1.190. The findings revealed that environmental
governance regarding waste management policies and guidelines, COVID-19 regulations for waste
management, community participation, and socio-economic activities have positively affected marine
plastic litter leakage and solution measures. Environmental governance significantly and partially
mediates the effects of, e.g., COVID-19-related waste and socio-economic activities on MPL leakage.
However, there is no relationship between the waste management infrastructure and environmental
governance. The findings shed light on how to enhance environmental governance to reduce marine
plastic litter and address Manila’s practical challenges.

Keywords: environmental governance; marine plastic litter; structural equation model analysis; solid
waste management

1. Introduction

Without coordinated intervention, the annual flow of plastics into the ocean is expected
to nearly triple by 2040, from 11 million tons today to 29 million metric tons, globally [1].
Marine plastic pollution presents significant risks to the marine environment and has been
attributed to land-based plastic leakage from improper plastic waste management systems.
Five ASEAN countries in 2016, including Indonesia (4.28 metric tons (Mt)), the Philippines
(1.01 Mt), Vietnam (0.57 Mt), Thailand (1.16 Mt), and Malaysia (0.33 Mt)) are among the top
ten countries with this problem in the world, accounting for 28 percent of the land-based
marine plastic litter (MPL) that could end up in the ocean [2,3]. As a result, marine plastic
litter issues should be addressed in a holistic, land-to-sea approach. According to reports,
most ASEAN countries have developed a roadmap for reducing marine plastic litter in
accordance with the ASEAN Framework of Action on Marine Debris. The country’s MPL
roadmap must be enacted and translated into action at the local and city level.

The Philippines is no exception, ranking third in the world in terms of ocean plastic
waste leakage, with 0.28–0.75 million Mt per year (after China and Indonesia, which are
first and second, respectively) [4]. Manila Bay, situated in Manila, is where the challenges
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related to plastic pollution are of great importance nationally and, thus, make headlines
globally, as plastic waste that is not properly managed has increased the economic and
environmental effects of marine plastics.

Many notable scholars have argued that plastic leakages caused by land-based mis-
management are related to socio-economic activities along the value chain—plastic use and
production and domestic and retail consumption, as well as plastic disposal (end-of-life)
via unproductive waste management services [3,4]. Willis et al. (2018) [5] evaluated the
most effective policies and strategies for reducing plastic pollution and provided a variety
of evidence bases for decision-making in addressing the challenges of marine plastic litter
and its pressures on the environment, the economy, and society. However, other scholars
argue that designing and implementing legitimate, effective, and efficient actions need
to be built on a complete understanding of the context of local governance at the city
level [6,7]. Effective environmental governance at various levels, e.g., community and/or
city level, is, thus, crucial for identifying solutions to the above-mentioned challenges and
potential opportunities. The practices, guidelines, policies, and institutions that shape
human interaction with the environment are referred to as environmental governance [8]
(UNEP Factsheet Series, n.d.). At the global governance forum on 2 March 2022, at the
UN Environment Assembly in Nairobi, 175 countries endorsed a historic resolution to
end plastic pollution and forge an international, legally binding agreement by the end
of 2024. The resolution, entitled “End Plastic Pollution: Toward an internationally legally
binding instrument”, stipulated, among other provisions, “an affirmation of an urgent need
to strengthen global governance to take immediate actions towards long-term elimination
of plastic pollution” [9] (UNEP, 2022). With this global and binding agreement, cities like
Manila could properly enforce measures to end this plastic pollution—which needs the
political will of the administrators and the participation of the relevant constituents. In
addition, action against marine plastic pollution has been linked to the UN’s Sustainable
Development Goals (SDGs), such as SDG 6 (regarding clean water and sanitation); SDG 11
(“Make Cities and Human Settlements Inclusive, Safe, Resilient, and Sustainable”); SDG 12
(“Ensure Sustainable Consumption and Production Patterns”); and SDG 14 (“Conserve and
Sustainably Use the Oceans, Seas, and Marine Resources for Sustainable Development”).
Similarly, shifting to more sustainable production and consumption practices, which are
also promoted by the SDGs, has been suggested as a solution to marine litter [7].

Whereas past studies have focused on the context of plastic waste pollution for up-
stream research activities, such as the circular economy and waste management, the re-
search framework, and coordination, very little research on environmental governance,
e.g., laws, administrative measures and action plans, guidelines, and current standards [10].
Yang, Y. et al. (2021) [11] proposed countermeasures, including environmental governance,
to accelerate China’s abatement of marine plastic waste. Moreover, their research high-
lighted the importance of establishing and implementing an accountable and responsible
marine plastic waste governance system. To the best of the authors’ knowledge, there has
been no empirical research on the relationships between the challenges and opportunities
among factors affecting the reduction of marine plastic litter. Although there are studies on
the challenges and opportunities for MPL reduction, specifically, the clean-up campaign
drive, waste separation, and recycling, most of them are descriptive and qualitative. It
is necessary to conduct an empirical investigation into the relationships between factors
(challenges and opportunities) affecting the reduction of marine plastic litter. Furthermore,
because of the current COVID-19 pandemic there has been an increase in the use of plastics
and their subsequent disposal, in the form of personal protective equipment such as face
masks, single-use disposable food containers from food delivery services, and e-commerce
from online package shipping. Several researchers emphasized how the disruption caused
by COVID-19 can be a catalyst for change in global plastic waste management practices
in the short and long term [12,13], as they proposed to mitigate the likely impacts of the
COVID-19 pandemic on waste management systems.
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It is evident that the financial, human, and environmental costs of poor waste manage-
ment are rising. People living within or near disposal sites, for example, have insufficient
access to clean water; tourism development, which is one of the key drivers of economic
growth and investment, is linked to the coastal urban ecosystem, which is under threat from
plastic found along ocean shorelines and on beaches. The study adds value in contributing
to the existing literature for mitigating the challenges of marine plastic litter in coastal cities.
Considering the challenges and opportunities for marine plastic pollution reduction, this
study aims to examine the practical challenges and opportunities influencing the reduction
of marine plastic litter in Manila in the Philippines.

2. Literature Review and Hypothesis Development

2.1. Waste Infrastructure and Environmental Governance

In terms of the changes of administration of most local governments, policy should
include de-risking waste infrastructure investment to encourage private sectors to engage.
Complex infrastructural systems comprising technologies, regulations, public services, and
user practices are required to address urban waste, yet there were no links between waste
infrastructure and governance in a previous empirical study [14]. Soltani et al., (2017) [15]
report that the ideal waste facility and technology option will fit in with municipality/city
objectives, as well as help to save resources in terms of the environmental and financial
resources of the community. It was suggested that central and local governments will need
to formulate policies to encourage private sectors to invest in their waste infrastructure
or technology to effectively reduce MPL [16]. However, Kenisha, G. et al., (2017) [17]
conceded that in terms of MSW facilities and infrastructures, public acceptance is vital
to ensuring the effectiveness of waste strategies; the authorities in the municipality and
city need to seek a practical approach in engaging communities and stakeholders in the
decision-making process. Nevertheless, there is a need for waste infrastructure with local
governments in public spaces for the effective and efficient implementation of SWM policy,
e.g., waste bins along the shoreline or beaches; this will be part of the environmental
governance actions at the city and barangay levels. Building on the literature, we propose
the following hypothesis:

Hypothesis 1 (H1): The available waste infrastructure (WInfras) will positively affect environ-
mental governance (EG).

2.2. Environmental Governance Related to COVID-19 Waste

The contemporary literature suggests that environmental governance on some specific
types of municipal waste has visibly increased during the COVID-19 pandemic, when
communities and cities experienced the highest generation of waste for plastic packaging
and food waste. While this situation has put additional pressure on waste management
systems, it has proven useful in terms of insights for city administrations and municipal
utilities on consumption patterns during emergency situations. Moreover, Benson, Fred-
Ahmadu, et al. (2021) [18], and [19] Shiong et al. (2021) provided insights on plastic waste
management status, especially PPE, during the COVID-19 pandemic—which emphasized
the sudden spike of medical waste that has had a large impact on plastic waste management.
Conversely, Benson, Bassey, et al. (2021) [20] suggested that designated waste separation
facilities be provided at marked points in different areas to collect used PPEs—as part of the
urgent need for effectively handling COVID-19-related healthcare waste. We observe from
the above-mentioned studies that environmental governance is associated with emerging
issues on COVID-19 waste management; however, there is no empirical research on the
correlations between this challenge and MPL reduction. Based on these earlier studies, we
propose the following hypotheses:

Hypothesis 2 (H2): Environmental governance regarding the “management of COVID-19-related
healthcare waste” (EGcv) will positively affect existing environmental governance (EG).

47



Sustainability 2022, 14, 6128

Hypothesis 3 (H3): Environmental governance regarding the “management of COVID-19-related
healthcare waste” (EGcv) will positively affect marine plastic litter solution measures (MPLr).

2.3. Community Participation

Regarding the community participation factor, GESAMP 2019 [21] reports an overview
of key value-chain stages corresponding to stakeholders/interest groups, and the conse-
quences of environmental plastics connected to each value stream and level. Conversely,
Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ) [22] reported the funda-
mentals of extended producer responsibility (EPR) for packaging and the many roles that
stakeholders might play in the plastic packaging value chain. The study goes through
numerous possibilities for allocating duties, as well as the actions that must be followed
to reach an agreement and lay the groundwork for the implementation of an EPR system.
Producers, retailers, distributors, consumers, and local and central governments are key
stakeholders in the plastic packaging value chain, e.g., most local governments are respon-
sible for the collection of plastic packaging [23]. Wilson et al., 2015 [24] demonstrate that
the SWM system is made up of two intersecting “triangles”, one for physical variables such
as collection, recycling, and disposal, and the other for governance factors such as inclusion,
financial sustainability, sound institutions, and proactive policies. Experience confirms the
utility of indicators in allowing comprehensive performance measurement and comparison
of both “hard” physical components and “soft” governance aspects, and in prioritizing the
“next steps” in developing a city’s solid waste management system, by identifying both
local strengths that can be built on and weak points that must be addressed [5,24–26]. The
private sector, a powerful actor, is able to negotiate and adjust regulations for its own bene-
fit [27]. The waste policy also has a contemplative and encompassing responsibility to the
private sector in order that manufacturers, distributors, and importers who are contributing
market products, which are eventually turned into waste, should also be responsible for
contributing to the recycling or disposal cost. Implementation of the planned interventions
needs commitment not only from the government but also from the public and private
sectors [28]. Based on the above studies, we proposed the following hypotheses:

Hypothesis 4 (H4): Community participation (CParty) is positively related to environmental
governance (EG).

Hypothesis 5 (H5): Community participation (CParty) is positively related to marine plastic litter
leakage (MPLe).

2.4. Socio-Economic Activities Related to MPL Pollution

Large volumes of plastic litter are transported to the sea or ocean through rivers,
adding to the serious environmental, economic, and social issues of marine litter con-
tamination [29]. The study by Adam et al. (2021) [30] emphasizes the effect of residents’
attitudes and behaviors regarding single-use plastics in Ghana’s coastal cities of Accra and
the Cape Coast. The significance of their results for reducing marine single-use plastic
pollution includes policies and programs, particularly those that are behavioral in character
and are built on the idea that the public has a variety of emotions and behaviors. Socio-
economic activities differ depending on “socio-demographic factors” (e.g., gender), political
orientation, marine contact factors (e.g., maritime occupations and participation in coastal
recreation activities). There is a great deal of evidence that plastic has a harmful influence
on marine wildlife and ecosystems [31]. Moreover, marine plastic litter is having an increas-
ing influence on the environment, human health, and economies in the South Pacific [32].
However, the study findings demonstrate how general attitudes about climate change can
influence both climate policy support and personal climate mitigation behavior in both
direct and indirect ways, giving crucial insights useful for research and policy-making.
From the previous studies discussed herein, we propose the following hypotheses:
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Hypothesis 6 (H6): Socio-economic activities (SEas) are positively associated with environmental
governance (EG).

Hypothesis 7 (H7): Socio-economic activities (SEas) are positively associated with marine plastic
litter solution measures (MPLr).

Hypothesis 8 (H8): Socio-economic activities (SEas) are positively associated with marine plastic
litter leakage (MPLe).

2.5. Manila Public Behavior Related to MPL Pollution

The types and origins of marine plastic litter vary greatly, ranging from direct losses
from recreational and commercial ships and vessels in seas and rivers to indirect losses
produced by land-based sources in conjunction with the plastic value chain [29]. Several
distinguished scholars have argued that plastic leakage caused by land-based mismanage-
ment is related to plastic use and production and to domestic and retail consumption, as
well as plastics disposal (end-of-life) via unproductive waste management services [3,4].
Asia has driven the growth in plastic production over recent decades. It is now the leading
plastic consumer in this region, with per-capita plastic use growing at a faster rate than in
other regions. The year 2017 saw the global production of 348 million tons of plastic [33]
and in the next two decades, the total volume of plastics that will be produced is projected
to double [34]. As a result of ocean currents, the leaked ocean plastic waste can potentially
travel lengthy distances to other areas and countries—which makes it transboundary in
nature. Plastic waste pollution has even started to travel to isolated places, leading to the
current challenge and making its prevention globally significant [3]. There is evidence
that marine plastic pollution has a substantial economic impact, especially on “fisheries,
aquaculture, recreation, and heritage values”. Moreover, marine litter has a negative impact
on Small Island developing states, owing to their limited waste disposal infrastructure.
According to researchers, marine plastic waste has a spillover effect on aquatic marine
life, posing severe health concerns for aquatic marine life and maybe even to humans if
they consume it. However, the problem is exacerbated by population increase, economic
industrialization, a lack of tools to improve collection rates, and the existence of landfills in
metropolitan areas, which has a detrimental influence on public health [32,35–37]. Based
on the previous studies, we propose the following hypotheses:

Hypothesis 9 (H9): Manila public litter behavior or the MPL problem (SE) is positively associated
with marine plastic litter leakage (MPLe).

Hypothesis 10 (H10): Manila public litter behavior or the MPL problem (SE) is positively
associated with marine plastic litter solution measures (MPLr).

2.6. Environmental Governance

Environmental governance brings forth the underlying institutional theory [38], which
tends to be associated with the institutional environment, such as the political, cultural,
and social processes. While environmental governance on SWM or marine plastic litter
exists, waste and marine plastic pollution is governed by actors beyond formal government;
however, it is not clear from the policy statements and documents how the various actors
in the different spheres of governance interact. An amalgamation of institutional theory
and resource dependence theory underpins this to enhance the strength of the theories
utilized for enhancing environmental governance in the local context. Oliver’s contribution
reveals how institutional and resource-dependence theories can be combined to discover
a variety of strategic and tactical responses to the institutional environment and other
elements [37]. While Oti-Sarpong, K., et al. (2022) [39] used institutional theory to examine
the factors driving the increased use of offsite manufacturing to construct new housing in
selected countries, their findings highlight the need for more institutional theory research
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into off-site manufacturing to better understand path dependence. We used these theories
to investigate the relationship between environmental governance and resource availability
in barangays and in the city of Manila for tackling SWM and marine plastic litter. The men-
tioned amalgamation of theories averred an integrated solution for the abatement of MPL.
It is worthy of note that researchers continue to uncover vital approaches to the momentum
of the diffusion of knowledge to aid decision-makers in addressing marine plastic pollution
challenges, in order that they would, in turn, be able to assist the community and city.
Previous studies have supported the evolution of environmental governance grounded
on historical screening, on a level and integration that cannot be reflected upon without
consideration of the temporal aspect [40]. However, Whiteman, A., Smith, P., and Wilson
(2001) [41] explicitly elaborated on environmental governance to assess the performance
of the three main aspects of governance, such as inclusivity of stakeholders, financial
sustainability, and sound institutions and proactive policies. On the other hand, Glasbergen
(1998) [42] “identifies and describes five main models of environmental governance, these
include: regulatory, market regulation, civil society, co-operative, contextual control, and
self-regulation”. The works of Willis et al. (2018) [5] suggest that the combined solution
of the applied model to reduce waste volumes includes litter prevention, recycling, and
illegal dumping—which result in the significant reduction of plastic waste in the local
government’s coastal areas [5]. Furthermore, previous research suggests that municipalities
or cities that invest and/or spend on waste management, as well as on a fund for coastal
initiatives, have reduced the waste burden in their coastal areas. Other scholars, such as
Breukelman et al. (2019) [43], acknowledge that more research is needed using diagnostic
analysis regarding the failure of SWM services in the cities of developing countries to better
enable interventions to address impacts such as marine plastic litter. “The success of a
city’s SWM system can be used as a proxy indication of excellent governance,” according
to one scholar. Most of the existing literature has stressed that the key practical challenge in
SWM is a lack of data and data consistency when comparing cities. Moreover, the existing
literature calls for indicator sets for integrated sustainable waste management (ISWM),
for benchmarking SWM effectiveness in developed and developing cities, particularly
for monitoring applications [23,44]. Based on the previous peer-reviewed research, we
proposed the following hypotheses:

We postulate that the impacts of EG on COVID-19 waste management (EGcv) and
socio-economic activities (SEas) on MPL leakage (MPLe) are mediated by environmental
governance (EG), as follows.

2.6.1. Mediated Effects

Hypothesis 11 (H11): Environmental governance (EG) mediates the relationship between EG on
COVID-19 waste management (EGcv) and MPL leakage (MPLe).

Hypothesis 12 (H12): Environmental governance (EG) mediates the relationship between socio-
economic activities, the marine litter problem (SEas), and MPL leakage (MPLe).

2.6.2. Direct Effects

Hypothesis 13 (H13): Environmental governance, in terms of strategies, guidelines, and imple-
mentation procedures (EG), will positively affect marine plastic litter solution measures (MPLr).

Hypothesis 14 (H14): Environmental governance, in terms of strategies, guidelines, and imple-
mentation procedures (EG), will positively affect marine plastic litter leakage (MPLe).
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2.7. Marine Plastic Pollution (MPL) Solution Measures

In terms of solution measures factor, Wu, (2020) [45] argued that rapid urbanization
and industrialization cause a great deal of industrial and municipal waste, triggering envi-
ronmental and human health issues. The impact leakage pathway framework explained by
Alpizar et al. (2020) [29] identifies important policies for institutional aspects. However,
scholars argued that legislation has improved waste-related practices in businesses, as it
was observed that waste legislation is fragmented, and taxation incoherent [46–48]. It was
contended that the abatement of marine litter generation will work directly at the local
source (including sweeping, collection, single-use bag bans, and other activities) through
financing and contracting out solid waste management systems. This stage should include
educational campaigns, efforts toward litter reduction, cleanup activities, and law enforce-
ment mechanisms [49]. In fact, the success of devices such as deposit–refunds is largely
determined by consumers’ willingness to compensate for waste-related environmental
damage [50]. Binetti et al. (2020) [32] suggested measures to minimize single-use plastic,
enhance collection, reuse, and recycling, as well as creating public awareness campaigns,
which might considerably reduce marine litter.

2.8. MPL Leakage

GIZ explicitly described cases in most of the ASEAN developing countries where
most of the “uncollected plastic waste is either burned or disposed of into waterways, thus
leading to the partial leakage of such plastic waste into rivers”. Marine litter comes from
sources on land (UNEP, 2016) [51] and its localized abundance is linked to urbanization
and the levels of waste management infrastructure, as well as to recreational activity [4,10].
People using the riverside as a recreational area, residents without access to adequate waste
infrastructure, people illegally disposing of litter, wastewater treatment plant outlets or
sewage overflow, and the plastic-producing or plastic-processing industry are all sources
of anthropogenic litter at riversides. However, several studies have indicated an increase in
waste volumes downstream of bigger urban areas, and many of these sources are linked to
densely populated places (i.e., cities or urban spaces) [3,52–56].

Multigroup Effects

Hypothesis 15 (H15): The positive relationship between socio-economic activities (SEas—plastic
pollution problem) and MPL leakage is stronger for females.

2.9. Theoretical Framework of MPL Reduction

Based on the literature, we established the following model, showing the practical chal-
lenges that influence the endogenous variables that marine plastic litter solution measures
(MPLr) and marine plastic litter leakage (MPLe) may impact, with exogenous variables; this
is anchored in institutional theory and resource dependence theory. Practical challenges
include waste infrastructure, community participation, physical socio-economic activities,
and, with environmental governance as a mediating variable, the need to address the
mentioned specific research questions in the case of Manila in the Philippines (shown in
Figure 1). The theoretical framework depicted in this section was used for the SEM analysis.

2.10. Structural Equation Modeling

Structural equation modeling (SEM) establishes the link between the measurement
model and the structural model, based on the assumptions supported by theory. Factor
analysis and linear regression are combined in this method of SEM [57]. The difference
between regression and SEM decision-making approaches is that regression models are
additive, whereas structural equation models are relational. Structural equation modeling
also investigates the direct and indirect effects of mediators in the relationship between the
independent and dependent variables, in order to support the acceptance or rejection of
a hypothesis.
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Figure 1. The theoretical framework of MPL reduction.

In line with the developed theoretical framework of marine plastic litter reduction
(shown in Figure 1) and the existing literature presented in this paper, the model provides
a framework to address the research questions: (1) Can the practical challenges of waste
infrastructure, environmental governance, community participation, socio-economic activi-
ties and public litter behavior empirically influence the reduction of marine plastic litter in
Manila? (2) What are the drivers of marine litter within Manila and the Philippines context?
(3) What are the long-term opportunities for the reduction of marine plastic litter in Manila?

3. Materials and Methods

3.1. Manila Demography and SWM

A case study of Manila is the focus of this paper. Manila is the Philippines’ capital and
the country’s most densely populated city. In 2015, Manila had a population of 1.78 million
people. Manila is divided into 896 urban barangays, the Philippines’ smallest unit of
local government. Each barangay has its own councilors and chairperson. All of Manila’s
barangays are divided into 100 zones for administrative purposes, which are then divided
into 16 administrative districts. There is no local government in these zones and districts.
Trade and commerce are the city’s pillars. North Manila, which is located on the upper
portion of the Pasig River, and South Manila, which is located on the lower portion of
the river, have distinct characteristics. Manila Bay and Laguna de Bay are connected by
the Pasig River, which is about 25 km long. Over 2000 factories and 70,000 families live
in makeshift shelters along the river’s banks [58]. These bodies of water may have the
potential for MPL littering and leakage to the ocean if environmental governance is not
effectively acted upon.

Manila’s waste generation accounts for 69.87% of waste from residential sources,
while 25.73% is commercial, 1.19% is institutional, 0.19% is industrial, 1.56% is from
markets and 1.45% is from street-sweeping (2015 baseline data, [59] Manila DPS, 2020).
For waste composition from household and non-household sources, kitchen waste was
39.73%; this was followed by plastic waste at 17.75%, and 9.04% of paper waste, among
other wastes [59]. This indicates that the plastic waste stream is quite high in a highly
urbanized city like Manila. In the Philippine MSW definition, waste components are
composed of biodegradable, recyclable, special waste, and residual waste, wherein the
Manila waste composition is at 50%, 32%, 13%, and 5%, respectively. In the baseline
data in 2015, Manila has 0.607 kg/capita/day of waste generation, with an annual waste
generation of 376,008.40 Mt per year [59]. Of this, 67.69% of waste was sent to landfills,
while 32.31% was diverted waste. Through a private contract with the private sector, the
city of Manila has a 100% coverage clean-all solid waste collection and disposal system.
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The Department of Public Services is responsible for the city’s solid waste management
and environmental sanitation, under the direct supervision of the department head. The
organizational structure of the DPS comprises four (4) divisions and six (6) district offices,
to enhance the efficient dispensation of DPS activities. All municipal rules and ordinances
related to solid waste management and other environmental problems in the city of Manila
are implemented and enforced by the DPS.

Manila’s governance structure is governed by the City Solid Waste Management
Board (CSWB), which was established in 2000 in accordance with the Philippine Ecological
Solid Waste Management Act. The city has a 10-year SWM plan that has been approved
(2015–2024). The City Mayor (Chairman), City Administrator (Vice-Chairman), and Head
of DPS, among other relevant constituents, must actively participate in the CSWB’s special-
ized responsibilities and functions [59]. The Department of Public Services is in charge of
enacting and enforcing all municipal rules and ordinances relating to solid waste manage-
ment and other environmental issues in Manila (DPS). Over the years following its approval,
the city legislators created and approved the necessary city ordinances, in accordance with
the Ecological Solid Waste Management Act of 2000 (R.A. 9003). Executive Orders issued
by the mayor (past and present) serve as a backbone for enjoining the involvement and
commitment of the city and barangay authorities to implement, enforce, and support all
local legislation related to SWM and environmental preservation.

3.2. Framework Development, Data Collection, and Analysis

The conceptual framework process diagram in Figure 2 depicts the process flow
of the empirical quantitative SEM method and qualitative approach used in this study,
which began with the literature review phase. Data were gathered using a Google form
for an online survey. The study’s survey items were adapted from previous studies (as
described in Table 1) [3–5,29,30,32,34,35,60–64] related to the reduction of solid waste
management and marine plastic litter from land-based sources. Additional survey items
were developed and adapted from the Philippine interim COVID-19 waste management
guidelines. Structural equation modeling was used to analyze the collected data. A pre-
test survey was also conducted prior to the formal online survey distribution. Using
the MPL reduction framework, we used exploratory factor analysis, confirmatory factor
analysis, and structural equation modeling (SEM) analysis. The findings and suggested
recommendations for the study were quantitatively analyzed using an empirical SEM
method, validated through interviews and focused group discussions (FGD) in Manila
with the relevant constituents/experts in SWM in the Philippines.

Figure 2. The study’s conceptual framework process diagram.
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Table 1. Model Latent Factor with corresponding manifest indicators, descriptions, and methodologi-
cal backing.

Latent Factor
(Nomenclature)

Manifest
Indicator

Description Methodological Backing

Environmental governance
(EG: Policy and guidelines

on SWM/MPL)

EGa1 Clear guidelines and strategy for MPL, SWM

Willis, K., et. al. (2018); Wilson, D.
C., et. al. (2015); [5,24],

F. Alpizar, F. Carlsson (2020). [29]
Glasbergen (1998) [42]

Plummer R., et al. (2013) [65]
Wilson, et al., (2015) [24]

Lyons et al., 2020 [10]
Allan Paul Krelling,

et al., (2021) [63]

EGa2 Effective mechanisms in place for
waste facility

EGa3 Openness, transparency, and accountability of
bid processes in SWM

EGa4 Institutional arrangements for SWM
EGa5 Institutions SWM budget

EGa3F1
SWM accounts reflect accurately the full costs
of providing the service, the relative costs of

the different activities within SWM

EGa3F2 Annual budget adequate to cover the full
costs of providing the SWM service

EGa3F3
Percentage of the total number of households

both using and paying for ‘primary waste
collection services

EGa3F4 Practices or procedures in place to support
charges/fees

EGaI1
Public involvement at appropriate stages of

the SWM decision-making, planning and
implementation process

Environmental governance
(EGcv: COVID-19-related

Healthcare
Waste Management)

EGCV1
Awareness of the “Interim guidelines on the

management of COVID-19-related
healthcare waste”

Interim COVID-19 Waste
Guidelines (Adopted and modified

from DENR, 2021) [66]
Benson, N.U. et al., 2021. [18]

Benson, Bassey, et al. (2021) [20]
Kuan Shiong Khoo, et al., 2021 [19]

EGCV2 Use of the COVID-19 related waste
management plan template

EGCV3 Proper handling and management of all
COVID-19-related health care waste

EGCV4

Manage and contract waste service providers
(“waste separation and collection, transport,
treatment, and disposal”) in accordance with

the adopted LGU COVID 19 plans

EGCV5 Orientations on COVID 19 proper
waste management

Waste Infrastructure
(WInfras): Existing

Technical/Waste Facilities

T1 Landfill is near waterways/rivers

Wilson, D. C., et. al. (2015) [24]
Willis, K., et. al. (2018) [5]

T2 Existing MRF

T3 Artificial or special catching barriers (screen
traps) to stop waste entering the sea

T4 Boats cleaning the waterways, estuaries,
rivers, or sea exist

T5 Diversion programs, e.g., recycling to abate
the marine plastic litter

WI1 Waste of collection points/transfer stations Willis, K. et al. (2018) [5]
Whiteman, A., Smith, P. and Wilson,

D.C., 2001. [41]
B.P. Lyons, et al., (2020) [10]

WI2 Effectiveness of street cleaning

WI3 Efficiency and effectiveness of waste
transport, e.g., garbage trucks

Community Participation
(CParty): 3Rs and Circular

Economy
Roles and responsibility to
enhance packaging waste

management (3Rs—reduce,
reuse, recycle) in the

Philippines)

CP1 Consumers Cai et al., 2021 [44]
PREVENT Waste Alliance, 2020 [23]

Oke et al., 2020 [25]
Morten W. Ryberg, Alexis Laurent,

2018 [26]
Wilson, D. C., et. al. (2015) [24]

Willis, K., et. al. (2018) [5]
(GIZ, 2018) [22]

CP2 Plastic producing industry (raw material)
CP3 Filters and importers
CP4 Retailers of plastic items (e.g., supermarkets)
CP5 Government
CP6 Local authorities
CP7 Associations/NGOs
CP8 Scientific institutions/academia
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Table 1. Cont.

Latent Factor
(Nomenclature)

Manifest
Indicator

Description Methodological Backing

Marine Plastic Litter
Reduction Solution
Measures (MPLr)

MPLsm1 A law to introduce extended producer
responsibility (EPR)

(GIZ, 2018) [22]
PREVENT Waste Alliance, GIZ,

2021. [23]
Willis, K. et al. (2018) [5]

Wilson, D. C., et. al. (2015) [24]
UNEP (2016) [51]

MPLsm2 Establishing deposit systems for plastic bottles
MPLsm3 Establishing material recycling facilities

MPLsm4 Enhancing waste collection coverage in
barangays

MPLsm5 Enhancing waste separation at all households
and establishments

MPLsm6 Co-processing of plastics in cement plants
MPLsm7 Construction of incineration plants
MPLsm8 Opening landfills
MPLsm9 Awareness-raising campaigns
MPLsm10 Conduct (beach/coastal) clean-ups
MPLsm11 Banning of single-use plastic products
MPLsm12 Producing packaging made from bioplastics

MPLsm13 Producing packaging made from
alternative materials

MPLsm14 Making plastic packaging
reusable and recyclable

MPLsm15 Introducing (comprehensive) disposal fees
MPLsm16 Introducing fines for littering

Socio-economic
activities (SEas)

SEa1

Single-use plastic packaging is an expression
of economic prosperity (plastic use from

extraction, consumer, post-consumer,
disposal, with links to the linear economy)

GIZ, 2018 [22]
Jambeck et al., 2015 [4]; L.C.M.

Lebreton et al., 2017 [3]
Faten Loukil and

Lamia Rouched 2012 [50]
Sophie M.C. Davison, et al., 2021

[35]
Nelms et al., 2020 [36]; Rochman

et al., 2016 [64]
Binetti et al., 2020 [32]

SEa3

Threat to the environment, human health, and
economic prosperity (industrialization has

been associated with an increase in
packaging waste)

SEa4 Plastic consumption contributes to
climate change

SEa7 Quantity of plastic pollution in the natural
environment is increasing

MPL Leakage (MPLe:
Pathways (routes)

contribute to litter in the
marine environment)

MPLa1 Litter reaches the sea from rivers, canals,
creeks, and estuaries

Alpizar et al., 2020 [29]
Gasperi et al., 2014 [55]; Morritt
et al., 2014 [56]; Mani et al., 2015

[54]; Lebreton et al., 2017) [3],
Di and Wang, 2018 [53]; Magni

et al., 2019) [52]
Jambeck et al., 2014 [4]; L.C.M.

Lebreton et al., 2017 [3]
(GIZ, 2018) [22]

MPLa2 Litter is blown into the sea from landfills
MPLa3 Flooding and sewage overflows

MPLa4 Direct release on the coast, e.g., beach users,
coastal tourism

MPLa5 Direct release in the sea (by fishing, ships, and
offshore industries)

Manila Public Behavior and
the MPL Problem (SE:

factors in the city
contributing to public

plastic littering of
the environment)

SEb1 Public behavior in terms of littering

Issahaku, Adam, et al. (2021) [61]
(GIZ, 2018) [22]

SEb2 Lack of waste collection and separation

SEb3 Lack of adequate waste management
infrastructure and facility

SEb4 Intense consumption of single-use plastics

SEb5 Lack of enforcement of waste
disposal directives

SEb6 Lack of funding for waste collection

3.3. Data Analysis Methods for the MPL Reduction Framework

Figure 3 depicts the SEM analytical process at various stages of the analysis, including
data screening, EFA, CFA, and the structural analysis of the manifest variables used in
the article (both exogenous and endogenous variables). Starting with data screening and
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descriptive analysis, exploratory factor analysis (EFA), confirmatory factor analysis (CFA),
and the path/structural analysis—covariance-based SEM method, the latent variables
of socio-economic factors, environmental governance, community participation, waste
infrastructure, and other latent variables were plugged into MPL as an abatement latent
variable using SEM analysis. An online pre-test survey was conducted with 79 samples
of 51 survey items in August 2021, to determine the appropriateness and fit of the use
of the survey in the Manila local government unit (LGU) and respective barangays. The
reliability statistics of the 79 cases have a Cronbach’s alpha value of 0.907. Any additions
and revisions of the terms and statements for respondents regarding the usage of terms
and ease of understanding of the survey items were performed. The formal online survey
questionnaire, using Google Forms, was distributed in the period from 12 to 30 September
2021 to a total of 800 barangays and other Manila respondents. This sample size fits the
recommendation of MacCallum, R. C., Browne, M. W., and Sugawara (1996) [67], who
suggested a larger case-to-variable ratio. The actual total number of samples collected
comprised 456 responses from barangays and Manila DPS respondents. These experiment
samples were screened and processed to identify omissions, unengaged responses, and
irrelevant items. Finally, 426 out of the 456-questionnaire sample size were processed and
analyzed for the study.

 

Figure 3. SEM Analysis Process Diagram.

