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Chapter 1 
Waste Management and Circular 
Economy 

Suhaib A. Bandh, Fayaz A. Malla, Shahid A. Wani, and Anh Tuan Hoang 

1.1 Introduction 

With the growing quantity of waste generation, the waste management has become 
an essential issue that needs urgent attention and action. There is a need for a more 
sustainable approach to waste management, and the solution could be the circular 
economy concept (Ribić et al., 2017). 

Waste management and the circular economy are closely related and mutually 
dependent concepts that have gained increased attention from policymakers and eco-
conscious companies in recent years. Waste management involves the collection, 
transportation, and disposal of waste materials through various methods, such as 
landfilling, incineration, or recycling (Nanda & Berruti, 2021). On the other hand, 
the circular economy is an economic model that aims to keep resources in use instead 
of throwing them away by designing out waste and pollution, keeping products and 
materials in use, and regenerating natural systems. 

The traditional linear economy model, which is based on a take-make-use-
throwaway approach, is no longer sustainable given the growing population, the 
limited availability of resources, and the pressing environmental issues we face today, 
such as climate change, air, and water pollution (Dissanayake, 2022). Therefore, the
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circular economy offers a more sustainable alternative that benefits the economy, 
society, and the environment. It promotes a closed-loop system that emphasizes 
waste reduction, reuse, refurbishment, and recycling instead of the linear model’s 
end-of-life disposal (Rajak et al., 2022). 

Waste management plays a critical role in supporting the circular economy by 
collecting and separating waste materials that can be reused in the production process 
(Arena et al., 2021). For example, recycling plastic bottles can go a long way in 
reducing the demand for virgin materials and cutting down on greenhouse gas emis-
sions associated with extraction and transportation. Waste-to-energy technologies, 
such as incineration or gasification, can also be used to convert waste into energy, 
reducing reliance on fossil fuels and mitigating climate change. 

One prominent example of a company that has embraced the circular economy is 
the multinational IT giant, Dell (Zhang et al., 2022). The company has implemented 
a closed-loop recycling process that collects used computers, recycles them into new 
ones, and sells them back to customers. Dell’s approach not only reduces waste sent 
to landfills but also delivers cost savings and energy efficiency benefits. 

Another example of a circular waste management system is the city of 
Amsterdam’s approach to managing biosolids, which are the solid by-products from 
wastewater treatment. Amsterdam has installed an innovative facility that processes 
biosolids into phosphorus, a vital ingredient in fertilizer (Gianico et al., 2021). By 
doing so, the city has reduced the environmental impact of waste disposal and 
prevented the loss of valuable resources. 

The relationship between waste management and the circular economy is symbi-
otic, with each supporting and reinforcing the other’s goals and objectives. Waste 
management helps to ensure the efficient collection, separation, and processing of 
waste materials that contribute to the circular economy’s closed-loop system. The 
benefits of adopting a circular economy model are significant, with reduced waste and 
pollution, new business opportunities, cost savings, and more sustainable economic 
growth (Androniceanu et al., 2021). While implementing a circular economy requires 
significant investment from governments and companies, the potential rewards are 
well worth the effort. 

1.2 Waste Management 

Waste management has become an increasingly important issue in our world. As 
economies continue to develop and populations grow, the amount of waste generated 
by us has also increased rapidly. Therefore, it is important to tackle this issue as the 
amount of waste produced can have serious consequences for the environment and 
our health (Ray et al., 2022). Waste management, the process of treating, storing, or 
disposing of waste involves the following steps:
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1. The first step in waste management is to reduce the amount of waste we produce. 
This can be achieved by adopting a recycling and reuse strategy as well as 
composting of organic waste to produce fertilizer. Recycling reduces the amount 
of raw materials extracted from the environment, slows the depletion of non-
renewable resources, and saves landfill space (Musarat et al., 2022). When we 
recycle, we reduce greenhouse gas emissions by decreasing the energy used to 
manufacture new products. Promoting reuse culture reduces the need for manu-
facturing new products, reducing waste and the energy used to manufacture such 
products. 

2. The second step is to dispose of the waste properly. Ineffective disposal of waste 
can lead to air and water pollution, the spread of harmful diseases, and soil 
contamination (Singh et al., 2020). To ensure proper disposal of waste, there are 
several methods such as landfilling, incineration, and recycling. Landfills involve 
burying the waste in the ground in a way that prevents it from contaminating 
the surrounding environment. Incineration involves burning the waste to reduce 
its volume, toxicity, and weight. Recycling entails repurposing waste into new 
products. 

3. The third step is to ensure that hazardous waste is disposed of in an environmen-
tally friendly manner. Hazardous waste is a significant risk to human and environ-
mental health. It requires specialist treatment. These wastes include chemicals, 
batteries, medical waste, and electronic waste known as e-waste. Hazardous waste 
must be treated and disposed according to the country’s regulations (Chisholm 
et al., 2021). 

4. The fourth step is to adopt a circular economy model that focuses on maintaining 
the value of products as high as possible for as long as possible. Products are 
kept in use and are repurposed, upgraded, reused, or recycled where possible 
(Han et al., 2020). This model aims to minimize waste, support environmental 
sustainability, and stimulate economic growth. 

Waste management is an essential strategy in minimizing the risks associated with 
waste to the environment and human health. Together, these actions will significantly 
contribute towards the building of a better world. 

1.3 Circular Economy 

In today’s world, there is an increasing concern about the rate at which we are 
consuming the earth’s resources. The traditional linear economy, based on a “take-
make-dispose” model, is no longer sustainable (Elisha, 2020). It is now widely 
acknowledged that we need to shift to a more circular economy that aims to reduce 
waste and create more sustainable products and processes. A circular economy is 
a system that aims to keep products, components, and materials in use for as long 
as possible, maximizing their value and reducing the amount of waste generated
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(Morseletto, 2020). It is based on three principles: designing out waste and pollu-
tion, keeping products and materials in use, and regenerating natural systems. The 
circular economy aims to replace the current linear economy, where products are 
created, used, and then discarded. The circular economy has numerous potential 
benefits. For example, environmentally, a circular economy would help reduce the 
depletion of natural resources, reduce waste, and reduce pollution. Economically, a 
circular economy would create new job opportunities and help increase the efficiency 
of the economy. Socially, it would lead to a more equitable distribution of wealth 
and resources, as well as greater consumer choice and improved access to goods and 
services (Schröder et al., 2020). 

1.4 Principles of Circular Economy 

The concept of a circular economy is gaining momentum as a way to address the 
environmental, economic, and social challenges we face today. By adopting the 
principles of designing out waste and pollution, keeping products and materials 
in use, and regenerating natural systems, a circular economy can create a more 
sustainable future for us all. 

(i) Designing out waste and pollution: It involves creating products and processes 
that generate the least amount of waste and pollution possible. It can be achieved 
through the use of sustainable materials, designing products for longevity and 
recyclability, and ensuring that resources are used in the most efficient way 
possible. The circular economy also puts a focus on companies taking respon-
sibility for the entire life cycle of their products, from the initial design to the 
end of its useful life (Maitre-Ekern, 2021). 

(ii) Keeping products and materials in use: It means extending the life of prod-
ucts through reuse, repair, and refurbishment. Instead of discarding a product, it 
is resold or upgraded. Recycling is also an important consideration in a circular 
economy, and the aim is to create a closed-loop system where waste is trans-
formed into new products, minimizing the need for virgin materials (Ribul 
et al., 2021). 

(iii) Regenerating natural systems: It means restoring natural systems that have 
been depleted or damaged by human activities, for example, protecting and 
regenerating forests, oceans, and other ecosystems. In a circular economy, 
a systemic approach is taken, in which natural processes are integrated into 
production processes (Desing et al., 2020).
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1.5 The Importance of Waste Management in Circular 
Economy 

Waste management and circular economy are two concepts that are interconnected 
and have significant importance in the contemporary world. The circular economy 
is an alternative to the traditional linear economy, which follows the take-make-use-
dispose model and promotes the consumption of natural resources (Barros et al., 
2020). Differently, the circular economy aims to minimize the consumption of 
resources, waste production, and environmental impact. Waste management is an 
essential component of the circular economy and is critical in the transition from a 
linear to a circular model. Efficient waste management is necessary to ensure that 
waste materials are collected, sorted, and treated, following proper disposal proto-
cols (Fatimah et al., 2020). This process contributes to the recovery and recycling of 
materials that can be used for other products or services, thus minimizing the produc-
tion of waste. Waste management is crucial in reducing environmental pollution, 
preserving natural resources, and mitigating climate change. Proper management of 
waste reduces the volume of waste that ends up in landfills or dumped illegally in 
open spaces. It also helps to prevent the release of greenhouse gases, i.e. carbon 
dioxide, which contributes to global warming. By reducing the amount of waste 
that ends up in landfills, waste management plays a vital role in the conservation of 
valuable natural resources such as land, water, air, and minerals (Ramanayaka et al., 
2020). 

The importance of waste management in the circular economy lies in the fact that 
it creates a closed-loop system, where waste materials are collected, processed, and 
transformed into new products, reducing the need for virgin materials. The process 
of recycling and recovering resources helps to reduce the environmental footprint of 
production and consumption activities. Additionally, it presents economic opportu-
nities through job creation and the development of new industries that use recycled 
materials to create eco-friendly products. Additionally, the proper waste manage-
ment in the circular economy helps in the reduction of energy consumption. By 
recycling or recovering materials, it consumes less energy than producing products 
from virgin materials meaning the emission of fewer greenhouse gases and overall 
reduction of carbon footprint (Nguyen et al., 2021). In addition, waste can be used as a 
source of energy through landfill gas recovery, anaerobic digestion, and incineration, 
contributing to the production of clean energy. 

Waste management is critical in the transition towards a circular economy, where 
resources are conserved, waste is minimized, and the environment is protected. It 
plays a crucial role in reducing environmental pollution, preserving natural resources 
such as land, water, air, and minerals, and mitigating climate change. By recycling and 
recovering materials, it creates job opportunities and economic benefits and promotes 
the development of eco-friendly industries (Kurniawan et al., 2022). Waste manage-
ment also contributes to the reduction of energy consumption and the production 
of clean energy, making it an essential component of the circular economy. It is
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important to promote awareness and encourage participation in waste management 
initiatives to achieve the goals of a sustainable circular economy. 

1.6 Types of Waste 

Waste is a by-product or unwanted material that results from human activities, house-
hold, industrial, agricultural, or other sources. It can be managed and disposed of 
properly to avoid environmental degradation and to promote sustainable develop-
ment. The types of wastes are diverse and can be classified based on their origin, 
composition, and physical properties. Following are a few important categories of 
wastes: 

(i) Municipal solid waste (MSW): The municipal solid waste includes garbage 
and other household products such as newspapers, plastic packaging, food 
wastes, and other types of materials (Singh et al., 2014). These wastes are 
typically collected and transported by local authorities to landfills for disposal. 
However, landfills are not always environmentally friendly. MSW can also be 
incinerated to generate power or recycled. 

(ii) Hazardous waste: These wastes are produced by industrial and medical prac-
tices. Hazardous wastes include toxic chemicals, radioactive materials, and 
bio-hazardous waste, which pose a significant risk to both human health and 
the environment (Ghasemi et al., 2016). Hazardous wastes require specialized 
disposal methods to prevent their spread and potential damage. 

(iii) Construction and demolition waste: These are the wastes that result from 
building and demolishing structures. These materials include steel, concrete, 
wood, and other debris and can have a significant impact on the environment 
(Kucukvar et al., 2014). While some waste is often reused in new construction 
projects, most of it is hauled to landfills for disposal. 

(iv) Electronic waste, or e-waste: these wastes include computers, televisions, 
phones, and other electronic devices that contain hazardous materials such 
as lead, mercury, and cadmium. Improper disposal of e-waste can lead to the 
release of toxic chemicals that can contaminate the soil and waterways (Perkins 
et al., 2014). 

(v) Organic waste: These are the wastes that comprise biodegradable materials 
such as food waste, livestock manure, yard waste, and other decomposable 
material. Organic waste can be recycled into fertilizer through composting and 
used to enrich soil and gardens. Composting not only reduces the amount of 
waste sent to landfills but also plays an essential role in reducing environmental 
pollution (Gonawala & Jardosh, 2018). 

(vi) Agricultural waste: It is a type of waste associated with agricultural activities 
and includes the remains of crops and animal waste. Livestock manure can 
contaminate rivers and other water bodies if not disposed of appropriately, 
while crop residues can be used to produce biofuels and other commodities.
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1.7 The Three Rs of Circular Economy 

The concept of circular economy has been gaining traction worldwide as a potential 
solution to the growing problem of waste management. Circular economy aims to 
reduce waste by designing systems that are regenerative and sustainable (Suárez-
Eiroa et al., 2019). One of the most important aspects of a circular economy is the 
“three Rs” principle: Reduce, Reuse, and Recycle. This principle is a simple but 
effective way to guide individuals and organizations towards a more sustainable and 
responsible way of living. 

The first “R” of the principle is “reduce”. It is the most effective way of preventing 
waste from being generated, thus reducing the overall use of resources to the 
minimum necessary level. There are numerous ways to reduce the amount of waste 
that we generate. Some of these methods include buying products with minimal 
packaging, consuming less meat, using public transport instead of cars, and using 
energy-efficient appliances. By reducing the amount of waste generated, we can 
reduce the stress on our environment by conserving natural resources (Ragheb et al., 
2016). 

The second “R” is the “reuse”. It encourages people to reuse products in new ways 
instead of buying new ones. Reusing items helps to extend their lifespan and reduces 
the overall demand for resources. Reusing could be as simple as using a shopping 
bag more than once or as complex as upcycling furniture instead of throwing it away. 
Reusing items also saves money and helps to reduce the environmental damage that 
comes with the production of new products (Castellani et al., 2015). 

The third “R” is the “recycle”. It is the process of converting waste materials into 
new materials and objects. Recycling helps to conserve natural resources, reduce 
greenhouse gases, and reduce the amount of waste that ends up in landfills. Recycling 
has numerous benefits beyond environmental protection, including energy savings, 
creating jobs, and reducing the cost of raw materials. 

The three Rs of circular economy are essential to achieving a more sustainable, 
thriving, and circular system. Though there are challenges to implementing these 
principles, the benefits far outweigh the costs. By reducing, reusing, and recycling, we 
can achieve a future where our resources are conserved, waste is minimized, and the 
environment is protected. It is our responsibility as individuals and organizations to 
develop the necessary habits and infrastructures to move towards a circular economy 
and make our world a better place for future generations (Gazzola et al., 2020). 

1.8 Challenges in the Implementation of 3Rs 

There are many challenges when it comes to implementing the three Rs of circular 
economy.
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(i) Getting people to change their behaviour: It takes time and effort to switch 
from a consumptive model of behaviour to one that is more mindful of the 
use and disposal of resources (Terlau & Hirsch, 2015). However, with growing 
environmental concerns, there has been an increase in public awareness about 
the need for sustainable living, leading to an increased adoption of the three Rs. 

(ii) Lack of infrastructure: Lack of infrastructure is another challenge in the imple-
mentation of a circular economy model (Sharma et al., 2019). Building the 
necessary infrastructure, such as recycling and composting facilities, can be 
expensive. However, the demand for e-waste recycling, organic waste manage-
ment, and plastic recycling, for example, has stimulated various initiatives to 
build facilities and create systems that allow for effective waste management. 

1.9 Key Elements of Circular Economy Model in Waste 
Management 

Implementing the key elements of the circular economy model in waste management 
is essential for achieving a sustainable and regenerative system. 

(i) Extended producer responsibility (EPR) 

Extended producer responsibility is a policy approach that holds manufacturers 
responsible for the entire life cycle of the products they produce. This includes 
ensuring that their products are designed for easy disassembly and recycling at the 
end of their life cycle. 

(ii) Product life extension and maintenance 

Extending the life of products through maintenance and repair is another key element 
of the circular economy model. This can be achieved through designing products that 
are easy to repair and providing access to repair services. 

(iii) Waste-to-energy and biomimicry 

Waste-to-energy and biomimicry are two strategies that can be used to transform 
waste into valuable resources. Waste-to-energy involves converting waste into energy 
through incineration or other methods, while biomimicry involves emulating natural 
systems to create sustainable solutions to waste management.
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1.10 Strategies for Effective Waste Management 
in Circular Economy 

According to a report released by the World Bank, global waste generation is expected 
to increase by 70% in the next few years (Ghosh, 2020). As such, waste manage-
ment is becoming increasingly critical to environmental sustainability and miti-
gating resulting adverse effects. The circular economy model provides a frame-
work to reduce waste generation and promote a circular flow of materials, prod-
ucts, and resources (Perey et al., 2018). Here are some strategies for effective waste 
management in the circular economy. 

(i) Prioritizing waste prevention over waste recycling: This approach seeks to 
reduce the volume of waste produced by promoting sustainable consumption 
and production. For instance, firms can employ eco-design principles to incor-
porate the remanufacturing or recycling opportunities into the initial product 
design. By extending the product’s life cycle, the amount of waste produced 
will reduce significantly (Yeheyis et al., 2013). This strategy also includes a 
focus on reuse options and alternative solutions to single-use items. 

(ii) Creating a predetermined plan for waste management at each stage of the 
supply chain: This can be achieved by deploying reverse logistics or the 5R 
principles (Reuse, Reduce, Recycle, Retain, and Recover). Firms can work 
together to develop channels that support the integration of secondary materials 
into the product value chain and direct product flow back to manufacturers for 
reuse (Frei et al., 2020). 

(iii) Deploying innovative technologies and processes to minimize waste and 
increase sustainable practices: These can include the development of closed-
loop processes that support waste minimization through the sharing of 
resources. For example, companies can implement advanced sorting and 
processing technologies for remanufacturing. This will enable the separation 
of different waste streams for reprocessing at the source to create a cycle of 
production and consumption. 

(iv) Establishing a regulatory framework that promotes waste management, 
emphasizing economic and social responsibilities: Policy-makers can 
advance initiatives that incentivize companies to adopt circular economy prac-
tices. Monetary incentives on the one hand and disincentives such as fines in 
case of non-compliance on the other hand should be set in place to drive 
forward sustainability. 

(v) Implementing circular economy waste management strategies through 
cross-sectoral collaborations and partnerships: Collaboration with non-
governmental organizations has the potential to increase awareness of the 
importance of waste management, while partnerships with communities can 
increase their engagement and participation in the implementation.



10 S. A. Bandh et al.

(vi) Designing for a circular economy: cradle to cradle: Designing products and 
materials with a cradle-to-cradle approach is an essential strategy for creating 
a closed-loop system. This means designing products and materials that can 
be easily disassembled, recycled, or composted at the end of their life cycle. 

(vii) Closed-loop systems and sustainable resource management: Creating closed-
loop systems that minimize waste and maximize resource efficiency is another 
key strategy for waste management in a circular economy. This includes imple-
menting sustainable resource management practices, such as using renewable 
energy sources and reducing the use of virgin resources. 

1.11 Waste Management and Corporate Social 
Responsibility 

As our society continues to grow and expand, the issue of waste management becomes 
increasingly important. We produce more waste than ever before, and it is essential 
that we handle it responsibly. Waste management is not just an environmental issue, 
but also an issue of corporate social responsibility. Businesses have a responsibility 
to manage their waste in an environmentally friendly manner and to minimize their 
impact on the environment (Chuang and Huang, 2018). One of the most significant 
impacts of waste is its effect on the environment. Landfills, where most waste ends 
up, emit large amounts of greenhouse gases such as methane, which contributes to 
climate change. In addition, waste can contaminate air, water, and soil, which can 
have serious health effects for humans and wildlife. By properly managing their 
waste, companies can help to mitigate these impacts and promote sustainability. 

Corporate social responsibility requires businesses to be accountable for their 
actions and recognize the impact they have on society and the environment (Ashrafi 
et al., 2020). Managing waste responsibly is part of this responsibility. Companies 
can improve their waste management practices by evaluating their waste production 
and finding ways to reduce it. They can also implement recycling and composting 
programmes, which can reduce the amount of waste sent to landfills. By being 
conscious of their waste management practices, businesses can prove to consumers 
that they are committed to being sustainable and environmentally responsible. In 
addition to reducing their own waste, companies can also contribute to waste reduc-
tion on a larger scale. They can work with suppliers to reduce packaging and find 
ways to use more sustainable materials. They can also partner with organizations that 
promote recycling and waste reduction and support legislation aimed at reducing 
waste. By taking these steps, businesses can help to reduce waste throughout the 
entire supply chain and promote sustainability on a larger scale. 

Effective waste management requires collaboration between businesses, govern-
ment, and consumers (Kazancoglu et al., 2021). Governments can create and enforce 
policies to promote waste reduction and provide incentives for companies to imple-
ment sustainable practices. Consumers can also play a role by choosing to buy from
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companies that have sustainable policies and by properly disposing of their own 
waste. By working together, we can create a more sustainable future. 

1.12 Innovations in Waste Management 

Waste management is a growing concern all across the world. The increasing popu-
lation, rapid urbanization, and industrialization have led to the rise in the amount 
of waste generated and the consequent problems associated with their disposal. 
However, with the innovations in waste management, it is now possible to over-
come some of these challenges. The new technologies and approaches have ensured 
that waste is no longer seen as just a problem but also as a resource that can be 
transformed into useful products. The circular economy concept, waste-to-energy 
technologies, automatic segregation, bioreactor landfills, the Internet of things, and 
plastic waste-to-fuel technologies are some of the innovations that are transforming 
waste management (Sonu et al., 2023). These innovations are essential in ensuring 
that waste is no longer seen as just a problem but also as a resource that can be trans-
formed into useful products. With these solutions in place, it is possible to overcome 
some of the challenges associated with waste management and create a sustainable 
future where waste is not just disposed of but is utilized as a valuable resource. 

One of the most significant innovations in waste management is the introduction 
of the circular economy concept, based on the principle of reduce, reuse, and recycle. 
It emphasizes the importance of reducing waste generation by changing consump-
tion patterns, reusing materials, and recycling what cannot be reused. The circular 
economy approach aims to create a closed-loop system where waste is seen as a 
resource and its value is preserved. It envisions a future where waste does not exist 
at all, and everything is used and reused in a loop. 

Another innovation is the use of waste-to-energy (WTE) technologies that trans-
form waste into electricity or heat (Mayer et al., 2019). The WTE technologies have 
a two-fold benefit for waste management. On the one hand, they help to reduce the 
volume and mass of waste that needs to be disposed of in landfills. On the other hand, 
they provide an alternative source of energy that reduces dependence on fossil fuel. 
WTE technologies include incineration, gasification, and pyrolysis, which are used 
to convert waste into useful energy products. 

One of the most critical aspects of waste management is segregation into different 
categories before disposal. The segregation enables efficient recycling of materials 
and processing of waste. However, manual segregation of waste is time consuming 
and inefficient. Innovations in waste management have introduced automatic waste 
segregation technologies that can segregate waste based on its composition. These 
machines use sensors and artificial intelligence to identify and sort waste based on its 
characteristics. Automatic segregation of waste improves the efficiency of recycling 
and reduces the cost of waste management. 

Another novel method of waste management is the use of bioreactor landfills. 
Unlike traditional landfills that are passive, bioreactor landfills aim to accelerate
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the decomposition process by controlling the moisture, temperature, and microbial 
activity. The faster rate of decomposition results in the faster production of landfill 
gas, which can be collected and used as an energy source. The bioreactor landfill is a 
sustainable waste management option that maximizes the use of waste as a resource. 

The Internet of things (IoT) is another technological innovation that is trans-
forming waste management (Nižetić et al., 2020). IoT devices are used to collect 
data on waste generation, collection, and transport. The device sensors can detect 
the fill level of waste bins and alert garbage collectors for timely collection. The 
data collected through the IoT devices can be used to optimize waste management 
processes, reduce the amount of waste generated, and improve the efficiency of 
collection and transport. Innovations in waste management have introduced plastic 
waste-to-fuel technologies that transform plastic waste into fuels, like diesel, gaso-
line, and jet fuel. These technologies have a two-fold benefit; they help reduce the 
volume of plastic waste and provide an alternative source of energy. 

1.13 Circular Economy Success Stories in Waste 
Management 

(a) The Zero Waste Communities 

In the pursuit of creating sustainable communities, several cities around the world 
have adopted a “Zero Waste” policy. These communities prioritize reducing waste 
by promoting the use of composting, recycling, and reusing materials. For example, 
the city of San Francisco set a target of achieving Zero Waste by 2020 and their 
efforts led to an impressive diversion rate of 80% of waste from landfills, achieved 
through innovative recycling programmes and the implementation of composting. 

(b) The Ellen MacArthur Foundation’s Circular Economy Initiatives 

The Ellen MacArthur Foundation is a pioneer in promoting the circular economy and 
has been responsible for several successful initiatives in waste management. One such 
initiative is “The New Plastics Economy”, which aims to address the plastic waste 
issue through the application of circular economy principles. The foundation has 
also launched “Circular Fibres Initiative”, which promotes the adoption of circular 
economy principles in the fashion industry, to reduce waste in textile production and 
consumption. 

1.14 Future of Waste Management in Circular Economy 

The circular economy is a new paradigm aimed at reducing waste by reusing and 
recycling resources. In this context, waste is no longer considered just trash, but 
rather a resource that can be used to benefit mankind. Therefore, the future of waste
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management promises to be a crucial aspect of the circular economy. The goal of 
waste management is to minimize the negative impact of waste on the environment, 
human health, and the economy. It is a complex process that requires coordination 
between different stakeholders, including citizens, waste management companies, 
governments, and businesses. In the circular economy, waste management takes on 
an even greater significance because the focus is on regenerating wasted resources 
to create a sustainable economy that can reduce the exploitation of natural resources 
(Smol et al.,  2020). 

One of the most significant challenges in waste management is the proper collec-
tion and segregation of waste. Often, contaminated waste streams lead to less efficient 
recycling and reuse of resources. In a circular economy, waste management requires 
a more standardized collection and sorting process to ensure that the waste can be 
quickly sorted by type and quality (Hossain et al., 2022). This is important to stan-
dardize the waste management process and make it easier to generate revenue from 
resources that were once considered garbage. 

Another significant challenge in waste management is the limited availability 
of resources required for recycling. Most recycling facilities worldwide lack these 
resources, creating a bottleneck. In a circular economy, the focus on reducing waste 
creation reduces the demand for these resources, making the recycling process easier 
(Xavier et al., 2021). Also, recycling facilities required an update and have neces-
sary equipment to improve the efficiency of resource recycling, considering that the 
facility and equipment may help to automate the process and reduce the need for 
hand-sorting. 

Circular economy expects that waste be returned as a valuable resource to 
the economy through different means, including recycling, reuse, refurbishment, 
and remanufacturing. The recycling process of waste management is crucial for 
supporting the circular economy. A new approach introduced in waste management, 
called Zero Waste, aims to eliminate waste by-products entirely. The idea behind 
Zero Waste is that waste is a misused resource and that it can be reused for a more 
significant productive economy and that nothing is wasted. 

The future of waste management in a circular economy is a combination of 
using cleaner production techniques, improving collection and segregation processes, 
increasing the efficiency of recycling facilities, and establishing Zero Waste policies. 
Moreover, more efficient and greener manufacturing techniques would generate more 
resources available for the recycling process. Creating an economy that benefits from 
resource efficiency minimizes the negative impact of waste (Mikhno et al., 2021). 
If the waste management system is successful, it will contribute to creating a more 
sustainable world.
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1.15 Conclusions 

The circular economy in waste management requires collaboration between several 
stakeholders, including policymakers, manufacturers, retailers, waste management 
companies, and customers. Everyone needs to play a role in creating a sustainable 
future and reducing waste. Shared responsibility is crucial, and all stakeholders must 
work together to achieve the common goal. 

As an individual, we can get involved in waste management and the circular 
economy by adopting a Zero Waste lifestyle, recycling, composting, and reducing 
our carbon footprint. We can also support businesses that prioritize circular economy 
principles, such as reusing materials and producing products in a sustainable manner. 
In doing so, we can take an active role in creating a more sustainable future for our 
planet. In conclusion, waste management and circular economy are closely related, 
and adopting circular economy principles can help us address the pressing envi-
ronmental and social challenges we face today. By designing out waste, keeping 
materials in use, and regenerating natural systems, we can create a more sustain-
able and prosperous future. It is up to all of us to take action and collaborate in the 
transition to a circular economy. 
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Chapter 2 
Valorization of Plastic Wastes in Circular 
Economy: The Development 
of an Inter-Organizational Circular 
System for Valorization of Expanded 
and Extruded Polystyrene in Brazil 

Istefani Carisío de Paula, Ghissia Hauser, Madalena Heinen, 
Isabella Rodrigues da Cunha e Paula, Victor Phanebecker Calcanhotto, 
and Fernanda Valentini 

2.1 Introduction 

The transition from a linear take-make-dispose model of production and consumption 
to a circular economy model is becoming a commonplace. The design of circular 
packaging systems may be an alternative to the ever-increasing amount of residues 
and a way of valorizing waste. The report “The Future of Global Packaging to 2024” 
forecasted a growth of 2.8% per year and a peak at USD 1.05 trillion of packaging 
in 2024 (Sastre et al., 2022; The Future of Global Packaging, 2022). Thereafter, the 
pandemic COVID-19 provoked changes in the population’s consumption. The rise 
in e-commerce and over-protection of food products caused an increase in household 
packaging waste, most of them made of plastic materials (Kitz et al., 2022). 

The question of how to make the transition has been answered by scholars via the 
development of frameworks. Lieder and Rashid (2016) proposed a framework with 
a combined view of three aspects: environment, resources, and economic benefits. 
The authors suggested a concurrent approach that operates through public institu-
tions from the top-down and the industry from the bottom-up. They assume that 
an inverse motivation exists among the stakeholders of the circular economy (CE), 
which needs to be aligned and converged. Governmental bodies and policymakers, for
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instance, maximize environmental benefits by strict control of industrial businesses. 
On the contrary, manufacturing companies put their effort into economic benefits and 
growth, due to competitive pressure. Nevertheless, the scenario has been changing 
since the environmental, social, and governance (ESG) criteria were set as standards 
for conscious investors to screen potential investments. King and Locock (2022) 
developed a framework specifically for plastics in the circular economy, with a focus 
on interventions broadly across the plastic supply chain, including resources, produc-
tion, use, recycling, waste, and system analysis. The findings indicate a predominance 
of papers on system-based approaches and recycling interventions, constituting 53% 
of all articles examined. The early-stage interventions involving production and use 
appear as relative gaps, collectively making up only 17% of the articles examined. 
The framework is not adequate for implementing the transition from linear to circular 
processes, although it may be used as a support for it. 

Moreno et al. (2016) developed a conceptual framework for circular economy 
design strategies, linking five design strategies and five circular business model 
archetypes. It provides circular economy design practitioners with a “[…] holistic 
view of how to approach circular design, not only from a product perspective, but 
by taking into account the relevance and importance of the surrounding business 
models and how to integrate them with the design process. In addition, the frame-
work acknowledges the role of policy and regulation in enabling circular business 
models, which requires exploring in future research”. 