A random sampling method was performed to collect data from the study population,
who were asked to rate the 62 indicators based on their level of agreement, using a four-
point Likert scale (e.g., anchored at 1 = strongly disagree, 2 = disagree, 3 = agree, and
4 = strongly agree).

An examination of the reliability of the instrument was necessary. For this reason,
an attempt was made to check the item-total score correlations, indicating that items
with higher correlations are better instruments [68]. At this stage, 62 interval Likert scale
indicators and 28 categorical Likert items were utilized for the survey.

The marine plastic litter reduction framework was used to draw out suggested policy
and action implications and address the research questions of the study. Moreover, the
conceptual framework was validated through interviews and focused group discussions
(conducted from 15 November to 10 December 2021) in Manila and with relevant Philippine
SWM experts. Target participants for the virtual interview and FGD were the assistant
city government head and technical staff from Manila DPS, a representative from the
barangays, the NSWMC Officer in Charge, selected SWM contractors from the private
sector, and NGOs/Civil Society “Solid Waste Association of the Philippines” (SWAPP) and
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Academe members working on SWM and marine plastic litter reduction. The contacts
and/or email addresses that were used for the interview and FGD (through Google Meet
and the WEBEX platform) came from the author’s existing established network in Metro
Manila, the endorsement of the Manila Department of Public Services, and the League of
Cities in the Philippines, as well as from the Philippine National Solid Waste Management
Commission (NSWMC).

4. Results and Discussion

4.1. Demographic Characteristics of the Respondents

The demographic characteristics of the Manila respondents are illustrated in Table S1
(in the Supplementary Materials). Demographic information includes gender (male (35.7%)
and female (64.3%)) and age group in years (under 25 years old (28.6%), 25–34 (28.6%),
35–44 (26.8%), 45–54 (12%), and over 55 years old (4%)). Most of the respondents have
completed undergraduate studies (52.8%), while respondents completing secondary-level
education and graduate studies are 24.2% and 23%, respectively. Most of the respondents
who took part the survey had a range of income of PHP 10,001–15,000 (pesos) (40.8%). Of
the respondents, 92.7% (395) were affiliated by their work to the barangay units, followed
by Manila DPS at 4.7%, with 0.2% of representatives from an association/NGO. Similarly,
62.7% (267) of respondents were barangay secretaries who completed the survey forms on
behalf of their respective barangay units, while 24.9% (106) of respondents were barangay
chairmen/chairwomen, followed by barangay councilors at 8.9% (38). It is important to
note that the Barangay Solid Waste Management Committee is composed of the barangay
chairman, councilor, secretary, and barangay technical staff members—in line with the R.A.
9003. The number of years of affiliated work (in barangays and Manila LGU) of most of the
respondents was 56.6% (241) with under 5 years, followed by 23.7% (101) with 6–10 years,
9.9% with 11–15 years, 5.2% with 16–20 years, and 4.7% with over 20 years of work. The
target population of barangays in Manila is 896 barangays. The target sample size was
determined to be 277 samples (barangays), which is substantially more than 200 samples, as
determined, and was collected in a distributive pattern in demographic barangays/zones in
Manila. The larger number of samples was not only desirable for adequate data collection
but was intended to be segmented in separate analyses by barangays/zones demographics
while still maintaining a credible sample size. In addition, as in the requirements for SEM
in Amos version 28, the sample size is adequate to run the CFA and structural model.

4.2. Descriptive Statistics

A total of 62 socioeconomic, environmental governance and MPL variables were used
to gauge the respondents’ level of agreement. The majority of the respondents expressed
their satisfaction with most of the indicators. Factors of socio-economic perception related to
Marine Plastic Pollution (MPL) had a mean (M) range of 2.44–3.64, and a standard deviation
(SD) range of 0.494–0.819, with a level of agreement of “strongly agree”. MPL plastic
leakage attributes (MPLe) have a mean (M) range of 3.19–3.37 and a standard deviation
(SD) range of 0.615–0.662, which indicates a level of agreement of “very much”. In terms of
socio-economic factors, public littering behavior had a mean range of 3.53–3.65 and an SD
range of 0.517–0.546, which suggests a level of agreement of “very important”. The waste
infrastructure (WInfras) was represented by 3 indicators, of which 3 indicators scored lower
mean values at 2.41–2.60 and a standard deviation range of 0.901–0.988, suggesting a level
of agreement of “low incidence to medium incidence”. Community participation regarding
plastic packaging has a mean range of 3.48–3.65 and an SD range of 0.543–0.610, indicating
a level of agreement of “very much”. Environmental governance related to policies and
strategies/guidelines (EG) mean range was 2.73–2.89, with an SD of 0.705–0.842, suggesting
a level of agreement of “medium compliance”. Environmental governance related to
COVID-19 waste (EGcv) has a mean range of 3.16–3.26 and an SD range of 0.647–0.693,
suggesting a level of agreement of “medium compliance”. MPL solution measures (MPLr)
provided a mean range of 3.22–3.48 and an SD range of 0.595–0.702, indicating a level of
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agreement of “extremely likely”. Most of the indicators referring to socio-economic factors,
MPL, environmental governance, and MPL solution measures reported good mean scores
and standard deviations.

4.3. Assessment of Multivariate Normality and Multicollinearity

Before the EFA was performed, tests of multivariate normality and multicollinearity
were conducted using SPSS 23. The observed values in the P-P plot are closely parallel to
the straight line, indicating that the observed values are similar to what we would expect
from a normally distributed dataset [69]. Skewness and kurtosis results do not exceed
between +2 and −2 (see Table S2 for the data mean, standard deviation, skewness, and
kurtosis). Furthermore, no correlation coefficient value greater than 0.8 was identified for
any of the observable indicators in the correlation matrix [70]. Hence, multicollinearity is
not a problem with these data.

4.4. Verifiability of Latent Factors

Principal component analysis (PCA) was performed using the ProMax rotation for the
62 manifest indicators in exploratory factor analysis (EFA), to assess the dimensionality of
the environmental governance, socio-economic activities perception, and MPL indicators.
The total variance explained by the thirteen (13) distinctive factors extracted was 68.02%,
with an eigenvalue greater than 1.0 (see Table S2: Factors in MPL reduction with mean, SD,
skewness, kurtosis, factor loadings, and Cronbach’s alpha in the Supplementary Materials).
There were no correlations greater than 0.7, indicating convergent validity and discriminant
reliability. The overall Cronbach’s alpha value was 0.917 for 62 manifest indicators, which
is above the suggested benchmark of 0.6 [71,72]. All the commonalities in this study are
above 0.400. There are 84 (3.0%) non-redundant residuals with absolute values greater than
0.05 in the residuals computed between the observed and replicated correlations, indicating
that non-redundancy residual measures are not a concern.

4.5. Validity and Reliability Results

The KMO measure of sampling size adequacy value of 0.896 in this study is a great
or meritorious degree of common variance [70,73]. The Bartlett test of sphericity tests the
null hypothesis that the original correlation matrix is an identity matrix. The correlations
between indicators were substantial enough for PCA, according to a statistically significant
Bartlett’s test of sphericity (p < 0.05) [74,75]. For these data values, Bartlett’s test is highly
significant (χ2 (20,143.984) = 2628, p < 0.000); thus, it is safer and appropriate to proceed
with factor analysis and CFA. For validity tests in the exploratory factor analysis, 13 latent
factors with 62 indicator variables were extracted with eigenvalues of 13.377 to 1.010
and account for 68.022% of the covariance among the manifest variables (as shown in
Table S2: Factors in MPL reduction with mean, SD, skewness, kurtosis, factor loadings, and
Cronbach’s alpha). Forty-seven (46) manifest variables were retained, while 16 indicator
variables were removed, in conformity with the assumptions.

The nine (9) latent factors retained were MPL solution measures (13 manifest items),
SE attributes (6 manifest items), MPL leakage (5 manifest items), community participation
(5 manifest items), environmental governance: SWM policies (5 manifest items), EG on
COVID-19 waste management (4 manifest items), socio-economic activities A (4 manifest
items), waste infrastructure (3 manifest items) and socio-economic activities B (2 manifest
items). From the extracted latent factors, manifest variables in environmental governance in
the case of Manila—SWM policies, financial resources, and community participation—were
combined based on the PCA (see Table S2: Factors in MPL reduction with mean, SD,
skewness, kurtosis, factor loadings, and Cronbach’s alpha). Overall, Cronbach’s alpha of
nine (9) latent factors for the 426 cases was 0.917. The individual latent factor reliability
results have a Cronbach’s alpha of MPLr (0.957), SE (0.879), MPLe (0.885), CParty (0.913), EG
(0.900), EGcv (0.904), SEas (0.780), WInfras (0.791), and SEc (0.708), respectively. The 9 latent
factors have coefficient loadings greater than 0.500 (as illustrated in Table S2: Factors in
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MPL reduction with mean, SD, skewness, kurtosis, factor loadings, and Cronbach’s alpha
values) were utilized in the study. Thus, we have a reliable and valid instrument with very
good internal consistency.

4.6. Confirmatory Factor Analysis

To examine the validity of the latent variables, confirmatory factor analysis (CFA) was
performed. This “concept relates to the degree to which a scale or collection of measures
accurately represents the topic of interest,” according to [70,73]. Convergent validity,
discriminant validity, and content validity are all requirements of the CFA measurement
model. The degree to which two scales of the same issue are correlated is measured by
convergent validity [70]. For each construct or latent factor, the convergent validity was
checked by computing the average variance extracted (AVE), standardized regression
weight (SRW), and composite reliability (CR) [76]. All standard regression weights (factor
loadings) in the measurement model were significant at p < 0.001, in the range of 0.514–0.871.
The minimum level of acceptability for all factor variables was greater than 0.30 [74]. An
AVE of 0.5 or above is required to evaluate the measurement model’s convergent validity.
The square root of AVE, which must be larger than the latent variable correlations, is used
to assess the discriminant validity [77]. The discriminant value must be greater than the
correlation between the latent variables.

4.6.1. Measurement Model Fit Assessment

Using AMOS version 28, SEM was utilized to assess the measurement model fit
through confirmatory factor analysis (CFA) of the study on enhancing environmental
governance for MPL reduction in Manila in the Philippines. The model fit measures
were unconstrained, and the chi-square goodness-of-fit test was significant [78], with
χ2/df = 1.507, and p-value < 0.001. The RMSEA was excellent at 0.035 and the pClose test
was not significant (p-value of 1.000), with a GFI of 0.885, for which the ideal is greater
than (>) 0.95. The CFI (0.956), IFI (0.957), and TLI (0.952) were greater than (>) 0.95, while
SRMR was 0.042 (see Figure 4). MPL reduction measurement model). Even though the
values for GFI and AGFI do not exceed the threshold value of > 0.9, “they still met the
requirements as suggested by [79,80] where the value is acceptable if above 0.800”. All
fit indices of the measurement model of the latent factors were above the recommended
threshold values [81], as shown in Table 2. Appropriately, the measurement model fit of the
8 latent factors and observed variables was found to be very satisfactory. Even though the
p-value of the measurement model is significant (p < 0.05), “the model is strongly affected
by the large sample size and dependent on the complexity of the current measurement
model (sensitive to a complex model and large sample size)”. The current measurement
model does not employ unnatural constraints to the set of measures. Thus, the overall
model fit indices for the measurement model, suggest a very good model fit.

Table 2. Measurement of model fit.

Criterion of
Model Fit

Absolute Fit
Acceptance

Values of Model Fit Test Result

RMSEA <0.08 0.035 Established
SRMR <0.08 0.042 Established
pClose >0.05 1.000 Established

GFI ≥0.90 0.885 Acceptable
AGFI ≥0.90 0.868 Acceptable
CFI ≥0.90 0.956 Established
IFI ≥0.90 0.957 Established
TLI ≥0.90 0.952 Established

χ2/df <3.00 1.507 Established
Note: RMSEA = root mean square estimation approximation, GFI = goodness-of-fit index, CFI = comparative fit
index. TLI = Tucker Lewis index, IFI = incremental fit index, adjusted goodness-of-fit index (AGFI), df = degrees
of freedom.

59



Sustainability 2022, 14, 6128

Figure 4. Measurement model of MPL reduction in Manila.

4.6.2. Measurement Model

The critical ratio (C.R.) value describes the statistics established by “dividing an
estimate by its standard error”. In this study, since a sample size of 426 Manila barangays
is adequate for CFA, the critical ratio resembles a normal distribution. In that case, a value
of 1.96 indicates two-sided significance at the “standard” 5% level. The null hypothesis is
rejected since the critical ratio (CR) for a regression weight is more than (>) 1.96, indicating
that the path is significant at the 0.05 level, indicating that all the estimates (for respective
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latent factors to the manifest variables) were statistically different from zero, as indicated in
Table S3: Results of the measurement model (CFA) for the manifest and latent variables.

All of the parameter estimates were positive and within the allowed range of values
of 1.00; these corresponding manifest variables were all significant at p < 0.001. The path
coefficient for the latent factor (MPLr) to the 12 manifest variables, with standardized
regression weights, was within the range of 0.653 to 0.816 (as illustrated in Figure 5 and
Table S3). These results, according to [82] Hair, J., Sarstedt, M., Hopkins, L., and G.
Kuppelwieser (2014), established the validity and reliability of the manifest variables. The
path coefficient for the SE latent factor to the 6 manifest variables and the standardized
regression weights were within the range of 0.631 to 0.848. These results, according to
Hair et al., (2014) [82] established the validity and reliability of the manifest variables. The
path coefficient for the MPLe latent factor to the manifest variables was significant at
p < 0.001 and the standardized regression weights were within the range of 0.658 to 0.820.
The path coefficient for CParty latent factor to the manifest variables (CP4, CP3, CP2, CP5,
CP1), and the standardized regression weights were within the range of 0.514 to 0.870.
The path coefficient for the EGcv latent factor to the manifest variables (EGCV4, EGCV5,
EGCV3, and EGCV1), and the standardized regression weights were within the range of
0.698 to 0.792. The path coefficient for the EG latent factor to the manifest variables and
the standardized regression weights were within the range of 0.658 to 0.763. The path
coefficient for the WInfras latent factor to the manifest variables and the standardized
regression weights were within the range of 0.655 to 0.769. The path coefficient for the
SEas latent factor to the manifest variables (SEa7, SEa6, SEa4) was within the range of
0.683 to 0.750 (as illustrated in Table S3). These results, according to Hair, J., Sarstedt, M.,
Hopkins, L., and G. Kuppelwieser (2014) [82] established the validity and reliability of
the manifest variables.

Figure 5. Structural latent model. Note: * p < 0.050; ** p < 0.010; *** p < 0.001.
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4.6.3. Convergent and Discriminant Validity

Convergent and discriminant validity in the study was assessed using the Fornell and
Larcker criterion and Heterotrait-Monotrait (HTMT) ratio. We observed the convergent
and discriminant validity of the latent variables EGcv, MPLr, SE, MPLa, CParty, SEa, EG,
and WInfras for our study in Manila, as evidenced by a convergent AVE of above 0.500.
The discriminant is the square root of the AVE of the respective latent variables greater than
the correlations, and reliability was evidenced by a composite reliability (CR) value above
the threshold of 0.700. Cronbach’s alpha and composite reliability were used to assess
the construct reliability. Cronbach alpha was found to be higher than the required limit
of 0.70 for each construct in the study [83]. Using the Fornell-Lacker criterion, diagonal
elements (in bold) show the average shared-squared variance (ASV) between the latent
variables and their measures (AVE). Off-diagonal elements are the correlations among
latent variables. For discriminant validity, diagonal elements are larger than off-diagonal
elements, as illustrated in Table 3.

Table 3. Fornell-Lacker criterion: reliability results, discriminant validity, correlation coefficient, and
descriptive statistics.

CR AVE EGcv MPLr SE MPLe CParty SEas EG WInfras

EGcv 0.835 0.559 0.748
MPLr 0.938 0.560 0.269 *** 0.748

SE 0.875 0.540 0.116 * 0.239 *** 0.735
MPLe 0.864 0.561 0.073 † 0.226 *** 0.437 *** 0.749
CParty 0.865 0.570 0.213 *** 0.236 *** 0.443 *** 0.366 *** 0.755

SEas 0.755 0.508 0.15 ** 0.307 *** 0.402 *** 0.552 *** 0.329 *** 0.713
EG 0.810 0.518 0.577 *** 0.110 * 0.036 † −0.075 † 0.118 * −0.069 † 0.719

WInfras 0.770 0.529 0.049 † 0.100 *** 0.008 † 0.039 † 0.054 † 0.101 † 0.021 † 0.727

Cronbach’s Alpha 0.904 0.957 0.879 0.885 0.913 0.780 0.900 0.791
Average Mean 3.20 3.38 3.60 3.30 3.57 3.54 2.77 2.50

Average Std. Deviation 0.67 0.65 0.53 0.64 0.57 0.55 0.78 0.95

Note: CR = composite reliability; AVE = average variance extracted; ASV = Average Shared Squared Variance.
Interpretation for “Convergent Validity: CR > 0.7, CR > AVE, AVE > 0.5; for Discriminant Validity: ASV < AVE”
(Fornell, C., and Larcker, 1981). Cronbach’s alpha reliability coefficient > 0.7. Significance correlations: † p > 0.100;
* p < 0.050; ** p < 0.010; *** p < 0.001.

While the recommendation of examining shared variance to assess discriminant va-
lidity by Fornell, C., and Larcker, (1981) [84] was once widely accepted, recent research
has begun to raise questions about how sensitive this test is in capturing discriminant
validity issues between constructs [85]. Following that, the heterotrait–monotrait ratio of
correlations (HTMT) technique was proposed as a modern approach to determining the
discriminant validity between constructs.

The HTMT method compares the correlations of indicators across constructs to the cor-
relations of indicators within a construct, examining the ratio of between-trait correlations
to the within-trait correlations of two constructs [85]. Assumptions for HTMT value should
be below (<) 0.85 [86] and 0.90 [77]; discriminant validity has been established between
8 reflective constructs (as illustrated in Table 4). Hence, the current measurement model
has NO validity and reliability concerns in the latent variables; internal consistency was
established with good Cronbach’s alpha values.
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Table 4. HTMT analysis.

Construct SEas WInfras EG EGcv CParty MPLe SE MPLr

SEas
WInfras 0.101

EG −0.069 0.021
EGcv 0.150 0.049 0.578

CParty 0.330 0.054 0.119 0.213
MPLe 0.556 0.038 −0.084 0.070 0.356

SE 0.396 0.008 0.035 0.114 0.438 0.434
MPLr 0.304 0.108 0.109 0.268 0.234 0.231 0.232

4.6.4. Assessment of Multi-Group Invariance

Group invariance was performed through configural, metric, and scalar invariance
tests. We utilized the male and female groupings to test the invariance of the current
measurement model. The results indicated that the configural invariance was good, as evi-
denced by the excellent model fit measures when estimating two groups freely, e.g., without
constraints. Metric invariance was also excellent, as evidenced by a non-significant p-value
of 0.567 (indicating invariant), a chi-square difference test between the unconstrained (χ2

of 2732.194, df. of 1914) and fully constrained models (χ2 of 2775.935, df. of 1960) where
the regression weights were constrained. Scalar invariance has also an excellent result,
with a p-value of 0.496 for the model measurement intercepts; hence, the current model
is invariant.

4.6.5. Common Method Bias

When differences in responses are generated by the instrument rather than the actual
tendencies of the respondents that the instrument aims to reveal, a common method bias
(CMB) occurs, especially if the study is perpetual (e.g., opinions, perceptions). In other
words, the instrument introduces a bias; hence, there are variances, which were analyzed
in this research study in Manila. After conducting the validity test of the CFA, the common
latent factor (CLF) was plugged into each manifest variable and the CMB was run in AMOS
version 28. In the analysis of the CMB, the model fit was checked to fulfill the assumption
measures. The difference between the standard regression weights of the common latent
factor (CLF) in the zero-constrained model and the standard regression weights of the CLF
(unconstrained model) was computed. The result difference of all regression weights is less
than (<) 0.2 [87,88], indicating that there is no bias in the model in the CMB analysis.

After the measurement model confirmatory factor analysis, the outcome suggests an
established composite reliability, convergent validity, discriminant validity, and no common
method bias of the current measurement model. Table S3 summarizes the results of the
measurement model of the 8 latent variables to the respective manifest variables. Overall,
the parameter estimates or the path coefficients of the latent variables to the corresponding
manifest variables were significant at p < 0.001.

4.6.6. Assessment of Multivariate Normality and Multicollinearity

Before proceeding with the SEM analysis, an assessment of multivariate normality and
multicollinearity was conducted, using SPSS version 23. The observed values fall roughly
along the straight line in the P-P plot, indicating that the observed values are similar to
what we would expect from a normally distributed dataset [69]. The threshold level of
the tests of skewness and kurtosis does not exceed between +2 and −2 (see Table S2). The
multivariate influential value was examined using Cook’s distance analysis to identify any
(multivariate) existence of influential outliers. In addition, we did not observe a Cook’s
distance of greater than 1 [89]. Most of the case studies and Manila barangays’ data points
were far less than 0.05. Similarly, using multiple linear regression analysis, we examined
the variance inflation factors (VIFs) for all the predictors on our dependent variables, and
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observed that no VIFs were greater than 2, which is far less than the threshold of 10,
ensuring that we are adding unique values.

A test for autocorrelation in the residuals from a statistical model or regression study
is the Durbin–Watson (DW) statistic. The Durbin–Watson statistic has a range of values
from 0 to 4. A score of 2.0 implies that the sample contains no autocorrelation. A rule of
thumb is that DW test statistic values in the range of 1.5 to 2.5 are relatively normal [76].
Values outside this range could, however, be a cause for concern. The outcome of the
autocorrelation test of the Durbin–Watson value of the current model is 2.049, which is
within the indicated range; hence, the study datasets are relatively normal.

4.7. Discussion
4.7.1. Path Model Fit

For the SEM model fit for this study in Manila, the chi-square goodness-of-fit test was
not significant for the path model [78] (χ2/df = 1.190, p-value of 0.313), suggesting that
the model fits the data very well. The RMSEA was excellent at 0.021, and the pClose test
was not significant (p-value of 0.730), with a GFI of 0.997, which is greater than (>) 0.95.
The CFI (0.999), IFI (0.999), and TLI (0.994) were greater than (>) 0.95, while the SRMR was
0.015. All these model fit indices for the causal path model on keystone factors influencing
the reduction of marine plastic litter suggest a well-fitting model. Moreover, the structural
model (Figure 5) fit indices also suggest a well-fitting model, with an RMSEA of 0.035 and
an SRMR of 0.046. The threshold criteria for model fit indices are in reference to [42] Hu
and Bentler (1999) and [90] Bollen (1989), as depicted in Table 5. The causal path model
does not apply unnatural constraints to the set of measures. Similarly, the assessment of
normality was also checked in AMOS; descriptively, all the skewness and kurtosis have
substantial evidence of univariate normality. The multivariate normality of the variables
suggested a normalized estimate of a less than five (5) critical ratio, which is indicative of a
substantial multivariate assumption [91].

Table 5. Path model fit.

Criterion of
Model Fit

Absolute Fit
Acceptance

Values of Model Fit Test Result Values of Model Fit Test Result

Structural Latent Model Path Model

p-Value for
X2-Test

Insignificant 0.000 Significant 0.313 Insignificant

RMSEA <0.08 0.035 Established 0.021 Established
SRMR <0.08 0.046 Established 0.015 Established
pClose >0.05 1.000 Established 0.730 Established

GFI ≥0.90 0.882 Acceptable 0.997 Established
AGFI ≥0.90 0.866 Acceptable 0.975 Established
CFI ≥0.90 0.955 Established 0.999 Established
IFI ≥0.90 0.955 Established 0.999 Established
TLI ≥0.90 0.951 Established 0.994 Established

χ2/df <3.00 1.524 Established 1.190 Established

Note: Root mean square estimation approximation (RMSEA), standardized root mean square residual (SRMR),
goodness-of-fit index (GFI), adjusted goodness-of-fit index (AGFI), a comparative fit index (CFI), incremental fit
index (IFI), and Tucker–Lewis index (TLI).

4.7.2. Structural Model Squared Multiple Correlations

Chinn (1998) [92] recommended R2 values for endogenous latent variables, based on:
0.67 (substantial), 0.33 (moderate), and 0.19 (weak). Moreover, Cohen’s (1988) [93] standard
interpretation suggested that in terms of squared multiple correlations in SEM, “R-squared
values of 0.12 or below indicate low (week effect size), between 0.13 to 0.25 values indicate
medium, 0.26 or above, and above values indicate high effect size (substantial)”. However,
Falk, R.F., and Miller (1992) [94] recommended that R2 values should be equal to or greater
than 0.10 for the variance of a particular endogenous construct to be deemed adequate.
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The corresponding R2 of the three endogenous latent factors, EG, MPLr, and MPLe, of the
structural model are 0.36, 0.13, and 0.40—which suggests a medium to high effect size.

Moreover, as depicted in Figure 6, the path model showed endogenous variables for
EG, MPLr, and MPLe, with medium to high effect size R2 values of 0.48, 0.19, and 0.52,
respectively. Here, 52% of the variance of MPLe is explained by five exogenous variables:
EG, EGcv, CParty, SEas, and SE.

 
Figure 6. Path model. Note: ** p < 0.010; *** p < 0.001.

For the SEM path analysis, the study encapsulated the path coefficients, standard error,
t-values (critical ratio), and significant p-values, using AMOS version 28, from standardized
factor score weights in the validated CFA analysis with natural constraints, as illustrated
in Table 6.

Table 6. Parameter estimates of the path model.

Causal Relationship Standardized β Unstandardized β S.E. C.R. p-Value

WInfras → EG 0.010 0.009 0.031 0.287 0.774
EGcv → EG 0.685 0.832 0.044 18.873 0.001

CParty → EG 0.040 0.050 0.052 0.953 0.341
SE → EG 0.039 0.051 0.056 0.900 0.368

SEas → EG −0.231 −0.364 0.065 −5.627 0.001
EG → MPLr −0.035 −0.030 0.052 −0.577 0.564

SEas → MPLe 0.521 0.597 0.045 13.292 0.001
EG → MPLe −0.084 −0.061 0.025 −2.456 0.014

CParty → MPLe 0.120 0.109 0.036 3.029 0.002
SE → MPLe 0.215 0.205 0.039 5.238 0.001
SE → MPLr 0.105 0.117 0.056 2.102 0.036

EGcv → MPLr 0.262 0.273 0.063 4.293 0.001
SEas → MPLr 0.253 0.341 0.070 4.877 0.001

4.7.3. Mediation Analysis

The study assessed the mediating role of environmental governance (EG) on the
relationship between EG regarding COVID-19 waste management (EGcv) and MPL leakage
(MPLe) in Manila. The results of the bootstrapped test (2000 samples) revealed that the
significant indirect effect of the impact of EGcv on MPLe was negative and significant
(b = −0.051, t = −2.318, p-value = 0.023), supporting Hypothesis 11 (H11). Furthermore, the
direct effect of EGcv on EG in the presence of a mediator was also found to be significant
(b = 0.832, 0.001). Hence, EG partially mediated the relationship between EGcv and MPLe.
A mediation analysis summary is presented in Table 7. Similarly, regarding the mediating
role of EG on the relationship between socio-economic activities (SEas—socio-economic
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activities) and MPL leakage, the results revealed that the significant indirect effect of the
impact of SEas on MPL leakage was positive and significant (b = 0.022, t = 2, p-value =
0.018), supporting Hypothesis 12 (H12). Furthermore, the direct effect of SEas on EG in
the presence of the mediator was also found to be significant (b = 0.597, 0.001). Hence, EG
partially mediated the relationship between SEas and MPLe.

Table 7. Mediation results.

Relationship
Direct Effect

(Unstd. β (p-Value))
Indirect Effect

Confidence Interval

p-Value InterpretationLower
Bound

Upper
Bound

EGcv → EG → MPLe 0.832 (0.001) −0.051 −0.095 −0.008 0.023 Partial
mediation

SEas → EG → MPLe 0.597 (0.001) 0.022 0.004 0.047 0.018 Partial
mediation

4.7.4. Multigroup Analysis

From the constrained structural weights of multigroup analysis, the global chi-squared
difference test for the current model was significant at a 90% confidence level
(p-value = 0.098); we observed that the model is different between males and females.
The p-value means that male and female reactions are different; they do not hold the same
opinions. In Table 8, we have computed the group with a Z-score as an indication of signifi-
cance. The effect size of R2 for MPLe is large, with 0.4324 (f-squared) from an R2 difference
between 0.63 (male) and 0.47 (female) [95,96]. The standardized coefficient for males is
−0.24, while the coefficient for females is −0.21. Hence, a positive relationship between
socio-economic activities (SEas) and EG is stronger for females, supporting Hypothesis
15 (H15).

Table 8. Multigroup differences (male and female).

Causal Path Relationship
Male Female

Estimate p-Value Estimate p-Value z-Score

WInfras → EG −0.022 0.676 0.024 0.540 0.701
EGcv → EG 0.767 0.000 0.878 0.000 1.250

CParty → EG 0.019 0.823 0.069 0.295 0.466
SE → EG −0.036 0.691 0.085 0.233 1.049

SEas → EG −0.208 0.053 −0.432 0.000 −1.658 *
EG → MPLr 0.084 0.350 −0.080 0.208 −1.488

SEas → MPLe 0.602 0.000 0.595 0.000 −0.075
EG → MPLe −0.113 0.003 −0.037 0.245 1.523

CParty → MPLe 0.121 0.023 0.105 0.026 −0.225
SE → MPLe 0.194 0.000 0.207 0.000 0.164
SE → MPLr 0.088 0.351 0.134 0.055 0.392

EGcv → MPLr 0.268 0.007 0.261 0.001 −0.050
SEas → MPLr 0.436 0.000 0.281 0.001 −1.060

Note: * p-value < 0.10.

4.7.5. Discussion of the Path Model Results

Our findings revealed that waste infrastructure (WInfras) is not a predictor of environ-
ment governance (EG), with a path coefficient of 0.010. A weak positive correlation between
the two variables was non-significant at a p-value of 0.774. as illustrated in Tables 6 and 9.
This implies that there is no relationship with waste infrastructure (WInfras) on EG; there-
fore, Hypothesis 1 (H1) is not supported. The result of this latent factor is not supported,
due perhaps to the limited specific instrument or manifest variables under study. However,
from the interview and FGD, Manila LGU requires robust evidence-based baseline data
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and information appropriate for policy; once the baseline data are established, they can
be used to select the appropriate facilities/infrastructure and technologies in addressing
MPL reduction, with the private sector’s involvement in SWM. It was argued that studies
on improving waste management infrastructure would necessitate significant investments
(and time), particularly in the least developed and developing economies and cities and
that these countries’ primary focus should be on improving solid waste collection and
management [7]. From the interviews and FGD, the city of Manila currently does not have
a material recovery facility (MRF), particularly in the barangays; this is because of a lack
of space to house a city MRF. The city instead mandated that every public school should
practice a waste reduction scheme and resource recovery and should designate an area
where used/soiled school and office papers, PET bottles, and old newspapers can be stored
and eventually sold to a nearby junk shop for recycling.

Table 9. Hypothesis analytics.

Hypothesis Path Relationship Coefficient t-Value Interpretation

H1: WInfras → EG 0.010 0.287 Not Supported
H2: EGcv → EG 0.685 18.873 *** Supported

H3: EGcv → MPLr 0.262 4.293 *** Supported
H4: CParty → EG 0.040 0.953 Not Supported

H5: CParty → MPLe 0.120 3.029 ** Supported
H6: SEas → EG −0.231 −5.627 *** Supported

H7: SEas → MPLr 0.253 4.877 *** Supported
H8: SEas → MPLe 0.521 13.292 *** Supported

H9: SE → MPLr 0.105 2.102 * Supported
H10: SE → MPLe 0.215 5.238 *** Supported

H11: EGcv → EG → MPLe (Mediation) −0.051 −2.318 * Supported
H12: SEas → EG → MPLe (Mediation) 0.022 2.000 * Supported

H13: EG → MPLr −0.035 −0.577 Not Supported
H14: EG → MPLe −0.084 −2.456 ** Supported

H15: SEas → EG (Multigroup) −0.208 −5.374 *** Supported

Note: *** p-value < 0.001, ** p-value < 0.01; * p-value < 0.05.

Environmental governance regarding the “management of COVID-19-related health-
care waste” (EGcv) has a positive effect on existing environmental governance (EG). The
result supports Hypothesis 2 (H2), which predicted a relationship, and implies that EGcv
is a predictor for EG, with a strong and positive path coefficient of 0.685 (t = 18.873 ***).
Environmental governance regarding the “management of COVID-19-related healthcare
waste” (EGcv) has a positive effect on marine plastic litter solution measures (MPLr), with
a positive path coefficient of 0.262 (t = 4.293 ***). This result supports Hypothesis 3 (H3),
which predicted a positive relationship between the two variables. This is evidenced by
the COVID-19 waste management interim guidelines set by the central government to the
cities/LGUs in the Philippines for the proper management of related COVID-19 waste, e.g.,
proper waste segregation at the source and appropriate disposal. Most of the health care
waste was managed by waste service providers. However, most of the barangays in Manila
were not aware or oriented with the existing COVID-19 waste guidelines.

Moreover, community participation (CParty) is not a predictor of environment gov-
ernance (EG), with an insignificant path coefficient of 0.040. This implies that there is no
relationship between community participation (CParty) and EG, which does not support
Hypothesis 4 (H4). However, community participation (CParty) is positively related to
marine plastic litter leakage (MPLe), with a positive path coefficient of 0.120 (t = 3.029 **),
supporting Hypothesis 5 (H5). This is evident in the current participation of the city SWM
board, the city, the barangay, private entities and institutions, citizens, NGOs, and recycling
companies in implementing effective SWM and marine plastic litter prevention. The city,
in collaboration with the Manila Barangay Bureau, the Division of City Schools, the Manila
Health Department, and the Bureau of Permits and Licensing Office, has launched a mas-
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sive information, education, and communication (IEC) campaign targeting all sectors and
generations to instill the basic requirements of waste segregation at source and segregated
storage, pending collection. Moreover, the barangays are required to guarantee that their
constituents follow the Barangay Solid Waste Management Committee’s ordinance to con-
duct waste segregation at the source and discourage the illegal disposal of household waste.
However, there is a need for participation upstream by plastic industries stakeholders
for MPL reduction. The authors believe that demand drives marine plastic waste in the
Philippines. It was observed that researchers must follow the terms of reference of the
development partners/donors in the MPL project. In addition, there is a weak relationship
between science and policy in the Philippines, with most of the research conducted by local
scholars ending up on the shelf rather than being translated into policy. The relationship
between the government and academia should be enhanced.

The socio-economic activities factor (SEas) is a predictor of existing environmental
governance (EG), with a path coefficient of −0.231 (t = −5.627 ***), and was found to be
significant, which means that there is a correlation between the SEas and EG variables.
Hence, Hypothesis 6 (H6) is supported. In the same way, socio-economic activities (SEas)
have a positive association with marine plastic litter solution measures (MPLr), with a path
coefficient of 0.253 (t = 4.877 ***), supporting Hypothesis 7 (H7). Socio-economic activities
(SEas) have a positive association with marine plastic litter leakage (MPLe), with a path
coefficient of 0.521 (13.292 ***), supporting Hypothesis 8 (H8). It should be underlined that
the Manila government and the Philippine LGUs consider several socio-economic drivers
when addressing the current practical challenges of marine plastic litter abatement. These
drivers include the domestic and international market and economic forces, legislation, the
design of products and services, urbanization and consumerism patterns, regional coopera-
tion, and human behavior and convenience factors that affect sustainable consumption and
production. Nevertheless, this is evident in the current SWM implementation in Manila
through the Department of Public Services (DPS), which continues to send open letters
to businesses to encourage them to practice source separation and to support the city’s
environmental awareness program by maintaining the cleanliness of their surroundings
and ensuring that no waste produced during their operations is disposed of in canals or
estuaries that lead to the Pasig River. There are 17 major river systems that drain into
Manila Bay, and the rivers are home to informal settler families. The DENR-led Manila
Bay Cleanup Program, in cooperation with the Manila LGU, undertakes the following
actions in compliance with the Writ of Continuing Mandamus: clean-up for water qual-
ity improvement, rehabilitation and resettlement, and education and sustainability. The
DENR conducted 2025 clean-up drives with 25,595 volunteers in the fourth quarter of
2020, collecting and disposing of 1406 tons of waste, on top of activities by the PNP-MG,
MMDA, and local government. The program also addresses informal settlements (sourced
during an interview with Department of Environment and Natural Resources (DENR),
2021). With limited resources, frequent clean-up activities may not be sustainable since they
entail substantial financial and human resources. However, Manila could showcase good
practices of LGU environmental governance, to replicate the model in other neighboring
cities to Metro Manila, e.g., the DPS Beach Warriors and estuary rangers cleaning up the city
of Manila; initiatives such as LinISKOmaynila and Aling Tindira (the vendor waste-to-cash
program), in partnership with the Coca-Cola company; most of the estuaries or rivers have
screen traps; however, these artificial barriers may not be sustainable since they will be
prone to damage during flash-flooding.

Likewise, Manila public litter behavior in terms of the MPL problem (SE) has a
positive effect on marine plastic litter solution measures (MPLr), with a path coefficient
of 0.105 (t = 2.102 *), supporting Hypothesis 9 (H9). Manila’s public behavior regarding
the MPL problem (SE) has a positive association with marine plastic litter leakage (MPLe),
with a path coefficient of 0.215 (t = 5.238 ***), supporting Hypothesis 10 (H10). SE is
measured by variable indicators, such as a lack of enforcement of waste disposal directives,
a lack of funding for waste collection, a lack of waste collection and separation, public
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behavior in terms of littering, a lack of adequate waste management infrastructure, and
the intense consumption of single-use plastics. This is evident in the instrument for
environmental governance (software component), which is not associated with the socio-
economic activities factor. This also suggests the enforcement of SWM plans and cleanliness.

However, the mediated effects in Hypotheses H11 and H12 are supported, which
implies that environmental governance is an intervening variable that partially relates
to the mediated variables. The bootstrapped test for mediation for Hypothesis 11 (H11)
revealed a significant indirect effect of the impact of EGcv on MPLe, which was negative
and significant with a path coefficient of −0.051 (t = −2.318 *), suggesting that EG has
partially mediated the relationship between EGcv and MPLe. Likewise, the mediating role
of EG on the relationship between SEas and MPLe revealed a significant indirect effect of
the impact of SEas on MPLe, which was positive and significant, with a path coefficient of
0.022 (t = 2.0 *), supporting Hypothesis 12 (H12)—implying that EG partially mediated the
relationship between SEas and MPLe.

For environmental governance (e.g., SWM and MPL policy, strategy, and guidelines)
the factor of EG is not a predictor of marine plastic litter solution measures, with a standard
regression coefficient of −0.035 and a negative correlation between the two variables (latent
and manifest variables) that was found to be insignificant. This suggests that enabling
environmental governance (EG) may not be potentially correlated with MPL solution
measures. This is evident in the instrument used in the study, as manifested by the
measures of variable indicators for environmental governance (software), which described
the need for clear guidelines and strategy for MPL/SWM; effective mechanisms in place for
the waste facility; the openness, transparency, and accountability of bid processes in SWM;
and public involvement at appropriate stages of the SWM decision-making. In contrast, the
MPL solution measures entail mostly physical aspects (hardware), such as enhancing waste
separation at all households and establishments, establishing material recycling facilities,
awareness-raising campaigns, producing packaging made from alternative materials, and
enhancing waste collection coverage in barangays, amongst other measures. The result
does not support Hypothesis 13 (H13). Our findings, however, contradict the works of
Scheinberg, A., Wilson, D.C., and Rodic, (2010) [97] showing overlapping components of
integrated solid waste management and the physical and governance components; the
reason for the difference might be due to the methodological techniques.

Environmental governance, in terms of strategies, guidelines, and implementation
procedures (EG), positively impacts marine plastic litter leakage (MPLe), with a path
coefficient of −0.084 (t = −2.456 **), supporting Hypothesis 14 (H14). This is evident in the
existing scenario, where implementation progresses the 10-year Manila SWM plan and the
developed roadmap for preventing marine plastic litter in Manila—in alignment with the
approved national plan of action on marine litter prevention in the Philippines. Moreover,
the existence of environmental governance, political will, and transparency are among the
driving forces that spur effective waste management in Manila, which can be observed in
the current administration. As mandated by R.A. 9003 (the Philippine ESWM Act), the DPS
conducts IEC in every barangay to encourage source segregation and waste reduction. In
addition, Manila is progressing in terms of implementing and enforcing its SWM strategies
and plans through its existing segregation strategies. In addition, information, education,
and communication (IEC), which are being promoted by the Manila DPS—e.g., source
separation at the barangay level—is one of the environmental governance practices that
the city is implementing, following their SWM strategy and plans. However, Manila is
yet to institutionalize an SWM department to tackle the SWM in the city. For the city’s
SWM spending, a total of PHP 602,588,348.00 (USD 12,297,721.39) was budgeted in 2015
for the collection and disposal of solid waste, including street-sweeping services and IEC
activities. However, if the barangays encouraged recycling, the city’s SWM spending could
be reduced and may make savings.

For the multigroup effect, the positive relationship between socio-economic activities
(SEas) and MPL leakage (MPLe) is stronger for females, as evidenced by the path coefficients
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of −0.24 (male) and −0.21 (females, t = −5.374 ***); a global chi-squared difference test
for the current model was significant at a 90% confidence level. Hence, we observed
that the model is different according to gender (the p-value of males and females are
different), which supports Hypothesis 15 (H15). These findings and results provided
significant perspectives for Manila for enabling environmental governance for marine
plastic reduction (illustrated in Table 9, Hypothesis analytics).

4.7.6. Bollen–Stine Bootstrap Test

Using bootstraps in AMOS version 28, the researcher performed a Bollen–Stine boot-
strap test with 5000 bootstrap samples [98]. The result of the Bollen–Stine bootstrap test
has a non-significant p-value of 0.320, suggesting that the current model is correct.

5. Conclusions

The keystone factors regarding the practical challenges, including socio-economic
activities, environmental governance, community participation, waste infrastructure, and
solution measures for marine plastic litter (MPL) reduction in Manila City, are cross-cutting
and are related to the SDGs. Consequently, the data fits well with the measurement model,
which suggests an established construct validity and reliability. Moreover, the structural
model has established good test result fit measures, including the p-value = 0.313, RM-
SEA = 0.021, SRMR = 0.015, GFI = 0.997, CFI = 0.999, TLI = 0.994, IFI = 0.999, and the
chi-square/degrees of freedom ratio = 1.190. We found that the environmental governance
of SWM policies and guidelines (EG) and COVID-19 waste management (EGcv), com-
munity participation, socio-economic activities, and the public litter behavior factor have
positively influenced MPL leakage and MPL solution measures. In addition, environmental
governance (SWM policies and guidelines) mediating EGcv and SEas positively impacts
MPL leakage. However, there is no relationship between waste infrastructure and envi-
ronmental governance; Manila LGU has limited resources to effectively implement the
existing national strategies and actions including the installation of waste infrastructure,
e.g., appropriate artificial screen traps and MRF. Manila has a burden of pollution, and the
challenge of current waste management is great, in particular, waste separation at source
and the lack of a disposal facility, as the city relies on landfills in a neighboring city. Manila
City also has a challenge related to healthcare waste collection, treatment, transportation,
and disposal, as seen during the first year of the COVID-19 pandemic. Direct anthro-
pogenic activities, such as population growth, urbanization, tourism, inward migration,
intense plastic production [32,35,36,64], and slum residents along the river/canals and
coastal areas are drivers that exacerbate marine plastic littering within Manila and in the
Philippine context.

There is a great need to empower the barangays so that they can play a part in
preventing and reducing marine plastic litter from leaking into the ocean. In this context,
opportunities for showcasing dynamic innovation in Manila should be considered. In
the Philippines, Manila and other LGUs should disseminate a wide range of practices
that move away from the traditional linear (take-make-use-dispose) way of thinking [22],
allowing barangays and LGUs to be more responsible in terms of achieving long-term
waste management and circularity. However, due to COVID-19 pandemic restrictions, only
a modest amount of baseline data was collected. Future research could include the plastics
industry and informal recyclers, as well as the use of longitudinal data from Philippine
cities/municipalities, combining an SEM and empirical DPSIR approach. The study would
improve the efficacy of using SEM systematically and inclusively.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su14106128/s1, Table S1. Demographic characteristics of respondents. Table S2. Factors in
MPL Reduction with mean, SD, Skewness, Kurtosis, factor loadings and Cronbach’s Alpha. Table S3.
Results of Measurement Model (CFA) for the manifest and latent variables.
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Abstract: Solid waste sorting facilities are constructed and operated to properly manage solid waste
for both material and energy recovery. This paper investigates the possible technical and economic
performance of the Al-Karak solid waste sorting plant in order to achieve financial sustainability and
increase the profits that return on the plant to cover its operating costs. A standard procedure was
followed to quantify and characterize the input materials of commercial solid waste by determining
the recyclable materials in the sorting products. Thus, possible different equipment and material
flows through the plant were proposed. An economic model was used in order to know the feasibility
of the proposed options of the plant according to three economic factors, which are net present
worth (NPW), return on investment (ROI), and payback period values. The results inferred that
the characterization of the input materials contains a high portion of recyclable materials of paper,
cardboard, plastic, and metals, which accounted for 63%. In this case, the mass of rejected waste
to be landfilled was 9%. Results for the proposed options showed that the economic analysis is
feasible when working loads on three and two shifts with ROI values of 4.4 and 3.5 with a payback
period of the initial cost in 2 and 3 years, respectively. Working load on one shift was not feasible,
which resulted in an ROI value of less than 2 and a payback period larger than 5 years. This paper
recommended operating the sorting plant at a higher input feed with a working load on three shifts
daily to ensure a maximum profit and to reduce the amount of commercial solid waste prior to
landfilling through the concept of sorting and recycling.

Keywords: Al-Karak sorting plant; commercial solid waste; economic analysis; technical model
structure; Jordan

1. Introduction

Solid waste (SW) is an environmental problem in both developed and developing
countries. Solid waste management (SWM) is a challenge for municipalities in developing
countries, owing to the growing amount of waste produced, the financial strain placed
on municipal budgets as a result of the high costs associated with its management, and
a lack of understanding of the many factors that influence the various stages of waste
management and the interconnections required to enable the entire handling system to
function [1].

The substantial volume increases in SW produced, as well as the qualitative changes
in its composition as a result of major changes in living standards and conditions, have
complicated SWM [2]. In Jordan, millions of tons of municipal solid waste (MSW) per
year are generated from various sources such as agriculture, municipal, commercial, and
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industrial sectors, primarily due to population growth and the recent refugee influx, which
have put additional strain on the country’s already strained SW infrastructure. Landfilling
is the primary disposal method of MSW in Jordan. Several types of landfills are located in
different areas of Jordan [3–7]. These landfills are operated by Joint Service Councils (JSCs),
which usually serve multiple municipalities in the same governorate with dual supervision
from the ministry of environment and the ministry of municipalities [8].

The integrated solid waste management (ISWM) concept was introduced recently in
Jordan. It contains the collection, sorting, composting, and incineration of medical wastes
and sanitary landfills, which started to be implemented. However, recycling, reuse, and
resource recovery are still at their initial stages [3].

Waste sorting is a key step in municipal solid waste management (MSWM) for ma-
terials recycling [9]. Jordan’s MSW sorting and recycling processes are still in the early
stages. Non-governmental organizations and other international organizations, such as
the German International Cooperation Agency (GIZ), are responsible for the vast majority
of recycling pilot programs in Jordan [10]. The idea of the sorting system is to be able to
recycle valuable materials that can be sold to the market at competitive prices [11].

The Al-Karak sorting plant is one of these pilot projects in Al-Karak Governorate/Jordan.
It was established in April 2019 in the El-Lajjun area. The plant is currently equipped
with different basic kinds of SW handling equipment such as a mechanical conveyor
belt, bale presses for cardboard and plastic, and a shredder for specific types of plastic
waste. Additionally, it has two waste compression trucks. The plant was designed on
infrastructure suitable to receive only dry waste (recyclable materials) from the targeted
sources (separated at the source) that generated from commercial areas. The most important
targeted materials according to the plant design are paper and cardboard, mixed types of
plastics (polyethylene (PE) and polypropylene (PP), including colored type, polyethylene
terephthalate (PET), and polystyrene (PS)), ferrous and non-ferrous metals, and any other
recyclable material of a marketing value. Currently, there are no advanced mechanical
treatment equipment such as screeners, air sifters, ballistic separators, or NIR separators
being employed within the sorting plant to handle mixed recyclable materials efficiently.
Re-designing the existing sorting plant to handle mixed recyclable materials can assist in
increasing the profitability of the plant by increasing the capacity of the plant and ensuring
a sustainable operation in the supply chain.

Techno-economic studies can assist in identifying the strengths and weaknesses in a
proposed design or operation. They can assist in the reduction of unnecessary costs and
investment risk. Raul et al. [12] performed a study by proposing different equipment or
advanced technologies to an existing construction and demolition waste (C&DW) plant.
The study assessed the feasibility of three different production rates of recycled aggregates
(100 kt, 400 kt, and 600 kt). The economic analysis used the net present value (NPV) as a
performance indicator. The economic analysis involved determining the initial investment
costs and the cost of equipment. In addition, the operational costs, namely energy costs,
labor costs, maintenance costs, water consumption, waste disposal costs, and insurance
costs, were also determined. Operational costs showed that labor costs and energy costs
were responsible for 4 and 25% of the incurred costs, respectively. Cimpan et al. [13]
conducted a techno-economic assessment of central sorting at material recovery facilities.
The study considered the case of lightweight packaging waste in Germany. The researchers
developed four models, each with a different capacity (size) and technical degree. They
revealed the cost impact of economies of scale, as well as complimentary relationships
between capacity, technology, and process efficiency. As a result, a fourfold increase in
capacity resulted in a threefold increase in total capital investment and a 2.4-fold increase
in annual operational expense. Volk et al. [14] assessed the mechanical recycling, chemical
recycling, and sequential complementary combination of both with respect to global warm-
ing potential (GWP), cumulative energy demand (CED), carbon efficiency, and product
costs. The techno-economic and environmental assessment approach considered a case
study on the recycling of separately collected mixed lightweight packaging (LWP) waste in
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Germany. In comparison to the baseline scenario with the state-of-the-art mechanical recy-
cling in Germany, combined mechanical and chemical recycling of LWP waste possessed
significant savings potential in terms of GWP, CED, cost, and a 16% better carbon efficiency.
Larrain et al. [15] investigated the economic feasibility of mechanical recycling for plastic
waste. The findings revealed that the economic incentives for recycling plastic packaging
are mostly determined by the product price and yield. In a scenario with steadily rising
oil prices, the most profitable plastic fraction to be recycled is polystyrene, which has an
internal rate of return of 14 percent, whereas the least profitable feed is a mixed polyolefin
fraction, which has a negative internal rate of return. Mechanical recycling is not viable if
no policy changes are enforced by governments, assuming a discount rate of 15% over a
15-year period.

The main objective of this study as to investigate the possible technical improvements
that can be installed at the existing sorting plant in Al-Karak city, Jordan, in order to achieve
financial sustainability that returns on the plant to cover its operating costs and to achieve
an environmental aim by reducing the amount of commercial solid waste (CSW) that has to
be disposed of in the landfill. First, a standard procedure was followed to characterize CSW
generated in Al-Karak. Second, an economic analysis was used to evaluate the feasibility
of the proposed options model of the sorting plant, which relies on present worth (PW),
return on investment (ROI), and payback period values.

2. Materials and Methods

2.1. Study Area

The study area was restricted to Greater Al-Karak Municipality (Qasabah). According
to the Jordan National Census, the population of Greater Al-Karak Municipality in 2019
was 112,060 [16].

The municipality and the JSC in Al-Karak are daily responsible for the cleaning,
collection, and disposal of SW generated from households and commercial areas and
management of the El-Lajjun landfill. MSW in Greater Al-Karak Municipality is collected
from 15 districts. These districts are: Al-Karak city, Zaid Bin Al-Harithah, Al-Hiwiyah
and Al-Talajah, Wadi Al-Karak, Al-Marj, Al-Thaniyah, Zahhoom, Al-Jadidah, Manshiat
Abu Hammour, Al-Waysiyyah and Rakin, Al-Ghwair, Batir, Al-Adnanyah, Adr, and Al-
Shihabiyah. A recent study carried out by Al-Hajaya et al. indicated that the average daily
production rate of MSW in Greater Al-Karak Municipality is 61.50 tons/day [7].

The Al-Karak sorting plant is located opposite the El-Lajjun landfill site. The current
daily MSW input feed to the landfill is between 200 and 250 tons/day, and the rate of CSW
from the MSW is about 20% [17].

2.2. Input Materials Definition

CSW is defined as all types of SW generated by for-profit or non-profit retail stores,
offices, restaurants, warehouses, education sectors, entertainment sectors, and other non-
manufacturing activities, excluding residential, industrial, construction, and institutional
waste or other MSW generated by home-based businesses. CSW contains a high portion of
recyclable materials [18]. In this study, CSW fed to the plant was collected from different
commercial areas in order to investigate the potential of utilizing CSW as recyclable
materials.

2.3. CSW Collection Process

The parent population for a CW analysis campaign is the whole quantity of commercial
waste, which may be sampled from and subsequently analyzed. This may encompass the
whole area of a municipality or a defined part of a municipality.

Based on the “Methodology for the Analysis of Solid Waste” of the European Com-
mission [19], a number of criteria must be applied in conducting the sampling. The total
number of samplings required must consider the variation (heterogeneity) of the waste,
expressed by the natural variation coefficient, as well as the number of samplings required

77



Sustainability 2021, 13, 13043

to obtain the desired accuracy of results. In the case that the variation coefficient is un-
known due to the unavailability of results from past waste analyses, it is recommended
to have a sample size of 100 m3 to carry out the waste analysis. However, in our case,
the above-mentioned procedure could not be applied since the variation coefficient was
unknown due to the unavailability of results from past waste analyses. In addition, it was
impossible to collect 100 m3 of CW due to limited logistics.

To avoid a low level of accuracy in the results, all the districts in Greater Al-Karak
Municipality responsible for CW generations were considered for collecting the waste. The
study included every sector in the commercial areas that consist of malls, supermarkets,
restaurants, and garden centers. These commercial areas are supposed to supply the sorting
plant of SW. Furthermore, CSW collected from offices and the educational sectors at the
Military Wing in Mutah University was carried out through a collaboration between Greater
Al-Karak Municipality and Mutah University. Table 1 indicates the targeted commercial
areas in this study.

Table 1. Targeted commercial areas in Al-Karak city (Input materials).

Raw Materials Area Targeted Area Area Code Sector

Greater Al-Karak
Municipality

Mutah University/Military Wing A1
The military offices

Educational halls of students

Mutah A2 Military Consumer Corporation

Al-Adnanya A3 Malls

Al-Karak city A4
Restaurants

Gardens
Supermarkets

Al-Marj A5 Supermarkets
Al-Thaniyah A6 Supermarkets

Zahhoom A7 Supermarkets

It is worth mentioning that the targeted areas considered in this study for CW col-
lection are responsible for approximately 48% of MSW generated in Greater Al-Karak
Municipality [7]. The selected targeted areas being characterized by a high MSW contri-
bution within the municipality will render an adequate and representative CW analysis
result.

The study involved awareness programs for the staff responsible for SW sorting at the
source in the selected targeted areas. Special bins are also distributed to collect the sorted
SW. Table 2 shows the scheduled time for the source-separated CSW collection process.

Table 2. Schedule time for source-separated CSW collection process.

Days Date Sources Total Weight (kg) Empty (kg) Net Weight (kg)

Sunday 5 July 2020 A1 + A2 + A3 10,835 10,455 380
Monday 6 July 2020 A1 + A2 + A3 10,820 10,455 365
Tuesday 7 July 2020 A1 + A2 + A3 10,775 10,455 320

Wednesday 8 July 2020 A1 + A2 + A3 10,670 10,455 215
Thursday 9 July 2020 A4 + A5 + A6 + A7 10,810 10,455 355

Friday 10 July 2020 A4 + A5 + A6 + A7 10,782 10,455 327
Saturday 11 July 2020 A4 + A5 + A6 + A7 10,735 10,455 280

Total 2242 kg

According to the time schedule, all of the targeted areas were numbered by special
codes based on the farthest area from the sorting plant to the closest area, then the source-
separated CSW collection process was divided into two shifts during seven consecutive
days in July 2020, based on the locations of the targeted areas and the business hours
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(especially in the Military Wing at Mutah University). The first shift of the collection
process involved the targeted areas (A1, A2, and A3), respectively, at 10:00 a.m. for a
period of four days starting from Sunday to Wednesday. Then, the second shift, which
targeted the areas (A4, A5, A6, and A7), respectively, at 2:00 p.m. for a period of three
days starting from Thursday to Saturday. The sorting truck started the collection process of
the source-separated SW from the bins and cardboard cages, then transported them to the
plant in the El-Lajjun area. The weight of the collection truck was carried out through a
weighbridge balance, then the collection truck unloaded the CSW at the reception site. At
the end of the source-separated collection process, a total amount of 2242 kg was collected
from the targeted areas.

2.4. CSW Sorting Process

After the delivery of about 2242 kg of CSW, the waste bags were opened by knives
and sorted on site manually to separate the waste into fractions. The manual sorting was
carried out on the floor of the reception site of the plant without using the conveyor belt.
The sorting process was conducted by eight workers (two days, four working hours per
day). The weight of each sorted fraction of waste was measured by using an electronic
platform balance. The cardboard fraction was first pressed into a bale, then the weight of
the bale was measured.

2.5. CSW Categorization

Waste characterization is an essential component of a waste analysis or the determi-
nation of waste composition. Waste characterization was carried out on the basis of the
“Methodology for the Analysis of Solid Waste” of the European Commission [18]. The CSW
compositions were divided into ten categories. As shown in Table 3, CSW was subdivided
into two primary categories (organic fractions and inorganic fractions). The organic fraction
consists of materials generated from garden centers and restaurants such as food waste
and green waste. The inorganic fraction consists of plastic, cardboard, paper, and metals.
Plastics were further classified into four types such as polyethylene terephthalate (PET),
polypropylene (PP), polyethylene (PE), and polystyrene (PS). Metals were divided into
ferrous and non-ferrous (aluminum), while the rest of the waste consisted of textiles, glass,
wood, hygienic products, and compound materials.

Table 3. Sorting fractions of waste samples (manual sorting analysis).

No. Sorting Fractions Examples

1 PET Lightweight plastic packaging foods and beverages, especially convenience-sized soft drinks,
juices, and water.

2 PP Containers of milk, motor oil, shampoos, soap bottles, detergents, and bleaches.

3 PE Plastic bags, freezer bags, covering and packaging film.

4 PS Yogurt pots, vending cups, egg cartons, and plastic cutlery.

5 Cardboard Carton, boxes.

6 Paper Newspaper, magazine, office paper, writing paper.

7 Ferrous metal Tin cans and bi-metal cans, magnetic drink and food cans.

8 Non-ferrous metal Non-magnetic drink and food cans, other non-magnetic metals such as aluminum cans.

9 Organic Food waste and garden waste (weeds, trees, and shrub cuttings).

10 Other waste
(residual) Textiles, glass, wood, hygienic products, composite materials, and other impure materials.
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The percentage of each waste category of the sorted output products were calculated
according to the following formula:

% of sorted output products =
Moutput

Minpt feed
× 100 (1)

where:

Moutput: the mass of an output product;
Minput feed: the total feed input including residues quantities.

2.6. Economic Model

The information obtained from the sorting and categorization process is utilized to
assess different technical scenarios for the sorting plant to operate. The different technical
scenarios involve the installation of different equipment at the existing sorting plant in
Al-Karak. Each scenario is economically analyzed and assessed. The economic feasibility
comprised determining the capital investment costs, operating costs, and revenues of the
plant’s output recyclable products. The capital costs included the installed costs of the new
equipment to be added to the existing sorting plant.

The operating costs included labor salaries, diesel consumption costs, electricity
consumption costs, insurance costs, and maintenance and depreciation costs. The annual
maintenance and depreciation costs are assumed to be 3.5% of the total capital cost. The
annual insurance cost is assumed to be 0.25% of the total capital cost.

Transportation cost was not included in the operating cost. The recyclable products
from the sorting plant are sold through bidding, in which bidders are committed to
transferring the products from the plant. The disposal cost was not included in the
operating cost because the process of waste disposal waste is the responsibility of Greater
Al-Karak Municipality.

The revenues are estimated according to the current Jordanian market prices in Jorda-
nian dinar (JOD). The selling price for either paper or cardboard is 35 JOD per ton. Ferrous
metals will be treated as steel with a selling price of 65 JOD per ton. Non-ferrous metals
are treated as aluminum with a selling price of 600 JOD per ton. The selling prices of PET,
PP, and PE are 80, 250, and 130 JOD per ton, respectively.

The economic feasibility was assessed by calculating three economic indicators,
namely: net present worth (NPW) of the project, return on investment (ROI), and payback
period. The economic indicators used in the assessment process were calculated according
to the following formulae:

NPW = Initial Investiment + ∑ PW (2)

PW = F × 1

(1 + i)N (3)

ROI =
Sum of all profits
Initial Investment

(4)

where:
F is the annual revenues = (Annual sales) − (annual expenses), i is the interest rate

(10%), and N is the operating year. A lifetime of 15 years is assumed for the plant.
The payback period is the amount of time it takes to recover an investment’s initial

cost. It is the period of years it would take to recover a project’s original expenditure [20].

3. Results and Discussions

3.1. CSW Characterization

CSW was classified into ten categories. Figure 1 shows the percentage of each waste
fraction in the CSW. Table 4 shows the weight of each waste fraction in the CSW.
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Figure 1. Waste fractions in the main input CSW from Al-Karak city (terms used in Table 3).

Table 4. Weight of waste fractions in the main input CSW from Al-Karak city.

No. Composition Weight (kg) Fractions (%)

1 PET 206 9
2 PE 80 4
3 PP 52 2
4 PS 6 0.3
5 Cardboard 915 41
6 Paper 61 3
7 Ferrous metal 48 2
8 Non-ferrous metal 46 2
9 Organic 627 28

10 Other waste 201 9
Total 2242 100

An inspection of the waste fraction results indicates that the overall CSW compo-
sition contained three main parts, namely cardboard (41%), organic matter (28%), and
plastics (15%). The remainder accounted for 16% of the total and contained 4% metals,
3% paper, and 9% other waste. The CSW contained a high portion of recyclable materials
such as paper, cardboard, plastic, and metals, which accounted for 63%. These findings
are in agreement with the results reported in the literature. For example, results of the
federal ministry for the environment in Germany indicated the presence of around 52% of
recyclable materials in CSW in Germany [21]. Another study indicated 60% of potential
recyclables in CSW in Germany [22].

The organic fraction can be utilized for compost production by aerobic digestion in
the compost plant, which is constructed beside the sorting plant. Pilot studies indicated
that high-quality compost can be produced when the source-separated organics (food and
green) are utilized [4]. Figure 2 shows the material flow of CSW from Al-Karak city.
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Figure 2. Material flow of CSW compositions from Al-Karak city.

It can be seen that the waste recycling and recovery are 63% and 28%, respectively,
while the expected waste to be sent to landfills is 9% of the generated CSW. From environ-
mental and economic perspectives, waste recycling and recovery will reduce the demand
for new raw materials, such as cardboard, paper, and plastic. It will reduce the amount of
waste generated and thus decrease the pressure on landfills and contribute to increasing
the lifetime of the landfill. In addition, it will reduce the emissions of odors, landfill gas,
and leachate.

The best utilization of CWS requires technical improvements in the design of the
current sorting plant. Different equipment can be installed at the existing sorting plant to
enhance the recycling process to achieve maximum economic return. The next sections
provide an economic analysis of the recycling process.

3.2. Potential Revenues from Waste Recyclables

The current daily MSW input feed to landfills is between 200 and 250 tons/day, and
the rate of CSW from the MSW is about 20% [17]. Accordingly, an average of 45 tons/day
(11,925 tons/year) of CSW is expected to be generated in Al-Karak Governorate. Assuming
that the CSW fractions in Al-Karak city are the same as the CSW fractions in Al- Karak
Governorate, then the potential amounts of waste recyclables can be estimated along with
the expected sales (Table 5).

Table 5. Potential amounts of waste recyclables and the expected sales at Al-Karak Governorate.

Potential Recyclables Generation Rate (tons/Year *) Sales (JOD/Year)

PET 11,925 × 0.09 = 1073 85,860
PE 11,925 × 0.04 = 477 62,010
PP 11,925 × 0.02 = 239 59,625

Cardboard 11,925 × 0.41 = 4889 171,124
Paper 11,925 × 0.03 = 358 12,521

Ferrous metal 11,925 × 0.02 = 239 15,503
Non-ferrous metal 11,925 × 0.02 = 239 143,100

Total 7513 549,743
* Year for collection waste = 265 days.
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In order to achieve these annual revenues from Al-Karak Governorate, high levels
of awareness and public participation are needed. Appropriate legislation from the mu-
nicipalities and financial incentives are also needed to promote public awareness with
respect to separation at the source. Effective collection and sorting of CSW are expected to
achieve annual sales at 549,743 JOD/year. The technical possible improvement that can
be installed to the current situation of the sorting plant is to install an NIR separator and
ballistic separator. Figure 3 shows the flow diagram of the new technical structure of the
sorting process.

 
Figure 3. Flow diagram of the new technical structure of the sorting process.

As can be seen in Figure 3, after bulky waste sorting, the input feed (CSW) will be
directed into a ballistic separator where materials are separated based on their shapes
into 2D and 3D materials. The 2D feed is transferred to the manual sorting. Here, the
components will mainly contain PE, paper, and cardboard, while the 3D feed is transferred
to the manual sorting firstly to separate metals, then to the NIR separator in order to
separate different kinds of plastics efficiently such as PET, PP, and PE.

3.3. Capital Investment Costs

The current sorting plant has a bale presser, one conveyor belt, plastics shredder,
forklift, and two waste collection trucks, all operating at high efficiency. The sorting plant
has a hanger constructed on land owned by the municipality. Therefore, the new proposed
design of the sorting plant requires only the purchase and installation of the new equipment
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along with their auxiliaries as capital costs. The total capital cost for the new design is
detailed in Table 6.

Table 6. Total capital cost for the new design.

Equipment
Cost in (JOD)

[22]

Ballistic separator 127,000
NIR @2.0 m belt width 185,000

Conveyor belt 12,000
Air Compressor for NIR 70,000

Total Capital Costs 394,000

3.4. Annual Operating Cost
3.4.1. Worker and Personnel Salaries

The total number of employees at the sorting plant is 33, working three shifts a day.
The employees are 6 drivers, 24 workers, and 3 officers. The annual costs due to salaries
are illustrated in Table 7 [23].

Table 7. Labor and personnel salaries.

Work Force Number Cost per Year (JOD)

Drivers 6 23,760
Workers 24 95,040
Officers 3 15,840

Total 33 134,640

3.4.2. Utility Costs

The utility costs comprised basically the cost of fuel consumed by the waste collection
trucks and the cost of electricity consumed by the equipment. Each waste collection truck
has a capacity for diesel fuel of 100 L. The 100 L will be consumed in 2 days; accordingly,
the number of filling times in the year will be:

Filling times per year =
working days

Diesel consumption days
=

264
2

= 132 times/truck/year

The cost of 100 L diesel is 50 JOD; thus, the total diesel consumption per year will be:

132 times/truck/year × 2 trucks × 50
JOD

Filling
= 13, 200 JOD/year

Electricity is supplied to the Al-Karak sorting plant through the Electricity Distribution
Company (EDCO). The electrical consumption category is considered as small industries
according to the EDCO [24]. Electricity costs for this category are shown in Table 8.