The managerial strategies toward CE, in contrast to the academic efforts, priv-
ilege the end-of-pipe initiatives. It is not a surprise that managers in organizations 
have a sense of urgency to reduce the impact of the portfolio of products that were 
not designed to avoid environmental or societal impact. Therefore, the contract of 
consultancy for circularization of products, and reverse logistics of end-of-use or 
end-of-life materials, is increasing considerably. Such context is fertile for business 
model strategies like, (i) ‘circular supplies’, a business model based on industrial 
symbiosis in which the residual outputs from one process can be used as feedstock 
for another process, or (ii) ‘resource value’, a type of business model based on recov-
ering the resource value of materials and resources to be used in new forms of value 
(Bocken et al. 2016; Moreno et al., 2016). 

Despite the dematerialization strategies like the substitution of products by 
services being preferable to the end-of-pipe ones, all of them demand new method-
ological approaches. The question of ‘how to develop, implement, manage, and 
improve circular economy systems’ remains without a precise answer. A century 
was necessary to organize linear supply chains, articulating players from orga-
nizations, suppliers, consumers, and government, locally and globally. Now, the 
challenge posed by the shortage of resources, the destruction of the environment, 
and the social inequalities force us to accelerate the rate of change. Additionally, 
CE systems, for assessment purposes, may be categorized in different levels of 
complexity, from a single circular product inside a process (nano-level), the entire 
organization processes (micro-level), inter-organizational systems (meso-level), and 
regional, or global circular interchanges (macro-level). Concerning the context of 
waste management in the circular economy, the inter-organizational level consists
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of a set of companies from the same segment acting in different roles in the system 
(WBCSD, 2018). Given the value of recycling within a circular economy (CE) frame-
work, the next question revolves around how to systematically develop, implement, 
manage, and continuously enhance inter-organizational closed-loop systems in a 
structured and replicable manner. The objective of this chapter is to demonstrate a 
structured method designed to develop a pilot inter-organization circular system for 
the valorization of plastic waste. 

2.2 Helice-Trashin Partnership and Research Scope 

The Center for Intelligence in Projects and Systems (NIProS1 ) is a research group 
at the Federal University of Rio Grande do Sul. NIProS is registered in the CNPq2 

research directory platform, and its investigators develop experimental studies to 
instruct professionals to design innovative solutions for circular economy and sustain-
ability. The research group performs actions via a consultancy organization, named 
Helice, in cooperation with Brazilian companies/start-ups, municipal and state 
government representatives, university experts, and societal institutions. The name 
“Helice” comes from the triple innovation helix. Helice has become an important 
partner of Trashin (TRASHIN, 2022), a start-up located in Porto Alegre, the capital of 
Rio Grande do Sul state, South Brazil. The cooperation between Helice and Trashin 
is a consequence of the mutual benefits this relationship brings. Helice may be seen 
as a Research & Development (R&D) external branch for Trashin. Its researchers 
apply industrial engineering tools and methods to design innovative solutions to the 
complexities of implementing circular systems and reverse logistics. Trashin, in its 
turn, performs the implementation and operation of the systems designed by Helice, 
via collaborative work. The bold performance of Trashin is becoming widespread, 
and large well-known companies have contracted its services lately. 

Trashin was contracted by iFood, a Brazilian technology company that is a refer-
ence in online delivery. With about 65 million orders per month, iFood works 
with business intelligence and management solutions to promote and develop an 
ecosystem of more than 300,000 registered establishments and 200,000 connected 
delivery people in more than 1700 cities throughout Brazil. 

The company holds over 80% market share of the food delivery sector in Brazil. 
Nevertheless, the Brazilian National Solid Waste Policy (NSWP—Federal law no. 
12.305/20103 ) establishes principles, objectives, instruments, and guidelines for inte-
grated management and solid waste management. Special attention is paid to the 
shared responsibility of waste producers and amends Act No. 9.605 on criminal

1 NIProS—Portuguese acronym for Center for Intelligence in Projects and Systems. 
2 CNPq Brazilian research funding agency—Directory Research Group link: http://dgp.cnpq.br/ 
dgp/faces/consulta/consulta_parametrizada.jsf. 
3 Federal Law—NSWP: https://leap.unep.org/countries/br/national-legislation/law-no-12305-nat 
ional-policy-solid-waste-management. 

http://dgp.cnpq.br/dgp/faces/consulta/consulta_parametrizada.jsf
http://dgp.cnpq.br/dgp/faces/consulta/consulta_parametrizada.jsf
https://leap.unep.org/countries/br/national-legislation/law-no-12305-national-policy-solid-waste-management
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penalties relating to behavior and activities harmful to the environment. Although 
the iFood managers are not directly responsible for the packaging their partners use 
in the meals, they have decided to, proactively, develop a strategy of lowering the 
amount of packaging of their delivery services by the year 2025. 

Trashin was contracted by iFood to develop the reverse logistics and recycling 
of expanded polystyrene (EPS) packaging in Brazil. Findings of a former study 
(De Oliveira et al., 2019, p. 562) indicated that “[…] the EPS recycling demanded 
sorting and washing operations. The most significant waste generators were public 
and private institutions, residences, and retailers”. The study also revealed as 
notable barriers to its recycling the lack of understanding of the nature of expanded 
polystyrene recycling by Brazilian people, high transport cost due to material low 
density, and the dispersion of post-consumer expanded polystyrene in several regions 
of the country, linked with the small number of recycling facilities. These were some 
of the challenges faced by the Helice-Trashin team at the project’s beginning. 

2.3 The Method Design 

The Helice-Trashin team applied their own method, tested before, in other inter-
organizational circular system contexts. The method is anchored in five steps, (i) 
literature, technical visits, and interviews with experts; (ii) the supply chain charac-
terization and the technical reverse flow mapping; (iii) definition of players for each 
reverse flow operation and invitation to perform a pilot project; (iv) raise awareness 
and articulation of those elected for manufacturing the target product, via workshops; 
and (v) definition of a governance structure and implementation of the pilot circular 
project. The team developed the project from December 2021 to March 2022 and 
managed the activities remotely. The Deliver Company was the main funder, and 
a sponsor made the follow-up of deliverables weekly. We have used as repository 
and management tools the Monday® Schedule platform, Google Drive®, and the 
Miro® platform. The workshop members have evaluated the event quality via Google 
Forms®. A final interview was performed with the Trashin members to evaluate the 
benefits of the partnership with Helice to design the pilot circular project stage. 

2.4 The Design of a Pilot Inter-Organization Circular 
System for the Valorization of EPS/XPS Packaging 
Waste 

The method’s first step included academic and gray literature review, technical visits, 
and interviews. The team has performed a search in the Web of Science platform 
using the terms expanded polystyrene (EPS), extruded polystyrene (XPS), packaging, 
and Isopor® (the brand name). The purpose was to find information on the waste
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management, production, and use of the material in the packaging supply chain. 
They explored five premises in the literature review and other sources, as sites of 
plastic associations and manufacturers (Fig. 2.1). 

The first attempt was to define the physical characteristics and amount of each 
material. The EPS is produced from small flakes that undergo an expansion process 
with pentane gas (98% composed of gas). The XPS is obtained through an extrusion 
process, and it is broadly used in food trays at restaurants, packaging, and super-
markets in Brazil. Although PS represented 4.8% of the market (7.7 million tons 
in 2020) and EPS 0.9% (68 thousand tons in 2020), literature from 2012 indicated 
that 24% of the material is recycled in Brazil (ABIPLAST & Brazilian Association 
of Times Higher Education Plastic Industry, 2021; PLASTIVIDA, 2017). We did 
not find current data to modify this percentage. According to these institutions, the 
civil construction sector consumes 78% of recycled EPS. The Apparent National 
Consumption of recycled material was growing at an annual rate of 5.3%, and the 
production grew at an annual rate of 6.6% (EPSBRASIL, 2022). Both EPS and XPS 
are fully recyclable, and Fig. 2.2 explains the operations needed. 

The EPS and XPS waste value per kilogram increases in the following order, from 
the cheapest to the most expensive, the pressed material for transportation (US$0,40– 
1,40); degassed material (US$4,00–5,00), and pelleted material (US$7,00–7,80).

Fig. 2.1 Five premises explored in literature review, interviews, and desk research 

Fig. 2.2 Recycling operations for EPS and XPS 
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Values in dollars are not corresponding to the local currency, but the proportion was 
kept for illustration purposes. 

Two main recycling organizations named Recycler A and Recycler B were from 
the packaging segment and civil construction fields, respectively. Recycler A prior-
itizes buying clean waste material to degas and sell to other recyclers. Recycler B 
prefers clean material, but also accepts packaging with residual grease from food, 
for example. They transform the waste into new products for the civil construction 
industry. This is a piece of important information since a large amount of waste 
would come from food packaging that should be cleaned before disposal, to improve 
the material appeal. In this context, the education of the population on adequate 
discarding of clean packaging arises as an important issue. 

Technical visits to waste collection companies revealed a weak technological 
infrastructure. The predominant technology was hydraulic press for EPS/XPS waste 
material baling. Despite pressing may reduce the volume for logistics purposes, the 
degassing methodology is much more efficient (it removes the gas from the EPS/ 
XPS by extrusion and heat). Therefore, Recycler B provided a degassing machine to 
any collection company interested, on the condition that it processed a minimum of 
3–5 tons of EPS and XPS waste per month. Pelletization would increase the value 
of recycled EPS/XPS, but it demanded more specialized people and more expensive 
machinery. Interviews revealed that a Brazilian polymer manufacturer could make 
available a pelletizing equipment for testing purposes. 

The next step was the supply chain characterization. The content analysis of inter-
views with experts was very important for understanding the structure of the EPS/ 
XPS supply chain. De Oliveira et al. (2019) had already designed the supply chain 
in Brazil, and it was used as a starting point. The Helice team performed 24 inter-
views with nine manufacturers, five waste collection companies, one Consolidator 
company, three plastic associations, two education project initiatives, one start-up, 
and two recycling companies. Figure 2.3 shows an overview of the supply chain 
mapping, according to the information gathered from interviews. 

Fig. 2.3 Main players from the EPS/XPS supply chain in Brazil
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The team identified the following players: (i) polymer manufacturer, chemical 
industry, makes polymer PS, EPS (pearls); (ii) product manufacturer transforms 
polystyrene (PS) via expansion with pentane gas to generate EPS, or by extrusion 
and butane gas to generate XPS; these players also convert these raw materials in 
packaging and other objects; (iii) Waste Collector and Sorter company collects and 
sorts post-consume material from households and large generators. This company 
separates EPS/XPS from other materials before pressing, degassing, or pelletizing 
the material; (iv) Consolidator company gathers larger volumes of material processed 
by Waste Collector and Sorter companies and proceeds the degassing process; (v) 
recycler uses post-processed EPS/XPS waste and transforms it into a new product. 
Frequently, the recyclers valorize the EPS/XPS waste by developing products for 
civil construction like baseboards and ceiling lining boards; (vi) waste generators 
are home appliance suppliers and similar companies that discard Styrofoam used as 
equipment protection. 

The interviews with these players were useful as the first effort for the next step. 
Figure 2.3 shows that the reverse flows of EPS/XPS waste depend on either the 
population discard, the waste collector operations, or the consolidator gathering and 
degassing of the material to attend low-cost logistics toward the recycler. The main 
recycling companies A and B are located on the border of Southeast and South Brazil. 
Therefore, Brazil’s continental dimensions may make the logistics costs inviable 
depending on the distance the waste has to perform to reach the recycler companies. 
Bearing that in mind, some players were invited to be part of a pilot inter-organization 
circular system for the valorization of EPS/XPS packaging waste with the aim of 
testing some hypotheses. The criteria for choosing the organizations were.

. waste collection and sorting companies that were former partners from Trashin in 
other projects and that were willing to participate and give access to performance 
data;

. strategic location in logistic terms;

. present some level of management maturity that facilitates pilot implementation;

. companies that already had the necessary environmental licenses;

. physical infrastructure compatible with the needs of the pilot project;

. geographical position in the country to facilitate project scaling. 

The hypotheses tested included waste trade costs, logistics costs, the volumes 
of material collected, cleaned, sorted, and technologies of processing barriers. We 
selected two dimensions for designing the pilot’s strategies. The first was the role 
played by iFood, which could be an investor in the supply chain or a competitor in 
the recycling chain. The other dimension was the scale of production that could be 
local, considering the operation in a single Waste Collection and Sorting company, 
or regional. In the last case, a Consolidator company would gather pressed material 
from other waste and sorting companies to make the degassing of larger amounts of 
EPS/XPS and send them to the Recycling company. Recycler B was selected to be 
part of the pilot project since they could accept materials with residual contaminants. 
Figure 2.4 illustrates the scenarios created for each dimension and scale.
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Fig. 2.4 Scenarios and possible players for a pilot inter-organization circular system for the 
valorization of EPS/XPS packaging waste 

As Fig. 2.4 indicates, each scenario demands a given type of technology. Scenario 
1 is about a local Waste and Sorting company operating the hydraulic press of EPS/ 
XPS and material baling. Scenario 2 is about a regional consolidator degassing large 
amounts of EPS/XPS, gathered from other companies. Scenario 3 is about the local 
degassing of EPS/XPS by a large Collector and Sorting company, and Scenario 4 is 
about a Consolidator company pelletizing larger amounts of EPS/XPS, gathered from 
other companies. We suppressed the names of organizations for secrecy purposes, 
but we have mentioned their geographical positions in Fig. 2.4. All scenarios include 
the operations of collection > sorting > hydraulic pressing > degassing > recycling. 
The logistics should be operated between each stage by Trashin, taking the material 
from one company to another. Trashin operates logistics in all Brazilian regions. 

Later the scenarios were simulated in terms of financial values, and scenario 1 
was highly sensitive to material volumes input. Communication with EPS/XPS waste 
generators was mandatory, independent they were the country’s population or home 
appliance companies. Figure 2.5 brings a first risk analysis. Scenarios with technolo-
gies not available in Brazil would represent higher risks, caused by the equipment 
import costs, the need for training people, and the time-consuming learning curves. 
An example is the densifier equipment that produces EPS bars (Fig. 2.6) not available 
in Brazil. The higher risks of scenario 2 could be reduced by adopting technologies 
available such as hydraulic presses. Scenarios with more complex technologies such 
as degassing and pelletization, despite being riskier also revealed better financial 
results, since the price paid for the material increased proportionally. The iFood 
validated the more interesting scenarios for implementation, and the partners were 
invited to participate in an alignment workshop.
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Fig. 2.5 Preliminary technical and financial risk analysis of scenarios 

Fig. 2.6 Bars of EPS produced with densifier equipment. Source: https://tagliabrasil.com.br/com 
pactadores-de-eps 

2.5 Workshop for Articulation and Alignment of Players 

This is a very important step before implementing and operating the pilot system. 
We invited 35 members which had accepted formerly to be part of the pilot inter-
organizational circular system for EPS\XPS waste. The group included ten members

https://tagliabrasil.com.br/compactadores-de-eps
https://tagliabrasil.com.br/compactadores-de-eps
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of iFood (sponsor, marketing, consumer communication, sustainability, legislation 
affairs), six members of Trashin (leadership, operations, consumer communication, 
project team), six members of Helice (leadership and team, all responsible for the 
workshop coordination), six members of the Recycler Company B (leadership, oper-
ations), three members of Consolidator company (they receive material from 21 other 
Waste Collector and Sorting companies in Midwest Brazil), two members of Waste 
Collector and Sorting company in South Brazil, and two members of the Public 
Ministry (Midwest and South Brazil). 

The alignment workshop was developed remotely because of pandemic isolation 
and due to the geographical location of the participants. We used the ZOOM platform 
to hold the event and the MIRO platform (www.miro.com) for collaborative activities 
among  the members.  The workshop  lasted 4 h with  the following  activities, a brief 
formal opening by iFood and Trashin-Helice leaderships. Thereafter, there was a 
short presentation of all companies’ business operations, language unification, and 
EPS\XPS waste chain validation. After a 15-min break, we divided the 35 participants 
into two mixed groups to make the analysis: “How to increase the volume and quality 
of the material”. The members presented result in the large group after 1 h. The 
last activity was the analysis: “Risks and barriers” using the qualitative Probability 
x Impact matrix (PMI, 2017). After the groups’ presentations, the workshop was 
finished with a schedule of further steps of the pilot operation implementation. 

The workshop objective was to build a common vision of the circular system 
among players, with clear limits of operations. The members proposed realistic 
recommendations to (i) increase the volume of material collected, (ii) to increase 
the quality of the material collected, and (iii) to increase both volume and quality. 
The Helice team categorized the recommendations in technical, labor, equipment, 
innovation, logistics, collection, institutional, material, generator’s education, and 
taxes. 

Concerning the 20 recommendations for the volume increase group, the category 
“Equipment” was the smallest with six items. This suggests that there is an opportu-
nity for improvement of the volume processed by making more pieces of equipment 
available and/or optimizing their use. The group “Material” (seven items) included 
suggestions for eliminating EPS/XPS residual contamination. Inside the group of 
recommendations for increasing volume and quality, the “Collection” (five items) 
category included opportunities of gathering material from large generators. It should 
be noted that the players reinforced the education for the population as mandatory 
along the workshop. 

Regarding the 34 risks listed during the workshop, 29 were classified as high risk, 
with nine receiving the maximum score on the risk scale (0.72). The predominance 
of high probability and impact risks occurred in the “bureaucratic” and “tax” cate-
gories. All participants received an event evaluation form with the following topics: 
quality of communication prior to the workshop, workshop contents and activities, 
coordination, and technologies used. The answers were given on a scale from 1 to 
5, in which the value 1 means “did not meet expectations” and 5, “exceeded expec-
tations”. The return rate was 33%, of which 30% rated four for all items, and 70% 
rated five for all items.

http://www.miro.com
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Regarding the pilot circular system implementation, it is expected to last from 3 
to 6 months. Trashin and iFood will communicate to the population and generators 
information on the discarding of cleaned material. Trashin will be responsible for the 
operation of the pilot project in three different cities (two cities in the South and one 
in Midwest Brazil). The start-up will perform the system’s governance also. iFood 
will hold meetings with Trashin to monitor the pilot project, participate in regular 
meetings with all players, and make technical visits. Trashin will plan and perform 
the follow-up meetings with the Consolidator and the Waste Collector company, 
make the analysis of project KPIs, and organize meetings. The players will receive 
support from Trashin management, collect and share information on operations and 
KPIs, and participate in regular meetings. From this moment on, Helice will conclude 
the project reports and wait for future demands. 

2.6 Discussion and Practical Implications 

Waste management covers all aspects of waste, including waste reduction and the 
collection, transportation, handling, and disposal process. To a certain extent, the 
waste management approach is aligned with the circular economy principle of “cir-
culate products and materials”, but circular economy goes beyond, recovering the 
resource value of materials or building new forms of value for the same material. 
This chapter presented an example of a structured method designed to develop a pilot 
inter-organization circular system for the valorization of plastic waste. 

The five-step method was effective in designing strategies for operating the reverse 
flow of EPS/XPS and the valorization of the material by a Recycling company 
(Fig. 2.7) as a starting point for hypothesis evaluations. Figure 2.7 illustrates the 
portion of the chain that was designed with the method starting with the reverse 
logistics of EPS/XPS from generators toward the Recycler company that makes new 
products to put back in the chain (green line). The civil construction is the main 
consumer of the new product, but the PS manufacturer also consumes degassed and 
pelletized PS back, as charge for new polymer manufacturing. The good news is 
that PS is fully recyclable with high levels of recovery. Some countries and cities 
in the world are eliminating its use as raw material, especially for food. Our find-
ings indicate that PS may be used for food, but preferentially for those that are not 
prepared with sauce. This kind of food is greasy and may both leave residuals in the 
packaging or exchange substances with the packaging layer, depending on the food 
temperature.

The context of this project revealed both the top-down and bottom-up motivation 
of Lieder and Rashid’s (2016) framework. The PNRS act from the Brazilian Govern-
ment placed pressure on iFood to reduce the impact of its service, even though the 
company was not directly responsible for the packaging used by its partner restau-
rants. The iFood’s leaders decision was strategic to maintain its leadership in the 
market and a good image of the brand.
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Fig. 2.7 Limits of the scope of the method

Still regarding the scope of this method, it reflects the resource value archetype 
from Moreno’s et al. (2016) framework, a “circular business model based on recov-
ering the resource value of materials and resources to be used in new forms of value”. 
An important premise lies under this kind of circular business model. It is necessary to 
have a production pulled by a product that is already successful in sales in the market. 
Otherwise, there is a risk of stocks of unsold products becoming the new residue 
impacting the environment. This premise was discussed previously in Paula et al. 
(2021). Both Recyclers A and B fulfilled this prerequisite. The interviews at the begin-
ning of the project revealed that the two organizations were already striving to orga-
nize by themselves the reverse logistics of EPS/XPS in Brazil, intending to increase 
the volume of material as input for their specific operations. Interviews revealed that 
there was an idle capacity in the recycling processes of both organizations. 

We have decided to keep Recycler B in the pilot project firstly because this 
company added more value to the EPS/XPS waste material than Recycler A, manu-
facturing civil construction products. Secondly, they accepted the waste material with 
residual contaminants, and thirdly, it was observed a kind of “competition” between 
the two recyclers. Considering that the pilot system was preliminary, we decided to 
start just with one recycler to test the operations hypotheses. 

Interviews with Waste collectors and Sorting companies revealed them as the 
weakest link in the chain. The managers of these companies are frequently vulnerable 
people that depend on the municipal governments to support the company’s opera-
tions. The managers are very diligent, and some of these companies have grown and 
become consolidators. Nevertheless, the smaller Waste Collector and Sorting compa-
nies’ managers claimed that they did not collect the EPS/XPS because it demanded 
large stocking spaces and, mostly, the material had low purchasing value. 

Concerning the method, the interviews at the beginning of the project were essen-
tial in making the whole scenario clearer and bringing out these complexities. Other 
advantages of the preliminary interviews include.

. identification of elements to design the whole supply chain, the direct and reverse 
flows more consistently;
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. taking the opinion of experts on limitations and operations needed for safely 
recycling the EPS/XPS;

. elicitation of requirements and limitations of each player, in particular the quality 
demands of the recyclers and space limitations of waste collectors companies;

. identification of key players in the process;

. identification of sensitive players to participate in the pilot project and workshop. 

The interviews were also a strategy for approaching the players, a first step toward 
building trust. The interviews were useful for designing the reverse flows collabo-
ratively with players, but the workshop has consolidated this effort. The workshop 
activities were useful to validate the design of the pilot circular system and to reinforce 
the design of quality into the reverse flows as dependent on all players’ cooperation. 
The team presented the values of circular economy at the workshop beginning and 
the win–win perspective as the basis for operations and trust. They consider the 
workshop as a key tool in the five-step methodology. 

The workshop remote version was a consequence of the pandemic isolation but 
proved to be advantageous in saving the costs of logistics and facilities, typical of the 
face-to-face alternative. Moreover, the use of digital technologies aids in developing 
players that are less familiar with these tools. The collaborative risk analysis allowed 
all players to express the elements that bring concern. Some riskier elements were 
repeated by more than one player and should be the target of mitigation efforts, such 
as the taxes which are cumulative between the direct and reverse flows. The presence 
of representatives of the Public Ministry in the workshop was strategic for bringing 
confidence and pointing solutions to these issues. 

The choice of the types of activities proposed for the workshops is central. The 
clear definition of the workshop objective drives this choice, but we recommend risk 
analysis as a way of speaking about concern situations and building trust. Finally, 
the workshop was the starting point for preparing the players for the pilot circular 
system governance meetings. 

2.7 Final Considerations 

Despite the waste management approach being considered a less relevant element 
of the circularization effort by defenders of the circular economy theory, this project 
has brought some important lessons to this research group. The five-step method 
presented in this chapter is a consequence of the urgency in making the transition 
from linear to circular systems and was proposed to fulfill the ever-increasing demand 
of companies in Brazil. The EPS/XPS waste valorization is one of the cases imple-
mented by the Helice-Trashin partnership. In the perception of the teams, this kind of 
circular inter-organizational project opens the doors for further collaborations among 
the players of the systems. It seems easier for managers to share information on data 
concerning residues and post-consumption materials than sharing information on 
innovation initiatives. We hypothesize that the operation of end-of-pipe projects with
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different players and partners will pave the way for developing trust and collaboration 
to innovative endeavors. 

The partnership between the Helice and Trashin teams has proved to bring mutual 
benefits. People from Helice do not have the vocation to prospect projects in the 
market. Their objective is to test industrial engineering and research methods to 
design efficient circular processes. In the meanwhile, they understand the idiosyn-
crasies of players in each circular system, test hypotheses, and advance the circular 
economy knowledge area. Trashin people, in its turn, advance the implementation, 
operation, management, and improvement of circular systems as a consultancy. In 
the words of Trashin’s manager “[…] Helice gives solidity to the work that Trashin 
does. The entire theoretical consulting, analytical, and research framework that 
Helice develops is extremely complementary to everything Trashin does. So when we 
work together we can build trustable solutions. […] Research provides the founda-
tion we need, especially in an environment that is still very uncertain (innovative). 
These reverse logistics studies, these circular economy studies are still very recent 
in Brazil. We do this on a slightly larger scale. So Helice comes in doing all this 
analysis, doing all this research so that the final result is better. All the projects on 
which we worked together had superior results, not comparing to what Trashin is 
already doing, but to what the market in Brazil is doing”. 

Considering the client’s perspective, iFood had access to quality research followed 
by implementation and cycles of improvement of the system. In the short term, 
Helice-Trashin proposed the implementation of the pilot circular system for EPS/ 
XPS. In the long term, they recommended analyzing the substitution of plastic with 
organic alternatives and the reduction of packaging from delivery to attend to circular 
economy principles. Moreover, Helice-Trashin identified a business opportunity. The 
pilot circular project started operations in April 2022. In the middle term, iFood as the 
main funder could operate as an incubator and accelerator of the Waste and Sorting 
companies in other regions of the country, as a strategy for scaling up the EPS/ 
XPS recycling capacity in Brazil and increasing revenues. Future studies include the 
analysis of financial viability and the analysis of KPIs as references for improvements 
of the systems’ performance. 
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Chapter 3 
Valorization of Municipal Solid Wastes 
in Circular Economy 

Kaustubh Chandrakant Khaire, Sanjeet Mehariya, and Bikash Kumar 

3.1 Introduction 

Anything worthless can be called as waste. Each year, 2 billion tons of municipal solid 
waste (MSW) are produced from all over the world (Thakur et al., 2020). Food waste 
classified as post-consumer and pre-consumer waste presents the highest portion 
of MSW (Pfaltzgraff et al., 2013). Proper management of these wastes is a major 
concern in the contemporary world, as the open landfills and improper dumping are 
causing an adverse effect on the environment and health (Pfaltzgraff et al., 2013). 

The solid wastes can be classified into different types like industrial wastes 
(Chandra & Chowdhary, 2015), agricultural wastes (Saini et al., 2015), commer-
cial wastes (Andritsos et al., 2016), and municipal wastes on the basis of their source 
(Aslani & Taghipour, 2018) and based on physical, chemical, and biological as 
hazardous waste (Manahan, 2017), non-biodegradable waste (Nielfa et al., 2015), 
and biodegradable waste (Saveyn et al., 2014) (Fig. 3.1).
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Fig. 3.1 Source and classification of waste 

Currently, about 2 billion tons (Bt) of MSW are produced worldwide and it is 
predicted to enhance up to 9.5 Bt by 2050 (Campuzano & González-Martinez, 2016; 
Matsakas et al., 2017). The MSW produced in developing countries has a higher 
plastic content compared to other types of wastes (Solis, 2018). In these countries, 
the majority of it is openly dumped, while the majority of it is incinerated or landfilled 
in the developed world. However, that too is having its implications, both on the envi-
ronment and the human health (Christy et al., 2014; Tyagi et al., 2018) (Fig. 3.2a, b). 
Region-wise waste generation potential around the globe and percentage contribution 
by different countries based on their income are summarized in Fig. 3.2.

Therefore, the discovery of new ideas for the proper disposal, processing, and 
management of MSW becomes imperative to avoid the adverse effects on human 
health and nature. Among those discoveries, the concept of biorefineries, closely 
resembling the petroleum-based refinery, that incorporates a transformation process 
and equipments to change over the natural organic wastes into fuels, energy/power, 
and economically important chemicals (Cherubini, 2010) is a viable answer to the 
problem. The ongoing financial model, likewise referred to as the linear economy, 
is based on the taking, consuming, producing, and discarding. The formation of 
MSW-based biorefineries is a significant part to start a circular economy, as they are 
a conceivable answer to the problem and the conservation of value-added products 
(Malinauskaite et al., 2017). The extensive way of thinking is to utilize the MSW 
waste as a raw feedstock for making fuels or other value-added products.
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Fig. 3.2 a Waste generation potential by region b percentage contribution to waste generation by 
nations based on their income

3.2 Composition of MSWs 

MSWs are a heterogeneous mixture of materials like paper, yard decorations, wood, 
food waste, newspaper, packing material, etc. (Edjabou et al., 2015). The overall 
constituents and consumption of MSW vary from one country to other (Abu-
Qudais & Abu-Qdais, 2000). However, in most of the countries, the main component 
of MSW is food waste (Fig. 3.3a), e.g., China—57%, Denmark—46%, Jordan— 
63%, and Malaysia 36–60% (Noor et al., 2013; Chen et al., 2010, 2012; Sahimaa et al., 
2015). Other types of wastes present in the MSW include the plastic objects, paper 
wastes, cardboard, textile wastes, woody wastes, glass, metals containing organic 
fractions and others (Abdel-Shafy and Mansour, 2018).

Food wastes, wood chips, paper sheets, and paper waste found in MSW are most 
frequently known as the Organic Fraction. Looking toward the MSWs from the lens 
of circular economy, the plastics contribute the greater part of the calorific worth of 
MSWs with polystyrene, polypropylene, and polyethylene having a calorific values of 
41.4 MJ/kg, 46.4 MJ/kg, and 46.3 MJ/kg, respectively (Gao, 2010). However, because 
of a greater moisture content, the highest calorific value of MSW is ordinarily some-
where in the range of 5 and 20 MJ/kg (Abu-Qudais & Abu-Qdais, 2000; Tozlu et al.,
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Fig. 3.3 Percentage classification of different available wastes and different strategies to waste 
management a pie chart showing percentage of different waste biomasses available, b pie chart 
showing the percentage of different waste biomass management strategies
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2016). The MSW contains two types of polymer groups including biopolymers and 
synthetic polymers. Carbohydrates (e.g., cellulose and hemicellulose), proteins, and 
phenolics (e.g., lignin) are the principal biopolymers found in MSW, while polyvinyl 
chloride, polyethylene, polyethylene terephthalate, polystyrene, and polypropylene 
are the principal synthetic polymers found in MSW (Al-Salem et al., 2009). 