Table 8. Electricity costs for the category “small industries”.

Category kWh Costs JOD/kWh

1–2000 120
Above 2000 175

The proposed model requires operating the plant for 24 h through three working
shifts. The total electricity consumption and costs are shown in Table 9 [23].
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Table 9. Electricity consumption Costs.

Equipment
Average Power

kWh
Energy per Month

kWh
Energy per Year

kWh

Two conveyor belts 5 5280 63,360
Bale press for cardboard 18 9504 114,048

Bale press for plastic 35 18,480 221,760
Plastic shredder 45 23,760 285,120

Ballistic separator 20 10,560 126,720
NIR separator 5 2640 31,680

Air Compressor for NIR 30 15,840 190,080
Total consumption 86,064 1,032,768

Total 90,367 JOD/year

3.4.3. Maintenance and Depreciation Costs

Maintenance and depreciation costs are assumed to be 3.5% of the total capital cost.

Maintenance costs = 0.035 × 394,000 = 13,790 JOD/year

Depreciation costs = 0.035 × 394,000 = 13,790 JOD/year

3.4.4. Insurance Costs

Insurance costs are assumed to be 0.25% of the total capital cost.

Insurance costs = 0.0025 × 394,000 = 985 JOD

The above calculations indicate that the total annual operating cost is 266,772 JOD/year.
Figure 4 shows the percentage of the contributing factors in the operating cost.

The results of the total yearly operating expenses revealed that labor and personnel
costs are responsible for 50% of the yearly expenses. Electricity consumption costs ac-
counted for 34% of the yearly expenses. Depreciation, maintenance, and fuel consumption
costs were comparable to each other and contributed to 15% of the yearly expenses.

Figure 4. Percentage of operating cost components.
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3.5. Economic Feasibility Analysis

To evaluate the economic feasibility of the new sorting plant design, three important
economic indicators must achieve acceptable performance. Feasible investments must have
a positive NPW value, an ROI of >2.0, and an acceptable payback period <5 years. Table 10
shows the cash flow calculations for the proposed sorting plant.

Table 10. Cash flow calculations for the proposed sorting plant.

Year
Capital Cost

(JOD)
Sales (JOD)

Operating
Costs

Revenues
(JOD)

Discounting
Factor @10%

PW
(JOD)

Cumulative
PW

(JOD)

0 −394,000 0 −394,000 1 −394,000 −394,000
1 0 549,743 −266,772 282,971 0.909 257,246 −136,754
2 0 549,743 −266,772 282,971 0.826 233,860 97,107
3 0 549,743 −266,772 282,971 0.751 212,600 309,707
4 0 549,743 −266,772 282,971 0.683 193,273 502,980
5 0 549,743 −266,772 282,971 0.621 175,703 678,683
6 0 549,743 −266,772 282,971 0.564 159,730 838,412
7 0 549,743 −266,772 282,971 0.513 145,209 983,621
8 0 549,743 −266,772 282,971 0.467 132,008 1,115,629
9 0 549,743 −266,772 282,971 0.424 120,007 1,235,637
10 0 549,743 −266,772 282,971 0.386 109,098 1,344,734
11 0 549,743 −266,772 282,971 0.350 99,180 1,443,914
12 0 549,743 −266,772 282,971 0.319 90,163 1,534,077
13 0 549,743 −266,772 282,971 0.290 81,967 1,616,044
14 0 549,743 −266,772 282,971 0.263 74,515 1,690,559
15 0 549,743 −266,772 282,971 0.239 67,741 1,758,300

The cash flow calculations indicate a potential NPW of 1,758,300 JOD. This indicates a
rate of investment of 4.4. The payback period is less than 2 years.

The economic feasibility was re-assessed for cases when the plant is operated under
one and two working shifts.

To operate the plant with two shifts, it is assumed that a total number of 22 personnel
is needed and 2/3 the amount of diesel is needed. In this case, the total operating expenses
in the two shifts = 187,370 JOD/year.

To operate the plant with one shift, it is assumed that a total number of 11 personnel
is needed and 1/3 the amount of diesel is needed. In this case, the total operating expenses
in the two shifts = 107,967 JOD/year.

The NPW, ROI, and the payback period for the new scenarios are shown in Table 11.

Table 11. Effect of the number of working shifts on the economic indicators.

Shift No. NPW ROI Payback Period

3 shifts 1,758,300 4.4 2
2 shifts 982,016 3.5 3
1 shift 185,378 1.5 8

The results shown in Table 10 indicate that operating the sorting plant using two
working shifts is economically feasible with an ROI value of 3.5 and a payback period of
the initial cost in three years. However, operating the sorting plant using one working shift
is economically not feasible, as the resulting ROI was less than 2 with a payback period of
8 years.

4. Conclusions

• The sorting analysis of the input materials inferred that the CSW was collected from
seven targeted commercial areas and contains a high portion of recyclable materials
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of paper, cardboard, plastic, and metals, which accounted for 63%. In this case of the
recovery of CSW materials from MSW, the mass of rejected waste to be landfilled was
9%.

• The technical possible improvement that was installed in the sorting plant was the
addition of an NIR separator and a ballistic separator. Analyzing the results of these
proposed options of the plant showed that.

• The economic analysis was feasible when working loads on three and two shifts with
ROI values of 4.4 and 3.5, respectively, whereas working load on one shift was not
feasible, which resulted in an ROI value less than 2 and a payback period larger than
5 years.
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Abstract: Ball-milled hydroreactive powders of Mg-Al scrap with 20 wt.% additive (Wood’s alloy,
KCl, and their mixture) and with no additives were manufactured. Their hydrogen yields and
reaction rates in a 3.5 wt.% NaCl aqueous solution at 15–35 ◦C were compared. In the beginning of
the reaction, samples with KCl (20 wt.%) and Wood’s alloy (10 wt.%) with KCl (10 wt.%) provided the
highest and second-highest reaction rates, respectively. However, their hydrogen yields after 4 h were
correspondingly the lowest and second-lowest percentages—(45.6 ± 4.4)% and (56.0 ± 1.2)% at 35 ◦C.
At the same temperature, samples with 20 wt.% Wood’s alloy and with no additives demonstrated the
highest hydrogen yields of (73.5 ± 10.0)% and (70.6 ± 2.5)%, correspondingly, while their respective
maximum reaction rates were the lowest and second-lowest. The variations in reaction kinetics for
the powders can be explained by the difference in their particle sizes (apparently affecting specific
surface area), the crystal lattice defects accumulated during ball milling, favoring pitting corrosion,
the morphology of the solid reaction product covering the particles, and the contradicting effects
from the potential formation of reaction-enhancing microgalvanic cells intended to induce anodic
dissolution of Mg in conductive media and reaction-hindering crystal-grain-screening compounds of
the alloy and metal scrap components.

Keywords: magnesium-aluminum scrap; ball milling; potassium chloride; Wood’s alloy; hydroreactive
powders; simulated sea water; hydrogen production

1. Introduction

In recent years, waste management has become one of the mainstream environmental
topics for scientists, entrepreneurs, and politicians worldwide. According to the report
‘What a Waste 2.0: A Global Snapshot of Solid Waste Management to 2050’, the global
annual waste generation is expected to rise from 2.01 billion tons in 2016 to 3.5 billion tons
in 2050. Today, in high-income countries, about 40% of waste is disposed of in landfills,
another 40% undergoes recycling, and energy is recovered from 20% of waste. In low-
income countries, over 90% of waste is either burned or openly dumped, and only 4%
of waste is recycled. In Russia, almost 96% of solid waste—with metals contributing 4%
to the total amount—is buried in landfills; municipal solid waste is collected as mixed
aggregations without any sorting efforts and has a moisture content between 30–40% [1,2].

Some sorts of metal waste can be effectively recycled on the condition that its separate
collection and proper disposal are ensured. In study [3], the sustainability of different
approaches to collecting the metal fraction of household waste was examined. The results
confirmed that, in terms of greenhouse gas emissions, separate collection and recycling of
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the municipal solid waste metallic fraction at residential properties represented the prefer-
able option compared to a scenario with no source sorting and incineration of everything.
However, such measures of efficient metal waste handling are still not implemented widely.
Not only households, but many small metal mechanical enterprises as well, negatively
affect the environment by inadequate disposal of manufacturing and raw material wastes
generated in their production processes [4].

Metal processing scrap of light metals, such as magnesium, aluminum, and their
alloys, can be used for in situ hydrogen production by their oxidation in aqueous media [5].
The typical solid reaction products—Mg(OH)2, Al(OH)3, and AlOOH—do not produce
any negative environmental impacts and can be used as raw stuff for the manufacture of
various valuable materials. For example, MgO-based composites are currently attracting
attention as a durable concrete for sustainable and energy-efficient building design [6].
Al2O3-based materials are used for the manufacture of heat-resistant ceramics, porous
catalyst carriers, synthetic sapphire for microelectronics, etc. [7]. Additionally, the said solid
reaction by-products can be returned to the metal production cycles and, thereby, eliminate
the process stages of mining, separation of aluminum or magnesium compounds from their
ores, and disposal of mud that is produced in large amounts [8]. If a scenario of secondary
aluminum or magnesium production by melting, refining, and casting is preferred, some
amount of magnesium- and aluminum-based scrap can be used to produce hydrogen that,
in turn, can be further utilized to produce energy for the furnaces of the secondary metal
industry itself [9].

Today, large amounts of Mg waste in the form of chips and discards are generated
from the machining of sheets and castings [10]. Up to 30% of Mg is lost as scrap during
manufacturing [11]. Extensive mechanical processing is required for the production of
magnesium-based components for the automobile and aerospace industries (engine blocks,
oil pans, transmission housings, seat frames, etc.) [12]. Widely used construction alloys for
cyclically loaded structural applications include the NZK (Mg-Nd-Zn-Zr), AZ91D, GW103,
and AM-SC grades [13]. ML10 and ML5 casting alloys have elemental compositions
generally corresponding to NZK and AZ91D respectively. ML10 is applied for the loaded
components of engines, instruments, and equipment requiring high levels of leak tightness.
ML5 is used for manufacturing components of plane wings, chassis, and control elements,
as well as for large shaped castings, such as fan housings (290 kg), compressor housings
(720 kg), helicopter gearbox housings (340 kg), and other complex contoured parts [14].
Thus, magnesium-based casting alloys represent materials for which processing generates
plenty of waste chips, shavings, and cuts, and this scrap should be effectively utilized.

Under normal conditions, the reaction between aluminum or magnesium and water
barely proceeds because of a poorly permeable oxide film on the surfaces of these metals and
the formation of a dense layer of reaction products thereon. Therefore, higher temperatures
or special activation methods must be employed to carry out the reaction. Today, many
studies are known on hydrogen production from aluminum or magnesium scrap and water
or aqueous solutions. In pioneer studies [15–18], low-grade magnesium scrap in bulk form
has been converted into hydrogen using titanium platinum-coated or stainless steel nets as
a catalyst (in [15], as a grinding surface as well) and either natural sea water or a 3.5 wt.%
NaCl aqueous solution, either with citric acid or without it. In study [19], different types
of aluminum waste (foil, capacitor casings) were hydrothermally treated at temperatures
of 230–340 ◦C under the corresponding saturated steam pressure, and it was established
that the reaction mechanism was similar to that for pure aluminum powder. Another
widely-known method for producing hydrogen from aluminum is the implementation of
alkali solutions, most commonly KOH and NaOH [20–22], under moderate (below 100 ◦C)
and hydrothermal [23] conditions.

A promising approach for obtaining hydrogen from aluminum or magnesium oxi-
dation in aqueous media at moderate conditions without the implementation of acids or
alkali solutions is the preparation of powder materials by ball milling [5,24]. Aluminum or
magnesium in the form of powders or larger particles can be ball-milled either as they are or
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with various additives. Early studies [25,26] on magnesium ball milling have demonstrated
a significant decrease in the corrosion resistance of ball-milled magnesium both in pure
water and in conductive solutions. It was established as well that a ball-milled composition
of Mg and Ni (10 at.%) powders substantially represented a so-called ‘mechanical alloy’,
wherein Ni sites acted as cathodes while Mg sites acted as anodes. Due to a high electrode
potential difference between Mg and Ni, intensive Mg galvanic corrosion in the conductive
media (1 M KCl aqueous solution) was observed. The same ‘galvanic’ effects in sea water
or its simulation (3.5 wt.% NaCl aqueous solution) were investigated also for a wide range
of additives to magnesium: Zn, In, Co, Bi, Al, Fe, Ni, Cu, Sn, Ga, Ce, and La [27–40].
Studies [41,42] have been devoted to the investigation of the effect of other salt solutions
(0.5–2.5 M NiCl2 solution; NiCl2 added to Marmara and Aegean sea water; 1 M CoCl2,
CuCl2, FeCl3, and MnCl2 solutions) on magnesium powder obtained by the ball milling of
scraps for 3–30 h. In other papers, different salts (primarily metal chlorides: AlCl3, NaCl,
and KCl) have been added to magnesium [43,44] or aluminum [45–48] powder, and the
intensification of ball-milling effects (the formation of metal lattice structure defects, metal
particle size reduction, etc.) has been demonstrated. In recent studies [49–51] devoted to
the elaboration of hydroreactive powders from magnesium waste, simulated sea water
(3.5 wt.% NaCl solution) has been used as aqueous media as well, and a complex ball-
milling process has been implemented that included the simultaneous or chronological
addition of 5 wt.% C (carbon) and Ni or AlCl3 powders.

As it can be concluded from the survey of studies on hydrogen production from the
oxidation of Al- and Mg-based materials in aqueous media, this subject remains relevant.
A number of methods for manufacturing metal scrap-based compositions for hydrogen
production have been tested. The ball milling of Mg- and Al-based disperse materials with
metal or salt additives, as well as the implementation of sea water or its simulation with
NaCl aqueous solutions, are still relevant. The present study is focused on the elaboration
of hydroreactive materials from Mg-Al alloy scrap by its ball milling with commercially
available additives in order to test their hydrogen generation properties in simulated sea
water. The main aim of this study is to compare the performances (hydrogen yields and
evolution rates) of different powder materials ball-milled for 4 h both with 20 wt.% additives
(KCl salt, Wood’s alloy (composed of low-melting-point metals), and their mixture) and
without additives. The compositions and content of the additives, as well as the ball-milling
duration, were selected based on the results from preceding studies.

2. Materials and Methods

2.1. Original Materials and Powder Preparation Procedure

The original materials for the preparation of hydroreactive powders included chem-
ically pure KCl salt (National State Standard GOST 4234-77, rev. 1–2, ‘VEKTON’ JSC,
Saint-Petersburg, Russia); pure Wood’s metal alloy containing 9.7 wt.% Sn, 40.4 wt.% Pb,
9.67 wt.% Cd, and 40 wt.% Bi (Technical Specification No. 6-09-4064-87, ‘Rushim’ LLC,
Moscow, Russia; solidification temperature—71.0 ◦C); and metal scrap composed mainly of
waste chips of a magnesium-aluminum alloy of the ML5 grade with some amount of ML10
shavings (National State Standard GOST 2856-79) originated from mechanical processing
at an aircraft manufacturing plant. The original magnesium-aluminum scrap and chips
manufactured from melted Wood’s alloy pellets are illustrated in Figure 1. For the prepara-
tion of the salt aqueous solution, deionized water and chemically pure NaCl salt (National
State Standard GOST 4233-77, ‘VEKTON’ JSC, Saint-Petersburg, Russia) were used.

Prior to ball milling, in order to remove lubricating oil remaining on the surface of
the scrap particles after mechanical processing, a degreasing procedure was carried out.
The degreasing process included the immersion of a scrap portion into a flask filled with
pure acetonitrile (Technical Specification No. 2636-092-44493179-04, ‘EKOS-1’ JSC, Moscow,
Russia), ultrasonic cleaning for 1 h in an ultrasonic bath sonicator (PSB-2835-05; ‘PSB-Gals’
Ltd., Moscow, Russia), and further stirring of the ‘scrap–acetonitrile suspension’ by a
magnetic mixer (C-MAG; ‘HS 7 IKA-Werke’ GmbH & Co. KG, Staufen, Germany) with a
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stirring bar for 1 h. Then, the ‘used’ acetonitrile portion was changed for a fresh one, and
ultrasonic cleaning for 1 h and stirring for 1 h were repeated. The degreased metal scrap
was separated from the acetonitrile and dried at ambient temperature for 24 h.

  

(a) (b) 

Figure 1. Original materials for powder preparation: (a) magnesium-aluminum alloy scrap; (b) origi-
nal Wood’s metal alloy pellets and the chips manufactured thereof.

For the ball milling procedure, a 50 mL milling pot of corundum and stainless steel
and 24 stainless steel milling balls of 10 mm in diameter were used. The milling pot was
filled with the original materials and balls in a glove box (G-BOX-F-290; ‘FUMATECH’ Ltd.,
Novosibirsk, Russia) under pure argon (99.993%, National State Standard GOST 10157-79,
‘NII KM’ Ltd., Moscow, Russia). For all samples, the ball : powder mass ratio was 24:1. Ball
milling was performed using a centrifugal ball mill (S 100; ‘Retsch’ GmbH, Haan, Germany)
for 4 h at a rotational speed of 580 rpm.

2.2. Experimental Facility and Procedure

In the experiments on hydrogen evolution kinetics, an experimental facility schemat-
ically shown in Figure 2 was employed. The main functional elements of the facility
included a 500 mL reactor (Simax glass) with its heating and cooling jacket connected—for
experiments at 25 ◦C and higher temperatures—to a heater (CC-308B; ‘ONE Peter Huber
Kältemaschinenbau’ GmbH, Offenburg, Germany) or—for experiments at temperatures
below 25 ◦C—to a cryothermostat (LOIP FT-311-80; ‘Laboratory Equipment and Instru-
ments’ Ltd., Saint-Petersburg, Russia), and the gas exhaust outlet was connected to a Drexel
flask connected, in turn, to a glass vessel filled with water. The said water was ejected by
incoming hydrogen into a flask placed on scales (ATL-8200d1-I; ‘Acculab Sartorius Group’,
New York, USA) continuously transmitting data to a personal computer. The mixture in
the reactor was stirred by means of a magnetic mixer (C-MAG HS 7; ‘IKA-Werke’ GmbH
& Co. KG, Staufen, Germany) with a stirring bar. The temperatures in the reactor and
in the glass vessel containing water and hydrogen were measured, respectively, with an
L-type thermocouple (TP.KhK(L)-K11; ‘Relsib’ LLC, Novosibirsk, Russia) and a Pt100-type
resistance temperature detector (TS-1288 F/11; ‘Elemer’ LLC, Podolsk, Russia) connected to
a multichannel thermometer (TM 5103; ‘Elemer’ LLC, Podolsk, Russia) for data collection
and storage. The atmosphere pressure was measured by an aneroid barometer (BTKSN-18;
Technical Specification No. 1-099-20-85, ‘UTYOS’ JSC, Ulyanovsk, Russia).
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Figure 2. Experimental facility: 1—reactor, 2—thermocouple, 3—magnetic mixer and stirring bar,
4—heater or cryothermostat, 5—Drexel flask, 6—glass vessel, 7—resistance temperature detector,
8—flask, 9—scales, 10—multichannel thermometer, 11—computer, and 12—barometer.

The experimental procedure included pouring into the reactor 400 mL of 3.5 wt.%
NaCl solution and heating or cooling it to the desired temperature under stirring. Upon
temperature stabilization, 0.75 g of powder was loaded into the reactor. The hydrogen
produced during the reaction was bubbled in a Drexel flask and then passed into a glass
vessel filled with water. The water ejected by incoming hydrogen was collected in a flask
placed onto scales, and its mass readings were transmitted to a computer for recording and
storage. The data on the temperatures in the reactor and glass vessel were continuously
recorded as well. The atmospheric pressure values were fixed at the beginning and in the
end of each experiment. The duration of each experiment was 4 h. The resulting solid
product was separated from the water using a Bunsen flask, Buchner funnel, paper filter,
and circulating water vacuum pump (SHZ-D III; ‘FAITHFUL Instrument Co.’, Ltd., Hebei,
China) and was dried at ambient temperature.

The data on the ejected water volume (mass), temperature in the glass vessel, and
atmospheric pressure were used to calculate the hydrogen volume values at standard
conditions (101,325 Pa, 0 ◦C) using the ideal gas law. In the present study, kinetic curves
represented plots of hydrogen yield vs. time. The hydrogen yield represented the ratio of
the hydrogen volume (normalized to the standard conditions) obtained in the experiments
to the theoretical maximum hydrogen volume. The theoretical maximum hydrogen volume
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was obtained providing that the total amount of hydroreactive components in a sample
was consumed by the reaction. The calculation of the hydrogen yield was performed using
the following equation:

α(τ) =
V(τ)

Vmax
, (1)

where α(τ) is the hydrogen yield (%), V(τ) is the hydrogen volume (mL) produced in the
experiment, τ is time (s), and Vmax is the theoretical maximum hydrogen volume (mL). For
each powder sample and each tested temperature point, a series of three experiments was
carried out. Each of the kinetic curves was obtained by averaging the data sets obtained
from the three experiments, and the standard deviations for all of them were provided.

The reaction rate constants were derived from the approximation of the kinetic curves
by the Avrami–Erofeev equation for heterogeneous reactions [52]:

α(τ) = 1 − exp
[−(k·τ)n] , (2)

where α(τ) is the hydrogen yield (%), τ is time (s), k is the reaction rate constant (s−1), and n
is a nondimensional parameter depending on the nucleation rate law (derived from kinetic
curve approximation as well).

The reaction rate constants were employed for the calculation of the activation energy
using the Arrhenius relationship [52] in the following form:

ln(k) = ln(A)− Ea

R
· 1
T

, (3)

where k is the reaction rate constant (s−1), Ea is the activation energy (J), R is the universal
gas constant, T is temperature (K), and A is the pre-exponential factor (frequency factor).

2.3. Methods and Equipment for Sample Analyzing

For the hydroreactive powders prepared by high-energy ball milling and solid re-
action products, X-ray diffraction (XRD) analysis was performed using a ‘Difrey 401’
diffractometer (‘Scientific Instruments’ JSC, Saint Petersburg, Russia) with Cr-Kα radiation
(wavelength of 0.22909 nm). The XRD patterns were processed using a Powder Diffraction
File™ database (PDF®) from the International Centre for Diffraction Data (ICDD).

Visual imaging investigation and particle size measurements of the manufactured
powder samples were performed using a Bio 6 model optical microscope equipped with
a high-resolution camera (UCMOS 10000KPA; ‘Altami’ LLC, Saint Petersburg, Russia).
Particle size measurements in the microscope images were carried out by means of ‘Altami
Studio 3.5’ software. The image processing procedure included ‘capturing’ particles in the
image by adjusting rendering settings, contouring, and further calculation of the contour
sizes (maximum Feret diameters) using the preliminary obtained calibration data.

The surface morphology of the manufactured powder samples and reaction prod-
ucts was investigated by scanning electron microscopy (SEM) in backscattered electron
(BSE) imaging mode. For these investigations, a NOVA NanoSem 650 scanning electron
microscope (FEI Co., Hillsboro, OR, USA) with an annular backscattered electron detector
was used.

3. Results and Discussion

3.1. Characteristics of Hydroreactive Powders
3.1.1. X-ray Diffraction Analysis

For the experiments, powder samples of four different types were prepared by ball
milling. A first sample contained metal scrap (80 wt.%) and KCl salt (20 wt.%); a second
sample was composed of metal scrap (80 wt.%), KCl, and Wood’s metal alloy (10 wt.%); a
third sample was made of metal scrap (80 wt.%) and Wood’s metal alloy (20 wt.%); and a
fourth sample was metal scrap (100 wt.%) without additives.
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The XRD patterns for the powder samples supplemented with ones for the original
materials (metal scrap, salt, and alloy) are given in Figure 3. It was concluded from the
XRD analysis results that all samples contained a solid solution of aluminum in the primary
hexagonal close-packed magnesium lattice and face-centered cubic lattice of the aluminum
phase. ML5 is a Mg-Al-Zn-type alloy with concentrations of the major elements generally
close to those of the AZ91 alloy, which is composed mainly of α-phase Mg and β-phase
Mg17Al12 [53]. Presumably, the identification of Al in the ML5 sample may be associated
with the effect of the enrichment of the Mg17Al12 phase with Al after a thermal treatment
(holding at 420 ◦C for 12 h and aging at 200 ◦C for 8 h) standard for this alloy grade. In
report [54], the content of Mg17Al12 in an ML5 alloy sample was 5.31 wt.%, with the content
of Al in the Mg17Al12 phase achieving as much as 3.42 wt.% of the total alloy sample mass.

For the samples ball-milled with salt, a KCl phase was observed. From a comparison
of the XRD patterns for the powder samples with those for pure KCl, it can be seen that
several KCl peaks were barely distinguishable in the XRD patterns of the powders.

Wood’s metal alloy is composed of Pb7Bi3 solid solution (hexagonal close-packed
lattice), Bi (rhombohedral lattice), Sn (tetragonal lattice), and Cd (hexagonal lattice) phases.
The powders comprising Wood’s metal alloy have an Mg2Sn phase, which apparently
originated from ball milling under increased temperature due to heat release. Thus, the
presence of Sn from Wood’s alloy in the powder samples was confirmed, while no other
Wood’s alloy components were detected by the XRD analysis.

(a) 

θ,  

Figure 3. Cont.
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(d) 

θ,  

Figure 3. XRD patterns of the ball-milled powder samples: (a) Mg-Al (80 wt.%) and KCl (20 wt.%);
(b) Mg-Al (80 wt.%), Wood’s metal alloy (10 wt.%), and KCl (10 wt.%); (c) Mg-Al (80 wt.%) and
Wood’s metal alloy (20 wt.%); (d) Mg-Al (100 wt.%) without additives.

It can be seen that the peak intensities of the Mg-Al and Al phases for several metal
scrap peaks were higher than those for the powder samples. Such a result can be ascribed
to a partially textured structure of the original metal scrap (the orientation of crystalline
grains along a certain crystallographic direction). A slight widening of the diffraction peaks
for the Mg-Al phase was observed: the peaks for the sample of Al-Mg and Wood’s metal
alloy were wider than those for the sample of Mg-Al, KCl, and Wood’s metal alloy, and
for the latter, they were wider than those for both the Mg-Al and KCl sample and Mg-Al
without additives. Such an effect obviously resulted from the difference in the crystallite
sizes of the samples. It was demonstrated that, during ball milling, hard and brittle salt
particles were fractured and contributed greatly to ‘cutting’ ductile Al-Mg particles into
pieces with crystalline size reduction [48], while Wood’s alloy did not produce such an
impact. In a preceding study, it was demonstrated as well that, due to their higher hardness,
KCl particles provided a greater enhancement of ball-milled Mg hydrogen production
properties than NaCl [43] (which is why, in this study, KCl was used for ball milling).

For all the samples, no Fe contamination from ball milling with steel balls was detected
by the XRD analysis. However, it was estimated from the change in the ball weight: the
initial ball mass was 96.6050 g; after the first ball-milling cycle, it reduced to 96.5999 g;
and after four cycles of ball milling, it decreased to 96.5863 g. Therefore, the average ball
mass reduction per ball-milling cycle was about 0.005 g per 4 g of powder sample, which
corresponded to the Fe content of ~0.1 wt.%. The estimated value is in good agreement with
the iron contamination result (up to 0.1 wt.%) for the ball-milled Mg powders measured in
study [26].
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3.1.2. Investigation by Optical Microscopy

The photographs of the powder samples and original metal scrap captured using a
microscope camera are given in Figure 4. As it can be seen from the photographs under
×20 magnification, the particles for all the powder samples had uneven, ‘hummocky’
surfaces. Such morphology resulted from the impact of steel balls (and KCl particles for the
samples containing salt). The ball-milled sample with 20 wt.% Wood’s alloy represented
a dense layer covering the milling pot internal surface that was separated by scratching.
From this fact, it was concluded that Wood’s alloy liquefied during ball milling and
produced a negligible impacting effect, if any. In the images of the metal scrap, the
particle surfaces covered with scratches and uneven edges—resulting from mechanical
processing—are shown.

From the other photographs (×2 and ×5 magnifications), it can be seen that, in general,
the finest particles corresponded to the sample ball-milled with 20 wt.% KCl. The largest
particles were ones of the sample ball-milled with 20 wt.% Wood’s metal alloy and the
100 wt.% Mg-Al powder, and the particles of the sample containing both KCl and Wood’s
alloy had intermediate sizes, as expected. The finest particles demonstrated a tendency to
form clusters (due to electrostatic adhesion), while the largest ones were loose. Metal scrap
contained many particles too large to be captured in full size.

   

(a) (b) (c) 

   

(d) (e) (f) 

Figure 4. Cont.
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(g) (h) (i) 

   

(j) (k) (l) 

   

(m) (n) (o) 

Figure 4. Microscope photographs of the ball-milled powder samples: (a–c) Mg-Al (80 wt.%) and KCl
(20 wt.%) particles under ×2, ×5, and ×20 magnifications; (d–f) Mg-Al (80 wt.%), Wood’s metal alloy
(10 wt.%), and KCl (10 wt.%) particles under ×2, ×5, and x20 magnifications; (g–i) Mg-Al (80 wt.%)
and Wood’s metal alloy (20 wt.%) particles under ×2, ×5, and ×20 magnifications; (j–l) Mg-Al
(100 wt.%) particles under ×2, ×5, and ×20 magnifications; (m–o) metal scrap particles under ×2,
×5, and ×20 magnifications.

Particle size distributions were obtained by processing several images of different
random regions of the disperse samples. The numbers of images were 5 for each of the
samples containing Wood’s alloy, 10 for each of the samples both with KCl and without
additives, and 20 for metal scrap. The corresponding histograms and cumulative curves
are given in Figure 5. According to the obtained results, most of the particles for the sample
containing 20 wt.% KCl had their sizes below 10 μm. Those for the sample with both KCl
and Wood’s alloy were mostly smaller than 20 μm. Particles of the powder with 20 wt.%
Wood’s alloy were generally limited to 35–40 μm. As to the sample obtained by scrap ball
milling without additives (100 wt.% Mg-Al), its particle sizes were mostly smaller than
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70–80 μm. The scrap sample was characterized by high non-uniformity in the particle size
distribution with nearly 60% of the particles smaller than ~1 mm and the rest as large as
~1–10 mm. Such big sizes were attributed to the prolate form typical for a large portion of
scrap particles.

(a) 

μ

(b) 

μ

Figure 5. Cont.
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(e) 
μ

Figure 5. Particle size distributions (histograms and cumulative curves) for different samples: (a) Mg-
Al (80 wt.%) and KCl (20 wt.%); (b) Mg-Al (80 wt.%), Wood’s metal alloy (10 wt.%), and KCl
(10 wt.%); (c) Mg-Al (80 wt.%) and Wood’s metal alloy (20 wt.%); (d) Mg-Al (100 wt.%) without
additives; (e) metal scrap.

The average particle sizes for the samples containing KCl, both Wood’s alloy and
KCl, Wood’s alloy, and no additives were 6 μm, 14 μm, 24 μm, and 36 μm, respectively.
Some errors in size determination could arise from the fact that the samples containing KCl
might contain some amount of separate salt particles of the smallest sizes contributing to
composite particle size ‘underestimation’. The average scrap particle size was ~1.4 mm.
The total numbers of particles used for size averaging are given in Figure 5.

According to the results of the optical microscopy investigations, the sample containing
20 wt.% KCl represented the finest powder and, consequently, it should have the largest
specific surface area. The composition containing both KCl and Wood’s alloy with larger
particles should have a lower value of specific surface area. The powder containing 20 wt.%
Wood’s alloy was characterized by relatively big particles and should have a still smaller
specific surface area. Finally, the sample of metal scrap ball-milled without additives
comprised the largest particles and should have the smallest specific surface area.

3.1.3. Investigation by Scanning Electron Microscopy

The microphotographs of the powder samples obtained by scanning electron mi-
croscopy in BSE imaging mode are given in Figure 6. In the image of a particle composed
of metal scrap (shown in grey and dark grey) and KCl (shown in light grey and white),
embedded salt crystals and many cavities originating from impacts with salt particles were
clearly seen on the surface. Particles composed of metal scrap (shown in grey and dark
grey), KCl (shown in grey and light grey), and Wood’s alloy (shown in white) also had
some cavities on their surfaces, as well as embedded salt crystals and alloy spots. A particle
of metal scrap (shown in grey and dark grey) with Wood’s alloy (shown in light grey
and white) likely represented a lamellar structure composed of smaller flattened particles
agglomerated due to the ‘cold welding’ process during ball milling. Particles of the scrap
ball-milled without additives represented similar multilayer structures formed by ‘cold
welding’, with the magnesium-aluminum alloy shown in grey and inclusions of heavier
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elements—Zn, Zr, and Nd segregated on the surface and Fe contaminations from the steel
balls—shown in light grey and white.

 
(a) 

 
(b) 

Figure 6. Cont.
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Figure 6. BSE images of ball-milled powder samples: (a) Mg-Al (80 wt.%) and KCl (20 wt.%); (b) Mg-
Al (80 wt.%), Wood’s alloy (10 wt.%), and KCl (10 wt.%); (c) Mg-Al (80 wt.%) and Wood’s alloy
(20 wt.%); (d) Mg-Al (100 wt.%) without additives.