3.3 Sustainability and Business Models 

Kofi Annan examined the scholarly impediments of outrageous ways of thinking 
concerning the monetary turn of events and the climate at the Johannesburg Summit 
(Annan, 2002). In 2015, the European Union embraced and discussed approaches 
to reuse and decrease plastic waste under the Circular bioeconomy Package. This 
plan includes improving plastic waste reuse and a plan for reusability (Solis, 2018). 
Some European nations are making new arrangements and plans to reduce or utilize 
the MSW (Solis, 2018). For instance, each maker of plastic bundling is currently 
committed to guarantee that the waste is gathered, reused, recuperated, or discarded 
in Sweden (Solis, 2018). Plastic makers are currently liable for the assortment, reuse, 
and removal of plastic MSW. Today, at least 80% of recyclable plastics are collected 
in bundles/packages and the collection charges are paid by the waste assortment 
organizations. Bundling makers have started their collection and reusing businesses, 
while others are cooperating with the waste assortment organizations (Matsakas 
et al., 2017). Costa Rica has started a public–private program known as ecolones 
(https://ecolonescr.com/) to enhance the reuse of MSW. After isolating and cleaning 
recyclable MSW such as aluminum jars, glass, plastic, tetra pack, and tune are trans-
ported to the collection center where the collector gets the “ecolones,” virtual cash 
in returns which can be traded for other products. Kenya and India have banned 
the use of plastic bags to decrease the use of hard plastic (Singh, 2022; Reuters, 
2017). Innovative ideas are additionally being executed in the value-added products 
and biodiesel industries by using organic MSW. Ideas like total oil management are 
reforming, in which the whole oil processing, ordering, storing, delivering of crisp 
cooking oil, and reusing of pre-utilized cooking oil are carried out by a similar orga-
nization. The users only have to pay the compensation charge for the utilization of 
the oil (Tsai, 2019; Mohamed, et al., 2022). The material/textile industry has likewise 
ideas in reusing the utilized garments. Second-hand shops are, obviously, the first 
choice that rings a bell. Other sagacious techniques have likewise been utilized, like 
the shipment of involved garments to unfortunate districts in Africa or South America 
or to the uneven locales of Asia where there is a requirement for modest comfortable 
warm garments. Recycling new designs in clothes is likewise turning into a famous 
trend. Much the same as some vehicle sales centers, different garment stores have 
a strategy of collecting the used garments in return for an initial investment to buy 
new ones (Aki et al., 2020; Aus et al., 2021). For instance, H&M has permitted 
the customers to give packs of dresses in return for a 15% rebate on any item they 
like (Stål and Jansson, 2017). The development of many circular and non-centralized

https://ecolonescr.com/
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business ideas where the maker is likewise answerable for the recycling of the item is 
a logical way to fabricate a worldwide circular economy step by step. These business 
plans, along with the development of incorporated reusing and recycling, and the 
making of unified biorefineries, are significantly expected to close the loop in the 
circular economy. 

3.4 Well-Known Innovations Utilized for MSW 
Management 

This part is an examination of the most widely recognized and advanced technologies 
for overseeing the MSW via burning, landfilling, composting, anaerobic assimilation, 
and open dumps. The fundamental measures used to choose a given technique for the 
MSW management are the land region accessibility, properties of the waste, capital 
expense, designated items, and energy demands. Municipal solid waste management 
can be achieved by several conventional (Chen et al., 2010) and advanced methods 
discussed below. The schematics of the same have been summarized in Fig. 3.4. 

3.4.1 Plastic Reuse and Removal 

For non-damaged and reusable wastes, an essential reusing process is used. Mechan-
ical processing (optional reusing) is restricted to single, clean, undamaged plastic, 
bringing about an item of identical quality. Tertiary reusing depends on the degrada-
tion of waste plastics with the help of thermal agents and chemicals. Polyethylene 
terephthalate is exclusively incorporated with the new polymers with comparable 
properties to make use of unutilized plastics with the help of Chemolysis methods,

Fig. 3.4 Schematic representation of strategies for the municipal solid waste management 
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for example, alcoholysis, methanolysis, hydrolysis, and glycolysis. The crema-
tion or incineration of blended waste streams for energy comes under quaternary 
methodology (Li et al., 2022; Praveenkumar et al., 2024). 

3.4.2 Incineration 

Incineration, a strategy used for MSW management, is characterized as an obliter-
ation of waste within the sight of oxygen at higher temperatures ranging from 850 
to 1200 °C in a muffle furnace. The fundamental objective of this technique is to 
diminish the mass and volume of the MSW generated (Campuzano & González-
Martinez, 2016; Ayiania et al., 2019). Countries with space limitations like China, 
Japan, and Europe regularly use this technique for the disposal of MSWs since 
it requires less space. However, the requirement of high working and economic 
expenses is one of its main disadvantages (Annan, 2002; Matsakas et al., 2017). 
Though this technique conveys about 90% of the absolute mass reduction (Cheng & 
Hu, 2010; Tozlu et al., 2016; Wilson et al., 2015), but it is responsible for the release 
of pollutants like COx, SOx, NOx, dioxins, and furans into the air (McKay, 2002). 
Gypsum (from cleaning the smoke), slags (the uncombusted carbon), and fly ashes 
are the three primary wastes produced from the incineration of MSW (Li et al., 2012). 
The Fly ashes contain glass, metals, minerals, unburned organic matter, and param-
agnetic metals (Chimenos et al., 1999). The fundamental benefits of incineration of 
MSW are the production of energy by reducing the mass and volume of the waste 
(Tozlu et al., 2016). It cannot be utilized for high moisture-containing waste streams 
with low calorific worth and chlorinated MSW. 

3.4.3 Landfilling 

Landfilling is the most used method for MSW management in underdeveloped coun-
tries and requires huge space outside the city limits. The use of organic MSW for 
landfilling is not recommended due to its anaerobic digestion which results in the 
emission of methane into the environment (Hettiaratchi et al., 2015; Hoornweg & 
Bhada-Tata, 2012) which has a 20–23 times higher greenhouse potential compared 
to carbon dioxide (Matsakas et al., 2017). Moreover, unsavory/unpleasant smells 
are produced (sulfur organic mixtures) from the landfills (Hoornweg & Bhada-Tata, 
2012). However, in modern landfills, the biogas can be collected by using wells 
and lines and further utilized in boilers or turbines for the generation of power or 
heat (Campuzano & González-Martinez, 2016). Only 30–40% of the complete gas 
produced in landfills can be collected by this method which is riskier due to the 
highly flammable nature of methane. The presence of xenobiotics and heavy metals 
in landfills’ leachate additionally becomes the reason for soil and water pollution 
(Tyagi et al., 2018). From a financial point of view, landfills could have an advantage
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over other methods due to the use of available cheap feedstock. The development of 
the circular economy is essential for the reduction of organic waste use in landfills. 

3.4.4 Composting 

The aerobic digestion of organic waste, known as composting, is used to oxidize 
the organic wastes using aerobic microbes. Regularly used composting feedstocks 
in MSW include agricultural wastes, food wastes, gardening, and agro-industrial 
wastes. The utilization of MSW for composting has three primary motives. 

(i) Production of stable manure products. 
(ii) Reduction of methane. 
(iii) Reduction of the waste volume. 

The final product of the composting process also has a commercial value due to 
its soil fertility enhancement properties (Tyagi et al., 2018). 

3.5 Overview of Recent/Most Promising MSW 
Management Technologies 

The most emerging techniques used for MSW management include the following 
biochemical and thermochemical processes (Table 3.1). 

3.5.1 Pyrolysis 

Pyrolysis is an anaerobic process used to depolymerize the MSW to produce a solid 
or liquid byproduct at temperatures ranging from 350 to 600 °C to reduce the waste 
by 50–90% by volume (Beyene et al., 2018). Pyrolysis of lignocellulosic material 
produces bio-oil and biochar as a final product (Khuenkaeo & Tippayawong, 2020; 
Tozlu et al., 2016). This process is more suitable for C, O, and H-containing poly-
mers, but the presence of other inorganic molecules such as Cl, N, and S causes the 
emission of pollutants (Gao, 2010). New technologies are necessary for the reduction 
of harmful emissions during feedstock pyrolysis (He et al., 2010). It is an exception-
ally encouraging technology for the handling of lignocellulosic wastes and plastics, 
but there are very few refineries that are willing to use the biorefinery byproducts 
(Al-Salem et al., 2009). 

Hydrocracking, catalytic cracking, and plasma pyrolysis are evolved from the 
conventionally used pyrolysis methods (Huang & Tang, 2007). Hydrocracking is 
carried out in presence of a catalyst and conducted in a hydrogen environment to 
produce a higher quality product but is an expensive process. Catalytic cracking is
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like hydrocracking and is carried out in presence of a catalyst for higher bio-oil yield 
at a lower temperature (Table 3.1).

Catalyst deactivation and MSW contaminations are very sensitive factors for 
catalytic cracking. Solid acids such as MCM-4, HY, HZSM-5, and AlCl3 are the 
main catalysts used in the catalytic cracking method (Miandad et al., 2016). The 
decomposition of toxic compounds present in the gas products was carried out using 
plasma technologies. For the production of syngas with high heating value and low 
char content from plastics, this technology is recommended. It is a very expensive 
and highly electricity-consuming process. 

3.5.2 Gasification 

It is also a type of thermochemical conversion technology similar to pyrolysis, which 
is carried out in presence of oxygen and a temperature range of 600–1400 °C (Arena, 
2012). Steam, CO2, and O2 are the main oxidants used for MSW gasification which 
are also responsible for the caloric value of resulting syngas (Arena, 2012). Syngas 
produced via gasification in presence of oxygen has higher caloric value as compared 
to syngas produced in a nitrogen environment. Hydrogen-enriched syngas can be 
produced in steam gasification via an endothermic process (Arena, 2012). The gasi-
fication of MSW produces syngas containing a mixture of H2, CO2, and CO which are 
further used for chemical synthesis of other fuels and value-added chemicals such 
as acetic acid, formaldehyde, methanol, ethanol, gasoline, olefins, diesel, waxes, 
ammonia, and other alcohols (Molino et al., 2018; Sikarwar et al., 2017). With a 
good MSW volume reduction, it also meets the existing GHG emission guidelines 
(Arena, 2012). The performance of a gasifier is based on the physical property of the 
waste, waste composition, waste residence time, reaction temperature, and air-to-
fuel ratio (Arena, 2012). It can digest the complex MSW mixture containing wood, 
plastic, and garden waste into valuable products (Arena, 2012). 

Migliaccio et al. (2021) demonstrated fluidized bed gasification of sewage sludge 
at 850 °C in presence of nitrogen/air mixture as a gasification agent maintained 
at different oxygen/fuel equivalence ratios (ER) ranging from 0.1 to 0.2. Further, 
computer-aided simulations were performed for devising a better syngas manage-
ment strategy (Fig. 3.5). However, gasification is a sensitive and expensive process 
that cannot be justified for the small-scale process.

3.5.3 Hydrocracking 

This process is carried out in the presence of a catalyst under a pressurized H2 atmo-
sphere at a temperature of 375–500 °C with a solubilized liquid as a final product
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Table 3.1 Recent promising MSW management technologies 

Technologies Waste biomass Key features References 

Pyrolysis Mulch film 
consisting of 
polylactic acid 
(PLA) and 
polybutylene 
adipate 
terephthalate 
(PBAT) 

• Efficient disposal of mulch film via 
CO2-mediated pyrolysis 

• The presence of CO2 resulted in 
enhanced production of combustible 
gas and suppressed generation of 
phenolic and polycyclic compounds 
during pyrolysis 

Kim et al. 
(2022) 

Sewage sludge • Pyrolysis conducted at 430 °C 
pyrolysis reactor 

• Conversion of sewage sludge 
conversion into value-added products 
with 2–threefold higher phosphorus 
content 

• Pyrolysis resulted in the removal of 
toxic components of Sewage sludge 

Frišták et al. 
(2018) 

COVID-19 
medical wastes 

• The COVID-19 pandemic resulted in 
huge hospital solid wastes rich in 
polymers such as nylon, 
terephthalate, polystyrene, 
polyethylene, and polypropylene 

• Pyrolysis can result in the generation 
of value-added products such as oil, 
gas, and char 

Dharmaraj et al. 
(2021) 

Fluidized bed 
gasification 

Sewage sludge • Gasification at 850 °C in presence of 
nitrogen/air mixture as a gasification 
agent 

• Different oxygen/fuel equivalence 
ratio (ER) raging form 0.1 to 0.2 

• Characterization of the starting and 
output products, i.e., solid residues, 
tar, and syngas 

• Computer-aided simulations for 
devising the better syngas 
management strategy 

Migliaccio et al. 
(2021) 

Hydrocracking Plastic waste • Catalytic hydrocracking in hydrogen 
at 225 °C via initial activation over Pt 
catalyst, followed by sequential 
cracking and isomerization over 
WO3/ZrO2/HY Zeolite and 
hydrogenation of intermediates 
(olefin) over Pt 

• Efficient yield (85%) of liquid fuels 
(diesel, jet) and gasoline range from 
polyolefins 

• These processes can be tuned to the 
conversion of common plastic waste 
to fuels and lubricants 

Liu et al. (2021)

(continued)



3 Valorization of Municipal Solid Wastes in Circular Economy 45

Table 3.1 (continued)

Technologies Waste biomass Key features References

Fresh and waste 
frying oil 

• Ni- and Mo-based catalyst supported 
on sulfated silica (Ni-SS2, 
NI-M0-SS3)-mediated hydrocracking 
of fresh and waste frying oil 

• Ni-SS2 resulted in 71.47% 
conversion of the liquid product with 
gasoline fraction (C5-C12) selectivity 
of 58.73% 

• Highest activity (51.50 wt%) and 
gasoline fraction selectivity (43.22 
wt%) were demonstrated by 
NiMo-SS3-mediated hydrocracking 

Wijaya et al. 
(2021) 

Hydrothermal 
liquefaction 
(HTL) 

Simulated food 
waste (SFW) 

• HTL of SFW at different process 
parameters, i.e., temperatures, 
pressure, biomass loading, and time 
of 200–600 °C, 10.2–35.7 MPa, 2–20 
wt %, and 1–33 min, respectively 

• Reaction conditions, i.e., 600 °C, 
35.3 MPa, for 30 min resulted in the 
production of bio-crude with the 
largest heating value (36.5 MJ/kg) 

• Bio-crude production was 
accompanied by 50% and 68% 
transfer of nitrogen and phosphorus, 
respectively, into the aqueous phase 

• Under all reaction conditions, 
bio-crude consists mainly of 
saturated fatty acids 

• Isothermal HTL is better for the 
generation of heavy compounds as 
compared to fast HTL 

Motavaf and 
Savage (2021) 

Wet oxidation Sludges from 
PAKMAYA 
yeast factory 

• Raw activated and digested sludges 
were subjected to wet oxidation with 
Cu and Mn group as a catalyst and 
H2O2 as oxidants 

• Cu-H2O2-mediated wet oxidation for 
10 min resulted in a 16.5% increment 
in total organic carbon 

• Wet oxidation resulted in enhanced 
settling of sludge solids up to 80% 
and high treatment efficiency 

• Ammonia, nitrate, and nitrite 
concentrations decreased in the 
supernatant accompanied by an 
increase in pH from 6.6 to 7.8–8.0 of 
the sludge 

Genç et al. 
(2002)

(continued)
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Table 3.1 (continued)

Technologies Waste biomass Key features References

Sewage sludge • Integration of wet oxidation 
struvite-precipitation for enhanced 
sewage sludge treatment and 
phosphorus recovery 

• Overall yields are affected more by 
wet oxidation compared to struvite 
precipitation 

Munir et al. 
(2019) 

Anaerobic 
digestion 

Solid food waste 
biomass 

• Solid food waste biomass such as 
residual meat, noodles, rice, and 
veggies was subjected to anaerobic 
digestion using inoculum of animal 
intestinal waste (ANW) and cattle 
manure (CM) 

• Food waste inoculation up to 30% 
inoculation and mesophilic 
temperature is the optimum condition 
for anaerobic digestion 

• The biogas yield was higher and at a 
faster rate with ANW as compared to 
CM in all digester materials 

Abbas et al. 
(2020)

Fig. 3.5 Schematic representation of fluidized bed gasification of sewage sludge (Migliaccio et al., 
2021) @ Creative common License

of this process (Solis, 2018). Hydrocracking is mainly used to utilize molten plas-
tics except PVC and process temperature can be reduced with the use of a cata-
lyst. The main hurdle of hydrocracking process deployment is the higher hydrogen 
cost. Companies like ITC, Bohlen, Freiberg, and Hiedrierwerke are working on the 
development of the hydrocracking process (Solis, 2018).
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3.5.4 Hydrothermal Liquefaction 

The hydrothermal digestion of food wastes, algae, and sludge is carried out at 300– 
450 °C temperature in the liquid phase. Similar to the pyrolysis, hydrothermal lique-
faction also produces crude solids, gas, bio-oil, and char (Elliott et al., 2015). Unlike 
pyrolysis, the removal of thermochemical degradation products is carried out by solu-
bilizing in water. Products produced from hydrothermal liquefaction of cellulose and 
hemicellulose in presence of oxygen are solubilized in the liquid phase (Elliott et al., 
2015). 

3.5.5 Wet Oxidation 

Catalytic wet oxidation and wet oxidation are processes carried out in the reactors 
at a temperature of 130–374 °C in presence of an oxidizing agents like hydrogen 
peroxide or ozone. Wet oxidation plans to eliminate natural contaminations from fluid 
effluents with the arrangement of CO2. More than half a century ago, this innovation 
was patented by Zimmerman. On an industrial scale wet oxidation of organic MSW, 
bubbling column reactor is commonly used. The oxidizing agent in the gas-to-liquid 
form is an essential parameter for the catalytic wet oxidation reaction. Wet oxidation 
can also be used for the pretreatment of lignocellulosic biomass wastes in presence 
of oxygen at moderate temperature (Ahring et al., 2015). This can further be utilized 
for the bioconversion of bioethanol after enzymatic digestion or methane through an 
anaerobic process. 

3.5.6 Anaerobic Digestion 

The microbial digestion of organic wastes in absence of oxygen is called the anaer-
obic process. Here, the composition and quality of output biogas depend on the 
composition of organic wastes and operating conditions (Campuzano & González-
Martiinez, 2016). The digested organic waste by this process can be used as a biofer-
tilizer (Chen et al., 2012; Pivato et al., 2016). Anaerobic digestion involves four 
stages (Mata-Alvarez et al., 2000). 

I. Conversion of organic polymers (carbohydrates, proteins) into their monomers. 
II. Conversion of monomers into volatile fatty acids through acidogenesis. 
III. Conversion of volatile fatty acids into acetate, carbon dioxide, and hydrogen 

through acetogenesis. 
IV. Conversion of acetate, carbon dioxide, and hydrogen to methane through 

methanogenesis. 

Compared to other thermochemical hydrolysis processes, the anaerobic digestion 
of MSW is a cost-effective and environmentally friendly process that helps in the
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management of MSW and production of green energy (Hartmann & Ahring, 2006; 
Mata-Alvarez, 2002). Organic wastes such as lignocellulosic material, food waste, 
wastewater, sewage sludge and manure can be used as a feedstock for this process 
(Campuzano & González-Martinez, 2016). 

3.6 Motivations and Challenges for the Valorization 
of Municipal Wastes in a Circular Economy 

There are several motivations behind the valorization of municipal waste in turning 
the dream of a circular economy into reality, but it is also plagued with several 
challenges which act as inhibitors in the progress of this approach (Björklund & 
Öhman, 2017; Ceccon & da Silva, 2011; Kalmykova et al., 2018; Khatiwada et al., 
2021; Remy,  2018; Rodić & Wilson, 2017). 

The motivation behind the valorization of municipal wastes toward a circular 
economy is as follows:

. Global commitments and memorandums to commit toward limiting the generation 
of waste.

. Industrial and government are becoming more aware of sustainable methods for 
industrial developments.

. The negative impact of landfills and incineration plants led to their ban on a huge 
scale. So, alternative greener and sustainable methods are required.

. Development of institutional arrangement and collaboration of industry, 
academia, and research is giving a better understanding of opportunities of waste 
management for the generation of high-value compounds from solid waste.

. Opening of waste management plants for urban waste management and employ-
ment opportunities.

. Reduction in waste disposal cost, energy generation, and conservation in newly 
devised methods. 

Major challenges in achieving the objective of valorization of municipal wastes 
toward a circular economy are as follows:

. Lack of understanding, and budget for initiation of the projects.

. Negligence from government authorities and lack of commitment from political 
leadership in promoting the waste valorization strategies at the ground level.

. Searching for an appropriate market for the products generated via these 
approaches.

. The overall cost of the developed process.

. Federal rules and regulations sometimes act as limiting factors in promoting such 
initiatives, as these approvals and permission lead to unnecessary trouble and cost 
inflation.

. Public perception and organizational culture also act as a limiting factor in the 
acceptance of such approaches at grassroots levels.
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. Energy intensive nature of existing physical and thermochemical technologies 
for waste conversion to value-added compounds limits their application at large 
scale.

. Economic viability and unplanned implementation of the developed processes 
at the initial stages have resulted in failure of the upscaling and further 
popularization. 

3.7 Conclusions 

Based on the above discussion, it is very clear that huge amounts of solid waste are 
generated around the globe. The availability and waste generation potential of devel-
oping and developed countries have been discussed and it clearly showed that devel-
oped countries contribute a greater percentage of waste. Municipal waste, textiles, 
chemicals, electronic, medical waste, and sewage sludge contribute to available waste 
which was earlier subjected to incineration and dumping to landfills generating huge 
piles of waste around the globe. Recent studies suggest that MSW can be sustainably 
converted into value-added compounds and energy. The valorization of MSW can 
be supported via different advanced technologies such as pyrolysis, hydrocracking, 
hydrothermal liquefaction, gasification, and anaerobic digestion. These methods are 
being implemented at a large scale for the generation of energy, but several other 
limitations limit its fast propagation at the global level. Nevertheless, mankind has 
realized that waste management is not just the responsibility for a better sustain-
able future but an opportunity to generate high-value products that can enter the 
market and generate revenues, thus providing the waste a second opportunity “Waste 
2.0” which in turn promises to provide high-value products and a cleaner–greener 
environment. 
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Chapter 4 
Biodegradable Wastes in Bioeconomy 

Dolores Hidalgo, Jesús M. Martín-Marroquín, and Francisco Corona 

4.1 Introduction 

Human activity has been deteriorating environmental conditions and causing negative 
effects in various areas: the environment, biodiversity, and water and soil resources. 
For this reason, the search for alternatives to face this situation constitutes an ethical 
and social responsibility. To meet the objectives of sustainable development and 
contribute to the improvement of the planet, it is necessary to promote a transition 
towards a more sustainable economy, for which innovative developments are required 
in the primary sectors that generate more technologies and efficient methods to 
increase the agricultural, forestry, and aquaculture productivity without threatening 
the carrying capacity of the planet or its biodiversity (Lewandowski, 2018). The nine 
billion inhabitants that are estimated to live on the planet in 2050 will require food, 
clean water, and renewable energy, even though the area of fertile land for agriculture 
decreases progressively due to intensive grazing, salinization, desertification, and 
urban growth, among other factors, and the limitations that climate change has already 
imposed on some regions must be addressed (Jiménez-Sánchez & Philp, 2015). 
All these represent great interconnected challenges in a complex way and require 
new approaches and social, economic, and environmental paradigms (Aguilar et al., 
2018). 

To achieve maximum benefit, all sectors of the bioeconomy must be coordinated, 
since they are all interdependent, in order to achieve food security, better nutrition 
and public health, and cleaner and more efficient industrial processes that contribute 
significantly to climate change mitigation (Lokko, et al., 2018). Potential benefits of 
transitioning to a bioeconomy include reduced greenhouse gas emissions, reduced 
dependence on fossil fuels, wiser resource management, and improved food secu-
rity. Another positive effect would be the generation of employment opportunities
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in rural and urban areas, and the creation of agricultural markets other than those 
for food and based on bioenergy and the recovery of agricultural and agro-industrial 
products, by-products and residues, which would represent a source of activities and 
alternative income suitable for rural areas. The challenge is to increase the scale of 
activities and, in parallel, respond to the sustainable development goals by intro-
ducing radical changes to face social challenges such as climate change, the scarcity 
of natural resources, and environmental pollution (McCormick & Kautto, 2013). 
Simultaneously with the changing situation of oil in the world market, the slowdown 
in agricultural yields, and the effects of climate change, living standards must be 
improved in various parts of the world, mainly in Asia, South America, and Africa, 
without necessarily being linked to an increase of meat consumption, especially, since 
this implies a greater requirement of feed, forage, and water and contributes to defor-
estation and the emission of greenhouse gases (Jiménez-Sánchez & Philp, 2015). As 
an example of the variable situation in some consumption patterns, an increase in 
the demand for animal protein is presented in several countries that have increased 
their purchasing power and doubled their wealth, in which it is found that gas emis-
sions have increased up to by 80% (Aguilar et al., 2018). These situations have 
increased awareness of the biosphere’s fragility and the urgent need to adopt sustain-
able consumption and production models based on a cascade, or circular, model of 
the bioeconomy. It is an economy that uses biomass instead of fossil resources to 
produce food and other non-food goods, bioproducts for industrial use, pharmaceu-
ticals, and agriculture, among others. The bioeconomy approach aspires to copy the 
fundamentals of biological intelligence, where a living being constitutes a piece of 
machinery capable of processing a series of compounds (mainly of organic origin) 
to transform them into energy, biomass, and other by-products (de Jaramillo, 2018). 

Situations such as the variability of the price of oil and gas in the world market 
(Wang et al., 2022), the slowdown in agricultural yields (Sibani et al., 2022), and the 
effects of climate change (Albert et al., 2021) have led to an increase in awareness 
of the fragility of the biosphere and the urgent need to adopt models of sustain-
able consumption and production, based on a cascade, or circular, model of the 
bioeconomy. 

The sustainable use of renewable biological resources focuses on the three pillars 
of the bioeconomy: the production of food and feed, the production of bioprod-
ucts (preferably with added value), and the production of bioenergy and includes 
several industries and sectors: agriculture, forestry, fishing, human and animal food, 
pulp and paper production, as well as part of the chemical, biotechnological, and 
energy industries. Its strategy highlights the opportunity to achieve economic growth 
while ensuring the security of biological resources and their efficient and sustain-
able use (Cristóbal et al., 2016). Using renewable resources, some of the challenges 
of sustainability including water and soil management, the efficient use of nutrients, 
and socioeconomic development can be met. This refers to food and nutritional secu-
rity through sustainable food production, the reduction of waste production through 
proper use of products and processes, considering the reduction, reuse, and recycling 
of components of food value chains, as well as the promotion of the efficiency of 
the use of resources in the production of biomass, and the use by society of all the
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components of these value chains or networks. This sustainability must be main-
tained throughout the supply chain to offer food security, a sufficient supply of raw 
materials and energy, the reduction of the environmental footprint, and the promotion 
of a healthy and viable rural economy. It is essential to reduce waste generation and 
promote the efficient recycling of what is generated, with closed cycles of production 
and reuse of by-products (Lokko et al., 2018). 

In this scenario, this chapter provides an overview of current opportunities for 
biodegradable wastes in the bioeconomy, proposing an integrated bioeconomy model 
as a way for sustainable development from an environmental, social, and economic 
point of view. 

4.2 Fundamentals of the Bioeconomy 

The bioeconomy is based on the transition from dependence on fossil fuels to a situ-
ation where agriculture contributes to food security and the production of biomass 
as a renewable raw material for industry, power generation, and other uses. There is 
not a single form of bioeconomy but many that adjust to the conditions and possibil-
ities of each situation, as shown in Fig. 4.1. The bioeconomy is defined in different 
ways worldwide, and the terminology used also differs. Still, bioeconomy policies 
encompass innovation, sustainability, economic growth, and employment. A shared 
concept at a global level is that of “the application of research, development and tech-
nological innovation for the production and use of resources and innovative biolog-
ical processes and principles, to supply goods and services in a sustainable way to 
all sectors of society, commerce and industry” (Barañano et al., 2021). The central 
elements of the bioeconomy are the biological resources, processes and principles, as 
well as all the technologies (conventional and modern) associated with their knowl-
edge, development, transformation, or regeneration (Ramcilovic-Suominen, 2022). 
The aspects common to the different definitions of bioeconomy are its relationship 
with knowledge and science, technology and innovation, the application of biotech-
nologies, and the reduction of dependence on fossil fuels, as well as the added value 
of products, and the concepts of sustainability and eco-efficiency.

The bioeconomy and the circular economy converge in their objectives and must 
strengthen their complementarities and synergies to be integrated into the sustainable 
development agendas and to face climate change (Aguilar et al., 2018). The search 
for a comprehensive global vision on the use of biological resources necessarily 
leads to greater inclusion of economic aspects in the circular economy and greater 
visibility of sustainability in the bioeconomy. Just as the circular aspect is inherent 
in biology, the circular bioeconomy is an integral part of the circular economy and 
the bioeconomy. 

One of the main approaches to the bioeconomy is biorefineries to obtain bioen-
ergy that allows the gradual replacement of fossil fuels by renewable bioproducts 
or the production of bioproducts. Biotechnological products and processes are, in 
principle and by definition, cleaner than petrochemical or thermochemical processes.
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Fig. 4.1 Bioeconomy strategy. Source EU (2015)

In this field, there have been several advances in biomass transformation systems. 
The initial biofuels, called the first-generation biofuels, were obtained from food 
crops such as wheat, sugar beet, and oilseed plants; the so-called second gener-
ation is based on the use of non-food biomass, such as lignocellulosic material, 
including residues from cereal crops and other crops, and the third generation is 
derived from algal crops (Shahid et al., 2021). The greatest pressure for the substi-
tution of petroleum products does not stem from scarcity because there is currently 
no shortage but from political and social pressures related to sustainability, climate 
change, and energy security. Genomics and synthetic biology have made important 
advances in generating “microbial factories” that produce various compounds and 
bioproducts, including plastic monomers, biofuels, and precursors of compounds of 
industrial importance (Kee et al., 2021). As for synthetic biology, work has intensi-
fied to obtain fuels and other aromatic-type compounds from lignocellulose, mainly 
from non-food crops and agricultural and forestry residues. From biomass and using
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biotechnological advances, basic compounds are being produced, such as acrylic or 
succinic acid, or innovative materials, such as biopolymers or ecologically friendly 
fibres, which allow to respond to the growing social demand for natural products, 
healthy, and sustainable. This represents a great opportunity for developing coun-
tries to process and value their great wealth and abundance of biomass and transform 
themselves from suppliers of raw materials to suppliers of processed products (Mak 
et al., 2020). 

Marine resources, the so-called blue bioeconomy, are an important source of 
biomass resources for the food and energy industries. With a wide range of value 
chains, they are also a source of employment and industrial development oppor-
tunities. They also contribute to the population’s welfare in the form of fisheries, 
aquaculture, and food for nutritional security. The contribution of blue bioeconomy 
with biotechnological products, such as enzymes, biopharmaceuticals, cosmetics, 
and even bioenergy from marine waste or algae, will be greater as the technolo-
gies currently under study advance (Bell et al., 2018). One of the serious crises 
that threatens the life and health of the oceans is pollution with plastics and waste 
from non-degradable containers and packaging. Technological developments have 
allowed the possibility of using biodegradable bioplastics in most industries that use 
conventional plastic material. These bioplastics have properties similar to conven-
tional ones and reduce dependence on fossil fuels and the carbon footprint (Van 
Roijen & Miller, 2022). 

The idea of the bioeconomy believes in no waste, and in this sense, the possi-
bility of closing cycles through the productive use of waste biomass derived from 
production and consumption processes should also be mentioned (Scott, 2019). In 
the contemporary world, there are numerous research groups that explore the poten-
tial of this biomass to transform it not only into bioenergy and composting but also 
into high-value-added products such as polyhydroxyalkanoates (PHAs), biodegrad-
able polymers with various uses, such as bioplastics. The development of new and 
advanced technologies for processing waste biomass, at some point, allows this mate-
rial not to be sent to landfills but used for circular processes to produce valuable and 
innovative products (Bell et al., 2018). Various processing and recovery systems are 
used for agro-industrial waste that allows the recovery of bioactive compounds and 
food components (dietary fibres, oligosaccharide pigments, flavonoids, carotenoids, 
pectins), as well as the obtaining of enzymes, antibiotics, edible fungi, organic acids, 
and biofuels, and the use of composting as fertilizer and for soil recovery. 

4.3 Bioeconomy of Biofuels 

The evolution towards greater use of renewable resources has one of its greatest 
potentials in the energy field. In the energy context, the bioeconomy is presented as 
a response to the current social and environmental crises derived from the current 
energy model, to replace fossil fuels with renewable biofuels derived from biomass 
and biowastes. Bioenergy is called to satisfy an increasing proportion of energy needs,
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both in the automotive industry and in thermal and electrical demand (Koytsoumpa 
et al., 2021). 

Bioenergy makes a valuable contribution to society in various fields beyond its 
genuine energy contribution. On the one hand, it plays an important role in preserving 
the environment, both for its contribution to reducing CO2 emissions and for its 
positive impact on ecosystem management, linked, for example, to the reduction of 
forest fires. On the other hand, its contribution is relevant in terms of social policy; 
it allows the development of new activity in rural areas based on a market with a 
continuous demand and without fluctuations, generating stable and well-paid jobs, 
stopping the depopulation of the rural environment, and contributing to the treat-
ment of biodegradable waste (Ahorsu et al., 2018). The increase in income from 
local industries and the fixation of the population facilitate the appearance of new 
infrastructures and services in rural areas. The appearance of a second source of 
income in the agricultural and forestry industries, through the sale of their residues 
for energy generation, balances the fluctuations in the markets of the main products of 
these industries, giving greater security for employers and employees. By stimulating 
economic investment and technological innovation, it is possible to develop a social 
and sustainable agriculture model that guarantees the quality of life of small- and 
medium-sized farmers, based on responsible production methods that promote envi-
ronmental protection and encourage the conservation of natural resources. Managing 
land in the best possible way will continue to be a vital and difficult task. Therefore, 
careful regulation of its use is necessary to ensure that biomass is grown sustainably 
and does not interfere with the productivity of food agriculture (Perdices, 2018). 

It should be clarified that “biomass” encompasses a large group of materials 
of various origins and very different characteristics. Biomass could be the waste 
from forestry and agricultural exploitation, from the agroforestry industries, waste 
of animal or human origin, and crops for energy purposes. In turn, biomass can 
be transformed into energy through a wide spectrum of thermochemical processes 
(combustion, pyrolysis, and gasification) or biochemical processes (anaerobic diges-
tion, fermentation). The observatory that monitors the situation of renewable energies 
in the European Union (Eurobserver, 2022) distinguishes four energy sources within 
biomass: solid biomass, biogas, organic fraction of solid urban waste, and liquid 
biofuels. This heterogeneity, in terms of resources and applications, is the main char-
acteristic of biomass, which makes it impossible to address its management from 
a single perspective since there are as many combinations between types of usable 
biomass and technologies for its use as energy. Types and technologies of biofuel 
production are briefly defined below. 

4.3.1 Solid Biofuels 

Solid biofuels are those fuels obtained from biomass in a solid state. They are gener-
ally lignocellulosic and are obtained by physical processes. The origin of these 
biofuels encompasses different productive sectors, from crops or forestry to waste
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produced in agri-food or forestry industries. The characteristics of solid biofuels vary 
according to their composition and moisture, and the energy they can generate per 
unit of mass or volume depends on these parameters. The best-known and oldest 
way of using solid biomass is cooking or heating food. In most of these applica-
tions, biomass is used as it is collected, without any prior preparation, which entails 
difficulty in handling and low efficiency in the transformation processes. To facil-
itate the handling, transport, and feeding of this biomass to the energy conversion 
system (boiler), it is necessary to reduce the size and shape of this waste, obtaining 
a solid biofuel suitable for automated fuel supply. These previous transformations 
can range from simple chipping to more complex processes such as densification 
(Sacramento-Rivero et al., 2022). 

Densification is a process that allows obtaining solid biofuels with higher commer-
cial quality. It consists of the physical–mechanical transformation, with or without 
additives, of lignocellulosic materials of fine granulometry and low density to obtain 
solids of regular shape and size and high density. Two types of densified products 
are distinguished: pellets, whose granule size is less than 30 mm, and briquettes, 
which are densified products whose size is greater than 30 mm. Generally, briquettes 
are used in domestic heating (French fireplaces and wood-burning stoves), while 
pellets are used not only in stoves and boilers for domestic and industrial use but 
also in the energy production sector. Currently, 46% of renewable energy in the EU 
comes from solid biomass, exclusively wood. According to the European Renewable 
Energy Observatory (Eurobserver, 2020), solid biomass consumption represented 
102.6 Mtoe in 2020 (94.5 Mtoe leaving aside the UK). Based on national estimates, 
the European Commission expects that the supply of solid biomass will continue 
to increase each year with a greater contribution from agricultural biomass (mainly 
waste and agricultural by-products). Imports from third countries will also increase, 
mainly in wood chips and pellets (Sikkema et al., 2021). 

4.3.2 Gaseous Biofuels 

Gaseous biofuels are those fuels obtained from biomass in a gaseous state under 
normal pressure and temperature conditions. They are used to produce heat and elec-
tricity or as fuel for transport. Biogas (consisting of 50–70% methane and carbon 
dioxide, together with small proportion of other gases such as hydrogen, nitrogen, 
and hydrogen sulphide) is a fuel gas that is generated by the biodegradation reac-
tions of organic matter in the absence of oxygen and through the action of specific 
microorganisms (anaerobic bacteria). This process, called anaerobic digestion or 
biomethanization, can occur in a forced manner in anaerobic digesters or naturally 
in controlled municipal solid waste (MSW) landfills. The international nomenclature 
used by Eurostat and the International Energy Agency divides biogas from anaer-
obic digestion into three subsectors, segmented by origin and waste treatment: (i) 
biogas from sewage sludge, produced by biomethanization of sewage sludge wastew-
ater treatment plants; (ii) landfill biogas, produced naturally in non-hazardous waste
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storage facilities, and (iii) other biogas, obtained by anaerobic digestion of livestock 
waste, from the food industry or by co-digestion. Biogas has a calorific value between 
3500 and 4600 kilocalories/Nm3. This biogas can be used in furnaces, stoves, dryers, 
and boilers or to produce electrical energy through turbines or gas-to-gas power plants 
(Rafiee et al., 2021). Most of the current biogas production in the European Union 
comes from anaerobic digestion (biomethanization) plants of very diverse types and 
capacities, from small plants installed on farms to large plants in food processing 
industries. The raw materials are also highly variable: livestock waste, agricultural 
waste from the agri-food industry, and domestic waste, among others. 

In some cases, these biodegradable wastes are supplemented with energy crops 
(for example, corn) called co-digestion to increase biogas production (Chodkowska-
Miszczuk et al., 2021). A recent analysis shows that the contribution of biogas as an 
energy source at the global level could increase to 95 Mtoe in 2030 and up to 150 
Mtoe by 2040 in the stated policies’ scenario. Although energy crop residues are 
included in these predictions, feedstocks grown specifically to produce biogas and 
biomethane are not included because their sustainability warrants further analysis 
(IEA, 2020). 

Another gaseous biofuel is obtained by gasifying solid biomass (wood, forest 
residues, household solid waste). The gasification is obtained by subjecting the 
biomass to very high temperatures (800–1000 °C) in the presence of limited amounts 
of oxygen. Two different products are obtained depending on whether air or pure 
oxygen is used as the gasifying agent. In the first case, lean gas (a mixture of carbon 
monoxide and nitrogen) is obtained, which can be used to obtain electricity and steam. 
In the second case, synthesis gas (carbon monoxide and hydrogen) is obtained, which 
can be used as a direct fuel, as a source of hydrogen, or as a chemical raw material to 
prepare gasoline or diesel through the Fischer–Tropsch process (Yahyazadeh et al., 
2021), with ongoing demonstration projects in Finland, Sweden, Norway, and the 
Netherlands (Dahlgren, 2022). 

4.3.3 Liquid Biofuels 

Liquid biofuels are defined as those fuels obtained from biomass that are in a liquid 
state under normal conditions of pressure and temperature. They are used in boilers 
for the production of heat and electricity or in internal combustion engines. Among 
them, biodiesel, bioethanol, and pyrolysis oils are the best known. 

The term liquid biofuel encompasses all those liquid fuels derived from biomass 
with characteristics similar to gasoline and diesel, allowing their use in engines 
without having to make significant modifications. In the initial phase of the devel-
opment of biofuels, they were classified based on their properties as biodiesel (more 
recently hydrogenated vegetable oils or HVOs) to replace diesel and bioethanol to 
replace gasoline. However, concerns arising from biofuels’ impact on food secu-
rity have led to a new classification based on generation categories, which is why 
they are classified as first-, second-, and third-generation biofuels. Generally, the
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first generation (1G) is produced from raw materials that can also be consumed as 
human food, such as sugar, starch, or vegetable oil. Since 1G biofuels are easily 
extracted using conventional technologies, they are also known as conventional 
biofuels. Second-generation biofuels (2G), also known as advanced biofuels, are 
produced from sustainable raw materials, mainly of the lignocellulosic type, which 
are not used for human consumption. As these lignocellulosic feedstocks are more 
difficult to transform into biofuels, more complicated conversion technologies are 
needed. Third generation (3G) is the last subdivision of biofuels and refers to biofuels 
obtained from algae or food biowaste. 

First-generation liquid biofuels based on food crops are produced commercially 
using mature technologies. They include ethanol from sugary or starchy raw mate-
rials and biodiesel from vegetable oils. Figure 4.2 shows the different routes for the 
production of biofuels from the different feedstocks. The most widely used biofuel 
worldwide is bioethanol, which is obtained by fermentation of sugary musts that come 
from vegetables rich in sugar, or from the hydrolysis and fermentation of starch that 
vegetables store as reserve material. Bioethanol can be used in spark-ignition engines 
(Otto engines), mixed with gasoline in percentages of 10–15% without engine modi-
fications, or in flexible fuel vehicles if used in greater proportion or as exclusive fuel. 
In other cases, ethanol can be used as its derivative, ethyl-tert-butyl-ether (ETBE), 
as an additive to gasoline to improve the octane number (Sandesh & Ujwal, 2021). 

The USA is the world’s leading bioethanol producer, and its production is linked 
to the cultivation of corn (Mignone et al., 2022). Corn kernels contain starch that,

Fig. 4.2 Main biofuel production routes 
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through hydrolysis, can be transformed into ethanol, involving yeasts. Brazil is the 
world’s second-largest ethanol producer from sugarcane (Karp et al., 2021). This 
raw material contains sucrose that yeasts can directly transform to generate ethanol. 
The raw materials currently used in biodiesel production are the oils from the oilseed 
plants such as palm, soybean, and rapeseed. Using vegetable oil as fuel in a compres-
sion ignition engine presents difficulties that derive from the physical–chemical 
differences between the standard that defines oil and diesel (basically viscosity, cetane 
number, and freezing point). 

For this reason, the characteristics of vegetable oils are modified to make them 
more similar to diesel through a transesterification process in which triglycerides are 
transformed into esters. The European Union is the largest producer of biodiesel in the 
world, with figures in 2020 exceeding 4.2 billion gallons (Kotrba, 2020). Although 
the technologies associated with bioethanol and biodiesel production are sufficiently 
developed and have reached a high level of maturity, due to raw material supply prob-
lems, these first-generation biofuels cannot respond to the energy demand that the 
total substitution of petroleum requires. In addition, there is the controversy of compe-
tition for food raw materials used for the production of biofuels and the price increase 
that may result from this competition (Kurowska et al., 2020). The solution that would 
remove this type of conflict would be to develop new, more productive crops with 
low production costs that do not compete with the food sector. Some plant species 
produce oilseeds (Jatropha curcas, Brassica carinata, Camelina sativa, and Cynara 
cardunculus) or high carbohydrate content (such as Helianthus tuberosus), are well 
adapted to conditions of low nutritional and water requirements, and could be culti-
vated specifically for the production of energetic biomass. But the true future devel-
opment of this sector lies in advanced or second-generation biofuels, that is, those 
derived from plants or vegetable residues that do not compete with the food sector. 

The use of lignocellulosic raw materials offers enormous potential for the produc-
tion of biofuels, with the advantage of using materials that come from the residues of 
other production processes in the forestry, agricultural, industrial, or even domestic 
sectors. Different routes can be chosen to obtain advanced biofuels (Fig. 4.3). The 
first is biotechnological, extracting the sugars from the cellulose with highly active 
enzymes. The second consists of gasifying biomass into a mixture of hydrogen and 
carbon monoxide, which later, through a series of intermediate stages, is transformed 
into liquid fuel. The third option consists of obtaining a liquid fuel by pyrolysis.

A “third generation” of biofuels from photosynthetic microorganisms such as 
autotrophic microalgae is already being considered (Lackner, 2022). These microor-
ganisms are cosmopolitan and use solar energy to grow and multiply. An advantage 
of microalgae is their environmental balance since they consume CO2 during their 
growth and can be cultivated in low-quality water such as wastewater or salt water. 
Another interesting characteristic of microalgae is their rapid growth, which makes 
their photosynthetic efficiency much higher than that of higher plants. According to 
the data collected by the Subgroup on Advanced Biofuels of the European Commis-
sion (Landälv et al., 2017), advanced biofuels derived from lignocellulosic materials 
and those obtained from lipids will be able to supply between 6 and 9% of the energy 
needs of the transport sector in the year 2030. This will mean a growing demand for
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Fig. 4.3 2G Biofuel production technologies

lipids that the current production of vegetable oils will not be able to supply due to 
their production and price limitations. The production of renewable lipids obtained 
from microorganisms can significantly impact the future production of biofuels and 
oleochemicals. Oil microorganisms, such as autotrophic microalgae or heterotrophic 
yeasts, under certain conditions can produce copious amounts of oil and have higher 
photosynthetic efficiency than higher plants (Zabermawi et al., 2022). Also a “fourth 
generation” of biofuels, using genetically modified algae to enhance biofuel produc-
tion, is already on stage. Lipid and carbohydrate maximization are among the most 
attractive factors that can enhance the efficiency of the yield of microalgae biomass 
(Abdullah et al., 2019). (Chinchilla & de la Rúa, 2018). 

4.4 Bioeconomy of Bioproducts 

In the context of the transition from a linear economy to a circular bioeconomy, 
as we are experiencing today, the ultimate aim of this cycle is to obtain prod-
ucts or by-products that, taking advantage of the benefits of technologies, provide
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added value to the production process while improving its profitability and environ-
mental sustainability. The bioeconomy is based on understanding all the renewable 
processes that occur spontaneously (water cycle, carbon cycle, nitrogen cycle, phos-
phorus cycle, etc.) from chemistry, at the molecular level, thus redefining industrial 
processes, materials, and the way we produce energy. Therefore, without considering 
the biofuels mentioned in the previous section, these outputs obtained in the field 
of the bioeconomy are commonly referred to as bioproducts (Ashokkumar et al., 
2022; Wohlgemuth, 2021). A bioproduct can be defined as a (typically commercial) 
product derived from biological materials. 

Thus, if we look beyond the traditional focus on bioenergy and biofuels, inte-
grating the concept of biorefinery and bioindustry as a paradigm, biomass and waste 
allow for a radical change in production models, transforming them into a model 
based on the circular bioeconomy. 

To combine sustainability criteria and economic performance, biorefineries and 
bioindustries should have an approach based on the principle of cascading the use 
of inputs. This approach priorizes the generation of higher value-added, resource-
efficient products, such as bio-based materials, while concurrently producing energy 
through the thermal valorisation of residual material. Thus, by-products and waste 
from one production process are used in other bioproduct and/or bioenergy produc-
tion processes. Biorefineries are thus essential to contribute to the principles of a 
“zero-waste society”. 

The number of bio-based products can be vast, including biomaterials, biocompos-
ites, biofibres, and bioplastics, chemical bioproducts such as biofertilizers, biocos-
metics, and biopharmaceuticals, food bioadditives, and animal feed bioproducts, 
among others. Although it is a field in continuous development and growth and the 
margin for improvement and expansion is enormous, the bioproducts obtained on a 
more relevant scale and mature level of development can be divided into three main 
groups: bioplastics, organic acids, and biofertilizers. 

4.4.1 Bioplastics 

The use of plastics is one of the clearest examples of the drawbacks of the linear 
economy, where the raw material is petroleum and its derivatives, which are non-
renewable. There is a threat of its reserves eventually becoming depleted. In addi-
tion, plastic is very resistant to natural degradation, so the waste generated is not 
assimilated by the environment and accumulates. 

Although nowadays, a large part of plastic waste is managed for reuse, recycling, 
or energy recovery, it is not always managed efficiently. As a result of inefficient 
management of plastic waste, it is estimated that between 1 and 5% of all plas-
tics in terrestrial and oceanic environments (especially, in the latter) are disposed. 
According to a recent report by the United Nations Environment Programme (UNEP) 
(Maes et al., 2021), it is estimated that 11 million tonnes of plastic enter the world’s 
oceans each year. This pollution occurs in developing countries and in industrialized
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countries such as China and the USA (Jambeck et al., 2015; Lebreton et al., 2017; 
Schmidt et al., 2017). 

To improve this problem, it is necessary to address it from various perspectives, 
such as improving the plastics management system and optimizing the manufacturing 
and recycling processes. Regarding the latter, the production of plastics from organic 
waste (bioplastics) as raw material, which allows for more sustainable and biodegrad-
able plastics in a framework of the development of industrial processes under the 
prism of the bioeconomy, is considered fundamental to achieve the objectives. 

On the one hand, bioplastics are bio-based products that are generated from 
sustainable sources such as vegetable oils, biomass. On the other hand, bioplas-
tics are those that are naturally degradable, thus eliminating their pernicious and 
perpetual effect in landfills and oceans. Some bioplastics combine both characteris-
tics, i.e. they are made from sustainable sources, and their natural degradability is 
high. Bioplastics such as polyhydroxyalkanoate (PHA) or polylactic acid (PLA) meet 
these characteristics and result from biotechnological developments. Thus, poly(3-
hydroxybutyrate) or PHB is one of the most frequently obtained PHA because it has 
similar characteristics to plastics of non-removable origin, such as polypropylene and 
polyethylene, and is used as a raw material for automotive parts, biotechnological 
material, or even packaging (Asiri et al., 2020; Bassi et al., 2021). The yield of the 
PHA production process depends on multiple operating factors and the characteris-
tics of the waste: concentration of dissolved oxygen or C, the origin of N. However, 
the main drawback for the industrial scalability of bioplastics production processes 
is the logistic and pretreatment costs of the waste used as raw material, as well as 
process yields that are not yet high enough, which gives bioplastics a cost that is not 
yet competitive with the market (Bhatia et al., 2021). 

4.4.2 Organic Acids 

Organic acids are other types of bioproducts that have raised interest in recent years. 
These products are in demand in various sectors of industry. Generally, these bioprod-
ucts are obtained from waste with a high organic matter content; therefore, food 
waste is one of the preferred materials for their production due to its content in a 
biodegradable matter such as proteins, cellulose, or lipids. 

Among these bioproducts, citric acid stands out as a highly valued product world-
wide due to its acidifying and preservative properties that ensure the original taste, 
natural appearance, and consistency of food, pharmaceutical, and cosmetic products. 
This acid is mainly obtained by fermentation using various microorganisms capable 
of degrading raw materials such as starch, sucrose, and agro-industrial waste. There-
fore, citric acid can be obtained by fermentation using food waste rich in organic 
matter as substrates (Özüdoğru et al., 2019). 

2,3-butanediol can be used in synthesizing flavour enhancers, production of plas-
tics, synthetic rubber, plastics, and fuel additives. The microbiological route to obtain 
2,3-butanediol is energetically more favourable than the chemical route. Because of
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its low toxicity to microorganisms, it results in a higher reaction yield than other 
bioproducts, allowing a much higher yield than other bioproducts. Therefore, 2,3-
butanediol has good short- and medium-term prospects in the biochemical industry 
(Tinoco et al., 2021). 

Succinic acid (butanedioic acid) is a colourless, water-soluble dicarboxylic acid, 
acidic in taste produced by various methods (Cheng et al., 2012). Applications 
include production of polybutylene succinate (PBS), production of plasticizers for 
PVC manufacture, replacement of petrochemical adipic acid derivatives used in the 
production of polyester polyols for polyurethanes, production of 1,4-butanediol for 
subsequent production of tetrahydrofuran and polybutylene terephthalate, production 
of dimethyl succinate. The most common industrial routes include hydrogenation 
of maleic acid, oxidation of 1,4-butanediol, and carbonylation of ethylene glycol. 
More recently, however, it has been obtained through fermentation of glucose from 
renewable feedstocks and the purification of crude biosuccinic acid. 

3-hydroxypropionic acid (3-HPA) is a molecule from which many other products 
of interest can be obtained. For example, it can be converted into acrylic acid (a 
precursor for producing superabsorbent plastics) or bioplastics. In both cases, these 
are substitutes for petroleum-based plastics. 3-HPA can be obtained from glycerol 
(a biodiesel reaction-product) by a two-step enzymatic reaction. In the first stage, 
glycerol is converted to 3-hydroxypropionaldehyde by an enzyme called glycerol 
dehydratase, and in the second stage, the oxidation of 3-hydroxypropionaldehyde to 
3-HPA takes place by the enzyme aldehyde dehydrogenase (Bhagwat et al., 2021). 
The advantage of using glycerol as a feedstock for 3-HPA is that it is not toxic to 
most microorganisms. 

Other bioproducts such as 1,3-propanediol (1,3-PDO) or polylactic acid (PLA) 
are also of interest due to their added value, market demand, and prospects for large-
scale implementation of the production process (Fokum et al., 2021; Ghaffar et al., 
2014). 

Last but not least, volatile fatty acids (VFAs) are elements generally obtained 
in anaerobic digestion processes of food waste. They can be used as precursors 
of important bioproducts (acetic, butyric, propionic, and caproic acid), with which 
biopolymers or even biohydrogen can be produced (Reddy et al., 2018). 

4.4.3 Biofertilizers 

The paradigm shift from an agriculture based on mineral fertilization to agriculture 
that promotes organic and biological fertilization is vital in achieving sustainable 
agriculture in its triple meaning: more productive, less dependent on external inputs, 
and with a lower environmental impact. However, this achievement depends to a 
large extent on correct and safe management of organic waste, an adequate process of 
sanitization and stabilization, and an appropriate application of these products, with 
the right dosage and at the right time, intending to replace non-renewable mineral
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fertilizers with a new generation of biofertilizers of organic origin obtained from 
renewable raw materials. 

In the context of the circular economy, it is essential to connect the agricultural 
sector with other industrial sectors to recover valuable nutrients that can be used as 
raw materials for producing biofertilizers. 

Within the field of agricultural by-products, two current trends can be identified. 
On the one hand, the production of biocompost and, on the other hand, the produc-
tion of bio-based biofertilizers. Beyond traditional composting, vermicomposting is 
a technique that consists of a process of bio-oxidation and stabilization of organic 
matter, mediated by the combined action of earthworms and microorganisms, from 
which a stabilized, the homogeneous, and fine-grained final product is obtained, 
called vermicompost or worm humus, which is highly appreciated on the market. 
The combined action of earthworms and microorganisms significantly modifies the 
characteristics and composition of organic waste. The biodegradation and stabiliza-
tion of organic matter take place under mesophilic and aerobic conditions maintained 
by the action of earthworms. Therefore, in vermicomposting processes, it is only 
necessary to maintain adequate moisture of the organic material (by manual irriga-
tion or sprinkling), and other management methods such as aeration, which makes 
processes such as composting more expensive, are avoided. Vermicompost is used 
the same way as compost, both as a fertilizer and soil enhancement. It improves the 
colour, quality, and quantity of fruit, vegetables, flowers, and ornamentals (Chavan 
et al., 2013). 

As far as the production of bio-based biofertilizers is concerned, this is based 
on the philosophy of nutrient recovery. Several technologies are used to recover 
nutrients (mainly C, N, and P) from various organic wastes, such as agri-food 
waste (biomass, livestock waste, food waste) or wastewater (both urban and indus-
trial). Bio-based biofertilizers with good results and yields obtained through nutrient 
recovery processes are ammonium sulphates or ammonium phosphates obtained in 
stripping processes, struvite, k-struvite, and other salts obtained through crystalliza-
tion or algae-based biofertilizers obtained through water purification processes using 
microalgae (Schoumans et al., 2015). 

4.5 Future Trends in Waste-Based Bioeconomy 

The prospective analysis of the markets places the waste-based bioeconomy as one of 
the main global trends in the economy and society for the coming decades (Kircher, 
2021). One of the main challenges in implementing the bioeconomy is expected to 
be the development of innovative processes that adapt current business models to 
new market realities (Lenze, 2022). 

The Organization for Economic Cooperation Development (OECD) developed 
some years ago a political agenda on the bioeconomy for 2030 (OECD, 2009). 
According to this agenda, biotechnology offers technological solutions to many 
problems that society faces today. The application of biotechnology to primary
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production, health, and industry could result in an emerging “bioeconomy” where 
biotechnology contributes a significant proportion of the economic potential. Three 
elements will probably play a role in this bioeconomy: advanced knowledge of genes 
and complex cell processes, the integration of biotechnology applications in various 
sectors, and renewable biomass (including biodegradable waste). According to the 
OECD report, several factors will drive the emerging bioeconomy, creating invest-
ment opportunities. Apart from using biotechnology to meet the challenge of environ-
mentally sustainable production, the biggest driver will be the increase in population 
and per capita income, particularly in developing countries. The growth of countries 
like China and India indicates that the bioeconomy will be global but that the main 
markets for biotechnology in primary production and industry could be in developing 
countries. In addition, the increase in energy demand, if associated with measures to 
reduce the emission of greenhouse gases, can create large markets for biofuels. The 
report identifies two new business models that could emerge: collaborative models to 
share knowledge and reduce R&D costs and integrative models to create and maintain 
markets. Their adoption and new opportunities for biodegradable waste and biomass 
could revitalize small biotech companies in primary production and industry. 

To estimate the “likely” bioeconomy in 2030, the OECD report adopts a “business 
as usual” approach to institutional factors, such as regulation, and is based on research 
into the types of biotechnology products that are produced. It is expected that they 
will reach the market before 2030. The results suggest that biotechnology could 
contribute 2.7% of the GDP of the OECD countries for that year, being the largest 
contribution of biotechnology in industry and primary production, followed by health 
applications. This contribution could also be greater in developing countries due to 
the importance of primary production and industry in their economies. 

To reap the full benefits of the bioeconomy, the report concludes that purposeful, 
goal-oriented policies will be needed. This will require leadership, first of all from 
governments but also from leading companies, to establish the objectives for the 
application of biotechnology to primary production, industry, and health; to create 
the structural conditions necessary for success, such as obtaining regional and inter-
national agreements; and to develop mechanisms that ensure that this policy can be 
flexibly adapted to new opportunities. 

Also, in recent years, the European Commission has made a strong commitment 
to the transition and adoption of new forms of production, consumption, and trans-
formation towards a zero-waste scenario (with an emphasis on biowaste) in Europe 
through the adoption of packages of measures to help to European businesses and 
consumers in their evolution towards a more solid and circular economy model, where 
resources are used more sustainably. These measures seek to extract the maximum 
value and use from all raw materials, products, and waste, promoting energy savings 
and reducing greenhouse gas emissions by closing the circle of product life cycles 
through greater recycling and reuse, which brings benefits to both the environ-
ment and the economy. These new models that present the possibility of sustainable 
resource management represent a revolution in how society will obtain vital sources 
of food, energy, and carbon. They will significantly reduce dependence on oil and 
other traditional energy sources, adapting to new social needs and environmental
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conditions. It is, therefore, a true revolution in production systems, implementation 
and collaboration mechanisms, and economic structures (Chinchilla & de la Rúa, 
2018). 

The early positioning of countries in the generation of sustainable growth based 
on knowledge, and leadership in initiatives that promote the bioeconomy, will be 
a key element for the continued development of the industry and their positioning 
in a competitive manner. In this context, biotechnology has established itself as the 
tool that combines the knowledge of different scientific and technological disci-
plines capable of providing efficient and environmentally compatible solutions to 
production systems. The progress made in recent years in the field of biotechnology 
has revealed the potential it offers for the manufacture of products and biomaterials 
of general interest in a more sustainable, respectful, and efficient way by making 
it possible to reduce the consumption of resources (raw materials, energy, water, 
fertilizers) due to greater use of renewable raw materials, as well as waste and by-
products from other production processes, thus reducing their generation and their 
environmental impact and the increase in the recycling of the same. In this sense, it 
has also promoted the development of clean technologies of biological origin that 
allow the substitution of chemical production processes for new ones based on enzy-
matic technologies, which entail lower energy consumption and lower greenhouse 
gas emissions, by the time that allows greater reuse and use of the raw material, thus 
increasing the value of the production chain, and, therefore, the performance of the 
process (Allain et al., 2022). 

This opens up a scenario where new agents take on special relevance, as in biore-
fineries. These infrastructures are positioned as a key instrument to contribute to the 
establishment of a truly productive sector based on the bioeconomy, in which the 
conversion of biomass/biowastes into bioproducts is articulated, thus contributing to 
the transition towards the circular economy and the bioeconomy at the same time 
that the penalty associated with the generation and/or dumping of waste of biolog-
ical origin is avoided. The development of integrated biorefineries represents a great 
advance. It will make it possible to increase the competitiveness of these biopro-
cesses by establishing new business concepts that respond to the growing demand by 
many sectors of the population and the private sector through the generation of tech-
nological innovations and sustainable solutions, which implicitly save energy and 
resources, while seeking to protect the environment. However, there are still impor-
tant obstacles that require an enormous effort and commitment in basic research and 
state of the art for its development and implementation. 