3.2. Hydrogen Evolution Kinetics
3.2.1. Metal Scrap and KCl

The preliminary tests on the oxidation of the powder samples in a 3.5 wt.% NaCl
aqueous solution demonstrated that the sample composed of Mg-Al (80 wt.%) and KCl
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(20 wt.%) started to react with vapor at nearly 80 ◦C. The sample inflamed and—a few
seconds after emergency unsealing of the reactor loading outlet—a flame jet representing,
presumably, burning magnesium and a hydrogen-air mixture was observed during several
seconds. At 50 ◦C, the same composition inflamed upon contacting the surface of the
aqueous solution. Additionally, a just-prepared sample with the same composition inflamed
upon exposure to air. More careful pretesting of the samples (0.5 g weight portions) in the
temperature range from 25 to 40 ◦C with an interval of 5 ◦C revealed that, for the samples
containing KCl, ignition with a flash was observed at 40 ◦C. Therefore, hydrogen evolution
kinetics was studied in the temperature range from 15 to 35 ◦C; before the experiments, the
‘fresh’ samples with 20 wt.% KCl were held in a glove box under Ar.

The kinetic curves obtained for the powder of Mg-Al and KCl are represented in
Figure 7. As it can be seen, in the beginning of the reaction, the hydrogen evolution rate
at 35 ◦C was the highest, as expected, and it decreased with lowering temperature. At
all temperatures, the highest reaction rates were observed for nearly the first 20 min. of
the experiment. At about 40 min. after the beginning, the kinetic curves tended to move
towards their plateaus, reflecting a definite slowing down of the reaction.

Figure 7. Hydrogen evolution kinetic curves for the Mg-Al (80 wt.%) and KCl (20 wt.%) powder:
1—15 ◦C, 2—25 ◦C, and 3—35 ◦C.

As for the hydrogen yields, large uncertainties were typical for all the kinetic curves.
Moreover, overlapping of the error bars (standard deviations) of the kinetic curves was
observed. After nearly 20 min. of the experiments, the error bars of all three kinetic curves
overlapped within some yield intervals; by the end of the measurement time, the ‘shared’
yield interval was from 41.2% to 42.1%. The hydrogen yields obtained at 15, 25, and 35 ◦C
were (37.6 ± 4.5)%, (41.4 ± 2.9)%, and (45.6 ± 4.4)%, respectively.

Such large variations in the experimental data probably resulted from the fast aging of
this sort of powder materials, despite their storing under an Ar atmosphere. For a set of
three experiments at different temperatures, the same powder sample was divided into
portions, and the reactivity of the samples that were used later could decrease after several
hours of storing.
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In study [47], it was reported that the effect of salt particles on the activation of
aluminum powders prepared by ball milling was that they acted as nano-millers. The
aluminum activation mechanism constituted the creation of a great number of new ‘fresh’
metal surfaces and the prevention of their re-oxidation in air by the formation of salt layers
on them. However, in study [45], it was demonstrated that the mechanism of merely
covering aluminum particles with salt did not explain the higher reactivity of the samples
produced by prolonged (4–19 h) ball milling. The said samples represented composite
particles formed by the aggregation of the salt and aluminum phases. In hot water, salt
inclusions dissolved, leaving many voids and tunnels in the aluminum particles. Such
porous structure provided a good deal of ‘fresh surfaces’ coming into contact with hot water.
Other effects of ‘salt-assisted’ ball milling useful for enhancing aluminum (or magnesium)
corrosion with hydrogen evolution include an increase in lattice strain, a reduction in
crystalline size, and the creation of defects (dislocations, vacancies, grain boundaries, etc.)
in metal particles [48].

In the present study, Mg-based alloys were employed, and it seemed to be useful to
compare the obtained results with similar ones for Mg and KCl composites. In study [43],
samples manufactured with Mg powder (99.8% purity, particle size 20–100 mesh) and KCl
were tested in pure water at 80 ◦C. The tested parameters closest to those employed in our
study were a KCl concentration of 25 wt.% and 3 or 7 h of ball milling. According to the
reported kinetic curves, the hydrogen yields for those samples achieved nearly 48–49%
(~450–460 mL) in 1 h. The most intensive hydrogen release proceeded during nearly the first
5–10 min. of the experiment, and after ~15–20 min., a significant slow-down was observed,
with the kinetic curves gradually moving towards their plateaus. The hydrogen yields of
~42–46% obtained in the present study at 25–35 ◦C are not drastically lower than the 48–49%
obtained in [43] for Mg at 80 ◦C, considering that, by the end of the experiments (4 h and
1 h), the reaction either achieved its termination stage or scarcely proceeded. Somewhat
higher hydrogen yields reported in [43] could be ascribed to a higher KCl content (25 wt.%
vs. 20 wt.% in the present study), smaller original Mg powder particle size (~100 μm vs.
~100–1000 μm in the present study), and higher Mg content in the Mg powder compared to
the Mg-based scrap.

In order to follow up on the discussion, some other results were referred to and
compared. The relevant experimental conditions and results of preceding studies are given
in Table 1.

From a comparison of the above data, the following conclusion can be made. In
the cases of ball-milled Mg or Al mixtures with some salts (NaCl and KCl), the eventual
hydrogen yields were majorly affected by the salt content and ball-milling time. However,
in a certain temperature range, the said values were scarcely affected or almost unaffected
by the reaction temperature. Salt content and ball-milling time most notably affected
powder particle size and structure (embedded salt inclusions) and, therefore, specific
surface area of the samples. As it can be seen, the particle sizes reported in different studies,
as well as in the present one, were much different, which can be attributed to different
conditions of their measurement (optical or scanning electron microscopes, number of
particles for averaging, inclusion or exclusion of separate salt particles, etc.). However,
for the results obtained in the present study, the following deduction still can be made.
Upon dissolution of KCl inclusions in the samples, the uncovered ‘fresh’ surfaces were
likely to be covered with a mostly dense and ‘compact’ layer of poorly soluble reaction
product (according to the XRD data the product was Mg(OH)2). As the powder particle
sizes were mostly too large compared to the thickness of the Mg(OH)2 layer at the moment
of a considerable reaction slowing down or termination, a significant amount of the Mg-Al
alloy remained unreacted. It is quite possible that—in a certain temperature range—such
‘terminal’ thicknesses of the reaction product layers (for Al or Mg) were about the same,
regardless particle sizes. Therefore, the eventual hydrogen yield values depended on the
ratio of the ‘terminal’ product layer thickness to the initial particle size, or the wideness
of the metal regions between hollows remaining in the particles after dissolution of the
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embedded salt inclusions. In other words, the eventual hydrogen yields were substantially
limited by the said ratio, while the reaction temperature (in a certain interval) affected only
whether the said values were achieved sooner or later.

Table 1. Experimental conditions and results of preceding studies.

Reactive Material
Ball-Milling

Time, h
Powder Particle

Size, μm
Aqueous

Media
Temperature,

◦C
Reaction

Time, min.
H2 Yield,% Source

Al (~75 μm), NaCl
(NaCl to Al

mole ratio 2–7)
15 ~100 nm Distilled

water

55–90

~20

100

[47]
Al (~75 μm), NaCl

(NaCl to Al
mole ratio 1)

55–70 <65

Al (~100 μm),
NaCl

(NaCl to Al
mole ratio 0.1–1.5)

20 ~50 nm Distilled
water 70 ~40 70–90 (mole

ratios 0.5–1) [48]

Al (227 μm), NaCl
(50 wt.%)

7–19

21–22 μm

Distilled
water

80

~60
or less

~100

[45]

Al (227 μm), NaCl
(25 wt.%) - ~50 or less

Al (227 μm), NaCl
(75 wt.%) -

~20
or less

100
Al (227 μm), KCl

(50 wt.%) 16–17 μm

Mg (150–750 μm),
NaCl (50 wt.%)

3
7

15

277 μm
65 μm
46 μm

Distilled
water

80 ~60
or less

~16
~55
~62

[43]
Mg (150–750 μm),

KCl (25 wt.%)

3
7

15
-

~48
~49
~60

Mg (150–750 μm),
KCl (50 wt.%) 15 - >90

Mg (150–750 μm),
KCl (75 wt.%) 15 - 100

These conclusions are supported by the results of studies [55,56], wherein experiments
with aluminum nanoparticles (87 and 120 nm) provided their 100% conversion into hydro-
gen in pure water at 67–70 ◦C. In [56], the term ‘penetration thickness’ was introduced, and
its values were calculated for various particle sizes and temperatures. According to the
reported results, the penetration thicknesses for aluminum particles at temperatures up to
~100 ◦C were below 1 μm and not too much different from each other (taking into account
the uncertainties). However, with increasing the temperature from 100 ◦C to 200 ◦C, these
values rose up to ~2 μm. It was reported as well, that the penetration thickness was the
same for different particle sizes, and its increase at temperatures over 100 ◦C was attributed
to a considerable increase in diffusivity of the water. Therefore, the mentioned ‘certain
temperature range’ is presumably limited by 100 ◦C or so.

3.2.2. Metal Scrap and Wood’s Alloy

The results of the experiments with the Mg-Al (80 wt.%) and Wood’s alloy (20 wt.%)
composition are illustrated in Figure 8. The kinetic curves for this powder sample had an
S-shape typical for topochemical reactions [52]. Kinetic curves for the said reactions usually
have an ‘acceleration’ section in the beginning of the reaction, a section of the highest
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reaction rate with further deceleration, and a section referring to the completion of the
reaction. The presence of a distinguishable ‘acceleration stage’ was accounted for slower
initial reaction rates in the experiments for this powder compared with the previously
discussed sample composition.

Figure 8. Hydrogen evolution kinetic curves for the Mg-Al (80 wt.%) and Wood’s alloy (20 wt.%)
powder: 1—15 ◦C, 2—25 ◦C, and 3—35 ◦C.

As in the preceding experiments, an increase in the hydrogen yield was observed,
along with temperature growth. However, the differences between the hydrogen yield
values for different temperatures were, in general, considerably larger than those for
the previously discussed sample with salt. In study [57], some of the hydrogen yield
statistical uncertainties for aluminum powder samples reacting with water achieved nearly
10%. Thus, relative deviation values of 10% or so may be typical for similar experiments
with aluminum or magnesium powders. In the case of the present study, such statistical
uncertainty may result from the variation in powder particle sizes, irregular distribution of
salt or alloy additives, structure defects produced during ball milling, and, presumably, the
effect of powder aging.

Although the uncertainties were large for all the kinetic curves, no overlapping of
their error bars was observed, except at the very beginning of the reaction. Therefore, the
results for this sample were quite distinguishable. The hydrogen yields achieved were
(42.4 ± 6.3)%, (57.7 ± 5.9)%, and (73.5 ± 10.0)% for 15, 25, and 35 ◦C, respectively. These
values were substantially higher than those for the sample with 20 wt.% KCl salt.

The addition of Bi and Sn to aluminum and magnesium is rather a common method
to promote their reactions with water [5,37,58,59]. The standard electrode potentials of all
Wood’s alloy components—Bi, Sn, Cd, and (presumably) Pb7Bi3—and the intermetallide-
phase MgSn2 detected in the ball-milled powder samples were higher than those of Mg
and Al (although some shifts in the 3.5 wt.% NaCl solution can be expected). Therefore,
in the conductive media, the dominating mechanism of the hydrogen producing reaction
was ‘anodic dissolution’ of the Mg (and probably Al) due to galvanic corrosion. Although
an electrode potential difference between Mg and Al (or its intermetallide Mg12Al17) also
promotes oxidation of the less noble metal (Mg) in conductive (0.6 mol/l NaCl solution)
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media [60], the said potential difference is much less than that between Mg and the Wood’s
metal components.

3.2.3. Metal Scrap, KCl, and Wood’s Alloy

The results of another set of experiments for the powder of Mg-Al (80 wt.%), Wood’s
alloy (10 wt.%), and KCl (10 wt.%) are given in Figure 9. The represented kinetic curves
demonstrated a predictable increase in the reaction rate along with the temperature growth.
As compared to the preceding results, ‘acceleration’ sections of the kinetic curves were not
visible, which indicated a relatively fast start of the reaction. The error bars for all three
kinetic curves were much shorter than those for the previously discussed samples. This
suggests a surprisingly high reproducibility of the experimental data for this composite
material. It can be supposed that either such results were obtained by coincidence and
more experiments are required for data averaging or that the material had some specific
properties whose investigation is beyond the scope of the present research.

Figure 9. Hydrogen evolution kinetic curves for the Mg-Al (80 wt.%), Wood’s alloy (10 wt.%), and
KCl (10 wt.%) powder: 1—15 ◦C, 2—25 ◦C, and 3—35 ◦C.

For this powder sample, a synergetic effect of galvanic corrosion from Wood’s alloy
and specific surface area enlargement from KCl was expected to provide the highest
hydrogen yields and evolution rates compared to the samples with either of these additives.
The time intervals until the reaction deceleration for this sample were nearly 20–40 min.
at 25 and 35 ◦C and 40–60 min. at 15 ◦C. The said time periods were longer than those
for the sample with 20 wt.% KCl—up to 20 min at 35 ◦C and 20–40 min. at 15 and 25 ◦C.
Additionally, these intervals were shorter than those for the sample with 20 wt.% Wood’s
alloy—nearly 60–100 min. for 25 and 35 ◦C and 120–160 min. at 15 ◦C. The hydrogen
yields achieved were (43.3 ± 1.5)%, (50.4 ± 1.2)%, and (56.0 ± 1.2)% at 15, 25, and 35 ◦C,
respectively. These results exceeded those for the sample with the KCl additive and fell
below ones for the Wood’s alloy additive. Therefore, the results for hydrogen yields and
initial reaction rates for the sample with both additives appeared to fall between those for
the samples containing either of the two additives.
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3.2.4. Metal Scrap Powder without Additives

Figure 10 demonstrates the results obtained for the sample of metal scrap ball milled
without additives. Although some error bars for the kinetic curves corresponding to 25
and 35 ◦C partially overlapped, all the curves were still easily distinguishable. An S-shape
was clearly identified for the curve at 15 ◦C, while for the other curves, it was too faint. The
kinetic curve sections of reaction deceleration were located in the intervals of 20–60 min.,
40–80 min., and 60–100 min. for 35, 25, and 15 ◦C, respectively. The hydrogen yields
corresponding to 15, 25, and 35 ◦C were (56.0 ± 1.1)%, (64.0 ± 5.1)%, and (70.6 ± 2.5)%,
respectively. Without any doubts, these values were much higher than those for the sample
ball-milled with 20 wt.% KCl. Additionally, they definitely exceeded the corresponding
hydrogen yield figures for the sample comprising both KCl and Wood’s alloy. As to a
comparison with the sample containing 20 wt.% Wood’s alloy, at 15 ◦C the hydrogen yield
for the latter was lower, while at 25 and 35 ◦C, these values matched within the statistical
error limits.

Figure 10. Hydrogen evolution kinetic curves for the Mg-Al (100 wt.%) powder: 1—15 ◦C, 2—25 ◦C,
and 3—35 ◦C.

For this sample, the mechanisms presumably enhancing Mg oxidation in the NaCl
aqueous solution were based on the formation of imperfections (dislocations, vacancies,
grain boundaries, stacking faults, etc.) in the metal lattice due to ball milling [48]. Such
structure defects favor the localized enrichment of Cl− ions; therefore, they are readily
attacked by pitting corrosion [25]. Another useful mechanism can be associated with
the formation of porous lamellar structures with interlayer spaces at certain ball-milling
durations. Such structures are composed of aggregated flattened particles, and despite
large sizes of the entire aggregates, their specific surface area can achieve rather high
values [46]. Unfortunately, in the present study, measurements of the specific surface
areas were not performed. SEM investigation of the cross-sections of powder particles for
lamellar structures identification was out of the scope of this study as well.

However, some information on the accumulated strain energy was derived from
comparison of the peaks of XRD patterns for different powder samples. In [48], it was

110



Sustainability 2022, 14, 4496

reported that the Al powder milled with NaCl had more lattice strain compared to that
milled without NaCl, which was proved by a comparison of the full width at half maximum
for the typical Al phase peaks. A similar visual analysis of the peaks of the powder samples
with different additives (and with no additives) was performed in the present study. In
Figure 11, several typical peaks for the base Mg-Al phase in the XRD patterns for different
powders are shown. According to the assessment results, the full width at half maximum
for two less intensive peaks had nearly the same value for all powder samples. For a
third—the most intensive—peak, the relevant width values for the samples with Wood’s
alloy and with no additives were close, while the width of the sample with 20 wt.% KCl
was definitely smaller. Thus, the peak for the sample ball milled without salt turned out
to be wider than the peak for the sample with 20 wt.% salt, and this contradicts the result
from [48]. However, this contrariety could be attributed to a difference in the ball milling
time (20 h vs. 4 h in the present study), materials (Al vs. Mg-based alloy in the present
study), as well as implemented salts (NaCl vs. KCl in the present study) and their contents.

θ,  

Figure 11. XRD patterns of ball-milled powder samples.

Therefore, it can be assumed that the latter sample with the narrowest peak width
accumulated less strain energy in its crystal lattice during 4 h of ball milling compared to
the other powder samples. Thus, for this sample, a large portion of ball-milling energy was
actually employed for particle size reduction by cutting with salt particles, rather than for
the creation of lattice imperfections. Consequently, this sample could be less affected by
pitting corrosion from NaCl aqueous solution. Additionally, the effect of pitting corrosion
could contribute significantly to sustaining the reaction.

The fact that the hydrogen yields for the powder without additives were close to or
higher than those for the sample with 20 wt.% Wood’s alloy can be explained from the
following considerations. In some preceding studies, it has been demonstrated that some
additives tended to form intermetallic compounds located at grain boundaries, screening
the base metal in the grains from liquid. In cases of high concentrations, some intermetallic
phases may hinder the reaction. For example, Cu is known to promote an Al–water reaction,
however, its addition to Al-Ga-In-Sn systems inhibits the said reaction [61]. It was shown as
well, that adding Ga to Mg promoted its corrosion in an NaCl solution [62], while adding
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Ga to an Mg-Sn system hindered Mg corrosion in an NaCl solution [63]. Additionally, it
was proved that for certain additives there are some optimal concentrations (for example,
Sn in an Mg-Ni system [64]) corresponding to the highest hydrogen yields and evolution
rates and that exceeding these optimal values led to a decrease in the said values. The
abovementioned facts brought us to the conclusion that the contents of Wood’s alloy in the
samples tested in the present study were far from being optimal, and we suspect that the
optimal values may actually be lower than the tested ones.

3.3. Characteristics of Solid Reaction Products
3.3.1. X-ray Diffraction Analysis

The XRD patterns for the solid reaction products obtained by the oxidation of different
hydroreactive powder samples are given in Figure 12. The XRD analysis results demon-
strated that all the reaction products contained some amount of the unreacted Mg-Al phase.
The intensities of the corresponding peaks for the reaction products were lower than those
for the powder samples before reaction, but most of the peaks were still distinguishable. In
the XRD patterns for all the reaction product samples, Mg(OH)2 was present. This phase
resulted from the oxidation of Mg—the base component of the metal scrap—by an NaCl
aqueous solution. A comparison of the XRD patterns for the powder samples with those
for their reaction products showed a disappearance of the KCl phase. This was obviously
attributed to KCl particle dissolution in the NaCl aqueous solution. In the samples com-
prising Wood’s metal alloy, Mg2Sn—present in the powders before the reaction—remained.
PbBiO2Cl apparently originated from a reaction between the Wood’s alloy component
Pb7Bi3 and the NaCl aqueous solution. In a preceding study [28], for the experiments
with ‘mechanical alloy’ powders—55 wt.% Mg, 30 wt.% Al, and 15 wt.% Fe ball-milled
for 4 h—and 0.6 mol/l NaCl solution, in the solid reaction product Mg6Al2(OH)18·4.5H20
and Al(OH)3 were detected. However, from the present XRD patterns, neither Al nor its
reaction products were identified. Such a result may be associated with a relatively low
Al content in the ML5 alloy scrap—up to 9 wt.% according to the standard—or with the
possible formation of pseudoboehmite, which has weak diffraction intensity.

 
(a) 

θ,  

Figure 12. Cont.
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Figure 12. XRD patterns of the solid reaction products for different powder samples: (a) Mg-Al
(80 wt.%) and KCl (20 wt.%); (b) Mg-Al (80 wt.%), Wood’s metal alloy (10 wt.%), and KCl (10 wt.%);
(c) Mg-Al (80 wt.%) and Wood’s metal alloy (20 wt.%); (d) Mg-Al (100 wt.%) without additives.

3.3.2. Investigation by Scanning Electron Microscopy

The BSE images of the reaction product samples are represented in Figure 13. As it
can be seen from the images, for the sample comprising metal scrap and KCl, the solid
reaction product formed highly irregular structures on the particle surfaces. These irregular
structures included clusters of large-sized ‘flakes’ (~100–500 nm), along with spongy areas
formed by much smaller structure elements that looked similar to moss cover. The product
layer corresponding to the sample manufactured with metal scrap, KCl, and Wood’s alloy
also had a very irregular morphology. The said morphology was characterized by porous
structures formed of large-sized flakes and regions where the product layer formed in a
much more ‘compact’ and dense manner. For the sample composed of metal scrap and
Wood’s alloy, the visible particle surfaces were totally covered with clusters composed of
large-scale flakes. As for the sample manufactured of scrap without additives, not all of the
captured particles were covered with large-sized flakes. The surfaces of the larger particles
had quite irregular morphologies including ‘mossy’ areas, while almost all of the smaller
particles looked like clusters of large-sized flakes.

It can be assumed that the structures composed of large-scale flakes were more liquid-
permeable compared to the spongy areas formed by fine-structured elements. Although
visual assessment of the sizes of large-scale flakes for different samples is not sufficient for
making any final conclusions, the flakes for the samples containing Wood’s alloy and for
the sample without additives seemed to be generally larger than those for the sample with
the KCl additive only.

114



Sustainability 2022, 14, 4496

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 13. Cont.
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Figure 13. BSE images of the reaction products for different samples: (a,b) Mg-Al (80 wt.%) and KCl
(20 wt.%); (c,d) Mg-Al (80 wt.%), Wood’s alloy (10 wt.%), and KCl (10 wt.%); (e,f) Mg-Al (80 wt.%)
and Wood’s alloy (20 wt.%); (g,h) Mg-Al (100 wt.%) without additives.

3.4. Summarization and Discussion of the Results

The kinetic curves for all the experiments were approximated by Equation (2), and
from those approximations, the values of the reaction rate constant (k) were derived. The
obtained k values were used for graphical determination of the activation energy (Ea) from
Arrhenius plots based on Equation (3). The Arrhenius plots for all powder samples are
represented in Figure 14. The data on reaction constants and activation energy are given
in Table 2. The calculated results demonstrated that the powder containing 20 wt.% KCl
had the lowest activation energy of (7.0 ± 0.8) kJ/mol, the sample comprising 10 wt.%
KCl and 10 wt.% Wood’s alloy had a higher activation energy of (30.6 ± 2.9) kJ, the scrap
ball-milled without additives had a somewhat higher activation energy of (35.9 ± 2.5)
kJ, and the highest activation energy of (48.6 ± 4.8) kJ corresponded to the sample with
20 wt.% Wood’s alloy.

Table 2. Activation energy and reaction constant values for different experiments.

Sample Composition
Reaction Rate

Constant (k), s−1
Reaction

Parameter (n)
Activation

Energy, kJ/mol

Mg-Al and KCl
2.4·10−4 (15 ◦C)
2.6·10−4 (25 ◦C)
2.9·10−4 (35 ◦C)

0.26 (15 ◦C)
0.21 (25 ◦C)
0.17 (35 ◦C)

7.0 ± 0.8

Mg-Al, Wood’s metal
and KCl

1.00·10−3 (15 ◦C)
1.42·10−3 (25 ◦C)
2.27·10−3 (35 ◦C)

0.35 (15 ◦C)
0.28 (25 ◦C)
0.24 (35 ◦C)

30.6 ± 2.9

Mg-Al and Wood’s
metal

2.33·10−3 (15 ◦C)
4.12·10−3 (25 ◦C)
8.73·10−3 (35 ◦C)

0.83 (15 ◦C)
0.66 (25 ◦C)
0.62 (35 ◦C)

48.6 ± 4.8

Mg-Al
3.85·10−3 (15 ◦C)
6.00·10−3 (25 ◦C)

10.02·10−3 (35 ◦C)

0.59 (15 ◦C)
0.46 (25 ◦C)
0.40 (35 ◦C)

35.9 ± 2.5
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Figure 14. Arrhenius plots for different samples: 1—Mg-Al (80 wt.%) and KCl (20 wt.%); 2—Mg-Al
(80 wt.%), Wood’s alloy (10 wt.%), and KCl (10 wt.%); 3—Mg-Al (80 wt.%) and Wood’s alloy (20 wt.%);
4—Mg-Al (100 wt.%) without additives.

For easier summarization of the study results and their discussion, the total hydrogen
yields and maximum hydrogen evolution rates for all experiments were gathered in Table 3.
The main findings based on the reaction kinetics data, results of sample analyses, and
calculations were the following:

Table 3. Hydrogen production yields for different experiments.

Sample Composition
Tested

Temperature, ◦C

Maximum H2

Evolution
Rate, mL/min./g

H2 Yield,%

Mg-Al and KCl 15 36.1 37.6 ± 4.5
Mg-Al and KCl 25 69.1 41.4 ± 2.9
Mg-Al and KCl 35 83.0 45.6 ± 4.4

Mg-Al, Wood’s metal, and KCl 15 28.0 43.3 ± 1.5
Mg-Al, Wood’s metal, and KCl 25 38.1 50.4 ± 1.2
Mg-Al, Wood’s metal, and KCl 35 50.0 56.0 ± 1.2

Mg-Al and Wood’s metal 15 7.2 42.4 ± 6.3
Mg-Al and Wood’s metal 25 9.8 57.7 ± 5.9
Mg-Al and Wood’s metal 35 11.5 73.5 ± 10.0

Mg-Al 15 10.3 56.0 ± 1.1
Mg-Al 25 14.5 64.0 ± 5.1
Mg-Al 35 21.4 70.6 ± 2.5

- Powder containing 20 wt.% KCl provided the highest hydrogen evolution rate at
the beginning of the reaction. It had the finest particles and, presumably, the largest
specific surface area. Its activation energy was the lowest. The two latter facts were
the reasons for the highest initial reaction rates. However, this sample provided the
lowest hydrogen yield for 4 h of experimentation. Such an effect was attributed to
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the formation of a ‘dense’ and ‘compact’ reaction product layer on the surface of
the powder particles. The product layer structure included large, ‘mossy’ areas of
fine-structured elements that were likely low-permeable to liquid with clusters of
large-sized ‘flakes’, which, however, were not abundant at all;

- Powder activated with 20 wt.% Wood’s alloy provided the lowest hydrogen evolution
rates at the beginning. Its particle size was the second-largest, and the specific surface
area was likely the third-largest among the four samples. It had the highest activation
energy. The lowest initial reaction rate possibly resulted from the combination of a
low specific surface area and high activation energy. However, the hydrogen yields
for this sample were higher than those for the powders with KCl but comparable
with those for the ball-milled scrap without additives. The high hydrogen yields were
achieved due to the fact that the reaction product structure covering the particles was
almost entirely formed by large-sized ‘flakes’. Due to this, the product layer remained
highly permeable to liquid for a long time during the reaction. It should be noted that
the negligible effect of alloying for this sample (compared to the ball-milled scrap)
could be attributed to possible screening effects from some of its compounds with Mg
scrap due to extra concentration in the sample. The said effects could suppress the
activation effect from the formation of microgalvanic couples of Mg and Wood’s alloy
components by ball milling;

- Powder with both 10 wt.% KCl and 10 wt.% Wood’s alloy had its maximum hydrogen
evolution rate exceeding that of the sample with 20 wt.% Wood’s alloy and falling
below that for the sample with 20 wt.% KCl. The particle size and hydrogen yield for
this sample fell between these values for the powders with KCl and Wood’s alloy. Its
product layer morphology contained both ‘mossy’ areas typical for a sample activated
with salt and large-sized ‘flakes’ presented on a particle surface of the reacted alloyed
sample. Its activation energy was the second-lowest among the four samples;

- Powder of the scrap ball-milled without additives had the second-highest activation
energy. Its maximum hydrogen evolution rate fell between the relevant values for the
powder with 20 wt.% Wood’s alloy and that with both (salt and alloy) additives. It
had the largest particle size and, presumably, the smallest specific surface area. The
hydrogen yields for this sample were close to or higher than those for the one with
20 wt.% Wood’s alloy. Such an effect was attributed to a combination of the following
factors: the accumulation of plenty of lattice imperfections favoring pitting corrosion
from ball milling, the absence of any crystal grain screening compounds, and the
formation of the product layer mostly in the form of clusters of large-sized ‘flakes’.

Thus, under the considered reaction and ball-milling conditions, the implementation
of KCl as an additive resulted in the lowest conversion of Mg-Al scrap into hydrogen.
Moreover, this material required careful handling due to its combustible nature and demon-
strated a high uncertainty for ‘Hydrogen Yield vs Time’ dependencies. Although the results
obtained for ball-milled scrap samples looked competitive with those for the composites
with Wood’s alloy, this alloying additive still has potential for application because of its
low melting temperature. It was suspected that the alloy concentrations tested in this study
may turn out to be excessive, leading to the opposite effects, and that the alloy portion
can be substantially reduced. Therefore, further investigations on adjusting the content
of Wood’s alloy and ball-milling conditions should be performed in order to reveal the
optimal composition and to elaborate usable material for hydrogen production. The tested
temperature interval can be extended as well.

It should be noted, however, that Pb and Cd can produce some toxic influences, and
this is the reason why Wood’s alloy should be handled in a proper manner. Thus, the
alloyed hydroreactive materials are not intended for implementation everywhere by every-
one. After optimization of the alloy content, a toxicity characteristic leaching procedure
(TCLP) should be performed for the reaction products in order to avoid contamination
with heavy metals. Depending on the results, the product can be disposed of with com-
mon waste, undergo decontamination procedures, or be utilized in some other way. The
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produced hydrogen should be tested for corrosive or toxic properties as well to determine
whether its treatment is required. However, Wood’s alloy is a commercial product and, at
aircraft manufacturing plants, Mg-Al scrap is available in abundance. Therefore, the said
hydroreactive materials have potential for in situ production and conversion into hydrogen
to provide energy for balance-of-plant needs.

4. Conclusions

In the present study, the hydrogen production performances of different powder
composites elaborated by ball milling were compared. It was shown that the samples with
a salt additive had the finest particle size and provided fast reactions proceeding in the
beginning of the process. However, after a longer reaction time, their hydrogen yields
turned out to be considerably lower than those for the samples without salt, although for
some time after the beginning, they reacted quite slowly.

The observed effects resulted from the difference in the powder particle sizes (appar-
ently affecting specific surface area), crystal lattice imperfections accumulated during ball
milling, which enhance pitting corrosion in the presence of Cl− ions, morphology of the
solid reaction product particles covering the powders, and the contradicting effects from
the potential formation of reaction-enhancing microgalvanic cells and reaction-hindering
crystal grain screening compounds of the alloy and metal scrap components.

It was demonstrated that, in the reaction beginning, the sample with 20 wt.% KCl
rapidly reacted with the aqueous solution because it was composed of the finest powder
particles (and, subsequently, had large specific surface area). However, after nearly 20 min,
the reaction was largely slowed down due to the formation of a ‘dense’ and ‘compact’
reaction product layer covering the particles. The investigated reaction product morphology
for this sample suggested this version, while for other reaction product samples, the
aggregations of large-sized ‘flakes’ covered either the entire particle surface or a large part.

The hydrogen yield for the sample with 20 wt.% Wood’s alloy was one of the highest
for 4 h of experiment. This additive was expected to create ‘microgalvanic cells’ of Mg-Al
scrap and Wood’s alloy heavy metal components. The said ‘microgalvanic cells’ were
intended to induce anodic Mg dissolution in the conductive media, ensuring enhanced
hydrogen production. However, the effect of Wood’s alloy was negligible compared to the
data obtained for the powder of the ball-milled scrap without additives. It is known that
some compounds originating from alloying tend to locate along crystal grain boundaries.
If their amounts are not exceeding a certain optimal value, they can promote corrosion of
the base metal in the grains. However, extra amounts of some compounds or elements
can lead to an opposite effect of screening grains from liquid. For the present study, it was
assumed that the obtained results were associated with alloy contents largely exceeding
the optimal value.

The sample composed of 10 wt.% KCl and 10 wt.% Wood’s alloy was expected to
demonstrate the best hydrogen production performance in terms of yield and reaction
rate due to the synergetic effect of particle size reduction and the formation of ‘galvanic
couples’. However, the results for this composition fell between those obtained for the two
samples discussed above.

For the ball-milled sample without additives, it was established that it combined a
number of reaction-enhancing properties of other powder samples. In particular, it did
not contain compounds potentially screening base metal grains, it presumably accumu-
lated many structure defects from ball milling, and its reaction product formed structures
containing many clusters of large-sized ‘flakes’.
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Abstract: Background: The possibility of converting the organic fraction of municipal solid waste to
mature compost using the composting bin method was studied. Nine distinct treatments were created
by combining municipal solid waste (MSW) with animal waste (3:1, 2:1), poultry manure (3:1, 2:1),
mixed waste (2:1:1), agricultural waste (dry leaves), biocont (Trichoderm hazarium), and humic acid.
Weekly monitoring of temperature, pH, EC, organic matter (OM percent), and the C/N ratio was
performed, and macronutrients (N, P, K) were measured. Trace elements, including heavy metals (Cd
and Pb), were tested in the first and final weeks of maturity. Results: Temperatures in the first days
of composting reached the thermophilic phase in MSW compost with animal and poultry manure
between 55–60 ◦C, pH and EC (mS/cm) increased during the composting period in most composting
bin treatments. Overall, organic matter (OM percent) and the C/N ratio decreased (10.27 to 18.9) as
result of microbial activity during composting. Organic matter loss percent was less in treatments
containing additives (biocont l humic acid) as well agricultural waste treatment. Composting bin
treatments with animals and poultry showed higher K and P at the mature stage with an increase
in micronutrients. Finally heavy metals were (2.25–4.20) mg/kg and (139–202) mg/kg for Cd and
Pb respectively at maturation stage. Conclusion: Therefore, the results suggested that MSW could
be composted in the compost bin method with animal and poultry manure. The physio-chemical
parameters pH, Ec and C/N were within the acceptable standards. Heavy metals and micronutrients
were under the limits of the USA standards. The significance of this study is that the compost bin
may be used as a quick check to guarantee that the outputs of long-term public projects fulfill general
sustainability requirements, increase ecosystem services, and mitigate the effect of municipal waste
disposal on climate change particularly the hot climate regions.