In the current socioeconomic context, the bioeconomy is being driven by many 
factors, such as population growth, environmental issues, product differentiation, and 
cost reduction opportunities. The barriers detected for the development of biotech-
nology, in general, and in this field of bioeconomy from biowaste in particular, 
are very numerous, ranging from economic barriers (availability of financing or 
requirement of capital investments), regulatory barriers (demanding regulations and 
complex regulatory frameworks), barriers at a technical level (cost of raw materials, 
degree of maturity and availability of technologies, and level of market support for 
products), structural barriers (little guidance of the public technological offer to the
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needs of the market), and social barriers (a coherent communication plan is neces-
sary to create awareness about the potential of the use of renewable resources and 
the benefits that a bioeconomy can provide). Its successful implementation and its 
economic and social impact will depend on the ability to overcome them. 

In short, Europe, in general, faces multiple challenges to improve and maintain 
a competitive position in the world economy, where it is increasingly necessary to 
take long-term measures and carry out adequate planning for its development in 
the context of the bioeconomy through support and encouragement for the busi-
ness and the generation of more sustainable models in terms of economic, social, 
and environmental efficiency. Express support is required from public administra-
tions capable of promoting the connection between research and industry, fostering 
collaboration, and developing stable, efficient, and multilateral communication chan-
nels between the different agents of the science-technology-business system with 
users, decision-makers, politicians, and civil society, and implementing the neces-
sary political-administrative mechanisms that minimize bureaucratic procedures and 
legislative barriers that may hinder optimal development of biotechnology at the 
service of the bioeconomy. 

4.6 Conclusions 

Climate change and the depletion of certain strategic resources have placed the bioe-
conomy on the public policy agenda of many developed countries. Materials and 
energy are fundamental inputs of the productive system, and bioproducts and bioen-
ergy are destined to be central elements in this new bioeconomy, as they are impor-
tant sources of job creation, especially in rural areas, at the local and regional levels. 
Likewise, bioenergy and bioproducts have a strategic role in the fight against climate 
change and in reducing dependence on imports of raw materials and fuels. The 
linking of biomass to the primary sector (agricultural, forestry, and livestock activ-
ities), in addition to other industries based in rural areas (agri-food cooperatives, 
paper, and wood industries, among others), makes the biomass sector (understood 
as the broad concept sense, which includes forest and agricultural biomass in addi-
tion to biodegradable waste streams) into a potential strategic asset for these rural 
environments, generating new jobs that may help alleviate the high unemployment 
concentrated in rural areas (closely linked to the primary sector, where in addition the 
creation of new opportunities is scarce). In short, the bioeconomy is key to the tran-
sition from the current economic model based on the use of fossil resources to a new 
bioeconomy based on renewable organic resources. If we can promote responsible 
biomass production and effective biodegradable waste management at the source, 
addressing poverty and climate change, along with establishing an international certi-
fication system that verifies their greenhouse gas emissions and assesses their impact 
on community prosperity and social welfare, the future of the bioeconomy looks 
promising.
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Chapter 5 
Policy Intervention of Waste 
Management 

Salman Shooshtarian, Tayyab Maqsood, and Peter S. P. Wong 

5.1 Introduction 

Over the past few decades, there has been considerable growth in the construction and 
demolition (C&D) waste stream because of significant urbanisation driven by a rising 
population, movement, and migration. In the absence of a standardised definition for 
C&D waste, this waste stream is typically defined as items taken from demolition 
and construction sites that are unwanted or discarded. However, the new circular 
mindset prefers to recognise this stream’s materials as resources rather than waste. 
The National Waste Report (2020) states that, in 2018–2019, Australia generated 27 
million tonnes of C&D waste, and increase of 61% since 2006–2007. Comprising 
44% of the total waste, this waste source remains the main generator of Australian 
waste. To respond to this issue, one solution is for Australia to become a circular 
economy (CE) that would foster a sustainable BE (Elmualim et al., 2018). 

To date, numerous definitions of ‘CE’ have been proposed (Guerra & Leite, 2021; 
Kirchherr et al., 2017). The Ellen MacArthur Foundation (EMF) explains the CE as 
‘an industrial economy that is restorative or regenerative by intention’ which is 
widely acknowledged and adopted by government officials, practitioners, as well as 
academics (Anastasiades et al., 2020, p. 2). The European Parliament offers a simpler 
definition, describing CE as a model of production and consumption founded on 
‘sharing, leasing, reusing, repairing, refurbishing, and recycling existing materials 
and products for as long as possible’, which lengthens the life cycles of products
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and materials (European Parliament, 2022). Within the BE, a CE is an economic 
system that replaces the standard ‘end-of-life’ philosophy (Benachio et al., 2020); 
the emphasis is on minimising, inventively repurposing, recycling, and reclaiming 
materials from distribution or manufacturing and consumption activities to make use 
of those materials as long as possible in the cycle, thereby minimising the misuse 
of natural resources (Benachio et al., 2020; Guerra & Leite, 2021; Kirchherr et al., 
2017). In the context of C&D waste management, CE offers an effective approach 
to mitigate the environmental and economic burdens associated with waste, such as 
the ongoing maintenance of landfills, the extraction of virgin materials, landfill fees, 
transportation costs, and illegal dumping (Shooshtarian et al., 2020a). 

Moving from a linear economy to CE warrants substantial changes to current 
production and consumption systems (Peck et al., 2020). One of the major barriers 
to implementing CE objectives is the lack of a supportive policy framework 
(Shooshtarian et al., 2020a, 2020b, 2020c, 2020d, 2020e). Hence, one critical 
improvement area for a society wishing to achieve CE is to develop supportive 
policies that inspire circularity across the materials supply chain. Three types of 
policy instruments assist the industry in applying CE principles to BE sector: admin-
istrative, economic, and informative. Licences, bans, benchmarks, and voluntary 
agreements between industry and government are examples of administrative or 
regulatory instruments, while economic instruments include fees, subsidies, taxes, 
and other charges. Informative instruments comprise labelling, reporting obligations, 
certification initiatives and awareness-raising campaigns are examples of (Peck et al., 
2020). 

5.2 Research Gap and Scope 

In Australia, waste regulation occurs at the state and territory levels. As illustrated 
in (Fig. 5.1) Australia has six states and two territories which have different waste 
regulatory frameworks.

In this chapter, eight policy instruments that are currently imposed or proposed 
to be implemented in the Australian context are explored (Fig. 5.2). These include 
‘levy tax on waste landfilling’, ‘penalties on illegal waste dumping’, ‘tax waiver 
on recycling residual’, ‘tax on using raw materials’ (economic), ‘extended producer 
responsibility’ (EPR), ‘sustainable procurement’ (SP), ‘proximity principle’ (admin-
istrative), and ‘recycled product certification’ (informative).

5.3 Landfill Tax 

The BE’s sector’s current preferred method for dealing with C&D waste is landfilling. 
This is because it is an easier and a less expensive option compared with alternative 
waste management methods, as well as its accessible hours of operation. Udawatta
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Fig. 5.1 Australian states and territories

Fig. 5.2 Policy instruments that are explored in this chapter

et al. (2015a, 2015b) contend that poor financial returns and lack of incentives inhibit 
subcontractors’ interest in waste minimisation. Newaz et al. (2020) also point this out, 
arguing that construction projects’ variety makes consideration of waste management 
difficult during the design phase. Analysis of numerous fit-outs case studies NSW 
indicates that 78% of waste produced onsite goes to landfill (Fini & Forsythe, 2020). 
Recycling facility fees applied to waste materials processing compared to those at 
landfill sites are greater Tam et al. (2009). Ratnasabapathy et al. (2019a, 2019b, 
2019c) demonstrate in a recent study that a minor reduction in Australian C&D 
waste disposal highlights the necessity of devising ways to limit landfilling. The
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researchers predict that if the trajectory continues, this will result in a 78% diversion 
rate from landfill by 2025. 

Most of the existing studies on this topic emphasise the need for landfill levies. 
For example, studies suggest that the recovery of waste can be driven by landfill 
levy fees that are high. Shooshtarian et al., (2020a, 2020b, 2020c, 2020d, 2020e) 
state that of participants in one survey, 90% recommended landfill levies as gener-
ally effective. Landfill levy rates in Australia are decided on by state and territory 
governments (Davis et al., 2019). This means that there is variation between states, 
depending on how the rates are formulated (Shooshtarian et al., 2019a, 2019b). A 
study (Shooshtarian et al., (2020a, 2020b, 2020c, 2020d, 2020e) of states’ recent 
waste strategies found that these documents recommend the revision of current levy 
practices to dissuade the industry from waste disposal as their second-highest sugges-
tion. The jurisdictions of ACT, SA, QLD, TAS, and WA all suggested this way 
forward. 

Research has been conducted into landfill levies’ standards in Australia as well 
as their suitability (Jayasinghe et al., 2018; Newaz et al., 2020). Stakeholders are 
concerned about the effective design of this scheme to better mirror practical consid-
erations plus expand its influence (Zhao et al., 2021). Shooshtarian et al., (2020a, 
2020b, 2020c, 2020d, 2020e) contend that though the preferred market approach in 
some scenarios can be landfill levies, while in others, it can discourage best prac-
tices, such as by inadvertently leading to a rise in the dumping of waste illegally or 
its transfer elsewhere, plus less overall recycling of waste. Rameezdeen et al. (2016) 
research into SA’s BE sector, with regards to RL, shows that illegal dumpling can be 
an unintended consequence of a higher landfill levy. In WA, a government document 
(as cited in Zhao et al., 2021) echoes this finding. Figure 5.3 displays where in a 
material’s lifecycle these policies can be implemented. 

A QLD study highlights the effects of the state government’s decision on the 
establishment and rescinding landfill levies on C&D waste recycling rates (Forghani 
et al., 2017). Wu et al. (2020) find that the site availability for recycling and landfilling 
activities and levies cost differential between Australian states are some of the main 
reasons behind interstate C&D waste transferer particularly between NSW and ACT,

Fig. 5.3 Application of studied policies to the construction material lifecycle 
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NSW and QLD, SA and VIC. This issue that can be minimised by approaches such as 
the proximity principle (Jayasinghe et al., 2018), in which waste transfer is restricted 
over long distances. Newaz et al. (2020) indicate that waste experts in NSW believe 
that waste levy is ineffective in terms of minimising waste landfilling, due to few 
practical results from levies and the fact that the state permits waste transfer to QLD, 
which has comparatively lower landfill levies. In Shooshtarian et al., (2020a, 2020b, 
2020c, 2020d, 2020e), participants report that the extant levy schemes could be more 
effective and require changes to fulfil this goal. 

Generally, levies for waste landfilling are informed by various factors such as 
levy exceptions for particular materials, how waste is composed, levy zones, and the 
location of landfills. For this reason, they rise regularly (Chileshe et al., 2019; Zhao 
et al., 2021). Jayasinghe et al. (2018) argue that levies should be decided depending on 
the waste classification, demographics, financial impact analysis, and levy rebates for 
waste recovery. Landfill levy revenues are in part spent on bolstering enforcement and 
compliance, devising good policies, and funding initiatives and methods that foster 
waste minimisation. However, Australia lacks a national approach to the spending 
of levies on the aforementioned purposes, with each state government doing so as 
guided by its specific concerns and preferences (Shooshtarian et al., 2020a, 2020b, 
2020c, 2020d, 2020e). 

Previous research suggests some strategies to reduce waste disposal. For example, 
Shooshtarian et al., (2020a, 2020b, 2020c, 2020d, 2020e) indicate that consideration 
of fees on transport and possible price repercussions for the construction industry 
when deciding the levy fees; standardisation of levies for landfill; supplementing 
levies with technology-driven compliance and enforcement systems; improving local 
infrastructures; directing revenue from landfill levies into resource salvage initiatives 
via initiatives such as offering monetary enticements or low-interest lending; and 
resourcing R&D. An additional way forward for having a lower rate of waste disposal 
is to increase energy recovery from combustible C&D waste resources that would 
otherwise end up in landfills (Shooshtarian et al., 2019a, 2019b). Tam et al. (2009) 
suggest that application of a various levels of levy to encourage source separation of 
C&D waste resources. Additionally, competent waste data and reporting systems that 
enumerate the precise quantity of landfilled waste would enhance planning and regu-
lation for greater waste minimisation via landfilling or otherwise (Ratnasabapathy 
et al., 2019a, 2019b, 2019c). Effective waste landfilling is complemented by engi-
neered landfills close to transfer stations and reprocessing centres for optimal trans-
portation (Jayasinghe et al., 2018). Various state and territory guidelines have been 
produced for best landfilling management, in terms of the location of landfills, plus 
their planning, building, functioning, upkeep, and shutdown. However, the Australian 
government suggests the standardisation of best-practice landfill approaches (as cited 
in Davis et al., 2019). In addition, a blend of sound landfill levies, incorporating the 
proximity principle and long-distance located landfill sites from construction sites, 
could encourage recycling instead of landfilling. Finally, the reviewed studies were 
lacking in landfill operators’ opinions as key stakeholders in this issue, accounting 
for less than 2% in the existing research studies. This emphasises the need for more
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research to identify waste minimisation prospects and understand resource efficiency 
in the landfilling phase. 

5.4 Penalties for Illegal Waste Dumping 

In the Australian, illegal waste dumping and unauthorised stockpiling represent major 
challenges. While the National Waste Report (2020) suggests that in terms of C&D 
waste, only 1% of it is from illegal dumping, anecdotal evidence suggests a larger 
percentage, especially in NT and WA. Researchers find a range of motives and 
justifications behind illegal dumping and stockpiling. Shooshtarian et al. (2020a, 
2020b, 2020c, 2020d, 2020e) suggest that varying jurisdictional rules cause in illegal 
dumping and stockpiling. Notably, Rameezdeen et al. (2016) and Shooshtarian et al., 
(2020a, 2020b, 2020c, 2020d, 2020e) find that a higher landfill levy could actually be 
a causal factor in illegal dumping. Shooshtarian et al., (2020a, 2020b, 2020c, 2020d, 
2020e) recognise the lack of levy revenue return to the C&D waste management 
sector as an obstacle to better prevention of illegal waste practices. 

As shown in Shooshtarian et al., (2019a, 2019b), states and territories punish 
these practices via enforcing substantial penalties. However, penalties for illegal 
waste dumping vary across Australia’s jurisdictions as summarised in Table 5.1. 

The state governments use waste strategy documents to present what actions 
they are taking to reduce illegal dumping (Shooshtarian et al., 2020a, 2020b, 2020c, 
2020d, 2020e), including education (awareness-raising, stakeholder engagement); 
enforcement (evaluation and monitoring, regulations); and encouragement (devel-
oping required infrastructures, capacity, and network). Researchers also highlight 
other approaches to limit illegal dumping and stockpiling, including demolition 
companies providing better supervision to prevent illegal dumping (Kabirifar et al.,

Table 5.1 Summary of penalties for illegal waste dumping in different Australian states and 
territories 

State/ 
territory 

Penalty 

NSW 5 M and/or 7-year imprisonment 

NT Up to 573 K/ 5-year imprisonment (individuals) and 2.9 M (corporations) 

TAS 1.59 M (+/5-year imprisonment) 

ACT Up to 200 K (individuals) and 1 M + /7-year imprisonment (corporations) 

SA Up 120 K (individuals), 250 K (corporations), and 500 K + 4-year imprisonment (if 
causing environmental damage) 

WA Up to 62.5 K (individuals) and 125 K (corporations) 

QLD Up to 239 K (individuals) and 1.19 M (corporations) 

VIC Up to 610 K/7-year imprisonment (individuals) and 1.2 M (corporations) 
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2021); standardised regulations including identical levy fees and funding for educa-
tional programmes (Davis et al., 2019; Laviano et al., 2017); and the adoption of 
innovations such as image processing, remote sensing, and GIS to oversee activi-
ties involving illegal waste (Glanville & Chang, 2015; Ratnasabapathy et al., 2019a, 
2019b, 2019c). Another useful strategy to prevent long-term stockpiling, according to 
Jayasinghe et al. (2018), is a levy obligation that is applied upfront. This is currently 
being used in NSW, via a fee for waste received at the depot that falls upon disposal. 

5.5 Tax on Using Raw Materials 

Although most construction materials can technically be recycled, which materials 
are salvaged and to what extent often largely depends on the material’s value. In most 
circumstances, this is compared to the price of a material when newly extracted or 
imported. To shift perceptions regarding C&D salvaged and recycled materials, there 
are some price mechanisms than can be applied so that purchasers are disincentivised 
regarding the adoption of virgin materials for construction projects. This enticement 
takes two forms—‘removing subsidies for virgin materials’ and ‘taxing on the use 
of virgin materials’—with evidence emerging that it has enhanced salvaged and 
recycled C&D materials’ competitiveness in several countries. For example, since 
2002, the UK has imposed a regulation (UK’s HM Revenue & Customs, 2018) to  
bolster the position of C&D products made from recycled waste compared to new 
materials. It comes in the form of a levy (£2 per tonne) applied to use of gravel, sand, 
and rock for commercial purposes. The purpose is to shift the charge for new materials 
to incorporate their fundamental impact on the environment. Sweden, Denmark, and 
France, among other EU countries, have applied a similar tax (Hyder Consulting Pty 
Ltd., 2011). In the Australian context, waste definitions that exclude clean fill have 
been adopted by a few states. Coupled with reduced costs, this approach is anticipated 
to encourage the BE sector to adopt C&D waste rather than raw materials. 

5.6 Levy Waiver on Waste Recycling Residuals 

Levy waivers lead to greater C&D waste recovery and consequent market develop-
ment. Creating a scenario where recycling residuals have a levy imposed on their 
disposal causes them to be less competitive; for example, for each $15/t levy rate 
rise, the steel recycling industry in VIC sustains an extra $738 k per annum cost (EPA 
Victoria, 2007). At present, in all jurisdictions, waste recycling facilities’ residuals 
are defined as waste, and therefore, the owners of such businesses incur a landfill 
fee. Consequently, the relevant industries, construction and waste recovery, have put 
forward requests to have these residuals no considered longer be perceived by regu-
lations to be waste. Many contend that levies on recycling residuals’ disposal limits 
the position of materials in the global marketplace. Recycling facilities face major
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spending on disposing residuals, with naturally causes them to seek alternatives that 
offer a lower charge. Additionally, it leads to the justification of transport of waste 
to locations interstate that have a more attractive disposal cost. 

A levy on the disposal of recycling residuals reduces the competitiveness of materials sold 
into the international market [National Waste and Recycling Industry Council] 

When recyclers are liable to pay the levy for the disposal of contaminants that have entered 
the recycling stream, they see it as a disincentive towards being involved in the recycling 
industry and instead it encourages shipping unprocessed waste overseas [The Australian 
Council of Recycling] 

The disposal of residuals generally represents a significant cost for recycling facilities, 
which can obviously create commercial incentives to seek lower disposal cost options; it 
also justifies transport waste to interstate locations with a lower disposal rate [Re Group] 

Landfill levies penalise the recycling industry for the disposal of residual rubbish that 
enters the recycling stream [Visy, Owens-Illinois and SKM Recycling] 

5.7 Extended Producer Responsibility 

Extended producer responsibility (EPR), also called the ‘polluter pays’ or ‘take-
back’ principle, is a key lens through which manufacturers of construction materials 
can be encouraged to use waste materials in their products. This approach has been 
proven to be effective in adding to a CE of the BE sector, in a market-based sense, 
EPR allows for the prevention of waste generation in the first instance. Secondly, it 
shifts any waste away from landfills towards reuse and recover. Lastly, it fosters the 
expansion and evolution of C&D waste resources markets. Applied appropriately, 
EPR can incentivise producers to consider the impacts of their products, the flow-in 
effect of which is stopping the creation of waste at the source via enhanced product 
design, technological innovations, and the use of green design and effective waste 
management initiatives within wide-scale production planning. 

Such policies make the material’s manufacturer or its supplier accountable— 
physically and/or monetarily—for the entire lifecycle of their materials, including 
the waste created (Tam & Lu, 2016). Currently, there does not exist a widespread 
and harmonised strategy for enacting and benefiting from EPR aims within the C&D 
industry. Achieving this is not without significant complexity due to the varying stake-
holders who participate in creating products, delivery, trade, use, and the management 
of waste (Shooshtarian et al., 2021a, 2021b). Additionally, the means through which 
EPR policies are implemented can differ depending on the scenario. 

5.7.1 Criteria Used to Develop EPR Policies 

Past studies have tried to devise models that consider the complicated factors involved 
to enhance the outcomes of EPR policies practically (Xu et al., 2021). This section
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outlines some of them. Dubois et al. (2016) offered five measures of the capa-
bility of EPR for C&D waste management development and assessment, as shown 
in Fig. 5.4 (left). Considering their application to the C&D waste stream in the 
Netherlands, the researchers found that there is a drive to use EPR for only two 
criteria (e.g. environmental scope and political priorities). Guggemos and Horvath 
(2003) put forward a policy framework to optimise achievement of EPR goals for 
C&D waste management. Based on Thorpe and Kruszewska (1999) model, this 
framework comprises three forms of policy instrument: regulatory, economic, and 
information-based (Fig. 5.4—right).

In addition to the models presented in Fig. 5.4, other studies have suggested alter-
natives that involve a few overlaps and divergences (Forslind, 2005; Langrová, 2002; 
Lindhqvist, 2000; Nahman, 2010; Widmer et al., 2005). Additionally, interesting data 
regarding the best optimisation of EPR and relevant initiatives for waste manage-
ment have emerged from studies exploring the elements that influence the outcomes 
of EPR. Gupt and Sahay (2015), for example, undertook research that compared 
26 case studies to find the elements that are linked with successful EPR application 
and the key aspects of EPR expansion and execution, in countries that are devel-
oping and developed. They found that ‘recycling agencies’ and ‘separate collecting’ 
strongly support positive EPR outcomes, as well as ‘financial responsibility of the 
producers’. The main EPR features were identified as ‘regulatory provisions’, ‘take-
back responsibility’, and ‘financial flow’. A 2016 study on the effectiveness of various 
environmental policies assessed several policies in Maine, USA. The results revealed 
that EPR policies are considered to be as highly effective, but that there is uncertainty 
about their acceptability (Isenhour et al., 2016). 

5.7.2 Main Challenges to Adopting EPR in BE Sector 

The construction industry’s widespread embrace of EPR and linked initiatives is held 
back by a number of obstacles (Guggemos & Horvath, 2003; Shanoff, 1996; Srour 
et al., 2012). Consequently, not all EPR instruments referred to in Fig. 5.5 are equal to 
each other in outcomes for the management of C&D waste. The next section outlines 
the key barriers to the construction industry’s successful creation and adoption of an 
extensive and standardised EPR approach.

There is no mandatory EPR policy legislated in Australia at present for construc-
tion material manufacturing; NSW and WA, however, do have voluntary EPR policies 
(Shooshtarian et al., 2021a, 2021b). Park and Tucker (2017); Ratnasabapathy et al. 
(2021) point to the lack of a mandatory EPR policy as an obstacle to the reuse of 
waste materials and creating C&D waste trading systems in Australia, respectively. 
Shooshtarian et al., (2021a, 2021b) studied the implementation of EPR in Australia 
and found that there is significant agreement between various stakeholders about 
the need for EPR. Obstacles to such measures include cost and time implications; 
complexity of policy establishment and enforcement; responsibility of manufac-
turers; the range of interested stakeholders; the lifecycle of materials in construction;
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Fig. 5.5 Key obstacles limiting the successful implementation of EPR for the C&D industry

and OH&S considerations. To counter this, suggestions include the establishment of 
an effective supply chain system; encouraging DfD; product documentation; waste 
responsibility assignment; and enhanced health and safety risk management. 

5.8 Sustainable Procurement 

Among existing policies, sustainable procurement can potentially change the status 
quo of C&D waste management systems for the better. This policy approach will 
also help to enhance circularity in resources in the BE sector. Various organisa-
tions define sustainable procurement for different scenarios and usages. The United 
Nations (UN), the UK government, and the Australasian Procurement and Construc-
tion Council (APCC) accept the following definition (cited in Commonwealth of 
Australia, 2013, p. 4). Sustainable procurement can also be referred to using terms 
such as ‘green public procurement’, ‘sustainable public procurement’ (Alhola et al., 
2019), ‘environmental purchasing’, ‘circular procurement’, and ‘environmentally 
preferable procurement’. 

A process whereby organisations meet their needs for goods, services, works and utilities in 
a way that achieves value for money on a whole life basis in terms of generating benefits not 
only to the organisation, but also to society and the economy, whilst minimising damage to 
the environment. 

Sustainable procurement adds onto the concepts of CE and the cradle-to-cradle 
approach evaluated through various measures, including to evaluate product lifecycle. 
This approach.
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is consistent with the principles of sustainable development, such as ensuring a strong, healthy 
and just society, living within environmental limits, and promoting good governance. 

(Brammer & Walker, 2011, p.128). The existing research outlines many of the 
advantages of sustainable procurement application. For example, Pick (2017) lists 
advantages including energising the market at a local level, adding to the ‘Zero Waste’ 
movement and various goals relating to environmentalism, and decreasing the costs 
faced by local governments through the use of long-lasting and reusable materials. 

In the BE sector, implementing sustainable procurement provides multiple envi-
ronmental benefits. By way of example, it could lead to greenhouse gas emissions 
reduction by curtailing energy use. This is important since estimations suggest that 
of the energy needed to build a structure, 80% is directed towards the production and 
transportation of materials for construction (Craighill and Powell, 1999). Further-
more, sustainable procurement helps increase waste recovery and generates a demand 
for C&D products with recycled content (RwRC) with a minimum environmental 
impact. A research study revealed that among 25 study countries, mandating suppliers 
to commit to waste reduction goals is one of the five central functions of sustain-
able procurement policies (Brammer & Walker, 2011). A study in the Netherlands 
(Zhang et al., 2020) reported that sustainable procurement is the primary approach to 
stimulating concrete recycling. Sustainable procurement was also the most promising 
option for establishing the long-term mechanism of using PwRCs in the construction 
industry (He et al., 2014). 

In recent years, only a handful of studies have investigated this topic; however, 
their scope was defined with some limitations. The limitations are concerned with the 
study focus or the methodology adopted. For instance, specific aspects such as carbon 
emission reductions (Lingegård et al., 2021), COVID-19 (Caldera et al., 2022), target 
particular stakeholders (Ershadi et al., 2021), and market development (Caldera et al., 
2020; Shooshtarian et al., 2020a, 2020b, 2020c, 2020d, 2020e) were previously 
studied. Using methodologies such as case study, inherited constrained generalis-
ability (Sanchez et al., 2014; Shooshtarian et al., 2022a, 2022b, 2022c) provides 
fractional information about BE sector sustainable procurement. The previous liter-
ature analysis (Shooshtarian et al., 2022a, 2022b, 2022c) shows that the relationship 
between procurement and C&D waste minimisation in Australia is not well studied. 
Multiple research studies highlight the need to investigate the impact of procure-
ment methods on waste management planning (Park & Tucker, 2017; Udawatta 
et al., 2015a, 2015b). Furthermore, the previous authors’ exposure to real-time stake-
holders’ concerns expressed in their research projects has highlighted such shortcom-
ings in the Australian BE sector’s CE and waste management policy and practice. 
The stakeholders’ concerns were captured in survey analysis (Ershadi et al., 2021; 
Shooshtarian et al., 2021a, 2021b), a series of interviews (Shooshtarian et al., 2022a, 
2022b, 2022c), specialised workshops and industry seminars (SBEnrc P.175, 2021), 
and other personal communications. Considering all the above, this research was 
conducted to amend this research gap and offer a more comprehensive insight into 
this policy approach.
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5.8.1 Sustainable Procurement Principles, Worth, 
and Benefits in the Australian Context 

Anecdotal evidence shows that the sustainable procurement idea has sparked interest 
among the main players in the BE sector. This section summarises Australians’ views 
on the principles, worth, and benefits of sustainable procurement concerning C&D 
waste management. 

To enhance the market demand for recovered C&D materials, government agen-
cies need to become more involved in the wider implementation of sustainable 
procurement practices via the creation of specifications, quality assurance, accredita-
tion, and awareness raising regarding the outcomes (financial, social, environmental, 
and ethical) of the PwRC and services (Hyder Consulting Pty Ltd., 2011). The find-
ings of a survey study (Shooshtarian et al., 2020a, 2020b, 2020c, 2020d, 2020e) 
indicated that this policy approach, landfill levies, and investment in technology and 
infrastructure are three major influential elements that significantly affect market 
development. In one study, research participants suggest that sustainable procure-
ment is a vital solution for organisational waste management but only if it is a work-
able alternative or the client agrees to pay more (Davis et al., 2019). In another study, 
Ershadi et al. (2021) explored the role of the project management office (PMO) in 
implementing sustainable procurement in the BE sector. The study identified eight 
primary areas through which the benefits of this approach can be fulfilled. These 
include task assignment, strategic analysis, goal setting, tendering support, planning 
support, operation support, maintaining consistency, and post-review. In the wake 
of the Australian government’s 2010 Sustainable Procurement Guideline, a revised 
guide was released in 2020 (Australian Government, 2020). This government publi-
cation offers a framework for government agencies to increase sustainability in future 
procurement activities. This document offers a list of benefits to purchaser (govern-
ment), market, and society and the environment that are fulfilled by purchase of 
PwRC. Figure 5.6 incorporates this list with the Australian ISO 20400 Committee’s 
proposed model.

To identify the primary functions and purposes of sustainable procurement rele-
vant to Australia, the analysis of pertinent literature was conducted. The analyt-
ical result shows that sustainable procurement principles are theoretically grounded 
on eleven items. As displayed in Fig. 5.7, these items denote a range of facets of 
sustainable procurement and can show public and private organisations how to devise 
specific sustainable procurement policies.

Table 5.2 summarises the definition of the eleven principles identified in (Local 
Government NSW, 2021). For each principle, an action is proposed (the last column) 
that aims to turn the principle into sustainable procurement of PwRC in the built 
environment sector.
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Fig. 5.6 Various benefits of sustainable procurement benefits. Source Australian ISO 20400 
Committee (2018) and Australian Government (2020)

Fig. 5.7 Visual summary of sustainable procurement principles. Source Adapted from Local 
Government NSW (2021)

5.8.2 Challenges of Sustainable Procurement Application 

Barriers play a significant part in shaping sustainable procurement practices and 
determining the success or otherwise of sustainable procurement outcomes. The 
literature uncovers various elements that hamper the publicity and implementation
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Table 5.2 Sustainable procurement principles’ functionality and relevance to PwRC procurement 

S. no Principle Description Action relevant to PwRC 
procurement 

1 Accountability Be accountable for its impacts on 
society, the economy, and the 
environment, including the impacts of 
the organisation’s supply chain 

To increase the cost of 
utilisation of virgin 
materials for end-users to 
be accountable for their 
procurement policies and 
practices 

2 Innovative 
solutions 

Seek solutions to address its 
sustainability objectives and encourage 
innovative procurement practices to 
promote more sustainable outcomes 
throughout the entire supply chain 

To develop policies that 
promote innovation in the 
procurement of PwRC 
furthering PwRC uptake 

3 Full and fair 
opportunity 

Avoid bias and prejudice in all 
procurement decision-makings 

To ensure that PwRC is 
not compared to virgin 
materials 

4 Continual 
improvement 

Work towards continually improving its 
sustainability practices and outcomes, 
and encouraging its supply chains to do 
the same 

To optimise the supply 
chain in the BE sector to 
embed in PwRC in 
procurement planning and 
practices 

5 Focus on needs Review demand, buy only what is 
needed and seek more sustainable 
alternatives first 

To prioritise PwRC when 
specifying materials for 
low-value applications 

6 Integration Ensure that sustainability is integrated 
into all existing procurement practices 
to maximise sustainable outcomes 

To motivate the BE sector 
to build capacity for the 
application of sustainable 
procurement 

7 Ethical behaviour Behave ethically and promote ethical 
behaviour throughout its supply chain 

To monitor waste 
handling and processing 
activities to minimise the 
risk of procurement of 
PwRC 

8 Respect for 
stakeholder 
interests 

Respect, consider, and respond to the 
interests of stakeholders impacted by its 
procurement activities 

To provide a level playing 
field for all stakeholders 
involved in the use of 
PwRC 

9 Transparency Consider the cost incurred, the value for 
money achieved, and also the costs and 
benefits on society and the economy 

To ensure transparency in 
handling, processing, and 
procurement of PwRC

(continued)
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Table 5.2 (continued)

S. no Principle Description Action relevant to PwRC
procurement

10 Lifecycle costing Consider the cost incurred, the value for 
money achieved, and also the costs and 
benefits on society, the environment, 
and the economy resulting from its 
procurement activities 

To consider the social and 
environmental benefits of 
procuring PwRC 

11 Respect for 
human rights, the 
rule of law, and 
international 
norms of 
behaviour 

Be aware of any violations throughout 
its supply chains and actively encourage 
its suppliers to do the same 

To reduce the need for 
virgin materials through 
procurement of PwRC 

Source Adapted from Local Government NSW (2021)

of sustainable procurement practices. The challenges involved depend greatly on the 
specific scenario, though there are similarities between various contexts. Table 5.3 
outlines studies that explore sustainable procurement barriers and enablers in devel-
oped and developing nations and presents 30 barriers reported in the literature. The 
two key barriers are revealed to be ‘the lack of supportive organisational culture’ and 
‘uncertainty about the PwRC quality’.

5.8.3 Drivers of Sustainable Procurement Application 

Procurement experts contend that sustainable procurement planning must be founded 
on the realisation of a several mostly context-specific conditions. Previous studies 
(Table 5.3) have identified a range of enablers that would enable the effective imple-
mentation of sustainable procurement, mainly in the public sector in developing (i.e. 
Australia, New Zealand, Canada, and France) and developed (i.e. South Africa, Saudi 
Arabia, and Nigeria) nations. From the 20 drivers identified in the literature analysis, 
the two key enablers were revealed to be ‘developing clear & supportive regulations’ 
and ‘maintaining transparency & good governance’ (Table 5.4).

5.9 Proximity Principle 

The basis of this concept is to compel companies that create waste to deliver it to 
a location for processing that is within a particular distance from where it origi-
nated. The proximity principle (PP) can aid in stopping waste transport from one 
location to another to avoid and minimise levy liabilities. This notion was supported 
by submissions to The Environment and Communications References Committee
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(2018) (Laviano et al., 2017). A contentious example of PP implementation is occur-
ring in NSW, in which companies that create waste are allowed to get rid of it in 
a location 150 km from its origin. The Waste Contractors and Recyclers Associ-
ation of NSW argues that the adoption of a nation-wide PP would lead to better 
outcomes. In turn, the Law Council of Australia (LCA) argues that any nation-wide 
PP must consider the Constitution’s Sect. 92 stipulation that commerce and trade 
between Australian states must be completely free. Meanwhile, the Waste Manage-
ment Association of Australia submits that long-distance waste transportation must 
cease, stating that. 

…we do not agree with long-distance transportation; we actually agree there has to be 
a proximity principle in place to stop the excessive and unnecessary movement of waste 
across distances, particularly if there is the infrastructure in place. You can’t actually invest 
and develop infrastructure if you haven’t got certainty about what’s coming through the 
front gate. In Europe you do have a proximity principle, so we need to solve how we do that. 
(p. 59) 

Another point of contention tied to the PP is that authorities must be aware of the 
ramifications of the application policies like this. Some argue that the environmental 
advantages that arise from the transport of waste could be weakened through the PP’s 
application. In terms of the creation of a C&D waste market on the domestic level, 
the exchange of waste materials (both recovered and unrecovered) across various 
regions is needed to support and maintain sectors and companies within the economy. 
Another motivator for the encouragement of adoption of the PP in Australia is China’s 
National Sword Policy, which caused the waste and resource recovery sector in 
Australia to pledge that it will create an effective, long-term national market for the 
trade of Australian waste products. The key obstacle preventing the establishment 
of Energy from Waste (EfW) amenities and waste energy recovery services is a lack 
of appropriate waste feedstock. As such, until the benefits of waste management in 
proximity can be fully realised, Australia will need to allow the transportation of 
recovered/unrecovered waste materials over a reasonable distance. 

5.10 Recycled Product Certification 

Recycled product certification (RPC) offers proven data on a PwRC quality, safety, 
performance, and environmental standards. Recycled materials that have been 
awarded an RPC after stringent material evaluation and quality control can be 
perceived more positively and thus attain a higher uptake. Companies within a supply 
chain can gain advantages by using RPC to demonstrate their products attributes and 
features as required by potential purchasers (Shooshtarian & Maqsood, 2021). For 
instance, for builders, RPC is efficient management of information reducing the work-
load in a tender process (Fig. 5.8). Utilising RPC will allow builders to manage any 
risk that may arise from the usage of recycled materials. In this circumstance, clients 
and contractors will bear the risk equally. Such programmes also enable sustain-
able procurement policies in private and public sectors domestically and develop the
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Fig. 5.8 Advantages of RPC for recycled products supply chain participants 

overseas market for states that recognise certain certificates. For clients, it offers an 
option for those who are willing to work towards sustainable development (WSP 
Environmental and TRL Ltd., 2005). For suppliers and clients, RPC schemes will 
serve as a marketing tool to demonstrate the sustainability of their products and 
projects, respectively. 

It is highlighted that classification of PwRC and aggregates into easily comprehen-
sible categories, together with correct certification, facilitates future client purchases 
(Silva et al., 2017), as they will be able to acquire a product suited to its intended use 
(e.g. structural concrete may use a recycled aggregate of class A, whereas recycled 
aggregate of class D may be used in road construction for subgrade). Currently, there 
are two categories of marketable PwRC: non-certified and certified. Non-certified 
PwRC constitutes most of recycling plants’ output. However, certification is crucial 
due to consumers’ increasingly stringent needs for PwRC of a specified and assured 
quality. It is important to understand that product standards and eco-labels are distinct. 
Eco-labels are supposed to tell consumers about the environmental impact of their 
purchases. Most eco-labels do not give consumers real information about the product, 
but rather suggest that it is among the top 10–20% of its product category from an 
environmental standpoint (WSP Environmental and TRL Ltd., 2005). 

5.10.1 Main Barriers to the Application of Product 
Certification 

Despite the long history of product certifications (WSP Environmental and TRL Ltd., 
2005), their full implementation in the BE sector is rather recent. Consequently, it is 
notable that there are few publications detailing the problems associated with their 
actual use. The review of pertinent literature found that the implementation of product 
certification procedures for recycled C&D waste materials is hindered by several 
obstacles. Figure 5.9 depicts that these include the process being costly, the costs
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Fig. 5.9 Main barriers to the application of product certification for PwRC 

being currently unjustified, self-certification, the unaligned RPC and sustainability 
rating systems, and the operation of unreliable certifiers. 

A report by Equilibrium (2019) indicated that, in Australia, support testing of 
products containing recycled content is inadequate, meaning that such products are 
not independently validated. Uptake of product certification is low, likely due to 
the high costs involved. Further, the scarce opportunities to use these products are 
inadequately advertised, making it hard for stakeholders to justify the expense of 
certifying such products. Gaffar (2019) indicated that mandatory product certification 
expenses in the EU add to the price of the material and may negate any cost savings 
from reusing it. Self-certification is also utilised to establish the quality of recycled 
materials. Recyclers and providers of these materials often perform self-certification. 
Although it is less expensive, the certification does not provide the assurance that 
end-users may safely utilise recycled materials. 

5.10.2 Main Enablers of Application of Product Certification 

Six categories of RPC enablers are identified following a comprehensive literature 
review. These classifications are illustrated in Fig. 5.10. Effective quality monitoring 
and certification of PwRC by suppliers are required to instil and maintain stake-
holder trust in the materials. However, this must be accompanied by more vigorous 
government action in the form of legislation and standardisation (Silva et al., 2017). 
The government also has a part to play in changing the general public’s percep-
tions towards PwRC via promotional activities through the media. Ongoing training
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Fig. 5.10 Main enablers of the application of product certification for PwRC 

offered by the government could contribute to shifting the attitudes of industry stake-
holders (Bao & Lu, 2020). Furthermore, contractual obligation or otherwise client 
requirement to use certified PwRC is another enabler for the implementation of RPC 
(WSP Environmental and TRL Ltd., 2005). Currently, in the EU, it is illegal to use 
recycled content in construction materials that are not certified (Gaffar, 2019), which 
has resulted in more frequent uptake of these programmes in construction projects 
across the European territory. According to a report by WSP Environmental and 
TRL Ltd. (2005), the advantages of mandatory RPC include the eradication of poor 
actors, a better perception towards the data’s reliability among all stakeholders, fewer 
opportunities for manipulation, and providing the credibility needed to cement the 
RPC’s value. 

The fifth category of enablers refers to the availability of qualified material engi-
neers at reasonable prices. According to anecdotal evidence, these professionals are 
scarce and expensive to employ. By educating more individuals to become trained 
materials inspectors, not only will jobs be created, but audit costs will also be reduced. 
The final category addresses the simplicity of certification methods for PwRC. The 
waste recovery industry’s interest in RPC will be piqued by certification processes 
that are simple yet effective and require a fair amount of administrative work (WSP 
Environmental and TRL Ltd., 2005).
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5.11 Summary 

A successful circular-built environment heavily relies on the existence of supportive 
policy frameworks. A policy framework that targets waste landfilling will ensure that 
these resources’ value is retained in the economy in an ongoing way. This chapter 
analysed eight policies that share this goal and can be used by policymakers and 
the industry practitioners. Some of these policies currently exist in the Australian 
context. 

The successful implementation of these policies requires education provided for 
all stakeholders concerned with C&D waste management. Furthermore, these stake-
holders should enjoy a level playing field in order to willingly contribute to the 
successful implementation of these policies. Hence, the government must take the 
lead not just in creating and applying these policies, but also to offer educational 
opportunities and a level playing field. 

This chapter contributes to the theory and practice of CE in the BE sector. The 
effectiveness of these proposed policies can be further investigated in different 
contexts. Furthermore, where the policies are being imposed in the Australian 
context, the suggestions and the context-specific context lessons learnt in this chapter 
can be used in risk management planning for other contexts, i.e. other locations, 
industries, or waste streams. 
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Chapter 6 
Electronic Waste 
Appreciation—Strategies Targeting 
the Circular Economy 
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and José Augusto de Oliveira 

6.1 What is Waste of Electric and Electronic Equipment? 

Electronic devices’ lifetime is becoming shorter due to the accelerated technolog-
ical evolution, which has led to a subsequent increase in the amount of the waste of 
electric and electronic equipments (WEEE) that has been generated by both residen-
tial and industrial consumers. These wastes represent a wide class of devices ranging 
from toys to complex industrial equipments. Some authors, like Forti et al. (2020) and 
Habib et al. (2022), proposed a division into the following six categories: cooling and 
freezing equipment, screens and monitors, lamps, large household appliance, small 
household appliance, and small information technology (IT) equipments, encom-
passing more than 50 subclasses (Table 6.1). The Global E-waste monitor (Forti 
et al., 2020) ascertains that only 17.4% of the WEEE generated in 2019 was prop-
erly collected and recycled, whereas the remaining 44.3 million metric tons (82.6%) 
was disposed of in unsuitable ways. Furthermore, the authors predict the generation 
of 74.7 million metric tons of e-waste for 2030. Asia, the USA, and the European 
Union are the largest producers of WEEE, with Europe generating 16.2 kg per capita, 
followed by the USA (13.3 kg per capita) and Asia (5.6 kg per capita).
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Table 6.1 Characteristics and examples of each WEEE category 

6.2 Main Composition of Waste of Electric and Electronic 
Equipment 

Cell phones, computers, and other IT equipment account for around 30% of the 
constituents of e-waste, refrigerators and televisions represent another 30%, and 
monitors alone compose another 10% (Ankit et al., 2021). According to Liu et al. 
(2022) in China, 60.8% weight of WEEE was composed of common household appli-
ances, including personal desktop computers, air conditioners, washing machines, 
refrigerators, and televisions in 2010. This percentage experienced a significant rise, 
reaching 77.3% in 2018. In 2019, the highest fraction of WEEE was composed of 
small devices, followed by large equipment and temperature exchange equipment, 
representing 17.4, 13.1, and 10.8 Mt, respectively (Forti et al., 2020). 

Rapid obsolescence is observed for personal and domestic equipments such as 
televisions, smartphones, notebooks, and toys/games with a prospect of doubling by 
2045 (Parajuly et al., 2020). In this context it is worth noting that from here to there 
we face some changes in the consumption trends, Industry, Internet of Things (IoT), 
and Artificial Intelligence (AI) technologies are becoming more accessible offering 
uncountable smart devices. Figure 6.1 shows how the WEEE generation is envis-
aged to increase in the next years caused by the popularization of smart household



6 Electronic Waste Appreciation—Strategies Targeting the Circular … 107

Increase the amount of WEEE 

New application for new needs 

E.g. Smart watch, virtual reality devices 

Devices with improved functionality, 

which do not replace an existing device. 

E.g. Robot vacuum cleaner x regular vacuum cleaner 

Applications that replace an existing device 

E.g. Smartphone with GPS x GPS 

Structural changes in the dispositives 

E.g. LED lamps x regular lamps 

May not increase the amount of WEEE 

Fig. 6.1 Trends in the production of the WEEE. Source Adapted from Bacher et al. (2017) 

appliances, such as televisions, refrigerators, smartphones, the development of novel 
dispositive for virtual and augmented reality based on sensors and wearables, and the 
new application of radio frequency identification (RFID) systems. For example, it 
was seen that the sale of drones increased from 2.5 million units in 2016 to 7 million 
units in 2020 in the USA. On the other hand, other improvements may contribute to 
decrease the e-waste propagation (Bacher et al., 2017). 

Electromobility is an entire sector that is not included in the electric and elec-
tronic equipment (EEE), but cars, bikes, trucks, and buses are responsible for the 
employment of a vast number of lithium-ion batteries. Even vehicles that do not 
have electrical traction are being increasingly supplied with electric and electronic 
components. Safety and navigation systems, entertainment stations, and on-board 
computers are a few examples of devices that use screens, microcontrollers, and 
sensors that are also present in the EEE. These features push the automotive industry 
closer to the WEEE chain supply because these devices should follow the same 
disposal or collection route of the e-waste, being addressed with the same End-of-Life 
(EoL) solutions (Bacher et al., 2017). 

Table 6.2 shows the country-wise and continent-wise generations of WEEE.
Despite their variety, the electronic equipment is mostly composed of different 

materials like plastics (in the structural part), glass (screens and displays), metals 
(ferrous and non-ferrous), and other materials with ferrous metals tending to consti-
tute the largest proportion of a typical WEEE in size and weight (Shittu et al., 2021). 
According to Williams (2016), WEEE contains about 40–60% metal, with iron/steel,
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Table 6.2 WEEE generation by continent in 2019, Mt = million metric tons 

Continent WEEE generation Main producers 

EUROPE 120 Mt; 16.2 kg per capita 
Russian Federation: 1631.0 kt 

Germany: 1607.0 kt 

United Kingdom: 1598.0 kt 

Italy: 1063.0 kt 

ASIA 24.9 Mt; 5.6 kg per capita 
China: 10129.0 kt 

India: 3230.0 kt 

Japan: 2569.0 kt 

Indonesia: 1618.0 kt 

AMERICA 13.1 Mt; 13.3 kg per capita 
United States: 6918.0 kt 

Brazil: 2143.0 kt 

Mexico: 1220.0kt 

AFRICA 2.9 Mt; 2.5 kg per capita 
Egypt: 585.8 kt 

Nigeria: 461.3 kt 

South Africa: 415.5 kt 

OCEANIA 0.7 Mt; 16.1 kg per capita Australia: 554.0 kt 

New Zealand: 96.0 kt  

Source Forti et al.  (2020)

copper, and aluminum being the main metallic components. The constituents of a 
typical sample of WEEE are shown in Fig. 6.2. 

There are different compositions of WEEE with other metals reported in the 
literature, as for example de Souza et al. (2022), identified Al, Fe, Sn, and Mg in 
significant amounts. The National Conference of State Legislatures (NCSL, 2018) of  
the USA pointed out that the production of electronic devices requires a significant 
number of resources—metals, plastics, and glass. For instance, the production of one

Metals (60.2 %) 

Plastics (15.2 %) 

Mixture (metal + plastic) (5.0 %) 

Wires and Cables (2.0 %) 

Screens (11.9 %) 

PCBs (1.4 %) 

Pollutants* (2.7 %) 

Others** (1.7 %) 

Fig. 6.2 Overall composition of the WEEE. Source Adapted from Ramprasad et al. (2022). *Pollu-
tants encompass phosphates, nitrates, and other organics. **Others include 55 different metals that 
are Cu, Zn, Ni, Pb, Hg, As, Au, Ag, and rare earth elements 
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desktop computer takes at least 240 kg of fossil fuels, 22 kg of chemicals, and 1.5 
tons of water. Another example, the manufacture of a liquid–crystal display (LCD) 
television requires 34% of its weight of iron, 30% plastics, 22% glass, 6% electronics, 
5% aluminum, 2% copper, and 1% other (Rajesh et al., 2022). 

6.2.1 Plastics 

Plastics are responsible for 20–30% of the total e-waste stream. They take up differ-
entiated proportions of WEEEs, accounting for a range ranging from 3.5% to 45.0% 
weight (Liu et al., 2022). Generally, plastics are employed in the structural part of 
the devices, but some types of plastics are also used with defined functions based 
on their mechanical and thermal properties. Several studies reported the composi-
tion and application of plastic in the e-waste (Bacher et al., 2017; Cardamone et al., 
2021; Lahtela et al., 2022; Liu et al., 2022; Peeters et al., 2015) as summarized in 
Fig. 6.3. As there are many components, it is difficult to define an exact proportion 
of different polymers in the WEEE. Even within a specific category, the composition 
of the devices can be similar or quite diversified.

The main concerns about plastic recovering of WEEEs is, the brominated flame 
retardant impregnation, added to devices to meet the safety specifications and, the 
metallic contamination due to characteristic improvement. These aspects hinder the 
re-insertion of the plastics in the productive chain because according to some Euro-
pean Union (EU) directives, such as Restriction of Hazardous Substances (RoHS), 
plastics are containing more than 0.1 wt% of flame retardants or metallic content, 
and more than 0.01 wt% of cadmium. These plastics are hence suitable for manufac-
turing any products, including EEEs, and the compliant recyclers typically adopt the 
controlled incineration to avoid the release of dioxins and furans. Besides the flame 
retardants and metals, several additives, such as halogen rich pigments, stabilizers, 
and plasticizers, are often dangerous for the environment and for the human health 
(Forti et al., 2020; Lahtela et al., 2022; Stenvall et al., 2013). 

Another serious issue that has been recently reported is the presence of microplas-
tics, which are small pieces of plastics ranging from 100 nm to 5 mm. According 
to their provenience, they have been classified into primary ones, produced in this 
size range for a specific purpose, and secondary ones, arising from the degradation 
of plastics by environmental circumstances (Rodrigues et al., 2022). An increasing 
concern owing to the presence of microplastics in marine waters and other natural 
ecosystems is their potential long-term adverse impacts on marine life and, eventu-
ally, human health (Liu et al., 2022). Due to their minute size, the microplastics have 
particular features at the surface that confers the capability to adsorb heavy metals 
and other organic pollutants from the soil and water, thus spreading the contam-
inants not only through the ecosystems, but also to transport the contaminants to 
living tissues. According to de Goswami et al. (2020), microplastics can affect the 
system soil–plant, soil–microorganisms and are able to accumulate in the soil detrital 
food chain. In a similar way, the aquatic biota is also affected by microplastics, since
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Fig. 6.3 Plastic composition related to each WEEE category. ABS, Acrylonitrile–Butadiene– 
Styrene; PA, Polyamide; PC, Polycarbonate; PBT, Polybutylene; Terephthalate; PC +ABS, Blends 
of Polycarbonate and Acrylonitrile–Butadiene–Styrene; PE, Polyethylene; PMMA, Poly(Methyl 
Methacrylate); PP, Polypropylene; PS, Polystyrene; HIPS, High Impact Polystyrene; PUR, 
Polyurethane; PVC, Poly(vinyl Chloride); SAN, Styrene–Acrylonitrile Resin. Source Adapted from 
Cardamone et al. (2021) and Liu et al.  (2022)

they can lead to the accumulation of harmful plastic additives, such as plasticizers, 
flame retardants, pigments, and stabilizers (Chai et al., 2020; Rodrigues et al., 2022). 
Considering that microplastics have a potential for bioaccumulative effect along 
trophic levels (Goswami et al., 2020; Pelamatti et al., 2022), the severity of their 
adverse impacts becomes even more critical.
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6.2.2 Glasses 

The glass content in the WEEE arises mainly from screens, monitors, and photo-
voltaic panels. Among other glass sources, the obsolete Cathode-Ray Tubes (CRTs) 
and, more recently, the Flat Panel Displays, as well as the photovoltaic panels, present 
high aggregated value because they are impregnated with precious or critical metals. 
The proper collection and management of this machinery, therefore, are attracting 
an increasing interest. In this context, these materials are generally recycled through 
mechanical and thermal processes, but new alternatives are being reported in the 
literature (Arduin et al., 2020; Mostaghel & Samuelsson, 2010; Padoan et al., 2019). 

6.2.3 Valuable Metals 

The electrical and electronic devices contain at least 69 chemical elements, including 
precious metals (e.g., gold, silver, copper, platinum, palladium, ruthenium, rhodium, 
iridium, and osmium), Critical Raw Materials (CRM) (e.g., cobalt, indium, germa-
nium, bismuth, and antimony), and non-critical metals such as aluminum and iron 
(Forti et al., 2020). CRM are those for which the supply chain is under risk, and 
economical aspects are greater than the other raw materials. These materials tend to 
leak from the official collection channels and are rarely recovered properly from the 
WEEE (Williams, 2016). In this way, to recover rare earth elements and other CRMs 
from WEEE, it is essential to suppress the anticipated shortage of natural resources 
(Aminoff & Sundqvist-Andberg, 2021). In addition, high-tech e-waste also often 
contains metals such as hafnium, indium, lead, nickel, rare earth metals, tantalum, 
tin, and zinc in combination with valuable reusable plastics, including Polycarbon-
ates, Polyethylene, polyesters, Polypropylene, and phenol formaldehyde (Williams, 
2016). 

6.2.4 Hazardous Materials 

The WEEE is a complex mixture of compounds ranging from precious and valuable 
elements, to contents of extreme toxicity. Hazardous materials and components of e-
waste include asbestos, batteries, CRTs, gas discharge lamps, components containing 
mercury, chlorinated, and fluorinated organics, plastics containing halogenated fire 
retardants, polychlorinated biphenyl present in capacitors, printed circuit boards, 
toner cartridges, and toners (Williams, 2016).  Ankit et al.  (2021) compiled the infor-
mation of the main hazardous substances contained in the WEEE, identifying their 
effects (Fig. 6.4). On the other hand, Ramprasad et al. (2022) focused on rare earth 
metals and their impact on the environment and health (Fig. 6.5).
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Antimony (Sb) 
* Fire retardants, plastics 

* Inflammation of lungs, 
chronic bronchitis, and 
chronic emphysema 

Arsenic (As) 
* Semiconductors, LED, 
IC, Solar cells 

* Damages digestive 
system, skin problem, 
lung cancer 

Barium (Ba) 
* Getters in spark plugs, 
CRT, fluorescent lamps 

* Brain swelling, muscle 
weakness 

Nickel (Ni) 
* Rechargeable Ni-Cd batteries, electron gun in CTRs 

* Allergy to skin, lung infection, behavioral disorders, and cancer 

Beryllium (Be) 
* Circuit borads, mother 
boards, connecters 

* Carcinogenic, causes 
lung cancer 

Chromium (Cr) 
* Anticorrosion coating, 
data tapes, floppy discs, 
dyes, pigments 

* Irritation to eyes, skins 
and mucous membrane, 
causes bronchitis, kidney 
and liver damage 

Cadmium (Cd) 
* Batteries, solders, CRTs, 
infrared detectors, chips, 
tonner ink, photocopy 
machines, mobile phones 

* Fever, headache, 
sweating and muscular 
pain, long exposure may 
lead to lung cancer, 
kidney damage, lower 
cognitive skill in children 

Copper (Cu) 
* Television, DVDs, Li-ion 
batteries, cables and 
wires 

* Hampers the liver 
function, nausea, 
diarrhea, chest pain 

Mercury (Hg) 
* Sensors, monitors, 
PCBs, cathodes, 
fluorescent lamps, LCDs, 
batteries in clock, and 
pocket computers 

* Bioaccumulation causes 
brain and liver damage, 
respiratory and skin 
disorders 

Lead (Pb) 
* Batteries, CRTs, cables, 
and wires 

* Asthma and decline in 
immune response, lower 
cognitive skill in 
children, learning 
capabilities 

Fig. 6.4 Hazardous heavy metals present in the WEEE. Source Adapted from Ankit et al.  (2021)

6.2.5 Harmful Organic Compounds 

In all the six categories of WEEE, harmful organic compounds are present in a 
major or minor amount. Among these harmful organic compounds, chemicals such 
as chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), and brominated 
flame retardants (BRF) are the most common noxious organic compounds found in 
the WEEE.
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Diagnostic imaging, and 
magnetic ressonance imaging, 

television screens. 

Dermatologic changes, bone/joint pain, 
headache, neurological disorder, vision 
change, dentate nucleus, hearing 
change, and globuspallidus. 

Gadolinium 
(Gd) 

Additive in alloys, 
superconductor, cathodic ray 

tubes.  

Shortness of breath or dyspnea, 
coughing, mild eye, skin and upper 
respiratory tract irritation, chest pain, 
pulmonary edema or lung damage, 
pleural effusions, pulmonary hyperemia, 
liver damage, and cyanosis. 

Yttrium 
(Y) 

Flat-screen TVs, low 
energy light bulbs, flash lamps, 

and floodlights. 

Itching, cell membrane damages, 
sensitivity to heat, negative influences 
on reproduction, methemoglobinemia, 
impair the learning ability, skin lesions, 
and nervous system damages. 

Cerium 
(Ce) 

Optoelectronic devices, 
fluorescent glass, and 

fluorescent lamps. 

Fire and explosion hazard, no clear 
toxicity indication, but showed slightly 
higher intraperitoneal toxicity. 

Europium 
(Eu) 

Flash lamps, 
electric welders, 

projectors, and magnets. 

Lanthanum 
(La) 

Kidney failure, lowering cholesterol 
levels, lung embolisms, dendriform 
pulmonary ossification pneumoconiosis, 
blood pressure, appetite, deleterious 
impact on the central nervous system, 
and risk of blood coagulation. 

Stimulate metabolism and moderately 
toxic to rats, neural damage, inducing 
behavioral deficits. 

Small motors, wind turbines, 
headphones, high-end magnetic 
pickups for guitars and musical 
instruments, sports goods and 

aircraft engine alloys. 

Samarium 
(Sm), Scandium 

(Sc), and 
Praseodymium 

(Pr) 

Neodymium 
(Nd) Magnets, solar panels, 

electric vehicles, medical 
imaging (magnetic ressonance 

imaging), X-ray imaging.  

Humans breathing, the Nd   dust can 
cause lung embolisms and accumulated 
exposure damages the liver. 

3+ 

Fig. 6.5 Main sources of rare earth elements in WEEE and their health damage. Source Adapted 
from Ramprasad et al. (2022)
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Halogenated compounds are found in PCBs condenser, transformer, adhesive, 
in plastics, old fluorescent lighting fixtures, and they affect human health causing 
cancer, immune system disorder, and endocrine system damages. 

CFCs and HCFCs are present in refrigerant circuits and insulating foams of older 
generations of cooling and freezing equipment, such as refrigerators, freezers, and air-
conditioning systems. These molecules react with ozone (O3), generating molecular 
oxygen that thins the stratospheric ozone layer (ozone hole). This effect subsequently 
reduces the natural defense against UV radiations, which may cause skin cancer, 
eye-related diseases, and weakening of immune system (Forti et al., 2020). 

Among the BRFs, tetrabromobisphenol A (TBBA), polybrominated biphenyl 
(PBB), and polybrominated diphenyl ethers (PBDEs) are used in appliances to 
reduce the product’s flammability and appearance, for example, in outer casings 
of computers, printed wiring boards, connectors, relays, wires, and cables. This 
compound can severely affect health, being responsible for impaired memory func-
tions and endocrine system disorder (Ankit et al., 2021). Polyvinyl Chloride (PVC), 
which is used as cladding for cable insulation, may cause cancer, birth defects, 
diabetes, learning and developmental delays, endometriosis, and immune system 
abnormalities and pulmonary dysfunction (Rajesh et al., 2022). 

6.2.6 PCBs and Batteries 

Printed circuit boards (PCBs) and batteries are two of the most common structures 
in the WEEE, as they are present in most of the devices and machineries. Both are 
composed of mixing materials with high aggregated value and high potential for 
environmental and health impact. This duality confers to these items a key role in the 
WEEE chain; however, at the same time, their wide demand and incorrect handling 
can cause severe damages. 

PCBs are responsible for providing the support and connection of the electronic 
components. Designed in an assortment of size and shape, they are one of the fastest 
growing streams in waste generation, representing 3–6 wt% of the total e-waste (Lu 
et al., 2022). They are made of plastics, silicates, non-ferrous, and ferrous metals 
(Işıldar et al., 2018). A substrate of epoxy resin and glass fiber represents 23% of 
the total board weight. In addition, this substrate includes a copper foil covered with 
a colored solder mask layer that insulates the metal, revealing only the conductive 
tracks between the electronic components. 