Keywords: MSW; compost bin; organic matter; C/N; heavy metals

1. Introduction

Globally, urbanization and the continual growth of the human population have re-
sulted in the development of massive amounts of trash. These waste streams have created
a slew of environmental, social, and economic concerns, particularly in poor countries [1].
Each day, a substantial volume of municipal solid waste (MSW) is created and disposed of
in landfills at a rate of less than 6% recycling and composting [2]. MSW management is
without a doubt one of the most serious environmental concerns facing the world, espe-
cially in metropolitan areas. If not correctly treated, it may have a negative impact on the
environment by creating a disagreeable odor, causing leachate, and emitting greenhouse
gases. Landfilling is the primary method of disposing of MSW in the vast majority of
nations globally, regardless of per capita wealth [3]. However, this treatment method has
been criticized because of its high environmental impacts and incompatibility with the
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concept of a circular bioeconomy [4]. Composting, as a less expensive and sophisticated
method, may be used in place of landfills for organic waste recycling. Due to their high
organic matter and mineral contents, municipal solid wastes may be utilized to improve
soil fertility. Composting is an effective technique for generating a stabilized material that
may be utilized in fields as a source of nutrients and soil conditioners [5]. Composting is
an aerobic and exothermic process that is used globally to treat biodegradable trash and
convert it into a soil conditioner and fertilizer. Additionally, it is the most ecologically bene-
ficial technique of garbage disposal when compared to other processes, such as incineration,
landfilling, and anaerobic digestion [6]. Composting has been shown to be an effective
method of increasing crop productivity and soil quality. Composts include plant nutrients,
particularly nitrogen and phosphorus, as well as organic substrates. As a result, it has
the potential to influence a soil’s physical, chemical, and biological quality [7]. Natural
composting is a lengthy process, but land scarcity and vast amounts of MSW demand that
these wastes be handled more rapidly. The amount and composition of organic matter in
compost are critical in determining the product’s quality [8,9]. Chemical parameters of
composts, such as electrical conductivity (EC), pH, nutrient levels, organic matter, C:N
ratio, and heavy metal concentration, have been utilized to determine their maturity and
stability [10,11]. Three stages of composting were observed: the mesophilic stage increased
temperature from ambient to 40 ◦C; the thermophilic stage characterized temperatures
between 50 ◦C and 60 ◦C due to microbial activity during composting with the aid of
passive or active aeration (turning composting bin) and moisture content between 40%
and 60%). When the temperature reaches 60 ◦C, the breakdown process becomes slug-
gish, and microbial activity is restricted to thermotolerant bacteria. After 2–3 weeks, the
temperature of the compost began to decrease and did not return to normal after turning.
This is the cooling stage, during which the compost reaches stability after a period of time
when it is resistant to decomposition. The factory for organic solid waste recycling in
Al-Youssoufia City collects MSW collected from neighboring communities in southern
Baghdad. The MSW comprised reusable organic materials as well as plastics and glass. The
majority of this trash is disposed of in landfills. The present research aimed to convert the
organic portion of MSW to biofertilizer using aerobic bin composting and to characterize
the physicochemical properties of the compost. Urbanization and industrialization have
created a slew of issues for garbage management. Pollution of the environment and garbage
creation have a direct effect on biological diversity. Without proper treatment, haphazard
discharge of solid waste into the environment may have negative consequences, resulting
in contamination of all resources. Enhancing the pace and degree of degradation may
provide considerable benefits in terms of optimizing the composting duration, quality, and
production of the compost. This is accomplished by the addition of different chemicals to
the composting process.

The purpose of this research is to determine the physicochemical properties of munici-
pal solid trash in the presence of different additives, most of which are industrial waste
products. The following goals were established for the research Composting of Solid Waste
in Baghdad City Using Various Additives:

1. To discover and choose additives for organic waste stabilization.
2. To determine the viability of combining organic wastes for stabilization
3. To determine the physio-chemical parameters necessary for organic waste stabilization.
4. Performance evaluation of the method when coupled with various types of stabilized

organic waste.
5. To compare the organic matter lose percent during composting duration.
6. To ascertain the presence and characteristics of heavy metals in solid waste.

2. Materials and Method

2.1. Feedstock and Composting Materials Used in the Composting Bin Methods

From September to December 2020, the composting was performed in the garden
of the College of Science for Women at the University of Baghdad using the aerobic
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bin composting technique at an ambient, and compost maturity was monitored until
March 2021.

Composting materials included MSW (which was previously crushed and sieved in
the factory), which was the primary component of the composting process. The MSW was
transported from a waste treatment and recycling facility in the district of the al-Yusufiya
factory, approximately 20 km south of Baghdad. The dried animal and poultry manure
utilized in the various mixtures was supplied by the Abu-Ghraib district’s College of
Agriculture Science.

Quality control and assurance has been provided for technical guidance in addition
to the quality control and assurance of geosynthetics used to contain waste, as well as
manufacturing quality assurance and control of these materials. It covers all types of
waste containment facilities, including hazardous waste landfills and impoundments,
municipal solid waste according to local and international standardization, and Starting
with elaboration of sampling plan in accordance with the relevant guidelines and standards.

2.2. Design and Composting Methods

To construct compost heaps, composting bin scale composting was used, mostly
via the use of composting containers [12,13]. Composting bin technique scale tests were
performed in plastic containers (0.4 m × 0.4 m × 0.90 m). For aerobic composting, holes
with a diameter of 1.5 cm were drilled at equal intervals in each container, approximately
six rows on each side, to ensure aerobic composting. Composting bin s were physically
turned twice a week for the first two weeks and then weekly until week 14. During the
composting process, the moisture content of the compost should remain between 40% and
60%. Following the mixing of compost mixes, a thin layer of old compost was applied to
the heaps to maintain warmth and moisture throughout the first stages of the composting
process. Temperatures were taken daily for the first four weeks and thereafter weekly. For
physio-chemical analysis, samples were gathered weekly after rotating the composting
bin and then every two weeks, as previously stated. Samples were obtained from the
center and margins of the organic waste composting bin and then combined in plastic
bags to guarantee homogeneity of the sample for analysis. Composting took 14 weeks, but
maturation and curing extended the process to 26 weeks. Each compost container was
sieved using five-millimeter sieves. Weighing and removing nonbiodegradable particles
from each compost treatment.

2.3. Experimental Design

Compost materials included the organic fraction of MSW, animal, poultry (chicken)
manure and agricultural waste. Composting research employed the organic part of mu-
nicipal solid waste as a starting material and animal, poultry, and agricultural waste as a
bulking agent. The study involved nine main treatments consisting of the organic fraction
of municipal solid waste mixed with different percentages of animal, poultry manure and
agriculture waste. Biocont (Trichoderm hazarium 19 × 107 spore in 1 g) and potassium
humate (K2O 12%) as a source of carbon and nutrients [13] were added as separate treat-
ments. Table 1 presents some of the physiochemical characteristics of the organic solid
fraction (OSF) of municipal waste and the mixture of OSF with different bulking agents.
The following treatments were used in the current study:

Composting bin 1: 100% organic solid waste (control).
Composting bin 2: organic solid waste: animal manure 3:1 (75:25) (w/w) %.
Composting bin 3: organic solid waste: poultry manure (chicken manure) 3:1

(75:25) (w/w) %.
Composting bin 4: organic solid waste: animal manure (2:1) (67:33) (w/w) %.
Composting bin 5: organic solid waste: poultry manure (2:1) (67:33) (w/w) %.
Composting bin 6: organic solid waste: agriculture waste 9:1 (90:10) (w/w) %
Composting bin 7: organic solid waste: animal manure: poultry manure (2:1:1)

(50:25:25) (w/w) %.
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Composting bin 8: organic solid waste: Bicont (100:2) (w/w/v) %.
Composting bin 9: organic solid waste: humic acid (100:2) (w/w/v) %.

2.4. Analysis of Physiochemical Characteristics

Temperature was monitored daily by a thermometer using a metal probe to make deep
holes to reach the thermometer to a depth of 25–30 cm. All sample analyses were performed
in the Biology Department College of Science and Laboratory of Agricultural Science
Collage/University of Baghdad. Subsamples (500 g) were collected from each composting
bin after mixing the components of the composting bins to obtain a representative sample
every two weeks, air dried in an open container, crushed to sieve 2 mm and kept in
polyethylene bags until analysis in the laboratory. The samples were kept in a refrigerator at
4 ◦C for physio-chemical analysis. A range of physiochemical parameters were determined,
including the following:

2.4.1 Moisture was measured after turning and watering the composting bin samples,
and 10 g of wet composted samples was weighed and dried in an oven at temperature
105 ◦C for 24 h.

2.4.2 The pH and electrical conductivity (EC) of a water extract were evaluated by
diluting one part of the compost by volume with 10 parts distilled water at a ratio of
1:10 (w/v). The samples were shaken and allowed to precipitate before being filtered
using the procedure described by [14], where both EC and pH has been calibrated with
standard solutions.

2.4.2 The organic matter (OM) % and C% were calculated as the weight loss of the sam-
ples. Ten grams of composted sample was weighed and dried in an oven at 105 ◦C for 24 h
and then ignited at 550 ◦C for 4 h. The difference in weight referred to as volatile substances
and OM% was calculated according to the equations described by [15] as follows:

OM% =
w1 − w2

w1
∗ 100 (1)

where w1 is the dry weight after 105 ◦C and w2 is the weight after ignition at 550 ◦C.

Organic carbon (C%) =
OM%

1.8
(2)

Organic matter loss (OM%) = 100 − 100
X1[(100 − X2)]
X2[(100 − X1)]

(3)

where X1 is an intail organic mater, and X2 is the final value of organic mater.
2.4.3 Macro-Nutrients (N,P,K) total nitrogen was determined by the modified Kjel-

dahl’s method. The composted samples were digested in concentrated H2SO4 [16].
Total potassium was measured by the flame method using a flame photometer, and

total phosphate was measured by a spectrophotometer at 882 nm by Jackson, 1973; After
Prepare a series of Standard Solutions from the Stock Solution.

2.4.4 Mineral elements such as Cu, Zn, Mn and Fe as well as heavy metal concentrations
(Cd and Pb) were determined by digestion of compost with concentrated H2SO4 and
concentrated HClO4 and atomic absorption spectrophotometry by Lindsay, W.1978.

3. Results and Discussion

3.1. Chemical Composition of Organic Wastes in Composting Bins

Municipal organic waste is one of the possible nutrient-rich organic leftovers that,
when recycled, yields a useful and nutrient-dense product called compost.

The organic part of the trash was discovered (pH 6.7) and included a rather small
amount of total nitrogen (1 percent). The organic carbon (C%) was 29.2%, with a C:N ratio
of 29.272. The chemical features of OFSW (Table 1) indicated that it should be treated with
additional nutrients to increase its value as an organic fertilizer. This would increase the
microbial activity, stability, and maturity of the waste by composting. Provided a supply
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of nitrogen to maintain an optimal C/N ratio, as well as organic waste rich in N, P, and
K nutrient [16–18]. Animal manure, chicken dung, and agricultural waste are all high in
nitrogen and have been used to replenish heaps to remedy nitrogen depletion, as well as
animal manure and poultry as additives or inoculums for compost treatment, which is
beneficial for producing high-quality fertilizer or substrate hater 2015).

Table 1. Physio-chemical characteristics of raw and mixtures of composted materials.

Raw Materials and Their Mixture
Used in the Composting Bins

pH EC (ms/cm−1)
Organic Matter

(OM)% C (%) N (%) C:N (%)

Unmixed

Bin 1: OSFW * (100%) 6.70 3.8 52.69 29.272 0.99 29.5

Mixtures

Bin 2: OFSW+ Animal manure (3:1) (75% + 25% by weight) 6.47 4.100 62.182 34.55 1.18 29.42

Bin 3: OFSW + Poultry manure (3:1) (75% + 25% by weight) 6.73 4.375 63.56 35.310 1.435 24.61

Bin 4: OFSW + Animal manure (2:1) (66% + 33% by weight) 6.49 4.63 66.53 36.96 1.15 32.248

Bin 5: OFSW + Poultry manure (2:1) (66% + 33% by weight) 6.53 4.66 64.21 35.67 1.31 27.238

Bin 6: OFSW + Agriculture waste (9:1) (90% + 10% by weight) 6.90 4.03 54.193 30.11 1.05 28.713

Bin 7: OFSW + animal + poultry manure (2:1:1) (50:25:25) (w/w) % 6.85 4.47 68.65 38.14 1.7 22.433

Bin 8: OFSW + Bicont (100: 2) (w/w/v) % 6.8 4.475 49.48 27.49 1.08 25.457

Bin 9: OFSW + Humic fulvic acid (100: 2) (w/w/v) % 6.81 3.67 52.36 29.09 1.4 20.786

Standard values suitable for composting Source: Standard [19–21] 5.5–8.0 - >20 30–40 >0.6 25–50:1

* Organic fraction of solid waste.

The present study’s findings indicated that proportioning mixed wastes in the mixes
in Table 1 resulted in a good C/N ratio in heaps 1–9, which varied between 20.786 and
32.248, as many studies have largely agreed.

3.2. Physical and Chemical Characteristics
3.2.1. The Effect of Temperature

The temperature pattern indicates the presence of microbes and the beginning of the
composting process. Daily temperature readings for each bin were taken, and the weekly
average was calculated. Refer to Figure 1. Temperatures increased in the majority of com-
post heaps to values between 55–60 ◦C in combination wastes with varying percentages of
animal and poultry manure during the early stages of the composting process. Gradual
temperature increases to the thermophilic stage (40–60 ◦C) over the three-week composting
process, indicating microbial breakdown of organic solid waste. The temperature decreases
after the sixth week and then stabilizes indicating that the organic part of garbage has
decomposed into compost [22,23]. Due to extended maturation period temperature in-
creased at last weeks of maturation lined with increased ambient temperature (27–29 ◦C) in
March. Throughout the composting process, the moisture level was maintained between
40% and 60%.

3.2.2. Effect of pH

At the start of the composting process, the pH of MSW and its combinations with
varying degrees of acidification was between 6.5 and 6.8. Reduced pH at the start of
composting indicates the development of organic acids, which subsequently became more
basic in all compost bins and reached more than 7 in all waste after two weeks (Figure 2).
Gradual increases in pH throughout the composting process restrict fungal development
that thrives in an acidic environment, while aeration holes and regular composting bin
turning minimize CO2 trapped in the empty space between compost particles [24]. At
the curing stage, the pH value of compost bins is approximately 8 as a consequence of
decreased microbial activity and organic acid generation agreed with study [25–27].
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Figure 1. Temperature changes during the decomposition of organic waste in different composting bins.

 
Figure 2. pH changes during the composting period in composting bins (1–9).

3.3. Electrical Conductivity (EC)

The EC value is critical to monitor during the composting process because it indicates
the saltiness of the composted materials and their appropriateness for plant development.
The present study discovered a considerable change in EC values throughout the com-
posting process as a result of nutrient release. In comparison to the control and other
compost combinations, the greatest EC values reported with compost mixtures of animal
and poultry manure in the sixth week varied between 4.5–5.05 mS/cm (Figure 3). At the
conclusion of the composting process (Figure 3), the EC value for MSW and combined
organic wastes was substantially higher than the EC value for MSW alone.

Poultry chickens have a higher concentration of soluble salts because of the animal
food they consume, but compost created from a combination of organic matter other than
manure and plant material has a lower concentration of soluble salts [28]. EC values
rise during organic matter degradation when inorganic compounds are formed, and the
relative concentration of ions increases owing to waste mass loss [5]. The EC values for all
compost combinations decreased as they matured as lined with study [29], while others
showed an increase. There was a slight rise in EC values due to co-composting with organic
additives [6,11,12,30]. As previously stated, the optimal EC value for developing plants
is <4 dS m−1.
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Figure 3. Effect of EC values on the decomposition of organic waste in different composting compost-
ing bin s.

3.4. Carbon:Nitrogen Ratio and Organic Matter

The C/N ratio is a critical component of the composting process. A high C/N ratio
shows the existence of unutilized complex nitrogen, while a decreasing C:N ratio indicates
the completion of the process (compost maturity). By and large, all waste mixtures exhibit
a drop in organic carbon throughout the composting process as a result of organic matter
breakdown. Figure 4. The C/N ratio for each composting bin ranged from (20.79 to 32.25)
that percent which is closely to preferred C/N ratio stated in Doughtry 1998 the early
stage of composting, decreased progressively as the substrate decomposed, and reached
(10.27 to 18.9) percent during the mature stage, when it marginally decreased. Certain
compost bins exhibit a slight rise in the C/N ratio, which might be due to ammonia
volatilization under alkaline conditions with a low C/N ratio, as shown in compost bins 6
and 9 or bacteria extract nitrate or another nitrogenous molecule from compost, as well as
compostingbin.2 resulted an increase in C /N in third week lined with [21] study when
C/N increased during composting MSW alone at third week of composting process [30,31].

 
Figure 4. Changes in the C/N ratio during the decomposition of organic waste in different
composting bins.

The drop in the C/N ratio might be the consequence of organic carbon being converted
to carbon dioxide, followed by a decrease in the amount of organic acid. The reduction rate
of C/N lowered between 6th–8th week agree with [32] study on food waste composting that
TOC were more stable in 6th week. When the C/N ratio was less than 20, the compost was
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considered mature and may be utilized without limitation. Compost used in agriculture
must have a C/N ratio between 12 and 18 [33,34].

The overall average organic matter (OM percent) content of the compost bin treatments
varied between 41.93 and 53.3 during the composting period (Table 2). The organic matter
loss was greater in compost bins 5 and 7 especially during thermophilic phase, where the
average OM percent was considerably different from the MSW treatment. The addition
of animal or poultry manure accelerated organic matter degradation in comparable rates
between compost bin 2 and 3 but higher reduction when wastes mixed together in com-
postingbin 7 this due to higher organic matter content. The reduction rate was lower in
wastes containing Compost bin 8 with Biocon. additives did not promote microbial activity
in the same way that the Trichoderma hazarium spore suspension did in study [35]. The
addition of potassium humate to MSW throughout the composting process had no effect
on microbiological activity and increased degradation rate. Concerning compost quality,
mature compost meets the standards for Eu guidelines (>15), and the CCQC recommends
a minimum organic matter concentration of 25%.

Table 2. Organic matter (OM%) initial, mature, mean and organic matter losses in different treatments.

Composting Bin
OM%
Initial

OM%
Mature

OM%
Mean

OM
Loss

1 52.69 35.08 41.93 25.85

2 62.18 32.93 46.50 41.61

3 63.56 32.67 44.92 40.10

4 66.53 38.44 49.78 38.82

5 64.21 31.15 45.90 43.74

6 54.19 38.23 46.88 26.81

7 68.65 42.15 53.32 46.68

8 49.48 39.12 43.79 18.32

9 52.36 40.11 46.41 16.095

Week means 59.32 36.65 LSD composting-bin * week 2.352
* Relation of avg. composting bin with weeks.

3.5. Effect of Nutrients (N, P and K) on the Composting Process

Generally, MSW mixed with animal manure and chicken poultry has an acceptable
nitrogen percent for agricultural purposes. The variation between the initial and final
values for compost due to microbial activity leads to an increase in the degradation of
organic matter and loss of carbon in the form of CO2 and the contribution of nitrogen-fixing
bacteria, which are responsible for the increase in total nitrogen content at the mature
stage [34]. After maturity, the present study found the highest nitrogen level in compost bins
4 and 7 (2.08% and 2.05%, respectively) and the lowest nitrogen content in composting bin
6 (1.120%), which is consistent with previous research on composted solid waste (Al-Turki,
El-Hadidy, and Al-Romian 2013). Nitrogen loss was also detected at the mature stage as
ammonia volatilization or immobilization processes, which were encouraged by high pH
values (between 7.7 and 8.2), as evident in composting bins 5 and 9 [36,37].

Additionally, phosphorus and potassium are key minerals for plant growth. Generally,
total phosphorous is represented as a percentage (%) of dry weight. The amount of P % in
the initial stage of decomposition varied between 0.320 and 0.649% in all compostingbins
(Table 3) and increased in the majority of composting bins during the final stage of the
composting process as the compost cured. In composting bin 7 (organic solid waste:animal
manure:poultry manure) (2:1:1), a slight increase in P percent was observed, ranging from
0.320 to 0.860%. Phosphorous loss (decrease) during composting may be attributed to
phosphoric compound consumption in cell development or leachate. However, compost
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made from organic waste and poultry manure combined at a 2:1 ratio in compostingbin5
has a greater P percent content during the mature stage of decomposition. The current
study’s findings corroborated those of [38].

Table 3. Initial and final N, P and K contents in the composting process.

Composting Bins Time (Week) N% P% K%

1 0
26

0.990
1.50

0.410
1.1

0.565
1.300

2 0
26

1.17
1.520

0.325
0.695

0.550
1.510

3 0
2

1.435
1.31

0.320
0.850

0.565
1.550

4 0
26

1.150
2.08

0.575
1.390

0.155
1.370

5 0
26

1.310
1.170

0.649
0.621

0.610
1.220

6 0
26

0.355
1.120

0.355
1.200

0.674
0.775

7 0
26

1.700
2.050

0.642
0.860

1.190
1.570

8 0
26

1.080
1.330

0.335
0.520

0.545
0.705

9 0
26

1.400
1.230

0.624
0.335

0.800
0.900

LSD composting bin 0.024 0.025 0.018

The total potassium concentration ranged between 0.155 and 1.19% in all composting
bin s at the start of the composting process and concentrated toward the conclusion of the
procedure, particularly for waste mixed with poultry manure. Additionally, the findings
indicated that the compost generated from organic mixed materials in compostingbin7
(MSW:Animal: Poultry) (2:1:1) had a greater K level than the other treatments, owing to the
waste including poultry manure, which is a source of K. In most composting composting
bin s, the initial K percent was acceptable; this agrees with recent research that found
animal manure had a lower K percent value than herbal plants and sugar cane [9,25].

3.6. The Effect of Heavy Metals on Composting Characteristics

The potential availability of Cd, Cu, Pb, and Zn increased with the age of compost due
to the loss of organic matter from decomposition, and Fe was less toxic than other heavy
metals because of the alkaline pH of compost [39]. The final values obtained for Cd, Pb, Cu,
Zn, Mn and Fe were lower than the USA limits [40].

Based on the obtained results for the heavy metal content of composts (Figure 5), it
can be concluded that the chemical analysis of heavy metals showed that Cd was higher in
MSW and its mixtures in the beginning; after the composting process, the Cd decreased
significantly, while it was lower in compost bins 1, 2 and 3 mixed with animal or poultry
manure. However, the concentration of Cd largely decreased to lower levels after matura-
tion, while the concentration of heavy metal pb was increased in all composting bins after
maturation [41].
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Figure 5. Heavy metal concentrations (mg/kg) at the beginning and end of maturation compost.

4. Conclusions

The current study was conducted to determine the effect of organic additives on the
composting process of municipal solid waste collected from Baghdad’s municipal solid
waste processing unit. Numerous physicochemical elements influence the degradation
process during composting, and the pH, EC, organic matter, total nitrogen, and C/N ratios
of compost were all within the standards. Animal and poultry manure is an excellent source
of bacteria and a bulking agent during the composting process. The macronutrient (N, P,
and K) composition of manufactured compost is considered average when compared to
compost made from animal and poultry manure and is not regarded as a cause of nutrient
pollution in the environment. While the concentrations of Cu, Zn, Mn, and K increased
during composting, the heavy metals and micronutrients remained below the permissible
limits set by the USEPA for compost. Centralized waste management techniques become
inadequate in an era of population boom. Demonstrating accessible alternatives and
demonstrating the advantages of trash processing at the household level can motivate
many individuals to take responsibility for their own rubbish.
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Abstract: The reuse of biosolids in agriculture and its inclusion within the circular economy model
requires evaluating and analyzing factors that intervene in its management. The objective of the
study was to analyze those factors that influence the management and use of biosolids. Fifty-three
actors were questioned, and their answers were analyzed using two prospective methods and Social
Network Analysis (SNA) identifying between 14 and 19 variables. Six should be prioritized due
to their criticality and potential in management and reuse scenarios. It was observed that the
formulation of objectives, such as the improvement of infrastructure, creation of an institutional
policy, and the establishment of definitions for the kinds of biosolids, are opposed by internal agents.
Seven key actors and four to six determining agents were identified in the scenarios. The network of
management and use of biosolids in agriculture presented low density (0.28) and the exclusive action
of three key actors. Consequently, the participation of a greater number of better-connected actors is
required to project networks with a higher density (between 0.49 and 0.57), facilitating the diffusion
of information and the inclusion of new actors not previously contemplated. The application of
prospective and SNA methodologies focused on biosolids allows the prioritization of determinants,
the evaluation of the level of involvement and communication between actors, and other aspects that
have not been considered previously in the management of WWTPs in Colombia.

Keywords: centrality measures; interest group; key variables; scenario-based planning; stakeholder
analysis; waste management; wastewater treatment plants (WTTPs)

1. Introduction

The management of solid waste, as biosolids, is one of the main challenges for de-
veloping countries, due to the complexity and risk that this process represents in making
decisions to develop an efficient, effective, and sustainable process [1,2]. Biosolids are a
complex heterogeneous matrix and are the product of wastewater treatment. This product
has received one or more stabilization treatments that would allow safe handling to be
used [3–5]. Annually, around 2.5 × 107 to 6.0 × 107 tons of dry biosolids from Wastewater
Treatment Plants (WWTP) are generated in the world [6]. In Colombia, lately, there has
been an increase in the production of sludge and biosolids of domestic origin [7]. This is
because of the improvement of the coverage, construction, expansion, and update rates of

Sustainability 2022, 14, 6840. https://doi.org/10.3390/su14116840 https://www.mdpi.com/journal/sustainability135



Sustainability 2022, 14, 6840

the infrastructure of wastewater treatment plants (WWTPs) in the country [8–10], although
some impoverished areas still have low rates of coverage [11–14].

The use of biosolids in developed countries and some Latin American regions presents a
greater preference for reuse in agricultural activities or direct application to the soil [4,15,16].
In Santiago de Chile, between 2009 and 2017 the use of biosolids in agriculture increased,
taking advantage of close to 75% of the biosolids produced [17–19]. In the case of Brazil, in
the decade from 2007 to 2017, in the state of Paraná, about 285,836 tons of biosolids were
disposed of on agricultural land [20]. While in the case of Colombia the use of these residues
in agriculture is almost null, despite having regulations that control this activity, such as
Decree 1287 of 2014 [21] and the Colombian Technical Standard (NTC) 5167 (2011) [22].

Decree 1287 of 2017 establishes the determination and quantification of ten heavy
metals, Arsenic (As), Cadmium (Cd), Copper (Cu), Chromium (Cr), Mercury (Hg), Molyb-
denum (Mo), Nickel (Ni), Lead (Pb), Selenium (Se) and Zinc (Zn), as well as thermotolerant
coliforms, viable helminth eggs, Salmonella sp., enteric and somatic viruses, and phages as
an alternative viral indicator. The permissible limits will vary depending on the quality of
the biosolids reached (Class A or B), with class B being the one that will present greater
restrictions of use compared to type A sludge [21]. The NTC 5167 standard determines the
requirements and tests under which solid organic-mineral fertilizers or fertilizers, including
biosolids, must be analyzed [22].

However, since 2002 research has been carried out in which this type of use has
been evaluated [23]. The main activities of reuse currently carried out by the main
WWTPs in Colombia are concentrated on restoring the soil in quarries, improving de-
graded soils, and preparing land for the entry of livestock, stabilizing slopes, seeding plants
and shrubs [24–27]. Unfortunately, in the case of WWTPs in municipalities or other cities
that have technical, operational, economic, and infrastructure limitations, it is difficult for
them to obtain a Class B biosolid [21], which prevents its use.

In recent years, countries have focused on the acquisition of the circular economy
model that includes the promotion of reuse, recycling, and recovery of waste. Thus, chang-
ing from the classic vision of the activities carried out by WWTPs towards an “ecologically
sustainable system” can be influential and key within the process of wastewater treat-
ment, by-products, use, and environmental sustainability [28–31]. Particularly in Colombia,
through CONPES policy 4004 [32], it is projected that in the period from 2022 to 2025
biosolids will be included in the production cycle and their business opportunities will be
defined. The use of biosolids in agriculture could become one of the most relevant options
in the country, since it is one of the most sustainable and economical methods, especially
for areas with technical and economic limitations [33–36]. In addition, taking this type
of practice to the countryside, farmers, producers, and transformers would bring great
benefits considering the vocation and agricultural capacity of the country [37].

To achieve this type of improvement, traditional management that has been imple-
mented in Colombia must be put aside. This has been characterized by a focus on the
evaluation of stabilization processes and the reduction in pathogens, the evaluation of
alternatives for reuse or exploitation, and the updating of guidelines or regulations, among
others [23]. For this reason, it is essential to identify, evaluate, and analyze other factors that
may be affecting and limiting the management and use of biosolids. In research by Venegas
et al. [23] through SWOT analysis, it was identified that the management of biosolids
has been characterized by low cooperation, association, communication between actors
and stakeholders, lack of updated and available information for decision-making, and
a low level of use of this type of waste at a national level. Furthermore, the application
of the SWOT methodology limited the consideration of other scenarios, because it was
analyzed from a current vision or context and did not evaluate the focus and effectiveness
of each of the proposed strategies, nor contrast the positions of favorability, disagreement,
or neutrality of the different actors and institutions identified in this study [23].

According to the above, it is important to evaluate scenarios through methodologies
that identify determinants and positions (neutrality/favorability/disagreement) of the
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different actors in the face of the proposed strategies, as well as the degrees of association
of the networks of work and communication of one actor with another, regardless of power
and influence, and their abilities to play the role of intermediaries, keys, and disseminators
of information.

The application of different methodologies, such as social network analysis (SRA), and
prospective analyses, including MicMac (Matrix of Cross Impacts Multiplication Applied
to a Classification) which focuses on structural analysis and Mactor (Method, Actors,
Objectives, Ratio on force) which evaluates stakeholders (actors) for the understanding
of the management and use of biosolids in agriculture, would facilitate and strengthen
the conversion from a linear model to a circular business model. The contribution and
consideration of elements that have not been used or evaluated within the management
and use of biosolids in Colombia and the possibility of being applied in sites with similar
conditions and difficulties are factors that should be considered. This would open a
framework of possibilities and considerations for the reuse of a material and its inclusion
in an essential economic activity, such as the agricultural sector.

Prospective analysis is a method of reflection that allows the visualization of future
scenarios about a specific subject. This encompasses making decisions that help to reduce
possible risks and to pursue opportunities that others have not identified before. On one
hand, the MicMac method aims to identify key, motor skills, and dependent variables that
are typical of a system, distributed on a plane, and are classified according to their level of
motor skills and dependence, based on the degree of influence perceived by the evaluators.
On the other hand, from the key variables obtained by MicMac, the Mactor method allows
the identification and evaluation of each of the actors along with their position (favorable,
neutral, or disagreeing) in the face of a series of challenges or objectives proposed as
transformative within the process of change or evolution of a system or scenario [38,39].

The analysis of social networks (SNA) is a tool that focuses on determining, identifying,
and comparing the relationships within and between individuals, groups, and systems
through the modeling or mapping of the different interactions that may be involved and
related to “who knows who” and “who shares with whom” [40,41]. For the graphical
representation of the analysis of the networks, nodes represent the actors or institutions,
which are connected by edges, and these represent the relationships or flows existing
between the nodes [42–44]. To identify which actors are essential in the network, the
following metric evaluations are suggested [45,46]: degree of centrality, betweenness
centrality, closeness of centrality, and density.

Consequently, the objectives of this study were: (I) to identify and analyze the factors
that determine the management and use of biosolids from a WWTP in Colombia through
prospective analysis (MicMac); (II) to evaluate stakeholders interested in the management
and use of biosolids based on their influence/dependence on other actors and their po-
sitions of favorability, disagreement, or neutrality in the face of set objectives (Mactor);
and (III) to map and analyze the type of social networks developed and projected by the
different actors involved through the two systems.

2. Materials and Methods

2.1. Location and Characteristics of the WWTP

The evaluated WWTP is in the department of Boyacá, Colombia, which receives
water collected by the sewerage network municipally from domestic, industrial, and
rainwater wastewater. The treatment is an aerobic biological type; it is carried out using
the activated sludge process in a Sequential Batch Reactor (SBR). The resulting sludge
from the sedimentation process goes through a stabilization process and the biosolid is
disposed of directly in the soil surrounding the WWTP infrastructure (Figure 1 and Table 1).
In previous studies, it was determined that the quality of the biosolids produced by this
WWTP makes their use difficult since the concentration of viable helminth eggs (VHE) [7]
exceeds the limits established in Decree 1287 of 2014 [21] of the Ministry of the Environment
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of Colombia, without fulfilling the characteristics and parameters to classify the biosolids
as class B.

 

Figure 1. Location of the study area.

Table 1. Description of the WWTP treatment evaluated.

Treatment/Flow
Treatment

Population
Served

Water Line
Sludge

Treatment
Type of Sludge

Stabilization

Time of
Treatment or
Stabilization

Quantity of
Treated Sludge

Generated

SBR, AS/240 to
252 lps ~72.770 people

Pretreatment,
primary,

secondary,
tertiary (UV

light) treatment

Thickeners
(polymers) and

dewatering
Lime-treated ~1 month ~480 tons/year

~: Approximately, SBR: Sequencing Batch Reactor, AS: Activated sludge.