It was reported that PCBs can be an important source of valuable metals such as 
gold, copper, silver, platinum, palladium, and rare earth metals, sometimes presenting 
concentrations higher than in natural ores. Metal concentrations of PCB depend on 
their source, type of the board, manufacturer, and period of production (Işıldar et al., 
2018; Lu et al., 2022). Figure 6.6 represents the main metals found in the PCB and 
their function based on the data described by Işıldar et al. (2018).

Despite these important functions, the hazardous potential of PCBs must be exam-
ined. As shown in Fig. 6.4, toxic metals such as lead and chromium, besides the
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Fig. 6.6 Main metals detected in the PCB and the health threat

brominated organic compounds that act as flame retardants (TBBA being the best 
known), are among the components of the PCBs. Therefore, improper handling or 
uncontrolled burning can cause severe disorders to the health and the environment. 
Furthermore, these hazardous substances hinder the manual disassembly, which is an 
important step in the removal of the electronic components of the board, and conse-
quently, it becomes necessary to develop machines capable of melting the solder and 
removing the components in an automated way. 

In spite of batteries not being included directly in the WEEE processing chain, they 
are regularly found in the e-waste, arising from laptops, phones, power tools, hybrid 
electrical vehicles, and other battery powered appliances. In the same manner of 
PCBs, batteries are composed of valuable and critical metals but harmful components. 
The architecture of these devices encompasses different shapes and energy storage 
capacities. 

In a general way, batteries deliver energy when the electrons released by chem-
ical reactions migrate from anode (negative electrode) to cathode (positive elec-
trode) through the electrolyte. Additionally, it is necessary to promote the separa-
tion between cathodic and anodic materials. The association of different materials
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determines the specific features of each battery as shown in the sequence. They are 
categorized as primary and secondary, depending on whether they are rechargeable 
or not. Thus, primary batteries cannot be recharged and must be discarded after their 
lifetime. Secondary batteries, on the contrary, are rechargeable. 

There are two main types of common primary batteries. The first type is the 
Leclanché battery (common battery), which contains manganese dioxide (MnO2) 
and carbon black in the cathodic material, zinc (Zn) in the anodic material, and 
uses aqueous solution of zinc chloride and ammonium chloride as electrolytes These 
batteries have a nominal voltage of 1.5 V and a capacity of almost 300 mAh in an AAA 
cell size (Lahaye et al., 1984). The second type is an evolution of the aforementioned 
type, known as alkaline batteries. They employ KOH as an electrolyte to provide 
more energy than Leclanché batteries. These batteries also have a standard nominal 
voltage of 1.5 V, but their capacity is between 800 and 1,200 mAh for an AAA cell 
size (Barak, 1980). 

Within the secondary category, we found rechargeable Ni/Cd batteries with 
cathodic material made of NiOOH, and anodic material constituted by Cd, the elec-
trolyte is KOH. This type of battery has a nominal voltage of 1.2 V and a capacity 
ranging between 300 and 500 mAh in an AAA cell size. Due to memory effect, 
allied with the cadmium toxicity, the Ni/Cd was replaced by nickel metallic hydride 
(NiMH) that employs an alloy of rare earth elements in the anode. It has a nominal 
voltage of 1.2 V and a capacity between 600 and 1250 mAh in an AAA cell size 
(Binnemans et al., 2013). Nowadays, the most used technology is the Li-ion batteries, 
where different kinds of lithium oxides are employed as the cathodic material, carbon/ 
graphite is used in the anode, and lithium salts dissolved into organic solvents are used 
as electrolyte. To improve the performance and minimize the toxicity, the organic 
solvents were replaced for a semisolid polymer with high conductivity, leading to the 
batteries denominated LiPo, lithium-ion polymer (Amanor-Boadu & Guiseppi-Elie, 
2020). 

According to Bacher et al. (2017), the amount of collected batteries is lower 
than the quantity deposited on the market annually. Rechargeable batteries tend to 
be less recovered than non-rechargeable batteries, which may be attributed to the 
longer lifespan of the former batteries. Practically, 80% of the rechargeable batteries 
market is shared by Li-ion and NiMH. 

Considering the valuable components, nickel metal hydride batteries contain 33% 
nickel, 30% iron, 10% rare earth elements (La, Ce, Pr, and Nd), 3% cobalt, 1% 
manganese, 1% zinc; and Li-ion batteries present 15–25% aluminum, 5–15% copper 
foil, 1–5% lithium salt form, 25–45% lithium cobalt oxide (Tunsu & Retegan, 2016). 

As shown earlier, if the batteries do not receive proper handling, they can release 
harmful organic compounds, as well as heavy and toxic metals in the environment.
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6.3 E-Waste Disposal Methodologies 

As previously exposed, WEEE is composed of an intricate combination of valuable 
and toxic materials. In this context, the proper management of these residues becomes 
crucial to allow the maximum exploration of the valuable resources without damaging 
the environment and human health. Ankit et al. (2021) reported that the contamination 
of water, air, and soil caused by the irregular manipulation of e-wastes can lead to 
the entry of noxious substances in the human food chain. The rich pollutant content, 
associated with long-term exposition, may cause several impacts on the soil microbe 
and health of higher organisms (Fig. 6.7). 

According to the Global e-waste monitor 2020 (Forti et al., 2020), currently the 
options in the management of the WEEE can be split into four different scenarios. 

1st—Formal collection: In this scenario, the harvesting happens in accordance 
with the legislation, e-waste is collected by designated organizations, producers, 
and/or the government, and through the reverse logistics, the final disposal occurs 
in a specialized treatment facility. Therefore, proper EoL strategies are applied to 
recover the valuable materials in an environmentally controlled way and manage the 
hazardous substances. Residuals then go to incineration or controlled landfills. 

2nd—Collection with regular trash, in a waste bin: Here, the WEEE is disposed of 
in normal waste bins alongside the household garbage, treated as a regular domestic 
mixed-waste, and disposed into landfills or incinerated without pre-treatment to 
remove hazardous and/or valuable materials. Both options are inappropriate due 
to the potentially negative impact to the environment, and to the losses of resources.

dismantle, and open air disposal  

Incorrectly handling, 

Leaching and smoke 

Leaching and dust 

Air 

Water 

Soil 

Landfill 

Human health 

Biota 

WEEE EoL 

Incineration 

Indirect contamination 

Direct contamination 

Fig. 6.7 Net of contamination caused by incorrect management of WEEE. Source Adapted from 
Ankit et al.  (2021) 
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3rd—Collection outside of formal systems in countries with a developed WEEE 
management infrastructure: In this case, individual dealers or companies are respon-
sible for collecting and trading the residues, which can be destined to metal and 
plastic recycling without depollution of the hazardous substances that might also be 
exported to other countries. 

4th—Collection outside of formal systems in countries without a developed e-
waste management infrastructure: This is a frequent scenario found in developing 
countries. Self-employed people oversee informally collecting and recycling the 
WEEE. The collection happens from door-to-door by buying or collecting the e-
waste from households, businesses, and public institutions. Before the final disposal, 
the equipment is manually dismantled to recover the interesting materials. Then, the 
informal recyclers burn and melt the remaining to extract some valuable metallic 
residue or to obtain energy. This “backyard recycling” causes severe damage to the 
environment and human health. 

Socio-economic inequalities, allied to a massive exploitation of natural resources 
to attend an increasing consumer demand, are feeding a bad side of reuse and recy-
cling: the uncontrolled dumping in unprotected countries. From a globalized view, 
reuse, reduce, and recycle are receiving less attention than the waste disposal. Around 
65% of the e-waste generated in the European Union (EU) leaves the continent as 
part of undocumented mixed exports (Frazzoli et al., 2022), being an example of 
unequal distribution of human and environmental costs. Millions of tons of WEEE 
generated globally have been exported to developing countries (Nigeria, Ghana, 
Brazil, Mexico, China, India, Vietnam, the Philippines, or Pakistan). In these coun-
tries, crude recycling, open burning, and dumping into landfills are frequently used, 
with major impact on people, animals, and environment. The disparity in realities 
highlights the urgency of actions to regulate the policies adopted in relation to the 
WEEE in different countries (Frazzoli et al., 2022). 

6.4 Legislation 

Due to the valuability and highly toxic components, and to minimize the impacts 
in the handling of the WEEE, some legal requirements are demanded. International 
regulations and standards are being set to impose legal environmental responsibilities 
on all the involved agents. In particular, these regulations focus on manufacturers, 
which are required to provide a reverse logistic solution (Ghadimi et al., 2019), as well 
as a planning for the appropriate use of EoL strategies of their products (Directive, 
2011/65/EU; Directive, 2012/19/EU; Brasil, 2010; Brasil, 2022; MMA, 2019; Wu,  
et al., 2020). 

Since the 1980s, in addition to the more rigorous governmental legislations, other 
actors have begun to press for the companies’ good environmental performance, such 
as Non-Governmental Organizations (NGOs), communities, and customers. This has 
occurred, among other factors, due to the greater diffusion of environmental issues 
in society and its consequences on people’s lives (Oliveira et al., 2021).
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Across the world, important movements toward the regulation and legislation 
about the management and generation of WEEE are arising. 

6.4.1 Europe 

The European Directive on WEEE (Directive, 2012/19/EU) was created to contribute 
to sustainable production and consumption by setting the prevention of WEEE gener-
ation as a priority. The Directive, then, contributes to the efficient use of resources, 
and the retrieval of secondary raw materials through reuse, recycling, and other forms 
of recovery that improves the environmental performance of everyone involved in 
the life cycle of EEE. To achieve these objectives, the Directive requires the sepa-
rate collection and proper treatment of WEEE and sets targets for their collection, 
as well as for their recovery and recycling. In addition, it helps European countries 
fight illegal waste exports more effectively by obstructing the exporters to disguise 
illegal shipments of WEEE and reduces the administrative burden by calling for the 
harmonization of national EEE registers and the reporting format. 

Simultaneously, the Restriction of Hazardous Substances Directive (RoHS) bans 
the use of certain hazardous substances (such as lead, mercury, cadmium, hexava-
lent chromium, and some polybrominated flame retardants) in WEEE. Nevertheless, 
RoHS allows possible exemptions (Directive, 2011/65/EU). 

6.4.2 North America—USA and Canada 

The USA has no federal legislation that governs the recycling of e-waste or that 
prohibits it from being exported to developing countries. In spite of this, different 
schemes and initiatives exist in the USA for WEEE management like the National 
Strategy for Electronics Stewardship (NSES). This program enables the promotion 
of environmentally safe EoL management of WEEE, reduction of WEEE exports 
to developing countries, and encourages concepts such as ecodesign in electronics 
manufacturing (US-EPA, 2022). 

Canada either has no federal WEEE legislation and the management is handled 
by the private sector under a Stewardship Program: Electronic Product Steward-
ship Canada (EPSC) that has resulted in the proliferation of WEEE management 
organizations in the provinces (Shittu et al., 2021). 

6.4.3 Asia 

Asia is the largest WEEE generator at global scale. The economic prosperity experi-
enced in recent decades by many Asian countries catalyzed the amounts of generated
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WEEE. As a result, some countries, including China, Hong Kong, Japan, India, and 
South Korea, adopted legislation based on the principle of extended producer respon-
sibility (EPR), which provides the legal framework for official collection and treat-
ment of WEEE (Shittu et al., 2021). Other countries that are implementing specific 
regulations and actions are: Vietnam and the United Arab Emirates. 

6.4.4 Africa 

In the African continent, two Conventions have been adopted in an attempt to 
moderate the noxious substances mobility across the continent. The Basel Conven-
tion took effect in 1992 to control transboundary movement of hazardous waste, and 
the Bamako Convention came into force in 1998, aiming to complement the Basel 
Convention. In addition, Ghana, Kenya, Nigeria, South Africa have developed their 
own specific legislation about WEEE management, yet Kenya and South Africa are 
signatory of the mentioned Conventions. 

6.4.5 Latin America and Oceania 

Among the Latin American countries, Argentina, Brazil, Bolivia, Chile, Colombia, 
and Mexico have developed their own laws and regulatory directions. Some of them 
are signatory of the mentioned Conventions or yet present partnership with other 
more developed countries to encompass the extended producer responsibility in the 
management of WEEE. 

In Oceania, only the Australian Government created specific legislation to address 
the WEEE management. 

6.5 Circular Economy and WEEE 

Although sustainable development is needed badly in the face of climate change 
and social impacts, the practice of sustainability in developing countries is still more 
important due to international pressure, legislation, and society (Oliveira et al., 2021). 

Concern about the impacts of electronic waste disposal is evident from the survey1 

of publications related to the subject. From Fig. 6.8, which is limited to the period 
between 2000 and mid-2022*, we can see the exponential increase in the number

1 The survey was carried out in a database of English-written research articles, review articles, book 
chapter, book review, editorials, mini reviews, short communications, and conference abstracts. 
The analyzed period ranges from 2000 to June 2022. The terms used in the searches “WEEE”, 
“e-waste”, and “electronic waste” were each independently combined with the following terms: 
“Management”, “Circular Economy”, “End-of-Life”, and “Recycling”. 
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Fig. 6.8 Evolution of the number of published articles related to e-waste handling since 2000 

of publications that combine the terms WEEE, e-waste, and electronic waste, with 
the terms Management, Circular Economy, End-of-Life, and Recycling, exceeding 
2000 publications in the last three years. 

In Fig. 6.9, the numbers of documents employing each term are shown separately. 
It is possible to see that the Circular Economy emerged around 2010 and has an 
overwhelming growth, almost doubling the number of publications each year. The 
embedded log scale graph allows us to perceive how expressive the Circular Economy 
contribution in the literature is.

6.6 Logistic Reverse and EoL Strategies 

According to Ellen MacArthur Foundation (2022), the Circular Economy is based 
on three principles: design out waste and pollution; keep products and materials in 
use; and regenerate natural systems. As previously discussed, legislation requires the 
manufacturers to be responsible for providing reverse logistics solutions, as well as 
planning for the appropriate use of EoL strategies of their products. In this sense, 
recycling emerges as one of the most important EoL tools for the promotion of the 
Circular Economy. However, there are other EoL strategies to be applied before 
recycling in the management of the electronic products. Figure 6.10 shows that each 
one can be employed in an increasing level of relevance for circularity.

During the design stage, there are three actions that can be applied to the electronic 
product:

• Refuse is the first initiative. The discard of obsolete equipment whose function is 
covered by another device, such as GPS and digital cameras that were embedded 
in the cell phones;
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Fig. 6.10 EoL strategies to 
promote the circular 
economy of electronic 
products

Design 

Consumption 

Recovery 

Refuse 
Rethink 
Reduce 

Reuse 
Repair 

Refurbish 
Repurpose 

Remanufacture 

Recycle 
Recover 

• Rethink is an action adopted when the purpose of the product is expanded 
to encompass other functionalities. Cell phones that include many devices or 
applications, such as GPS, calculator, agenda, camera, for example; 

• Reduce is the initiative adopted when the manufacturing process is planned to use 
fewer natural resources or raw materials (Kupfer et al., 2022). 

In the consumption stage, the most adopted actions toward the promotion of the 
Circular Economy are: 

• Reuse is the usage, for another person, of the discarded functional products; 
• Repair before disposing of some malfunctioning products. Maintenance should 

be incorporated into this stage; 
• Refurbish is the actualization, or restoration of obsolete items to keep them useful; 
• Remanufacture and repurpose are similar. In both cases, parts, or the entire 

discarded product, are used for manufacturing a new product. The difference 
stands in the fact that in Remanufacturing, the new product has the same purpose, 
whereas in repurpose, the new product may have a different application (Oliveira 
et al., 2021). 

After the extinction of the processes during the product’s use phase, there are 
two ways to recover the valuable components of the WEEE. Recycling is the most 
important tool employed. During the recycling process, some energy may be retrieved 
by burning, in the so-called recovering. Recycling is essential and inevitable for 
the closing of the life cycle, after the attempts to apply the other mentioned EoL 
alternatives have been resolved. 

Among the commonly adopted recycling techniques, we can mention the 
traditional pyrometallurgy, hydrometallurgy, and biometallurgy: 

• Pyrometallurgy—This is a conventional technology applied in the ores handling. 
It has been successfully employed in the WEEE recycling. The process is based 
on the use of elevated temperatures to obtain and purify non-ferrous and precious 
metals. Pyrometallurgy comprises a set of techniques: smelting, incineration, 
combustion, pyrolysis, molten salt, sintering, and plasma (Makuza et al., 2021;
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Wang et al., 2017). These processes are applied to the metallic components of 
cables, PCBs, CRTs, LCD, and capacitors, which are the parts of large and small 
household appliances, and telecommunications equipment (Ebin & Isik, 2016). 
PCBs, in particular, being composed mainly of flame retardants, cause a decrease 
in the efficiency of the processes. Due to the elevated temperature used to reduce 
and extract the metals, one pivotal question of pyrometallurgy is the genera-
tion of toxic gasses during waste processing. However, recent advances, such 
as the use of integrated mechanisms for gas treatment, have resulted in a non-
volatile organic fraction, complete dust removal, and low volume of gas release 
(Makuza et al., 2021). Despite the high energy consumption, the carbon footprint 
and energy consumption of pyrometallurgy are lower than those resulting from 
primary mining (Ebin & Isik, 2016) and the elimination of impacts related to 
the disposal of WEEE makes this alternative a widely used technique by WEEE 
processing industries (Santos et al., 2021). One last issue related to pyrometal-
lurgy is the uncontrolled burning, without safe precautions, that is performed in 
some countries to recover only the valuable metals. This approach releases the 
brominated flame retardant derivatives, such as dioxins and furans, and may cause 
harm to human health and the environment (Ebin & Isik, 2016). 

• Hydrometallurgy—One of the most used processing techniques to extract and 
purify valuable metals from WEEE. It consists in the employment of the acidic or 
alkaline aqueous solutions to leach the metals of interest from ores or substrates. It 
is comprised two main steps: leaching and recovering. In the former, the metallic 
species are segregated from the substrate and remain into the solution. Afterward, 
some separation procedures such as precipitation, solvent extraction, or resin ion 
exchange are applied in the recovering stage to separate the metals from the unde-
sired elements in the solution (Tunsu & Retegan, 2016). It is an extremely versatile 
approach that allows the use of strong or mild acidic solutions, with or without 
heating and stirring, and yet it can be executed in combination with other adjuvant 
techniques, such as ultrasound. The main concerning about the hydrometallurgical 
processes is the generation of the highly contaminated effluents, but with recent 
advances in the technology, a wide range of methods are available to purify the 
effluent streams (Sabia et al., 2022; Sohn, 2017) aiming to meet environmental 
regulations, and to recover useful reagents or materials. In this sense, Jia et al. 
(2020) reported an increase in the biohydrometallurgy followed by an obvious 
decrease in the proportion of studies using solvent extraction. 

• Biometallurgy appears as an eco-friendly alternative in the recovery of the metallic 
fraction of the WEEE. This technique employs microorganisms with higher effi-
ciency. However, the time consumption of this technique represents a source of 
concern. There are two main areas in the metallic recovering field bioleaching and 
biosorption. In the bioleaching, metals are removed from their ores or substrates 
by means of ferrous iron and sulfur oxidizing bacteria. The main microorganisms 
used are Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans. 

The biosorption mechanism is the adoption of dead or inactive microbial 
biomass that attaches to metallic ions, present in aqueous solution and effluents, 
thus enhancing the concentration. It arises as a promising inexpensive technology
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with industrial scalability (Williams, 2016). In this scenario, biohydrometallurgy, 
which combines bioleaching and hydrometallurgy, emerges as an efficient and 
faster technique for metal extraction from WEEE (Kanaujia et al., 2021). In order 
to present an optimal activity, the microorganism requires the supply of elec-
tron donors that can also act as a source of carbon. However, they are sensitive 
to changes in the operational conditions such as pH and temperature, making 
it difficult to be controlled. The higher specificity and better performance at 
lower metallic concentrations, when compared to pyrometallurgical and chemical 
processes, point to the biometallurgy as a suitable alternative for the remediation 
of metallic contaminants in WEEE. The challenges related to this technique are 
the slow kinetic and large space required for industrial applications (Ramprasad 
et al., 2022). 

Alternatively, we can also mention some advanced technologies like: 

• Supercritical fluid technology is emerging as the most attractive technique for e-
waste recycling. It exhibits expressive results in the recovering of valuable metals 
and, at same time, to decompose harmful compounds (Oliveira et al., 2021). When 
the temperature and pressure exceed the critical point of water (Tc ≥ 374.29 °C, 
Pc ≥ 22.089 MPa), the supercritical state is achieved, and then the physical prop-
erties of water, such as viscosity, ionic product, density, and dielectric constant, 
vary widely becoming similar to that of organic compounds, and under these 
conditions, water can dissolve non-polar organic compounds and also exhibit 
certain solubility of polar or ionic compounds (de Souza et al., 2022). Compared 
to conventional techniques, such as pyrolysis or acid leaching, the use of super-
critical fluids leads to superior performance in terms of environmental aspects, 
kinetics, and reaction (Preetam et al., 2022). The most known supercritical fluids 
are water, alcohols, and carbon dioxide, but the last ones are in the beginning of 
their applicability, while supercritical water technology has already been commer-
cialized by several corporations (de Souza et al., 2022). Being a neutral process, 
it does not demand the addition of harmful chemicals. Some concerns about the 
technology are regarded the corrosion, salt precipitation, clogging issues, and 
high operational costs, but the employment of green solvents such as supercrit-
ical fluids and ionic liquids whose environmental impact is minimum must be 
explored (Rajesh et al., 2022). 

• Ionic liquids possess the ability to manipulate some physicochemical properties, 
such as viscosity, density, hydrophilicity, and solubility. This feature results from 
the combination of cations and anions or the addition of functional groups, the 
latter known as tunability (Francisco et al., 2013). Among its many applications, 
ionic liquids have great potential when used as solvents and leaching extractors in 
high value-added metal recovery processes. In this way, ionic liquids can replace 
critical steps in traditional WEEE treatment and recovery processes. This is partic-
ularly important in the pre-treatment in acidic media and the use of extractors, 
thus avoiding the use of aggressive solvents and the generation of toxic volatile 
organic compounds. Likewise, ionic liquids can be integrated with other advanced 
technologies in the search for more efficient processes to recover electronic waste.
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• Membrane separation processes play a key role in removing toxic compounds 
from liquid and gaseous effluents and offer significant advantages (Shi et al., 
2019), such as simple operation procedure; continuous work with low or variable 
flow; non-destructive method with easy scalability; high energy efficiency; and 
low potential for environmental impacts. The use of membrane technology has 
wide application in the removal of heavy metals from water and wastewater treat-
ment processes. However, the use of membrane technology for the treatment of 
effluents generated from the processing of WEEE deserves further investigation. 

Figure 6.11 summarizes the possibilities in the WEEE recycling process, showing 
the interconnection between the presented technologies.

Although a lot of effort has been dedicated to the development of techniques to 
increase the recovery rate of the valuable resources related to WEEE while mini-
mizing their harmful effects, all the technologies need to be made available to those 
interested. Nowadays, we face two distinct realities: developed countries investing in 
the whole e-waste processing, from collection to final disposal, allowing the recovery 
of all materials with high added value, in a safe way for the worker and the envi-
ronment. At the other extreme, developing countries to which immense amounts of 
waste are sent, sometimes illegally, which are dismantled in a rudimentary manner 
and burned in the open sky, without any protection for workers and the environment. 

The circularity of the valuable components in the WEEE works beyond the 
environmental aspects. Recovering of critical elements can surpass the extraction 
obtained from natural resources. The recycling of WEEE allows substituting primary 
resources with secondary raw materials (SRMs) and producing a more secure and 
uninterrupted supply chain for scarce and critical materials (Huisman et al., 2017). 
This is acknowledged by the European Commission (EC) that introduced the Circular 
Economy Action Plan (CEAP) to enhance closing the loop of materials (Ellen 
MacArthur Foundation, 2022). 

6.7 Final Considerations 

EEE has specific characteristics, such as component compression, size, and volume 
reduction, or shortening of useful life cycles, among others, that make the EoL cycle 
of these products and components critical. 

The advancement of WEEE recycling technologies, therefore, becomes essential 
for environmental sustainability on the planet and for the economic and technological 
sustainability of various sectors that are part of the electronic production chain. The 
adoption of the described strategies and technologies, individually or combined, aims 
the Circular Economy principles, shifting the product conception from cradle-to-
grave to cradle-to-cradle, where materials and energy are returned to their respective 
useful life cycles. The opportunity of the harmful compounds’ depletion besides 
the critical and valuable metals recovering converts a troublesome waste into an 
economically attractive and environmentally friendly niche.
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This chapter aimed to illustrate the relevance of the topic of WEEE recycling for 
the promotion of a Circular Economy and presents, in a summarized way, the compo-
sitions and functions of different elements that make up the EEE. In addition, this 
work introduces the main WEEE recycling technologies, and in summary, presents 
the potential contributions of each one, individually and in combination, to close the 
EEE life cycle and promote circularity in the whole electronics sector. 

By summarizing the technologies, their benefits, and challenges, it is expected 
that this book chapter can guide future research on the topic of Circular Economy in 
the electronics sector and to result as a basis for technological advancement. 
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Chapter 7 
Sustainable Development and Circular 
Economy 

Maeen Md. Khairul Akter, Upama Nasrin Haq, 
and Mohammad Abbas Uddin 

7.1 Introduction 

The demand for natural resources is unsustainable and increasing at a rate that would 
require two planets by 2030 to meet the demand (Esposito et al., 2018). Every year, 90 
billion tons of primary materials are extracted for plastic, of which only 9 percent are 
recycled (Schandl & Baynes, 2021; UNEP, 2019). The UN Sustainable Development 
Goals (SDGs) are considered a global blueprint to long-term sustainability. This 
chapter discusses the concept of sustainability and the circular economy approach to 
achieve Sustainable Development Goals. 

7.2 Sustainable Development 

7.2.1 Sustainability 

Sustainability has coined significant attention from scholars, development practi-
tioners, factory stakeholders, and government policymakers in the last few years. 
Its relationship with our existence is a potential basis for this global attraction,
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and its pervasiveness and tremendous popularity were unaffected by the obscurity 
of its multiple definitions. Even the concept got worldwide recognition in a way 
that other previous development concepts have not, it appears to be on the path of 
becoming the dominant development framework for a long period (Mensah, 2019). 
The concept of sustainability in the quest for sustainable development (SD) origi-
nated in 1987 by World Commission on Environment and Development (WCED) 
(Shi et al., 2019). Sustainability and the concept of sustainable development are 
consistently related; thus, both terms are used as synonyms, especially in academic 
and scientific contexts. Despite being used interchangeably, the terms “sustainabil-
ity” and “sustainable development” have multiple theoretical definitions, prospects, 
and constraints. (Ruggerio, 2021). As an open universal concept, sustainability has 
300 different definitions from various viewpoints (Geissdoerfer et al., 2017). Given 
the numerous theoretical streams guiding perspectives on the topic, extracting a 
complete definition by reviewing the literature on sustainability has proven almost 
impossible (Haidar, 2021). Table 7.1 summarizes the definitions of sustainability 
from multiple viewpoints found in the literature between 2015 and 2021. 

Table 7.1 Sustainability definitions 

Definition Authors and year 

Sustainability represents a paradigm shift away from traditional accounting 
practices which concentrate mainly on the financial (economic) aspects of a 
business, and includes environmental accounting, which places greater 
emphasis on examining the economic aspects of a business’s main 
environmentally related activities 

Haidar (2021) 

The meaning of sustainability implies maintaining the capacity of 
ecological systems, to support and enhance the quality of social systems 

Sakalasooriya 
(2021) 

Sustainability can be seen as the capacity of a certain community to create 
and maintain communal existence through the management of the local 
natural resources in a way that assures the survival and interconnectedness 
of the members of both the community and the environment 

Virtanen et al. 
(2020) 

Sustainability is the concept to connote improving and sustaining a healthy 
economic, ecological, and social system for human development 

Mensah (2019) 

Sustainability is the combination of three things: people, planet, and profit Razzaq et al. 
(2018) 

Comprehensive definition of sustainability includes the following five 
constructs: (1) after a defined period of time, (2) the program, clinical 
intervention, and/or implementation strategies continue to be delivered and/ 
or (3) individual behavior change (i.e., clinician, patient) is maintained; (4) 
the program and individual behavior change may evolve or adapt while (5) 
continuing to produce benefits for individuals/systems 

Moore et al. 
(2017) 

Sustainability may be defined as the capacity to maintain or improve the 
state and availability of desirable materials or conditions over the long term 

Harrington (2016) 

A company’s delivery of long-term value in financial, social, 
environmental, and ethical terms 

Haffar and Searcy 
(2017)
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It is obvious from Table 7.1 that no matter from which perspective sustainability 
is defined, its foundational principles stay unchanged. Each concept emphasizes the 
interdependence and interconnectedness of either ecological systems and human 
growth, the environmental impact and healthy profit of people and systems, or the 
equilibrium of environmental capacity, monetary gain, and communal survival. Since 
the terminology was first introduced in the WCED report, it has been used as a base-
line in environmental scientific studies. So, sustainability can be stated as a strategy 
for bringing social and economic transformation without jeopardizing environmental 
integrity. To define sustainability holistically, a three-pillar conception consisting of 
environmental, social, and economic factors or goals has been introduced, which 
is commonly represented by three intersecting circles with overall sustainability at 
the center. This three-pillar concept is also prevalent as Triple Bottom Line (TBL), 
which implies the balance between three pillars of sustainability. These three perspec-
tives of sustainability are interconnected, and human behavior acts as a trigger for 
this relationship. People can affect the environment, economy, and society simul-
taneously by their actions. Suppose natural resources can be protected by human 
action. In that case, the environment will be conserved, the economy will prosper 
and be sustainable, and social life will be healthy because of harmony to protect 
human rights (Purvis et al., 2019; Ranjbari et al., 2021). Environmental problems 
like climate change, global warming, carbon dioxide emissions, air and water pollu-
tion, soil degradation, biodiversity loss, resource depletion, and excessive land usage 
cause threats to the Earth’s life support systems. Human activities and modern living 
are pervasively responsible for these environmental issues. 

Moreover, overpopulation causes excessive unemployment, unfavorable working 
conditions, social vulnerability, massive waste, and a depressed economy, which 
impedes meeting societal expectations. Financial and economic instability affects 
individual businesses and entire economies due to economic issues such as supply 
risk, complex ownership structures, deregulated markets, and inadequate incentive 
structures (Geissdoerfer et al., 2017). The interrelationship between these three pillars 
will likely satisfy societal demands while being economically and environmentally 
viable or socially and economically balanced if environmentally acceptable, Fig. 7.1.