Average heavy metal concentrations in lime-treated biosolid for Cd, Cu, Cr, Mo, Ni,
Pb, and Zn were 46.3, 61.4, 10.5, 4.4, 21.9, 17.2, and 1.1 mg/kg, respectively. Selenium
was only detected in one sample, which presented a maximal concentration of 4.0 mg/kg.
Furthermore, Ar (<4 mg/kg) and Hg (<0.5 mg/kg) were not detected. On the other hand,
the levels of total, thermotolerant coliforms, and E. coli are 6.4, 5.9, and 5.4 Log10 CFU/g,
respectively. For Salmonella spp., the values were 3.1 MPN/25 g, total helminth eggs
53.9 (HET)/4 g, and viable 19.9 (VHE)/4 g. In contrast, the concentration of viral indicators
(Somatic Coliphages) corresponds to 5.6 Log10 PFU/g [7].

2.2. Identification of Actors in the Management and Use of Biosolids

The identification of actors was carried out at the national, departmental, and munici-
pal levels, selecting those that were or could be related to the management practices and
use of this type of waste. Subsequently, each of the interested parties was characterized
according to their functions and roles [23] (Appendix A—Table A1). A survey designed
through the Google forms© platform was sent to the different public and private entities
that agreed to participate in the current study (Figure 2).

Fifty-three stakeholders participated, these belonging to the following different en-
tities: WWTP of cities and municipalities, control or surveillance agencies (Corporación
Autónoma Regional de Cundinamarca—CAR, Instituto Colombiano Agropecuario—ICA),
farmers or associations, agroindustry, academia (Acad_), waste managers, national enti-
ties (Departamento Nacional de Planeación—DNP), Municipal and city WWTPs, and the
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Economic and Agricultural Development area (Area de Desarrollo Económico y Agrícola—
DEyA) of the municipality understudy (Appendix A—Table A1).

Figure 2. Methodological diagram.

2.3. Surveys and Private Interviews

The survey was conducted from January to July 2021. Its objective was to evaluate
the incidence of a series of variables or determinants related to the management of sludges
and biosolids in the WWTP and the use of these wastes in agriculture. Through the specific
interviews, the objective was to determine and characterize the different actors regarding
their influence/dependence and their position of agreement or disagreement in the face
of a series of challenges posed. Finally, the type of network connections was determined
based on the exchange of information and collaboration between actors (Figure 2).

2.4. Data Analyses

The different data collected from the surveys were consolidated in Microsoft Excel©
(Version 2110) and the qualitative evaluations were categorized by establishing numerical
scales for the MicMac software (Version 5.3.0) [47], and Mactor (Version 5.3.0) [47] analyses.
Gephi (Version 0.9.2) software was used for SNA [48]. Acronyms were used, facilitating the
visualization and understanding of the distribution of the variables (Table 2 and Figure 2).

2.4.1. MicMac Method: Variables Identification and Structural Analysis

The formulation and identification of the variables or factors of change were carried
out through interviews, literature review, and the results of the SWOT analysis described
in Venegas et al. [23], which focused on the evaluation of Colombian regulations and
management with the same WWTP objective of this study. The following two questions
were analyzed: (I) What are the factors that condition the management of biosolids?
(II) What are the factors that determine its subsequent use in agriculture? A total of 14 and
19 variables were obtained, respectively, for each question, which was entered in the survey
and interviews (Table 3), and evaluated using a numerical scale. This was followed by
the consolidation of all the evaluations and the development of the MicMac methodology
proposed by Godeth et al. [38,47].
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Table 2. List of acronyms and definitions of the variables or stakeholders.

Short
Form

Long Title
Short
Form

Long Title
Short
Form

Long Title
Short
Form

Long Title

AA Available area ESPB
Departmental
Public Utility

Company
SSPD

Superintendency
of Domiciliary
Public Utilities

WWTP-OTD

Operational
and Technical
Division of the

WWTP
Acad_ Academia F/A Farmes or

Associations Risk Risk

AI Agro-industry ICA
Colombian

Agricultural
Institute

SA Stakeholder
Articulation

AQ Affluent
Quality IEP

Institutional
environmental

policy
ST Stabilization

time

AS Agronomic
Studies Inf_ Information TE Treatment

Efficiency

BM Business
Model Inst_ Institutionality TK Traditional

Knowledge
BT Biosolid Type IPU Institutional

Policy of Use Tra_ Training

CAR

Regional
Autonomous

Corporation of
Cundinamarca

May_ Mayoralty TSR
Treatment

System
Renewal

Cert_ Certifications MC Municipal
Council WM_ Waste

Managers

Comm_ Community MinA_

Department of
Environment

and
Sustainable

Development

WWTP(s)
Wastewater
Treatment

Plants

Commun_ Communication MinV_
Department of
Housing, City
and Territory

WWTP-EM
Environmental
manager of the

WWTP

Cost Cost Ope_ Operability of
the WWTP WWTP-FA Financial Area

of the WWTP

DEyA

Economic and
Agricultural
Development

Area

Pers_ Persons WWTP-Infr_
The

infrastructure
of the WWTP

DNP
National
Planning

Department
PS Product

Satisfaction WWTP-Manag Manager of the
WTTP

EI Environmental
Incentives Reg_ Regulations WWTP-Op Operators of

the WTTP

CAR: Corporación Autónoma Regional de Cundinamarca, DEyA: Área de Desarrollo Económico y Agropecuario,
DNP: Departamento Nacional de Planeación, ESPB: Empresa Departamental de Servicios Públicos, MinA_:
Ministerio de Ambiente y Desarrollo Sostenible, MinV: Ministerio de Vivienda, Ciudad y Territorio, SSPD:
Superintendencia de Servicios Públicos Domiciliarios.

Furthermore, the double-entry matrix (structural analysis matrix) was used for the
evaluation of the effect and interactions of the study variables. The qualification of each of
the variables (Table 3) was carried out according to the following question: Is there a direct
influence relationship between variable i and variable j? The rating was used according
to the influence scale of 0 to 4 proposed by Godet et al. [38,47]. The assessment obtained
was entered into the MicMac software [38,47]. Finally, the identification of subgroups
of variables (environment variables, regulators, objective, keys, outcome, autonomous,
determinants, and secondary levers) was inferred from their location and distribution in
the influence and dependence plot.
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Table 3. Variables or factors for the management of biosolids in the WWTP and their subsequent use
in agriculture.

Short-Form I II Definitions

AQ X X Presence of organic and inorganic compounds in the water that enters the WWTP for treatment

AS X Studies to determine the type of soil and quantity of biosolids to be added according to the conditions and
requirements of the soil and the type of crop

AA X Space available to the WWTP to carry out stabilization processes and temporary or final
disposal of sludge and/or biosolids

BT X Class or type of biosolid generated by the WWTP for its use

BM X Definition and establishment of the form of distribution and destination of the profits of
the stakeholders involved

Cert_ X Obtaining the endorsement or authorization for the distribution of the stabilized product for use in the
agricultural sector

Commun_ X Disclosure of the management, results, and quality of the biosolids obtained

Comm_ X X Inclusion of the communities or group of people involved in the management of sludge and biosolids and in
processes that lead to acceptance of reuse in agriculture.

Cost X Final treatment costs passed on to the aqueduct and sewer users

Cost X Costs of biosolid stabilization treatment to class A and B and compliance with decree 1287

EI X Incentives that the WWTP receive for the proper management and disposal of sludge and biosolids

Inf_ X X Availability of updated information on aspects related to the management of biosolids for both control
entities and interested stakeholders

WWTP-Infr_ X Current conditions of operation and proper functioning of the WWTP

IEP X Adoption and fulfillment of an institutional mission and vision focused on adequate management of biosolids

IPU X Adoption and fulfillment of a mission and vision by public service institutions focused on the proper use,
control, and monitoring of biosolids in agriculture

Inst_ X X Presence and coordination of public and private entities to control compliance with current regulations
related to sludge management and the use of biosolids.

Ope_ X X Correct operation of the WWTP complying with the times and other parameters established from the design,
instructions given by the manufacturer, and operation manual

PS X Satisfaction of the people who use the product

Reg_ X X Compliance with the requirements or parameters indicated in the standards or decrees that regulate sludge
management and the production, classification, and reuse of biosolids in agriculture

Risk X Detection and reporting of the presence of emerging persistent pollutants in biosolids

ST X Additional time is required for the product to exhibit Class A or B biosolids characteristics

SA X Linking public and private actors for the management, commercialization, and use of biosolids in agriculture

TK X The difference in perceptions between actors regarding the use of biosolids in agriculture

Tra_ X Training of personnel for the treatment and control of the stabilization process of sludge and biosolids

TE X X The efficiency of a team or a series of processes to obtain usable waste under Decree 1287 of 2014

TSR X Degree of updating or renovation of sewage and sludge treatment system

(I) factors that condition or affect the management of biosolids, (II) factors that condition or affect the use of
biosolids in agriculture.

2.4.2. Mactor Method: Stakeholder Strategies Analysis

The different phases to carry out the identification and evaluation between actors and
the analysis of the positions of disagreement/agreement with the challenges and objectives
are described below. This is based on two types of rating scales that correspond to the
influence between actors and the intensity of positioning against the proposed objectives.

Identification of Actors, Strategic Challenges, and Associated Objectives

The actors that could influence the 26 variables identified and listed in the MicMac
methodology (Table 3). Based on the six key variables identified, six strategic challenges
and 12 associated objectives were proposed to later expose them to each of the actors, to
obtain and identify their position of neutrality, disagreement, or favorability (Table 4).
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Table 4. Challenges and objectives associated with the key variables of the management and use of
biosolids in the WWTP understudy.

Challenges and Objectives of Biosolids Management in the WWTP Understudy

Short-Form Description of the Proposed Objectives

TE • Document and implement mechanisms for the control, monitoring, and verification of sludge production with
its stabilization processes within the second half of 2021.

IEP

• Prepare and adopt an institutional policy for the company that operates the WWTP that allows the stabilization
of sludge until achieving 10% class B biosolids.

• Define a policy for the use of biosolids within the company that operates the WWTP projected for the first half
of 2022.

• Involve municipal institutions or entities in the study area in the institutional policy of use within the first
semester of 2022.

• Initiate the dissemination and integration of the institutional policy built, with 30% of the officials of the PTAR
operating company

WWTP-Infr_
• Implement the necessary adjustments for stabilization using drying beds together with the addition of lime in

the next 12 months.
• Implement corrective maintenance for 50% of the equipment that has failures as of 2021 and that are currently

operated manually.

Challenges and objectives for the use of biosolids in agriculture

BM
• By 2022, start conversations and activities with the different actors involved in the distribution and use of

biosolids.
• Define the mechanism or form of distribution of biosolids to start with the use in agriculture in 2022.

Cert_ • Request to the ICA the registration of producer and/or distributor of biosolids as agricultural input and obtain
it before the end of 2022.

BT • Define the type or class of biosolid that is chosen in agriculture for the year 2022.
• Establish monitoring mechanisms for 10% of the substances evaluated in other international regulations.

Assessment of Influences between Actors

After the evaluation of influence and dependence from zero to four, proposed by Godet
et al. [38,47], the values obtained were consolidated according to the power relationships
of one actor over another, directly or by a third party. Then the middle values were entered
into the Mactor software [47] obtaining a representation of Actors × Actors according to
their influence-dependence level, classifying the actors as determining, liaison, dominated,
or autonomous.

Ranking of Each Actor According to Their Priorities by Objectives

The evaluation of the strength of positioning of each of the identified actors in the face
of the previously proposed challenges was carried out through an assessment from zero to
four together with the +/− signs that signify favorability and disagreement, allowing us to
obtain a representation of Actors x Objectives [38].

2.4.3. Social Network Analysis (SNA)

Based on the evaluations obtained from the surveys carried out for the 53 stakeholders
in which the level of work or communication with the different entities was determined, the
average of each of the relationships was entered through adjacency matrices to the Gephi
software [48] (Version 0.9.2). The three types of social networks obtained and analyzed
corresponded to: (I) Level of communication and work of the WWTP, (II) Desired level
of communication and work in the management of the WWTP, and (III) Desired level
of communication and work for the use of biosolids in agriculture. The analysis metrics
chosen were as follows:

Betweenness centrality: This value is used to determine the role of the actors that
become bridges or links of interactions in the “middlemen” network. That is, it shows
when a person is an intermediary between two other people in the same group who do not
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know each other [45,46,49]. Degree centrality: It is defined as the number of links that a
node has. In a network, the actor with the highest degree of centrality is considered the key
actor in the network. Closeness centrality: Represents the ability of a node to reach others
through a reduced number of routes or paths and the possibility of efficiently disseminating
information [45,46,49]. Density: degree of network connection, where a value of zero (0)
represents a total disconnection, while a value of one (1) indicates all network actors are
directly linked to each other information [45,46,49].

3. Results

3.1. Identification of the Factors That Determine the Management of Biosolids, MicMac

Fourteen variables were identified in the management of biosolids and sludges in
the WWTP of the current study, which was plotted in the influence-dependence map
(Figure 3A). As key variables, treatment efficiency (TE), infrastructure (WWTP-Infr_),
and institu-tional environmental policy (IEP) were identified. For fulfilling the system
improvement with the key variables, those should work together with the following
objective variables: regulations (Reg_), institutional participation (Inst_), and design/use
of environmental incentives (EI) (Figure 3A).

Figure 3. MicMac variables are distributed in the influence-dependence map. (A) Management of
biosolids in the WWTP. (B) Agricultural biosolids utilization.

Other important variables which will impact the system performance and/or fulfill-
ment of key variables are regulatory variables: communication (Commun_), operability of
the WWTP (Ope_), and training (Tra_). However, treatment renewal system or biosolids sta-
bilization variables (TSR) and affluent quality (AQ) could work together with the identified
regulatory variables (Figure 3A). Information (Inf_) was identified among the determining
variables as one that could act as a promoting or inhibitory factor depending on its evolu-
tion. Finally, cost (Cost) and available area (AA) were classified as autonomous variables,
which are non-determining variables for the future of the system.

On the other hand, 19 variables that could influence the biosolids utilization were iden-
tified and distributed in the four quadrants of the influence-dependence map (Figure 3B).
Key variables included: certification for distribution or commercialization (Cert_), biosolid
type after stabilization (BT), and business model (BM), related to the product distribution
and costs. Within the objective variables, information (Inf_), affluent quality (AQ), and
stakeholders articulation (SA) were identified. The development of those variables could
influence the positive evolution of the system (Figure 3B).
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In addition, communication (Commun_), institutionality (Inst_), the institutional
policy of use (IPU), and traditional knowledge (TK) were identified as regulatory variables.
Community (Comm_) and operability of the WWTP (Ope_) were found as secondary
lev-ers. Determining variables were risk (Risk), treatment efficiency (TE), and regulations
(Reg_), the latter with a higher degree of influence (Figure 3B). Stabilization time (ST)
was identified as an environmental variable, with few impacts on the improvement of the
system (Figure 3B).

Cost (Cost) and agronomic studies (AS) were categorized as autonomous variables.
Product satisfaction (PS) was found to be an outcome variable. Variables in this area give a
descriptive indication of the system evolution, although it is not possible to approach them
directly through those depending on the system (Figure 3B).

3.2. Evaluation of Stakeholders in the Management and Use of Biosolids, Mactor

Direct and indirect influences in the management of sludges and biosolids of the
WWTP were determined for the 19 actors identified in the influence/dependence assess-
ment (based on their interests in the development of the system) (Figure 4A). Determining,
liaison, autonomous, and internal actors were identified.

 

Figure 4. Results of the plane of influences and dependencies between actors of the management
of sludge and biosolids in the studied WWTP and the use of biosolids in agriculture. Mactor
influence/dependence map of the actors involved in the management of sludges and biosolids
(A) and agricultural use of biosolids (B).

As shown in Figure 4A, determining actors included the National Planning Depart-
ment (DNP), the Regional Autonomous Corporation of Cundinamarca (CAR), the Depart-
ment of Housing, City and Territory (MinV_), and the Department of Environment and
Sustainable Development (MinA_). The seven liaison actors were as follows: (I) Company
in charge of WWTP management (WWTP-Mang), (II) Financial area of the WWTP (WWTP-
FA), (III) Public Utilities Departamental Company—Boyacá (EPB), (IV) Academia (Acad_),
(V) Municipal Council of the WWTP (MC), (VI) Environmental manager of the WWTP
(WWTP-EM), and (VII) Technical and Operational Director (WWTP-OTD).

The actors with low influence and dependence, but that could act as secondary lever-
age, were also identified: Persons (Pers_), Waste Managers (WM), Superintendency of
Domiciliary Public Utilities (SSPD), Colombian Agricultural Institute (ICA), and Agro-
Industry (AI). Finally, Mayoralty (May_), WWTP operators (WWTP-Op), and Community
(Comm_) were grouped as internal actors (Figure 4A).

Figure 4B shows the categorization and distribution of the 15 actors considered for
the agricultural use of biosolids, distributed as follows: (I) Determining actors: communi-
ty (Comm_), Department of Housing (MinV_), Department of Environment (MinA_),
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DNP, CAR and Persons (Pers_); (II) Liaison actors: Agro-industry (AI), Farmers or Asso-
ciations (F/A), Waste managers (WM_), ICA, Economic and Agricultural Development
Area (DEyA), Environmental Manager of the WWTP (WWTP-EM) and WWTP; (III) Au-
tonomous actor: Superintendency of Domiciliary Public Utilities (SSPD); (IV) Internal actor:
Academia (Acad_).

Considering the objectives proposed in Table 4 and power relationships between
different actors both in the management of biosolids at the WWTP and its use in agriculture,
it is shown in Figure 5 that the strategic challenges present a favorable position. The values
observed on the X-axis indicate the strength or level of commitment of the stakeholder
towards the proposed objectives—the higher the level, the more affinity.

 

Figure 5. Histogram of stakeholder involvement on objectives. (A) WWTP management. (B) Agricultural
use of biosolids.

The WWTP infrastructure (WWTP-Infr_) and the Institutional Environmental Policy
(IEP), showed a lower level of commitment, and followed by Treatment Efficiency (TE)
(Figure 5A). For the biosolids utilization scenario, the Business Model (BM) had a higher
power relationship, while obtaining certifications (Cert_) and determining the Biosolids
Type (BT) were not favorable for the study (Figure 5B).

3.3. Mapping of Social Networks Analysis (SNA) for the Management and Use of Biosolids

From the responses and ratings obtained from the stakeholders (actors) involved in
both the management of the WWTP and the agricultural use of the biosolids, three network
diagrams were obtained. Figure 6 represents the current communication and work state of
the actors, the WWTP management, and biosolids use. Figures 7 and 8 show the desired
level of communication and work for both internal WWTP management and agricultural
use of biosolids, respectively.

According to Figure 6, the current management of biosolids carried out in the WWTPs
of some cities and municipalities is focused on three key actors which belong to the nodes
of WWTPs, waste managers (WM_) and CAR, in which the degrees of centrality were 20
and 17. On the other hand, the highest betweenness centrality level was obtained with
the WWTPs (32.8), which makes them an intermediary actor in management. In contrast,
the community (Comm_) and the waste managers (WM_) were identified as the closest
actors to the others and acted as information disseminators, based on the closeness degree
reached by each one (1.0 and 0.83).

Figure 7 showed that the central node belongs to WWTPs as well, although a higher
number of key actors were involved in this network (WWTPs, CAR, Acad_, WWTP-
EM, Comm_, WM_, and Pers_), indicating a stronger centrality degree (Degree: 19–14).
In terms of closeness, the same key actors were identified, and the appearance of the
Mayoralty is highlighted. However, a higher affinity is observed between CAR, Mayoralty,
Environmental Manager of the WTTP (WTTP-EM), Academy, and the WWTPs, which
could be connected to the other nodes without covering long distances within the same
identified network. In contrast, it could be inferred that CAR and WWTPs could become
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liaison actors with the other stakeholders of the network, due to the values obtained for the
betweenness degree (2.25 and 2.05).

Figure 6. Communication and work level among different actors, management of the WWTP, and
agricultural use of biosolids. The intensity of the colors of the edges represents stronger connections
(weight). The larger the size of the nodes, the higher the degree level (degree). The colors of the
node names represent the closeness centrality, with black being a higher closeness centrality value.
Betweenness centrality is represented by the range of colors of the nodes from lilac to red, with the
latter being the one with the highest valuation.

Figure 7. Desired levels of communication and work for the internal management of biosolids and
sludges in the WWTP. The intensity of the colors of the edges represents stronger connections (weight).
The larger the size of the nodes, the higher the degree level (degree). The colors of the node names
represent the closeness centrality, with black being a higher closeness centrality value. Betweenness
centrality is represented by the range of colors of the nodes from lilac to red, with the latter being the
one with the highest valuation.
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Figure 8. Desired level of communication and work between the different actors involved in the agri-
cultural use of the biosolids. The intensity of the colors of the edges represents stronger connections
(weight). The larger the size of the nodes, the higher the degree level (degree). The colors of the
node names represent the closeness centrality, with black being a higher closeness centrality value.
Betweenness centrality is represented by the range of colors of the nodes from lilac to red, with the
latter being the one with the highest valuation.

Finally, Figure 8 indicates the desired level of engagement of the different actors for the
utilization of the biosolids for agricultural purposes, which was focused on six key actors
with a strength range between 25 and 27 (Degree) including: WWTPs, waste managers,
academies, the Economic and Agricultural Development Area (DEyA), ICA, and CAR. The
actors WWTPs, Waste Managers, ICA, and CAR, with a betweenness degree of 2 were
also notable.

As for the density, scores close to 0 represent weak connections while scores close to
1 represent strong connections. In the case of the current management carried out in the
WWTPs, a density score of 0.28 (Figure 6) was obtained, indicating a low and weak degree
of integration between the existing actors in the management network. In contrast, desired
networks of work and communication for both the management and utilization of biosolids
revealed density scores of 0.49 and 0.57 in Figures 7 and 8, respectively, which were higher
than the current density score of the WWTP management network. These results show
opportunities for improvement in WWTP management and biosolids utilization supported
by a better connection between actors in the proposed/desired networks, which could be
enhanced with the participation of other stakeholders.

4. Discussion

4.1. Analysis of the Identification of the Factors That Determine the Management of
Biosolids, MicMac
4.1.1. Management of the WWTP

According to the results obtained in the current study (Figure 3A), the high level
of influence and dependence of the key variables (TE, EIP, and WWTP_Infr) could be
explained due to the current conditions of operation and management of the WWTP. The
lack of an organizational structure (policy, mission, vision, and objectives) focused on
biosolids and sludges as well as the deficiency in the stabilization of sludges and conditions
of the machinery of the WWTP could lead to the low quality of the obtained sludges
interfering with further applications [50]. Thus, these key variables are considered by
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the different stakeholders as a priority and a key opportunity for the improvement of
the WWTP.

On the other hand, objective (Inst_, EI, and Reg) and regulatory (Comm_, Ope, and
TRA) variables were identified as essential tools that could act as enhancers to improve
the management and operation of the WWTP. From those, it is important to highlight the
impact of periodic training on all the employees and the community involved with the
WWTP, as it leads to a better appropriation and knowledge of the system, resulting in a more
proper operation of the processes carried out in the WWTP, with the final endpoint being
an improvement in the decision-making of the WWTP [51,52]. Likewise, the environmental
incentives (EI) for the management of sludges and biosolids became relevant in Colombia
as governmental parties have encouraged companies to implement national policies which
lead to better conversion and good use of biosolids and sludges [53–55].

In addition, secondary levers variables (TSR and AQ) could act as a complement for the
system as these could impact both key and regulatory variables. Treatment system renewal
(TSR) could favor the stabilization processes, nutrients’ recovery, and enhancement of
derived products, such as fertilizers obtained from the sludges [56]. Furthermore, affluent
quality (AQ) has a direct impact on the biosolid types obtained after processing, which in
some cases could increase the costs of the overall process depending on its quality, and
the amount of trace elements, such as heavy metals and pesticides, among others [57–59],
affecting about the 20–60% of the total budget of the WWTP [60,61]. Thus, AQ should be
considered an essential variable that should be monitored in terms of Emerging Organic
Compounds (EOC) and other residues present in the biosolids and sludges as a result
of nearby industrial activities or other external contamination sources, even if it is not
included in the regulations of most of the Latin American countries [21,62–64] except for
Brazil [65–67].

Finally, the identification of “information” (Inf_) as a determining variable is crucial as
the accessibility and availability of updated information could impact (positive or negative)
the decision-making parties and planners for the management of the WWTP. Similarly,
information should be available for the community, encouraging their participation and en-
suring that the decision-making process is clear and sustained, increasing the effectiveness
and efficacy of public policies and regulations [68,69].

4.1.2. Agricultural Use of Biosolids

In terms of the use of the biosolids (Figure 3B), biosolid type, business model, and
certifications (BT, BM, and Cert_) were identified as key variables, which means that if those
gain intervention, it will affect the overall performance of the system, likely resulting in an
improvement in the use of biosolids (Figure 3B). Defining a business model (BM) and the
articulation of public and private entities under the companionship of local governments
favors access to the biological fertilizers market and direct application in the soil for
agricultural practices [70,71]. Strategical alliances between different organizations could
benefit the management and use of biosolids [72]. Obtaining certifications for the final
products provide an advantage for the commercialization of fertilizers and direct use in the
soil, as it represents an aggregated value and differential factor for the final product [73].

Actions between objective variables (AQ and Inf_) in this case represent a higher level
of influence and dependence compared with the impact in the management of the WWTP in
which those were identified as secondary and determining levers (Figure 3A). Interestingly,
here stakeholders’ articulation (SA) was identified as another objective variable in contrast
with the WWTP management, as several direct and indirect actors are interested in biosolids
utilization [36]. The articulation and integration of the different stakeholders in which
responsibilities and functions are established will pave the way for the achievement of
the objectives and challenges proposed for wastes management with an effective and
sustainable process [74]. As an example of third parties’ participation in Colombia, certain
public and private companies are willing to provide consulting services for biosolids
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management [23], as well as current national policies willing to include WWTP by-products
in the circular economy model [32].

On the other hand, secondary (Comm_ and Ope_) and regulatory (Commun_, Inst_,
TK, and IPU) variables would help key and objective variables to work properly, as a clear
institutional policy in conjunction with assertive communication will articulate individual
efforts towards the same objective. In terms of the traditional knowledge (TK) of the
community, and agreement with a previous study [23], it is a favorable position due to
the interest in further applications of biosolids in agriculture for both the community
and stakeholders.

The determining variables (Reg_, Risk, TE) become crucial factors for the system and could
lead to opposite positions in the stakeholders and management of the biosolids [36,75–78].
One of the most important is risk perception/assessment, as the incorporation of biosolids
in agriculture and soil could represent a hazard for some parties due to the incorporation
of chemical or biological residues obtained after the treatment of wastewaters even after
the stabilization process [3,4,79], leading to the acceptance or rejection for the incorporation
in agriculture in agreement with the regulatory policies. In the case of the WWTP of the
current study, it is not possible to use the by-products after the stabilization process, because
it exceeds the maximum limit of microorganisms allowed [7,21]. Stabilization Time (ST)
was identified as an environmental variable, that even if it did not have a high dependence
level for the system, it could be considered, as it might affect other variables involved in
the reutilization process.

4.2. Evaluation of Stakeholders in the Management and Use of Biosolids, Mactor

The influence and dependence positions of the determining actors for the management
and use of biosolids (Figure 4) mainly showed the impact of institutional and control
parties which were identified as high influence/low dependence actors highlighting their
importance for the system. This makes them key players in the system as are involved
in the strategic planning and regulations for the field, approving or revoking processes
among the WWTPs [80]. Additionally, it is important to keep in mind considerations of
the community and the people as their participations are relevant in terms of establishing
objectives, interests, concerns, or restrictions on the use of the biosolids and by-products
and could exert some pressure on the field (Figure 4B).

Liaison actors identified for both management and use of biosolids (Figure 4A,B)
require adequate coordination and agreements between the parties, since they are prone
to generate conflicts among themselves, giving, as a result, isolated and discontinuous
participation [81]. Moreover, internal variables (Figure 4), including Community, Mayoralty,
and WWTP operators for the WWTP management and academia for biosolids use, are
conceived as dependent actors due to the subordinated conditions that some may have,
depending on the actions, projects, and decision-making from the stakeholders of the
liaison. Biosolids management had led to the identification and achievement of goals and
opportunities for improvement based on the interaction of different stakeholders which
had some levels of resilience to the application of these by-products as reported in previous
studies [75,82].

As for the six challenges proposed in Table 4, disagreements regarding the devel-
opment and fulfillment of those were concentrated on three main actors of the WWTP:
WWTP-Mang, WWTP-FA, and WTTP-OTD. This opposition may be due to the additional
costs that might need to be assumed for the proper and periodic maintenance of the in-
frastructure, the implementation of new systems, controls, and the certification of the
by-products as organic. Thus, besides the main budget line for the sludges and biosolids
treatment, entities should contemplate in their financial statements a budget line for con-
tingencies, which increases the total budget, forcing them to seek and manage resources
for both long- and short-term sustainability [60,61,72]. Another important factor for the
economic impact of the WWTP is that the Water and Sewer Utility bills in Colombia do not
include the total costs for adequate management of the WWTP, including the treatment
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and stabilization of biosolids, apart from the administrative costs [83]. Keeping updated
the information will favor the sustainability of the WWTPs along the country based on the
needs of each region and its management of wastewaters.

4.3. Social Network Analysis (SNA) for the Management and Use of Biosolids in Agriculture

SNA analysis for the current study showed a low-density level (0.28) for the man-
agement of the WWTP and use of the biosolids, involving few actors in the degrees of
centrality and betweenness levels based on the communication and interaction levels
between WWTPs located in different cities/municipalities of Colombia and other stake-
holders (Figure 6). These low-density values are the result of weak interactions among
stakeholders in the systems leading to fragmentation issues, such as reduced feedback
and low cooperation between the different actors, which could impact the operation of the
WWTPs and the utilization of biosolids [80]. With these results, we identified one of the
main concerns as the articulation and functionality of the WWTPs and their impact on the
community. Low interactions and weak communication flux between parties result in the
overall perception of the community as well as for other external entities. Currently, there
is not a good perception of the system by the community, as some people describe it as
having a poor (25.9%) or intermediate (37%) performance [23].

With the results obtained in this study, we identify good opportunities for improve-
ment as the implementation of a new system in the future involving more novel actors
could favor a better operation, management, and further applications of the WWTPs and
their by-products. Figures 7 and 8 suggest that if working in collaboration with other stake-
holders, it would be possible to improve the communication among them and to enhance
networks among stakeholders obtaining density levels of about 0.49 or 0.57, and a higher
closeness centrality and betweenness centrality. Giving, as a result, a direct interaction
between parties for improving the performance of the system [84], facilitating access to the
information, and acting as mediators for internal and external parties, even in the case of
decision-making.

Implementing other actors for the management of the organizations favors the decen-
tralization of the system leading to better organizational and planning opportunities and
strengthening the networks at horizontal and vertical levels, causing significant changes
in the systems. Despite this, there will still be other challenges to the articulation of the
systems that will have to be mediated by key actors, intermediaries, and information dis-
seminators [45,49,85]. The development of a network with better connections, density, and
centrality values will be favorable for the system, since currently, most public and private
entities have shown a willingness to participate in the improvement of biosolids manage-
ment and quality, as well as a favorable position (>64%) regarding the use of biosolids in
agriculture [23].

4.4. Management Framework and Methods Analysis (MicMac, Mactor, and SNA)

MicMac and Mactor analyses of the system based on the influence and dependence
of variables and actors are good and useful prospective strategies, as those helped us to
identify the determining variables and actors that have a real impact on the management
of the WWTP and further use of biosolids. Key actors and variables would be the basis
for the system to achieve and fulfill the proposed challenges and objectives, leading to an
improvement and significant change in the functionality of the WWTP. However, one of the
limitations of the Mactor strategy is that it only considers the incidence level of stakeholders
in terms of existence, mission, projects, and processes that could be involved, leaving aside
other aspects, such as communication and direct work. Levels of communication and
direct execution that could carry out specific actors in the system, despite their power
and influence, become important characteristics due to the operational capacities they
could represent, changing the roles of key actors in terms of information dissemination
and networking with other communities and stakeholders. Therefore, the consideration of
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other method analyses, such as the SNA strategy, is essential for a better understanding of
the role and interactions of stakeholders and variables for the evaluated systems.

The integrated analysis used in this study allowed us to identify the main factors
related to the management of the WWTP and treatment of biosolids, related to influence and
dependence of stakeholders as well as the identification of opportunities for improvement
in the communication and workflow for the fulfillment of the objectives. Our results and
the applications of the merged analysis of MicMac/Mactor and SNA will complement
the traditional management of the WWTP in terms of (I) pathogens reduction, (II) further
applications of biosolids, (III) operational skills, (IV) organic fertilizers market studies,
and (V) possible applications of by-products to soils with agricultural and veterinarian
approaches [23,86].

Our results are an essential contribution to the development of CONPES 4004 [32],
aimed at identifying the potential use of wastewater by-products and integrating them
under the circular economy strategy, as well as new business opportunities. This is the
first study in Colombia in which prospective strategies are used and integrated with SNA
in terms of management of sludges and biosolids with further applications in agriculture.
Structural analysis, stakeholders’ evaluation, and social network analysis allowed us to
understand the current execution of the system, but also to identify future scenarios that
may improve WWTP management and biosolids re-utilization, giving the basis for planning
new challenges and breaking barriers for integration/articulation of interested parties and
decision-making entities.

According to EU data, the use of dried sludge for agriculture has been increasing
in recent years and is projected to keep growing in the coming years [13,16,87,88]. This
effect is largely due to the existing legislation on the management of this waste and the
formulation of a new regulation focused on the inclusion of solid waste in the circular
economy model that would favor their production, recycling, and disposal on land suitable
for agriculture [13]. Additionally, in recent years the European Union has adopted an
ambitious circular economy plan that promotes the reuse, recycling, and recovery of
waste, allowing the classic vision of WWTPs to be changed, projecting it towards a more
sustainable model [28,29,89]. On the other hand, the approach taken by the European
community is interdisciplinary, considering the economic and environmental complexities
of the sites where waste management mechanisms are developed [90].

The opposite is the case in developing countries in which the management and use
of solid waste (biosolids) are not one of the main objectives, even though these present
high biological risks in various scenarios. Equally, this situation entails the formulation
of challenges due to the complexity of this process in making decisions to develop an
efficient, effective, and sustainable process [36,91–93]. Within the different improvement
processes in waste management, the following have been proposed: coherent and effective
governance models, the acceleration of the transition to a circular economy, the promotion
of participation of local scenarios, the generation of data and information to understand
and improve waste management, and the coordination of objectives between national,
municipal and local entities [94–97].

The execution and analysis of future scenarios and the analysis of networks from
the vision of a municipality in Colombia becomes a key that allows the relationship and
prioritization of various variables, challenges or objectives, validation of the positions, and
inclusion of new actors or decision-makers under the approach of improving the internal
management of biosolids in a WWTP, as well as the subsequent use of these allowing the
creation of bases for organization, participation, and recognition of new actors.

The analysis of this study corroborates that, although progress has been made in Latin
America and specifically in Colombia, in the implementation of policies and regulations
regarding the management, disposal, and reuse of biosolids, an organizational change must
be achieved in which the actors involved understand the importance of adequate reuse of
this waste to take advantage of it inland destined for agriculture and thus incorporate it
into the productive cycle under the circular economy model.
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The legislation in the country advanced in this specific aspect with the issuance of
decree 1287 of 2014 [21] by which criteria are established for the use of biosolids generated
in municipal wastewater treatment plants. However, this is not fully met due to the
existence of technical, structural, financial, cultural, and social difficulties in the WWTPs
and their areas and population of influence. On the other hand, currently in Colombia,
there has been progress in the regulation of the reuse of wastewater (Resolution 1256 of
2021) [98]; with the implementation of this, a general cultural change is expected that will
lead to the acceptance of these residues by the community, including both residual water
and biosolids. Therefore, it is inferred that future studies and actions should be aimed at
generating changes in the bases of the biosolids reuse model and system.

Nowadays, Colombia’s economic and social policy CONPES 4004 [32] promotes
the use of biosolids through the (I) analysis of biosolids as a potential element in the
production cycle and (II) definition of business opportunities, which allows us to have
future experiences of use, similar to countries such as Mexico, Chile, Argentina and Paraná
(Brazil). Paraná is one of the main cities where biosolids tend to be used in agriculture as a
priority disposal, thus favoring the agricultural potential of the area [13,99,100].

On the other hand, regulations in Latin America are mainly adaptations of regulations
from industrialized countries. This type of the adoption of standards would not allow
them to be adjusted to the needs and/or conditions of each region [101], so complemen-
tary guidelines have been presented to decree 1287 of 2014 [21], in which technical and
methodological aspects are proposed, such as improving the storage, transport of biosolids,
and application in degraded, agricultural, and forestry soils, allowing us to improve good
management practices and reuse [102].

Although this research does not contemplate or evaluate Decision Support Systems
(DSS), these are systems or methods that gain relevance for the information they can con-
tribute to the solution of unstructured problems [103,104]. All this is from available models
and data, which have improved the efficiency of decision-making in strategic issues, such
as water and sewage sludge management [34,104–109], through the involvement of mul-
tiple variables, as well as the consideration of technical, regulatory, socio-environmental,
economic, and administrative aspects. However, the availability and provision of data, as
well as the interpretation, must be done from a holistic perspective, thus becoming fun-
damental agents for the correct formulation, optimization, interpretation, and application
of the DSS [34,107], creating in the end a synergy between the different chains evaluated
and analyzed.

5. Conclusions

Prospective analysis of the WWTP management and use of biosolids identified key
variables and actors that require immediate action, especially with an integrated and
articulated strategy for the improvement of the overall system.

Stakeholders within the WWTP will require special attention for the formulation,
compliance, monitoring, and control of the objectives, mainly for the implementation of
the institution’s environmental policy (IEP) for sludge and biosolids, the improvement
in infrastructure (WWTP- Infr_), and treatment efficiency (TE). On the other hand, at
the agricultural level, the following are required: the certification of products (Cert_),
the definitions of the classes of biosolids to be generated (BT) and their uses, and the
establishment of the distribution mechanism for the waste as well as the benefits granted
by management and use (BM).

As a low connectivity between stakeholders that are present today was identified in
the SNA analysis, it is suggested to develop new connections encouraging the participation
of novel stakeholders which could favor the system, improving the communication skills
and collaborative work.

Our results provide new insights into the traditional management of sludges and
biosolids in Colombia, which will help in the improvement of the WWTPs in the country
and further applications of the biosolids in the agriculture field and some other scenarios.
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Likewise, it makes visible the need for greater coordination and interaction between
both traditional and new actors, which would improve the density of current networks
for the management and use of biosolids, and strengthen the studies and evaluations in
the future of the actions and the presence of a greater number of decision-making agents
and stakeholders.
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Appendix A

Table A1. Roles of institutions and stakeholders involved in the management and use of biosolids for
agriculture.

Stakeholders
(n = 53)

Operating Level Associated Functions

Acad_
(n = 7) CM Integrate research, academia, and social projection from teaching, education,

and service.

AI
(n = 9) N

To provide economic income and support to the farmers.
Reduce post-harvest losses in agricultural production.

Develop new forms of production

CAR
(n = 1) N

“Maximum environmental authority under the criteria and guidelines
established by the Ministry of Environment and sustainable development.”

“Promote and develop community participation in activities and programs for
environmental protection, sustainable development, and adequate

management of renewable natural resources.”

DEyA
(n = 1) M

“Define programs for entrepreneurship and agricultural development,
providing technical assistance to all the agents involved, adopting and

directing the plans that the municipality needs to advance for the development
of this sector, especially the farming sector.”

“Promote community participation and the social improvement of the
agricultural activity of the residents of the municipality, taking into account
the mechanisms of citizen participation and the needs of the community.”
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Table A1. Cont.

Stakeholders
(n = 53)

Operating Level Associated Functions

DNP
(n = 1) N

“To design, guide and evaluate Colombian public policies, the management,
and allocation of public investment and the implementation of these in plans,

programs and projects of the government in the social, economic and
environmental fields.”

ESPB D
“Manage the provision and strengthening of public services in the department
of Boyacá, providing support, advice, and technical assistance at the municipal

and regional levels. ”

F/A
(n = 7) N Maintain agricultural activities and the development of the

national and local economy.

WWTP-FA D “Optimize the company’s own and financial resources to guarantee the
fulfillment of its objectives.”

ICA
(n = 1) N

“Exercise technical control over the production, importation, and
commercialization of agricultural inputs to prevent risks that may affect

agricultural health.”

MinA_ N

“To design and regulate public policies and general conditions for
environmental sanitation.... to prevent, repress, eliminate or mitigate the

impact of polluting, deteriorating or destructive activities on the environment
or natural heritage, in all economic and productive sectors.”

MinV_ N
“Define feasibility and eligibility criteria for water, sewerage and sanitation

projects and approve them, and provide technical assistance to territorial
entities, environmental authorities, and public utility service providers.”

Ope_ D “Carry out all the necessary activities so that the wastewater treatment plant
remains in good condition”

SSPD N
“To monitor, inspect and control compliance by the supervised parties with the
provisions that regulate the proper rendering of residential public utilities and

the protection of users.”

WWTP-OTD D “Project, carry out, and supervise the infrastructure works necessary for the
efficient provision of services.”

WM_
(n = 11) N Collect organic waste to be treated or disposed of correctly.

WWTP-EM
(n = 3) M

“Establish and implement actions aimed at directing the environmental
management of the company operating the WWTP; ensure compliance with

environmental standards; promote cleaner production practices and the
rational use of natural resources.”

WWTPs
(n = 12) CM

“Guarantee to the community the treatment of wastewater in the coverage
area to reduce the environmental impact, through the correct operation of the

WWTP and maintenance of its components.”

CM: cities and Municipalities, D: departmental, and N: national.
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Abstract: Solid waste management is one of the most important environmental issues worldwide,
particularly in MENA countries. The present study was carried out in the city of Algiers, the
capital city of Algeria. This urban area is marked by an increase in waste flow combined with a
demographic surge. In order to investigate waste production and its drivers, we used both multiple
regression and correlation analyses to test this dependence. Geospatial analysis was performed using
principal component analysis integrated with GIS in order to look at the spatial distribution of waste
management and potential drivers of waste production. The results indicate that household waste
management is influenced by drivers related to the size of the settlement and the characteristics of
waste management companies (p ≤ 0.05). The findings also show that none of the sociodemographic
variables were found to significantly influence waste production. However, the spatial distribution is
influenced by the geographic and sociodemographic characteristics of Algeria at all territorial levels.
Algiers is still a landfill-based city in the MENA region, where mixed waste collection prevails in
all districts. This study reinforces the importance of expanding source-separated waste collection
schemes in order to increase the household waste diversion from landfills and, more importantly,
shows how modern tools such as GIS, principal component analysis, and spatial analysis urban
planning are useful for monitoring household waste, in line with circular economy principles.

Keywords: household waste; waste management; spatial analysis; urban planning; Algiers

1. Introduction

The world is experiencing an environmental crisis, marked by excessive produc-
tion of waste, in particular household waste fed by consumerism and the effects of
urbanization [1–3]. The most optimistic prediction says that 70% of humans will live in
cities by the year 2050 [4]. However, 0.9 billion people lack access to regular waste collection
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services in urban areas worldwide, particularly in low- and middle-income countries [5].
The expansion of sanitation and waste management infrastructures in urban areas is crucial to
achieving sustainable development goals by 2030. Furthermore, the model of a smart city (SC)
goes beyond an urban space where information and communication technologies (ICT) are
applied [6]. In fact, the aim of a smart city is to improve the performance and the quality of
urban services (energy, transportation, and other infrastructures), intending to reduce costs,
resource energy consumption, and wastage. Smart city environments evolve to improve the
quality of life of citizens and the operational efficiency of complex urban systems [7].

Solid waste management (SWM) is one of the major challenges faced by smart cities
(and cities, in general), especially due to population growth and urbanization [8]. The
world’s annual waste generation is actually 2.01 billion tons and 0.74 kg/person per day
(33% of that is not managed in an environmentally safe manner) and is expected to increase
to 3.40 billion tons in 2050 [9]. High-income countries generate about 34% of the world’s
waste, while the total quantity generated in low-income countries is expected to increase
more than three times by 2050. The Middle East and North Africa region produces 6% of
the world’s waste. In addition, given the fastest growth of cities in the MENA regions, it is
expected that by 2050, total waste generation is expected to increase twice (or thrice) [10].
Consequently, there is an urgent need for more efficient solid waste management in cities.
SWM is also a major concern for national (and municipal) governments in order to preserve
natural resources and the environment and protect human health. The emerging smart
technologies already used in waste management, such as robot recyclers, internet of things
(IoT), self-driving trucks, and waste level sensors, can further optimize the collection and
treatment operations in the largest cities around the globe [11].

Generally, waste characterization and generation are among the most important factors
to consider when selecting the most appropriate collection and treatment methods and also
the final disposal [12]. This is especially the case in countries in the process of urbanization
experiencing increasing population and lifestyle changes under the impact of massive
migration from rural to urban zones, which leads to a considerable increase in urban
waste generation.

Solid waste and household waste prediction can be conducted at different tempo-
ral (e.g., week, month, or year) or geographic (e.g., municipal, regional, national) levels.
Country-level studies use previously collected data on the total annual waste amount,
waste types, or socioeconomic data, which they often make available to international associ-
ations [13]. The applicability of such projections is highly dependent on model assumptions
and the quality of data acquired [14]. Solid waste clustering enables discovering differences
and similarities among analyzed regions or countries with respect to waste management.
Moreover, they also allow for determining the relationships between clusters and demo-
graphic, socioeconomic, and waste generation characteristics. However, these inherent
structures are difficult to observe in the original datasets because of the multidimensional
nature of data [15].

Countries of MENA regions are still reliant on landfills as the main disposal route for
household waste, but efforts are made to estimate source-separation collection schemes
and recycling practices [16].

Algeria is the largest nation in Africa and the Arab world by area [17]. Its population
of 44 million has a heterogeneous density (high population in the north and low in the arid
regions), resulting in a high difference in waste generation between urbanized cities and the
other regions. The waste management sector in Algeria is insufficiently regulated [18]. Daily
and annual waste production can be estimated from the average rate of waste produced per
person per day. In fact, an Algerian produces an average of 0.81 kg of household waste per
day. This production continues to increase, exceeding 8.5 million tons in 2021 [16]. Algeria
is marked by a significant increase in waste flows combined with a demographic surge
and a saturation of urban waste management infrastructures [19]. In this context, several
uncontrolled dumps have appeared on the Algerian territory, generating direct negative
impacts on the environment through the creation of pollution, posing major risks to human
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health [20]. Hence, the Algerian government is constantly looking to adopt technological
solutions in an attempt to treat household waste. These different solutions must protect
people and communities, minimize negative impacts on the environment, and allow for
efficient and less expensive treatment of waste [21,22].

Studies investigating urbanization, sustainable development, and, more specifically,
waste management in North Africa (especially in Algeria, and even more precisely in
Algiers) are scarce, incomplete, or even lacking [23,24]. The few existing studies are old and
provide very few insights [25,26]. In the current context, studies addressing these themes
could be of considerable importance [27].

Although several tools have been implemented for the planning and development
of Algiers, the capital city of Algeria, none have been successful. This clearly reflects
the failure of urban planning in the capital, which highlights the different management
problems encountered by the city [28].

The aim of this study is to investigate and identify the elements and generating factors
of the excessive production of household waste at the wilaya of Algiers, through a statistical
and geospatial approach, as well as the management practices and their approaches to adopt
a better strategy for the optimization of waste management. We hypothesize, according to
our knowledge of the study area, that the increase in household waste is linked not only to
population growth, but also to other factors such as education, standard of living, urban
structure, recycling infrastructure, collection system, and economic and social development.
This study will attempt to verify the aforementioned hypothesis, filling in a gap in the
existing literature concerning the management of household waste in the study area.

2. Materials and Methods

2.1. Case Study Area

The present study was carried out in the city of Algiers, which is the political, adminis-
trative, and economic capital of the country. It is the seat of all central, political, and social
institutions, major economic and financial establishments, major decision-making centers,
and diplomatic representations.

The “wilaya” (administrative division) of Algiers is located in the north at the follow-
ing coordinates: 36◦46′34′′ N, 3◦03′36′′ E. It occupies a geostrategic position. It spans more
than 808.89 km2 and is limited by the Mediterranean Sea to the north, the wilayas of Blida
in the south, Tipaza in the west, and Boumerdès in the east.

According to the 2008 RGPH, the population of Algiers is about 2,987,160 inhabitants.
In 2021, the population was estimated at 3.4 million inhabitants [29]. The population
density amounts to ~4450 inhabitants/km2. The wilaya of Algiers is made up of thirteen
daïras (administrative districts), each comprising several “communes” (municipalities), for
a total of fifty-seven communes.

The study area consists of the 57 communes composing the wilaya of Algier (see Figure 1).

 

 

Figure 1. Location of the case study. The images present the location in an international context (left)
and in detail (right).
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2.2. Data

The data used in this research come from many sources, including the two companies
responsible for waste management in Algiers. Data were collected from the technical
department of their general management. The two companies are EPIC EXTRANET,
situated in Bab Ezzouar-Algiers, and responsible for 31 communes, and EPIC NETCOM,
situated in Mohamed Nail-Algiers, and responsible for 26 communes.

Figure 2 displays the companies responsible for waste management in each commune
within the area analyzed in the study.

Figure 2. Spatial distribution of companies responsible for waste management across the study area.

Other data were acquired from the National Office of Statistics (ONS) situated in
Ruisseau, Algiers, and the National Waste Agency (AND) situated in Hamma, Algiers.

2.3. Variables

Some of the variables used in this work are similar to those used in studies addressing
municipal waste management issues in other countries [30–32]. However, some variables,
such as the role of the environmental awareness group (EAG), availability of facilities
and infrastructure (FI), and budget availability (BA), used in other studies, were excluded
either because they were only present in one company, or were obsolete. Consequently, the
selected variables were:

• Area (A): total area of the municipality.
• Population (P): total number of inhabitants in the municipality.
• Share of people with at least a college degree (C): number of individuals with medium

or higher education.
• Share of active population (AP): part of the population engaged in work or studies.
• Number of garbage bins (G): Total number of garbage bins owned by the con-

cerned company.
• Collection routes (R): predefined waste collection points.
• Number of staff in waste management companies (S): human resources available at

the company.
• Company managing waste collection (CO): Extranet or Netcom.

Data provided by waste operators and the aforementioned variables were further
processed using spatial analysis and GIS techniques. The scale of analysis, i.e., district level,
reveals the local variations in household waste generation within urban administrative
borders. The microlevel spatial analysis of such variables has benefits for decision makers,
such as adapting urban waste management policies and infrastructure demands. Big
data and machine learning could further predict waste generation flow at the microlevel,
including building-level data [33]. Reliable historical waste-related data lead to better future
predictions of household waste at the district or urban levels, improving the planning of
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waste management infrastructure by adopting feasible circular economy targets [34,35]. On
the other hand, the pro-environmental behavior of residents could be used as an additional
variable to examine waste generation patterns at the city level [36].

2.4. Quantitative Analyses

The quantitative analyses were based on statistical approaches used to look at the
variables influencing the production of waste, especially the total amount of waste. Geosta-
tistical analyses were also used in order to look at the spatial distribution of the production
of waste and its potential drivers. For this purpose, multiple regression analyses were used
to look at the possible drivers influencing the total amount of waste, using two models:
a full model, looking at the simultaneous influence of all drivers, and a restricted model,
obtained from the previous one using backward elimination, containing all drivers with a
simultaneous statistically significant influence on the total amount of waste.

The variables included in these models were derived from the data obtained from the
statistical office or based on the row data. The new variables were the average production
of waste and the number of collection routes, obtained by averaging in each case the
values for the eight months included in the row data. Education level was synthesized in
only one index that presents the share of those with at least a college degree among all
people. Another driver, the employment structure, was presented by the activity rate in the
studied area.

The geospatial methods were based on a modified version, “principal component
analysis integrated with GIS”, a method developed for the identification of “hotspots”
that are at the core of intervention policies [37]. This method has been also used in
other studies due to its ability to compare the empirical dimension of the factors with
the three dimensions [38]. Essentially, the method consists of (1) running a principal
component analysis to identify the key variables that can be used to underline the spatial
differentiation between different administrative units through differences between their
values across the analyzed space, (2) creating an index using the percentage of variation
explained by each variable as its weight, and (3) mapping the distribution of the index.
The difference from previous applications of the method was that instead of looking at
the initial eigenvalues and using a threshold value of 1.00 for the total variance explained,
resulting in identifying only two principal components, we considered the extraction sums
of squared loadings and used a threshold of 5% for the percentage of variance, identifying
four principal components.

3. Results

In order to investigate waste production and its drivers, we used two types of analyses,
i.e., multiple regression and correlation analyses to test the dependence, and principal
component analysis integrated with GIS to look at the spatial distribution.

3.1. Results of Multiple Regression and Correlation Analyses

Multiple regression analysis used two models, a full model and a prediction model,
obtained from the full model through backward elimination. Both models were significant
overall (p < 0.0001). The overall coefficient of correlation, showing the percentage of
variation explained by the model, was 0.892 for the full model and 0.888 for the prediction
model. The influence of analyzed drivers is presented in Table 1.

The results of correlation analysis are presented in Table 2. The table displays all
possible correlations between variables describing waste management and potential drivers,
analyzing those significant (p ≤ 0.05) and those marginally significant (p ≤ 0.1). For the
latest, it is expected that more data would turn them into significant correlations.
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Table 1. Results of multiple regression analysis looking at the dependence of waste production
(amount) on socioeconomic and territorial drivers: A—area, P—population, C—share of people with
at least a college degree, AP—share of active population, G—number of garbage bins, R—collection
routes, S—no. of staff in waste management companies, and CO—company managing waste collec-
tion. The table presents two models, a “full model”, including all drivers, and a “prediction model”,
including only those significantly influencing waste production when considered simultaneously.
Bold values indicate variables significant at p ≤ 0.05.

Variable
Full Model Prediction Model

DF Type III SS Mean Square F Value p-Value DF Type III SS Mean Square F Value p-Value

A 1 1,176,924.116 1,176,924.116 10.01 0.0027 1 1,488,816.135 1,488,816.135 13.24 0.0006
P 1 1,078,283.887 1,078,283.887 9.17 0.0040 1 1,105,096.310 1,105,096.310 9.82 0.0028
C 1 161,008.924 161,008.924 1.37 0.2477

AP 1 151,823.646 151,823.646 1.29 0.2615
G 1 24,613.729 24,613.729 0.21 0.6494
R 1 1,569,441.511 1,569,441.511 13.35 0.0006 1 2,053,790.064 2,053,790.064 18.26 <0.0001
S 1 895,123.090 895,123.090 7.61 0.0082 1 1,126,868.026 1,126,868.026 10.02 0.0026

CO 1 2075.647 2075.647 0.02 0.8949

Table 2. Correlation between the variables describing waste management and potential drivers:
W—amount of waste, A—area, P—population, C—share of people with at least a college degree,
AP—share of active population, G—number of garbage bins, R—collection routes, and S—no. of
staff in waste management companies. For each correlation, the table displays the coefficient of
determination r and its corresponding p-value below. Bold values indicate correlations significant at
p ≤ 0.05, and italic values correlations significant at p ≤ 0.1.

. W A P C AP G R S

W
r 1.00000 0.53687 0.83112 −0.00077 −0.36286 0.24162 0.82540 0.81927
p <0.0001 <0.0001 0.9955 0.0055 0.0702 <0.0001 <0.0001

A
r 0.53687 1.00000 0.20285 −0.44136 −0.53232 0.05287 0.26159 0.58813
p <0.0001 0.1302 0.0006 <0.0001 0.6961 0.0493 <0.0001

P
r 0.83112 0.20285 1.00000 0.15169 −0.17607 0.35841 0.82465 0.69092
p <0.0001 0.1302 0.2600 0.1902 0.0062 <0.0001 <0.0001

C
r −0.00077 −0.44136 0.15169 1.00000 0.63193 0.13437 0.11128 −0.04608
p 0.9955 0.0006 0.2600 <0.0001 0.3190 0.4099 0.7336

AP
r −0.36286 −0.53232 −0.17607 0.63193 1.00000 −0.14446 −0.24338 −0.30994
p 0.0055 <0.0001 0.1902 <0.0001 0.2837 0.0681 0.0190

G
r 0.24162 0.05287 0.35841 0.13437 −0.14446 1.00000 0.24407 0.14963
p 0.0702 0.6961 0.0062 0.3190 0.2837 0.0673 0.2666

R
r 0.82540 0.26159 0.82465 0.11128 −0.24338 0.24407 1.00000 0.58743
p <0.0001 0.0493 <0.0001 0.4099 0.0681 0.0673 <0.0001

S
r 0.81927 0.58813 0.69092 −0.04608 −0.30994 0.14963 0.58743 1.00000
p <0.0001 <0.0001 <0.0001 0.7336 0.0190 0.2666 <0.0001

3.2. Results of Geospatial Analyses

The results of geospatial analysis are based on a principal component analysis, used
to look at the territorial variables describing waste management and potential drivers of
waste production. The results of the analysis are displayed in Tables 3 and 4. Table 3 shows
the principal components and the percentage of variation explained by each; out of these,
we considered the extraction sums of squared loadings and used a threshold of 5% for the
percentage of variance to identify the principal components with a significant influence
on the territorial distribution. Table 4 serves for identifying them with the variable most
correlated to each one, as indicated by the highest value of the coefficient of determination.

The results presented in Table 3 indicate that the first four components, accounting
altogether for over 90% of the total variation (in terms of the extraction sums of squared
loadings), and identified in Table 4 with the amount of waste, share of people with at least
a college degree, number of garbage bins, and area of the commune, can be used to analyze
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the territorial differences across the study area. This was achieved by mapping the spatial
distribution of each variable (see Figures 3–6) and building an aggregated index weighting
each variable based on the percentage of total variance explained (column “Extraction
Sums of Squared Loadings” in Table 3) and mapping its spatial distribution (see Figure 7).

Table 3. Results of the principal component analysis showing the principal components explaining
the territorial differences of communes with respect to waste management and potential drivers.

Component
Initial Eigenvalues Extraction Sums of Squared Loadings

Total % of Variance Cumulative % Total % of Variance Cumulative %

1 3.823 47.788 47.788 3.823 47.788 47.788
2 1.912 23.902 71.690 1.912 23.902 71.690
3 0.936 11.705 83.394 0.936 11.705 83.394
4 0.589 7.357 90.752 0.589 7.357 90.752
5 0.291 3.640 94.391 0.291 3.640 94.391
6 0.261 3.260 97.651 0.261 3.260 97.651
7 0.109 1.365 99.016 0.109 1.365 99.016
8 0.079 0.984 100.000 0.079 0.984 100.000

Table 4. Results of the principal component analysis identifying the four principal components
explaining over 5% of the variance (column “Extraction Sums of Squared Loadings” in Table 3) with
the corresponding variables. The correspondence is indicated by the highest value of the coefficient
of determination in each column (1–4), underlined using a Bold font.

Variable
Component

1 2 3 4

Area 0.620 −0.559 0.124 0.461
Population 0.846 0.396 −0.015 −0.196

Share of people with at least a college degree −0.130 0.889 0.088 0.227
Share of active population −0.505 0.688 0.273 0.251

Garbage bins 0.338 0.263 −0.872 0.220
Amount of waste 0.953 0.121 0.128 −0.003
Collection routes 0.830 0.311 0.063 −0.321

No. of staff in waste management companies 0.861 0.014 0.239 0.268

Figure 3. Spatial distribution of the production of waste across the study area. The distribution
is based on creating five equal intervals based on the amount of waste generated in each unit (in
metric tons).
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Figure 4. Spatial distribution of the share of people with at least a college degree across the study
area. The distribution is based on creating five equal intervals based on the share of people with at
least a college degree from the total population.

Figure 5. Spatial distribution of the number of garbage bins across the study area. The distribution is
based on creating five equal intervals.

Figure 6. Spatial distribution of the total commune area across the study area. The distribution is
based on creating five equal intervals for the total area of communes, in km2.
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Figure 7. Spatial distribution of the aggregated index across the study area. The distribution is based
on creating five equal intervals for aggregated index, built using the four principal components
explaining over 90% of the total variation (in terms of the extraction sums of squared loadings—
Table 3) weighted by the percentage of variation explained (Table 3).

4. Discussion

The results of multiple regression analysis indicate that waste management is influ-
enced by drivers related to the size of the settlement, specifically area (p = 0.0006) and
population (p = 0.0028). Waste management is also influenced by the characteristics of WM
companies, represented by the number of collection routes (p < 0.0001) and number of em-
ployees (p = 0.0026). None of the sociodemographic variables such as the level of education
(people with at least college level, active population) or employment rate were found to
significantly influence the production of waste. Similar to other studies, population and
size of urban area are found to be key drivers in the waste generation rates [30,34].

The spatial distributions are influenced by the geographic and sociodemographic
characteristics of Algeria, and the influence is seen at all territorial levels: wilayas within
the country, communes within the wilayas. The size of communes increases from north
to south (see Figure 5), because in Algeria, the north corresponds to the Mediterranean
shore, which offers, due to its climate, better living conditions and is more populated. The
south corresponds to the desert areas and is less populated. As a result, the size balances
the communes in terms of population (see Figure 3), i.e., communes are larger in less
populous areas. The same geographical settings affect the spatial distribution of education;
the north concentrates large cities with strong universities, while the southern areas offer
fewer educational opportunities.

This paper reveals the importance of urban district-level variation in terms of waste
production, waste bin coverage, and sociodemographic features, as in other studies [31].
At the microlevel, house size, districts, and employment category were found key drivers
in waste generation for the Accra region of Ghana [32] and family size in Robe town,
Ethiopia [39].

Therefore, other factors could be further examined in future research such as house-
hold/family size. The employment category seems not to play a significant role in explain-
ing waste production in Algiers city. Furthermore, spatial analysis using GIS tools provides
better monitoring alternatives of waste indicators to improve the collection efficiency. This
is important to prevent illegal disposal activities in emerging cities [40].

Compared to other African countries, Algeria is better covered by basic public utilities
in both urban and rural regions [5,41]. The population of Algiers city and wilaya is
connected to waste collection services, but a traditional waste management system based
on mixed waste collection and landfill of waste prevails in the capital city. The household
waste collected by two main waste operators (NETCOM and EXTRANET) is disposed of
in two different conventional landfill sites (CET HAMICI and CET of Corso). However,
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the issue of uncontrolled household waste disposal practices is not solved, contributing to
environmental pollution [42]. The illegal dumping of household waste remains a significant
environmental threat in African cities [39].

The urban waste generation rate is estimated to be at 0.8 kg.inhab.day-1 compared to
0.6 kg.inhab.day-1 in rural areas at the country level, while the recycling rate is around 7%,
composting 1%, and the rest of municipal waste flow is disposed of in sanitary landfills or
dumpsites [43]. The waste generation rate varies among regions of Algeria with significant
disparities between north and south regions, but the highest waste generation rate is around
0.95 kg.inhab.day-1 in Algiers [20]. Across estimation of household waste generated by
Algiers city is around 500,000 tons per semester, approximately 1 million tons per year [44].
Therefore, this study provides a better picture of household waste flows using spatial
analysis at the district level. Such spatial analyses at this scale are needed by decision
makers aiming to improve the current waste management practices. However, experimental
analyses based on field data regarding urban waste generation rates on a per capita basis
and municipal waste composition in different districts of Algiers city and wilaya are
required to provide a comprehensive baseline of household waste characterization for the
study area and model future predictions of waste flows. The frequency of waste collection
schemes is a daily regime and in some periods of the year the regime is twice a day (e.g.,
summer season for coastal communes and the two days of the “Aid el Adha” celebration).
During the month of “Ramadan”, the waste collection regime becomes nightly. These
religious events could significantly increase the urban waste generation rates, putting
additional pressure on waste collection schemes [45]. This issue could also be investigated
in Algiers city, in comparison with other urban centers of the country.

There are no source-separation collection schemes, but some recyclable waste is re-
covered from residual waste at the sorting station located near the CET landfill site. Ad-
ditionally, the informal sector collects some dry recyclable waste (plastics and metals) for
recycling purposes. The informal sector plays a critical role in African cities in recovering
recyclable waste from dumpsites associated with the underdevelopment of municipal
waste management infrastructure [46]. Most private economic agents involved in waste
recovery and recycling operations are found in Algiers and Boumerdes according to the
National Waste Agency [47]. Metals and scraps of iron are often recovered at the source,
and these fractions are less prone to landfilling compared to the organic waste fraction [21].

NETCOM introduced seven separate collection sites for paper/cardboard, glass, or-
ganic waste, and bread [48]. Besides waste collection operations, the transportation of
household waste seems to have a high ecological footprint, and landfills are not equipped
with biogas installations in Algiers [42]. The rate of recycling household waste is unknown,
and computation of waste statistics at the city level should be compulsory. At the country
level, the latest estimation of the recycling rate was around 9.83% in 2020 [47]. There are
no composting facilities in Algiers despite the fact that most residual bins contain organic
waste (54.4%), followed by plastics (16.5%) and paper/cardboard (13.4%) [48]. This is in
line with the last household waste characterization from April 2018 to March 2019, where
the organic fraction represented 63%, followed by plastics (15.2%) [49]. However, this
characterization did not include Algiers. Therefore, such studies need to be further devel-
oped in the capital city and related wilayas. Preliminary findings suggest that composting
facilities fed by source separation of organic waste should be a future investment priority
besides material recycling facilities combined with separate collection schemes extended to
all districts in the study area. Composting practices are limited across MENA countries
despite the high share of organic waste in household waste flows [15].

The recovery of recyclable waste is very low because sorting stations receive mixed
household waste instead of clean source-separated recyclable wastes (paper/cardboard,
glass, plastic, and metals/aluminum cans). Without proper waste management infras-
tructure separating clean organic wastes from dry recyclable waste, the target of recycling
and composting more than 50% of household and similar waste by 2035, set by the Waste
Management Strategy in Algeria [50], will be an impossible target to fulfill based on the
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current situation in Algeria. In fact, the African Circular Economy Alliance argues the key
role of organic waste and plastic packaging diversion from landfills having as members
Cote d’Ivoire, Ghana, Nigeria, Rwanda, and South Africa [51]. A similar alliance could be
initiated in the MENA region, where Algeria could be part of it or adhere to the existing
ACEA to stimulate transition towards a sustainable waste management system by 2035
through international cooperation, exchanging of know-how, and adopting best practices
in the region.

5. Conclusions

This study reveals that GIS and spatial statistics at the district level are useful tools
for the assessment and monitoring of household waste flow in large urban areas such
as North African capital cities. However, this approach depends on the availability and
quality of waste statistics provided by waste operators. The results of multiple regression
analysis indicate that waste management is influenced by drivers related to the size of
the settlement, i.e., area (p = 0.0006) and population (p = 0.0028), and characteristics of the
waste management companies, i.e., number of collection routes (p < 0.0001), and number of
employees (p = 0.0026). Sociodemographic variables such as the level of education and the
employment rate were found to have no significant influence on the production of waste.
Algiers is still a landfill-based city in the MENA region, where mixed waste collection
prevails in all districts. The expansion of source-separated waste collection schemes is
compulsory at least for organic waste and dry recyclables (plastic, metal, paper cardboard,
and glass) that must be further treated in composting and sorting facilities to increase the
household waste diversion from landfills in line with circular economy principles.

From a methodological perspective, our study proved that a combination of multiple
regression analysis and principal component analysis is efficient to describe and understand
waste production; the first method is useful in detecting the relevant drivers of waste
production and the second in contextualizing them spatially. However, the reliability of
our methodology depends at large on the availability of waste statistics provided by waste
operators, which can constitute an important challenge in North Africa. Future studies can
use more relevant variables to start with, if data are available. In this regard, data on more
socioeconomic variables could enhance the results of future studies.
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