Suppose an individual in a given spatial area becomes unemployed (economic), 
who could be likely to be poor (social). If one is jobless and lacks money, would be 
more engaged in practices to harm ecology, like cutting down trees for firewood for 
cooking meals and warming up his home (environment). As a result of his activities 
and those of others who cut down trees in his area, deforestation will cause fewer 
crops and minerals loss from the soil (environmental). Lacking dietary nutrients 
of the inhabitants will cause subpar performance, resulting in lower productivity 
(economic). If productivity declines or stagnates (economic), impoverished people 
will stay poor or become destitute (social), and the cycle will continue (Mensah, 
2019).
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Fig. 7.1 Relationships among three pillars of sustainability (Mensah, 2019)

7.2.2 Classical Concept of Sustainable Development 

The classical concept of SD that experienced three stages: the embryonic stage 
(before 1972), the molding stage (1972–1987), and the developing stage (1987– 
present) (Shi et al., 2019), includes the concepts of development, needs, and future 
generations. The development concept refers to socioeconomic development in 
accordance with ecological constraints. The needs concept highlights the necessity 
of resource redistribution to ensure the quality of life for all. The future generations’ 
concept pursues the sustainable use of natural resources to ensure a healthy life for 
future generations (Klarin, 2018). The world’s socioeconomic transformation was 
the earnest need to preserve ecological balance in the early twentieth century. The 
industrial revolution’s blessing of overproduction led to the exploitation of natural 
resources and the release of massive amounts of waste and toxins into the environ-
ment. As a result of environmental damage and societal discontent brought on by 
human activity, economic growth was slow. In those circumstances, the idea of SD
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evolved as a savior in this unexpected situation and developed into a key plan of 
action for the global socioeconomic transition for environmental equilibrium. The 
International Union for the Nature Conservation has been addressing the harmony 
between ecology and economy for SD for the benefit of the global environment since 
1951; however, most of the organizations in the twentieth century associated SD with 
human activities and environmental conservation (Izvercian & Ivascu, 2015). There-
fore, it is clear that environmental concerns for the global ecological balance have 
been the main focus of SD since its establishment. 

7.2.3 Modern Concept of Sustainable Development—The 
SDG 

The modern concept of SD and the literature of sustainability in a global context 
emerged in the late twentieth century. Recent literature on sustainability and the 
underlying concepts appears to be focused on the diverse set of Sustainable Devel-
opment Goals (SDGs) established by the United Nations (UN) in 2015. The SDGs 
describe the elements covered in the three sustainability pillars with precise elabo-
ration (Purvis et al., 2019). The SDGs aspired to protect and preserve the environ-
ment while ensuring people’s prosperity. According to the SDGs, society or system 
must be developed to properly meet the general population’s socioeconomic needs 
and interests while minimizing the detrimental impacts that endanger the ecosys-
tems and biodiversity (Ukko et al., 2019). 2030 Agenda for SDGs has enhanced 
and expanded the dialogue on sustainable development in the modern era. It has 17 
goals and generally shows a shift from a concentration on ecological issues toward 
more general societal challenges like zero hunger, good health, quality education, 
gender equality, sustainable cities, communities, etc. The modern concept focuses on 
the sustainable development of societal issues to ensure human well-being, under-
lining poverty eradication, human-induced environmental damage prevention, and 
economic prosperity (Manioudis & Meramveliotakis, 2022). Table 7.2 shows the UN 
SDGs (Meschede, 2020; Smith, 2020).

7.2.4 Global Initiatives Toward Achieving Sustainable 
Development 

The SDGs focus on the environment, seeking aspirational goals of alleviating 
inequality through socioeconomic transition in a sustainable manner. 169 targets 
and 232 quantifiable indicators have been introduced to achieve the SDGs by 2030. 
The goal outlines the expected changes or effects or the state of global affairs, the 
target defines how SDGs can be accomplished practically, and the indicator states 
how these targets can be measured. For instance, Goal 1, “End poverty in all its
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Table 7.2 UN sustainable development goals 

SDGs Title 

1 End poverty in all its forms everywhere 

2 End hunger, achieve food security and improved nutrition, and promote sustainable 
agriculture 

3 Ensure healthy lives and promote well-being for all at all ages 

4 Ensure inclusive and equitable quality education and promote lifelong learning 
opportunities for all 

5 Achieve gender equality and empower all women and girls 

6 Ensure availability and sustainable management of water and sanitation for all 

7 Ensure access to affordable, reliable, sustainable, and modern energy for all 

8 Promote sustained, inclusive and sustainable economic growth, full and productive 
employment and decent work for all 

9 Build resilient infrastructure, promote inclusive and sustainable industrialization, and 
foster innovation 

10 Reduce inequality within and among countries 

11 Make cities and human settlements inclusive, safe, resilient, and sustainable 

12 Ensure sustainable consumption and production patterns 

13 Take urgent action to combat climate change and its impacts 

14 Conserve and sustainably use the oceans, seas, and marine resources for sustainable 
development 

15 Protect, restore, and promote sustainable use of terrestrial ecosystems, sustainably 
manage forests, combat desertification, and halt and reverse land degradation and halt 
biodiversity loss 

16 Promote peaceful and inclusive societies for sustainable development, provide access 
to justice for all and build effective, accountable, and inclusive institutions at all levels 

17 Strengthen the means of implementation and revitalize the Global Partnership for 
Sustainable Development

forms worldwide,” sounds very ambitious and unreachable, for which the UN has 
set five targets. One target is to eliminate severe poverty worldwide by 2030, which 
is currently applied to individuals making less than USD 1.25 daily, and the indi-
cator of this example is “percentage of people living below the poverty level inter-
nationally.” Goals, targets, and indicators for SDGs seem complicated but logical 
because, without measurable indicators, it is challenging to know the scope and 
type of activities needed to reach these ambitious goals (Smith, 2020). These goals 
cover SD’s economic, social, and environmental facets in an unprecedented way. The 
SDGs combined the Rio+ approach for SD with the Millennium Development Goals 
(MDGs) focusing on human development, and significantly broadened the themes 
they covered and underlined the need for a change in legislative tactics. The develop-
mental objectives are formulated by SDGs, and their targets are inherently interdepen-
dent and interlinked (Breuer et al., 2019). Most nations and societies support these 
SGDs according to their status of poverty, hunger, decent work, inequality, green
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cities, waste management, and infrastructure. Though the SDGs have been estab-
lished in response to global demand, each country has a different priority for each 
goal domestically. Some developed countries like UK, USA, Germany, Italy, Spain, 
and Sweden have chosen circular strategies in manufacturing to facilitate the journey 
toward sustainability. The UK’s textiles, upcycling, and food processing industries 
follow recycling, reusing, and reducing waste to lessen the negative environmental 
impact. Collaborating with global universities, institutions, research centers, and 
other stakeholders, companies in the UK seek sustainable solutions for their produc-
tion line, which is linked to SDGs 17. By extending the product life cycle from the 
initial phase of material extraction to product disposal, manufacturing industries in 
the UK attempt to migrate circular operating systems for the socioeconomic growth 
and environmental preservation. 

For example, a typical steel company in the UK recycles an average of 1.2 billion 
steel waste annually, while plastic businesses are researching alternatives to plastic 
as recycling plastic packaging in the UK is quite expensive (Galvão et al., 2022). 
Despite being a developing nation, Brazil excels at recycling, particularly in the 
paper, plastic, and aluminum sectors. Brazil has 858 recycling industries, including 
22 aluminum centers, 27 paper recycling industries, and 809 plastic recycling enter-
prises. According to the “Brazilian Corporate Commitment to Recycling” in 2019, 
the Brazilian recycling industry sold 590 million BRL (about 114 million USD) 
and produced 1.28 million t/y of recycled goods. The amount of recycling varies in 
Brazil depending on the sort of waste gathered. For instance, due to its high value 
and ease of transportation, the nation recycles more than 90% of aluminum waste, 
yet only 1.28% of plastic waste is recycled yearly (de Almeida et al., 2021). The 
National Policy on Solid Waste—2010 NPSW’s introduction of “Reverse Logistics” 
as a civil contract is another important Brazilian endeavor. Brazilian enterprises are 
mandated by law to ensure the proper reuse, recycling, treatment, and disposal of 
post-consumer packaging, which is apparently in line with SDGs 12 (Presidência da 
República, 2010). 

In order to achieve SDG 13 and promote a green transformation, Norway specif-
ically focuses on climate change and greenhouse gas emissions. The climate goals 
of Norway are to achieve a low-emission society by 2050 and a reduction in emis-
sions of up to 55% by 2030. Norway seeks to promote a green economy, focusing 
on agriculture and fisheries as sectors with the potential to lead a green transforma-
tion in light of recent developments in global policy, such as the Paris Agreement 
(2015) and the United Nations’ SDGs (2015). The agriculture and fishing indus-
tries in Norway strongly emphasize making sensible use of the available resources 
for the benefit of the local economy, people, and environment (Karlsson & Hovel-
srud, 2021). By 2050, it is projected that global resource use will have increased by 
three times, and by 2025, cities will produce 2.2 billion tons of garbage with notice-
able overuse of trash landfill. Global businesses explicitly strive to decrease waste to 
reduce negative effects on the environment for SD. Worldwide, manufacturing indus-
tries have prioritized waste reduction for environmental sustainability. Still, they do 
not have a cradle-to-cradle cycle yet, which would allow for the optimum elimination 
of waste through the design of materials, products, systems, and business models.
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Some electrical companies charge a minimal recycling fee to their clients, which is 
then used to manage the recycling because recycling is more expensive than using 
virgin materials. Handling electronic waste safely and reducing global waste, the 
association of recycling companies promotes conservation energy for environmental 
sustainability (Jaeger & Upadhyay, 2020). Bangladesh, a developing country, has 
also started to take initiatives for the nation’s long-term prosperity. One of the green 
initiatives is executing comprehensive policies and development strategies to ensure 
a steady energy supply by leveraging the nation’s renewable energy sources to meet. 
It has implemented the fuel diversification advantage to expand its renewable energy 
sector and meet the nation’s growing electricity needs. To diversify fuel supply and 
provide energy security, the government initiated a renewable energy policy in 2008 
to replace fossil fuel and non-renewable energy with renewable sources (biomass, 
biofuel, biogas, hydropower, solar energy, wind power, hydrogen cell, geothermal, 
tide, and wave) that would meet local energy demands. Another significant initiative 
of Bangladeshi government was launching the “500 MW Solar Power Mission” to 
satisfy the rising energy consumption demand. The country has also taken initiatives 
to meet technological, socio-cultural, and environmental challenges for sustainable 
growth and development. In September 2016, Bangladesh ratified the Paris Agree-
ment of the United Nations Framework Convention on Climate Change (UNFCC). 
Under which it is making necessary efforts to conserve the environment and keep 
the climate stable. The nation has committed to employing domestic resources to 
lessen its Green House Gas emissions by 5% by 2030, regardless of the Gross 
Domestic Product (GDP) of the nation, and also formulated a legal framework 
for addressing environmental issues, developing regulations, and policies to reduce 
Green House Gas emissions, and implementing a sustainable economic strategy to 
produce electricity aligned with SDGs 7 and 13 (Karim et al., 2019). 

7.3 Circular Economy (CE) 

7.3.1 Conceptual Definition 

The concept of circular economy (CE) emerged as a defense against the linear 
economic model of take-make-dump which is proved to generate wastes in the 
amount exceeding the Earth’s capacity. The concept is both new and old in a way 
that the classical and modern descriptions differ in content but promotes the same 
phenomena—“circularity.” Again, the practical implication of CE is multifaceted in 
nature in different industries. In this chapter, the definitions and practical implica-
tions of CE are analyzed in order to make an understandable conceptualization of 
CE. 

Though the concept of circularity evolved during the 80 s in Europe and 90 s in 
USA, research and practice of CE has gained a global momentum in the recent past 
(Stahel, 2020). Since 2003, increased number of research papers have been published
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on CE with an all-time high in 2018 (Del Río et al., 2021; Mendes, 2020). However, 
with time the complexity and the dimensions from which CE is approached is getting 
more involved (Del Río et al., 2021). 

7.3.1.1 The Classical Concept 

The classical concept of CE was concerned with the transformation from a linear 
industrial economy to a circular industrial economy where economic growth was 
measured with the quality and quantity of industrial stocks, i.e., assets and capital 
(Stahel, 2020). This concept stresses the idea of wealth (value) creation as a result 
of retention of the stock values, which evolved against resource consumption. Since 
then, CE has been defined and described from many aspects of material prevention 
and economic development (Nikolaou et al., 2021). An analysis of 114 definitions by 
Kirchherr et al. (2017) shows at least 17 dimensions of circularity with dimensions 
like reuse, recover, reduce, and recycle as the prominent ones. 

In the linear economy, commodities produced in the industries, distributed through 
various channels to the consumers, are eventually disposed of as waste in landfills. 
The idea of circularity (Fig. 7.2) is to recover wastes and inject them into the economic 
system again, enabling the products and materials to be reused by the consumers, 
resold in the distribution channels, and recycled for further processing (production) 
of new products and commodities. Such a system as a whole defines what the circular 
economy is about. The prime objective was to increase the stock of materials, i.e., 
more stock of materials produced and consumed with less resource intake. Hence, the 
classical concept of circularity was involved with maximizing the time of materials/ 
products used in the economic system before it is passed down as disposal in landfills. 
The consideration of environmental and societal issues beyond the economic concern 
was obscure.

7.3.1.2 The Modern Concept 

On the contrary, the modern concept of CE is evolving and promoting global 
economic development while solving ever-increasing environmental and societal 
challenges. Modern environmentalists also prefer to link CE with corporate strategy 
and the global supply chain as the global economy today is led by corporate firms 
linked within themselves in a complex supply chain, Fig. 7.3 (Maranesi & De, 2020).

Hence, CE today is not only a tool to maximize material stocks but also a proven 
method to solve the global environmental and societal problems if the corporate 
strategy complements it. European Union (EU) is an example of CE being imple-
mented as a means for sustainable economic development (Grdic et al., 2020). At the 
macro-level EU has formulated CE-friendly policies bolstering and facilitating the 
corporate firms to impregnate CE in their company vision and as actions in their oper-
ational activities through innovative business models (Kirchherr et al., 2017). The 
firms at the micro-level practice different CE norms in their supply chain to help the
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EU achieve the SDG goals set by the UN in a view to eradicating the global problems 
related to poverty, climate change, equity, and social well-being (Ellen Macarthur 
Foundation, 2022). Hence, in the modern world, the notion is to facilitate economic 
development without compromising its environmental and societal consequences. 
CE is regarded as one of the most effective tools to achieve it.
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7.3.1.3 The Three CE Outlooks 

Analysis of the modern literature on CE depicts that there are three outlooks 
to be considered when discussing CE, i.e., the perspective, the implementation 
(measurement) method, and the strategy (line of action) (Table 7.3). 

CE can be explained from two perspectives. The closing cycle perspective, as 
in the classical concept, is concerned with transforming the linear economic model 
to a circular one through recycling, reusing, and recovering wastes, thus closing 
the material or energy loop (Aguilar Esteva et al., 2021). The notion is to design 
products with slow and close-end loops, enabling every material, component, and 
product to contribute maximum to the economy (Mestre & Cooper, 2017). A notable 
feature of closed-loop supply chain studies appears to be focusing more on monetary 
issues and lacking the integration of sustainability dynamics (MahmoumGonbadi 
et al., 2021). However, the system (holistic) perspectives are not only confined to 
the transition of linear models to circular models but consider the application of 
CE principles in a holistic way (Mangers et al., 2021). The holistic perspective also 
studies the implication of CE adoption in the industry and the long-term impacts on 
the environment and society to ensure net benefits to the global system (Iacovidou 
et al., 2021). According to the system approach, CE is more conceivable in the modern 
globalized world where every individual, industry, nation, and economic system is 
interconnected through information technology (Vanchukhina et al., 2019). 

Measurement of the production and consumption pattern of an economy is a must 
for implementing CE. Life cycle assessment is an established method to measure 
CE’s impacts, thus helping measure the environmental consequences of a specific 
product or materials (Peña et al., 2021). Most CE scholars agreed that the life cycle 
assessment is the most effective tool to evaluate options for CE solutions (Haupt & 
Zschokke, 2017). Though the use of LCA is prominent at the product level, several

Table 7.3 Circular economy outlook 

Circular economy outlook References 

Perspective Closing cycle perspective Aguilar Esteva et al. (2021) and  
Mestre and Cooper (2017) 

System/holistic perspective Iacovidou et al. (2021) and  
Mangers et al. (2021) 

Implementation/measurement 
method 

Life cycle assessment Peña et al. (2021) and Haupt 
and Zschokke (2017) 

Material flow analysis Gao et al. (2020) and Merli 
et al. (2018) 

Strategy/line of action Transform social and 
economic dynamics at 
macro-level 

Kurniawan et al. (2022) and  
Zhu et al. (2019) 

Implement circular processes 
in the industries at the 
micro-level 

Saavedra et al. (2018) and  
Ghisellini et al. (2016) 
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applications show its effective use at the societal level and make it a universal tool for 
measuring CE impacts (Roos Lindgreen et al., 2021). Another tool used in assessing 
CE, especially to identify values lost through waste in a complex manufacturing 
supply chain, is the material flow analysis (Khairul Akter et al., 2022). The tool 
is used extensively to evaluate CE impacts and frameworks in regional economies 
like China (Gao et al., 2020). In complex systems, material flow analysis is used to 
measure material balances. It can provide potentially beneficial information to firms 
looking to handle wastes economically, looking at waste as valuable input (Millette 
et al., 2020). 

Strategy-wise, two approaches can be distinguished from literature to adopt CE. 
Simply put, one is at the macro-level and one at the micro-level. However, to ensure 
the diffusion of benefits to society and ensure a sustainable environment in the longer 
term, consideration of both macro- and micro-levels is essential (Maranesi & De 
Giovanni, 2020). China is a great example of how circularity is taken as a top-
down national policy to be implemented by transforming the economy and society. 
They opted for digitization, a big driving force toward their economic transformation 
within the CE framework (Kurniawan et al., 2022). Digitization enabled smooth 
connectivity between the government and the private sector, where the emphasis is 
given to accountability for implementing CE. To regulate the private sector, the use of 
policy is comprehensive through various government agencies, especially regarding 
resources and production in light of CE (Zhu et al., 2019). This is a macro-level 
approach to transform the industries and comply with them to adopt CE principles 
with stringent accountability. 

On the other hand, the EU is an example where CE adoption has been activated 
from the micro-level. Impregnation of concepts like industrial ecology, industrial 
symbiosis with company vision, and adopting CE principles at the firm level to 
achieve SDG goals is evident in the EU (Saavedra et al., 2018). Apart from the 
EU, in USA and Japan, a bottom-up approach is followed where the industry is 
at the forefront of CE drive with environmental and waste management strategies 
(Ghisellini et al., 2016). Adoption of cleaner production patterns at the firm level, 
and the involvement of consumers are the key features of this approach. 

7.3.2 The Practical Implications 

Definitions of CE are diverse and have been analyzed from different viewpoints in 
the literature. One aspect of CE that can be noted from the above discussion is that 
it is not an aim but rather a pathway to achieve the aim of sustainability. Thus, the 
practical implication of CE may differ in different industries though the target aim 
is similar, which can be explained by the theory of Gallie published in 1956 (Meers, 
2021), in which he describes concepts like Cas essentially contested because there is 
agreement on the goals. Still, there is ambiguity on the methodology to reach the goal 
and disagreements on the units of analysis of the CE dynamism. The implication of 
CE in different tiers of the economy, i.e., the government, public sector, private sector,
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industry unit, and at the consumer level, is thus different. Economic implications are 
easier to measure as the monetary unit is widely accepted, but environmental and 
societal implications are debated due to the difficulty in quantifying them. Many 
governments and even the firms are using CO2 emission reduction as a unit to depict 
their attempt to save the environment (Wang & Feng, 2018). This also represents 
how circular they are or to what extent they are adopting the circular principle. 
At the societal level, consumer awareness is vital. Consumers inherently desire a 
healthy lifestyle, however, understanding which one is a healthy lifestyle may not be 
clear to all (Zhang & Dong, 2020). Media and promotion are regarded as effective 
ways to increase consumer awareness. However, more awareness does not always 
lead to better actions. Tan et al. (2022) described this phenomenon as an intention-
action gap and identified it as a major barrier to CE implementation at a societal 
level. Survey research at IKEA reveals that most consumers prefer environmentally 
friendly products, but only a few are ready to pay more (Biekert, 2021). As such, the 
implication of CE is a complex dynamic to put in a common framework. However, 
it can be said that the net result of implementing CE by different actors in different 
segments of the economy is to drive sustainability and make progress economy-wise, 
environment-wise, and society-wise. 

7.4 Circular Economy as a Sustainable Development Tool 

7.4.1 Case 1: “Waste”—A Fictional Term in the Apparel 
Industry of Bangladesh 

The term “waste” is a myth in the apparel industries of Bangladesh. It’s a common 
saying in clothing industries that “dust mixed in the apparel waste turn into money 
too,” which means utilizing every single fabric used in the manufacturing, even 
the wastage of the bulk production or sample section. Material consumption, waste 
generation, waste disposal in bulk production, and traceability of apparel waste have 
recently received more attention from academics than in the past (Khairul Akter 
et al., 2022). Despite being enormous, the material waste produced in the product 
development (PD) division has not been given the same concern. This case study 
focuses on the classification of PD waste, its management, and the USD worth 
of a well-known Bangladeshi textile manufacturer. The case factory is located in 
Narayangonj, Dhaka, Bangladesh, a large-scale 100% export-oriented knit composite 
with 84.29 million annual revenue in the 2021–22 fiscal year. Field observations and 
open-ended interviews with three plant employees were used to gather the data. 
The head of the PD unit, the assistant manager of PD, and a senior merchandiser 
of the plant participated in the interviews. PD unit has 500 pieces daily, producing 
unavoidable cutting wastes, surplus fabric, and rejected samples addressed as product 
development or PD waste.
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7.4.1.1 Cutting Wastes 

Comparing sample cutting to bulk cutting, Fig. 7.1 shows that sample cutting is done 
piece by piece and is responsible for 25–35% of the cutting waste. Initially, large 
plastic drums are used for collecting cutting wastages. After filling the drums with 
waste, operators often wrap the waste in large poly bags and deliver it immediately to 
the factory’s final waste collecting division. During observation, it appeared like that 
generated waste had disappeared from the sample section’s floor in the length of an 
eye blink. The final destination of the PD waste is concealed and difficult to find in 
the factory. The team managing the PD wastes operates independently, leaving no 
data behind due to data secrecy. The waste collecting sector uses no computers, and 
all records are maintained manually. All these cutting wastes are eventually sold to 
local traders as “Jhut” for a price ranging from 0.12 to 0.95 USD/kg, depending on 
the type, size, quality, and market demand of Jhut. It was found that this apparently 
“waste” was employed as a “resource” in the local economy by recycling, reusing, 
and re-selling as value-added products. So, even though the entire process is informal 
and limited to Bangladesh’s local market, converting apparel waste into value-added 
products is a remarkable example of sustainable practice (Khairul Akter et al., 2022). 

7.4.1.2 Surplus Fabric 

Leftover fabric is the quantity of excess fabric purchased by the company to prevent 
shortages of fabric when additional samples are required due to rejection, the prereq-
uisite for a minimum amount of sample dyeing machine, and other unavoidable flaws 
like crease marks, shrinkage, etc. Repetition of the same procedure would almost 
certainly result in missing the order because fabric booking for sample preparation 
is a lengthy process. Therefore, the factory booked 25–50% additional fabric when 
booking the material to secure the order. Although the manufacturer cannot avoid 
purchasing this additional fabric, which results in a substantial quantity of waste 
in the PD sector, the business uses this so-called waste for various purposes. For 
example, excess fabrics are stored in the PD section and used in the bulk if balance 
is possible. It is also used for product development of subsequent orders if fabric 
specifications are similar or to produce samples of repeat orders. Another excellent 
application of this surplus as the resource is used in the training school of the factory 
for skill development of the cutting and sewing operators. A small percentage of 
10–15% extra fabric is used for training purposes. Suppose still there is a balance 
that the factory cannot utilize. In that case, it is stored in the PD section until ship-
ment, and then after dispatching the order from the factory, surplus fabrics are sold 
as wastages.
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7.4.1.3 Rejected Pieces 

The percentage of waste from rejected samples is insignificant, accounting for less 
than 1% of all samples produced. Rejected items are sold as stock lots to local markets 
rather than being directly disposed of in a landfill or destroyed in another way. 

7.4.1.4 Economic Value of Annual Cutting Waste of PD Section 

The study found that depending on the fabric specifications and amount of cutting, 
the sample or PD section generates 80–100 kg of cutting wastes daily. The amount 
of cutting waste has been traced from 8.00 am to 6.00 pm to find empirical data. 
Three cutting waste drums weighing 34.24, 14.36, and 21.10 kg, respectively, were 
identified after five hours of surveillance (Fig. 7.4). After taking the weight of the 
drum into account, the cutting waste was weighed 54.7 kg. The following four hours 
(2.00–6.00) pm produced 29.3 kg of cutting trash. Out of the 250 kg of fabrics cut 
that day, 84 kg of cutting waste was generated, or 33.6% of cutting wastes produced 
on that particular day. The factory typically has 26 working days, and if we assume 
the cutting waste has a minimum selling price of 0.12 USD, the estimated annual 
revenue from just the PD section cutting waste is 84 × 26 × USD 0.12, or USD 
3144.96~USD 3200. 

Drum-1 Drum-2 Drum-3 

Fig. 7.4 Three drums full of cutting wastes (8.00 am–1.00 pm)
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Fig. 7.5 Circular strategies (recycle, reuse, reduce, recover) of Envoy Textiles Ltd (ETL), 
Bangladesh, a LEED badge, b effluent treatment plant (ETP), c reservoir for rainwater harvesting, 
and d Ozone finishing machine 

7.4.2 Case 2: Circular Strategies (Recycle, Reuse, Reduce, 
Recover) of Envoy Textiles Ltd. (ETL) 

The US Green Building Council (USGBC) awarded Envoy Textiles Limited LEED 
(Leadership in Energy and Environmental Design) Platinum certification in 2016 
(Fig. 5a). Envoy Textiles was the first ever to achieve LEED Platinum of any textile 
manufacturer in Bangladesh and denim manufacturer worldwide. 

Recycling: Company’s Effluent Treatment Plant (ETP) discharges only treated water 
to nature, and most of the ETP water is reused for other internal purposes, such as 
toilet flash, gardening, and fire hydrant (Fig. 5b). Hard wastes of the spinning section 
are recycled from ball warping, and 100% of the carding waste is recycled and reused. 

Reuse: Rainwater is harvested by collecting the rain pour and stored for future 
use, rather than allowing it to run off. It provides an independent water supply for 
firefighting and other usages. An aesthetic lake (Fig. 5c), has been created, used for 
rainwater harvesting, water supply for fire hydrants, and fish farming. Cooling water 
from the finishing section machine is reused through process water optimization. 

Reduce: Groundwater consumption is planned to be reduced to 50% by 2025. To 
do so, Zero Liquid Discharge will be implemented by recycling ETP-treated water 
using Reverse Osmosis (RO) technology. Using Ozone (O3) technology, up to 10% 
of water is being saved in finishing processes (Fig. 5d). The use of caustic usage has
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been reduced by installing a Caustic Recovery Plant. The CO2 reduction roadmap to 
2028 is to reduce emissions by 60%. 

Recover: Auto blow down, condensate recovery system, economizer, and exhaust-
gas-boiler have been installed as a part of process optimization. The factory has a 
regular air leak detection system, steam trap management system, and heat recovery 
from stenter machines for energy optimization. 

7.5 Conclusions 

Sustainable development has been a key global policy for a sustainable planet and 
resources, and circular economy has been considered as a major commercial oppor-
tunity to achieve that goal. It could support the development of new industries and 
jobs and increase the efficient use of natural resources. Transitioning to a circular 
economy can create opportunities and benefits for society and the environment. 
Cooperation and innovation across the spectrum of government, industry, research 
and development, and consumption practices will be essential to prolong product life 
cycles, minimize waste, and implement other sustainable ecological practices. 
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Chapter 8 
Integrated Waste Management 
and Circular Economy 

Malonga Hazemba 

8.1 Introduction 

Waste management continues to be a public health and environmental issue world-
wide and requires that the conversation moves beyond the physical scope of waste 
generation, collection, transportation, and disposal. Globally, a combined estimated 
7 to 10 billion tonnes of waste is generated every year constituting Municipal Solid 
Waste (MSW), Commercial and Industrial waste (C&I), and Construction and Demo-
lition waste (C&D). MSW covers about 2.01 billion tonnes of this combined total 
and is projected to reach 2.59 billion tonnes by 2030, and 3.40 billion tonnes by 2050 
(Silpa et al., 2018; UNEP & ISWA, 2015). 

As countries continue to urbanise and their populations continue to grow, citi-
zens demand more goods and services, which leads to a further increase in trade of 
imported goods, and ultimately an increase in waste generated (Silpa et al., 2018). It 
thus falls on countries to manage to their waste in an environmentally sound manner 
by encouraging collaboration among different stakeholders and skillsets, opportunity 
recognition and benefit realisation (UNEP, 2016). 

The Waste Management Hierarchy (WMH) represents the priority preference 
with which countries should aspire to manage their waste. Although portrayed in a 
number of ways the general order usually constitutes, in preferential order, preven-
tion, minimisation, re-use, recycling, recovery, treatment, and disposal. Integrated 
waste management (IWM) applies itself to this hierarchy by seeking to integrate 
these components into societal systems and aiming to manage waste. However, the 
term has also been used to refer to integrating the physical elements of waste manage-
ment, the stakeholders, and all strategic aspects to managing waste (UNEP & ISWA, 
2015).
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There has also been a push to realise the economic value of waste as a resource as 
a way of waste prevention and has led to talks of transitioning economics from linear 
models to circular ones. A circular economy seeks to promote waste elimination in the 
design of products, prolonged material and product circulation, and environmental 
regeneration. The emphasis is on keeping materials and products in use for as long as 
possible before sending them to recycling, or allowing them to enter the biological 
cycle. 

This chapter starts by looking at the Waste Management Hierarchy (WMH) and 
how it relates to integrated waste management (IWM). It then explores the elements 
of Integrated Sustainable Waste Management (ISWM) and their importance. The 
focus then returns to waste prevention and how a transition to a circular economy 
can facilitate ambitions to move up the Waste Management Hierarchy. The chapter 
then closes on the role that policy plays in this transition and provides some examples 
as well. 

8.2 The Waste Management Hierarchy 

A common point of reference in exploring and designing options for a waste manage-
ment system is the Waste Management Hierarchy (WMH), with the aim being to 
systematically move up the hierarchy and prevent waste altogether (UNEP, 2016; 
UNEP & ISWA, 2015; UNEP & UNITAR, 2013). A number of versions of the hier-
archy exist, but generally all of them fall into the following categories from most 
preferred to least preferred: prevention, reduction, recycling, recovery, treatment, 
and disposal. 

8.2.1 Prevention 

The ultimate target in a waste management system is that no waste is generated 
at all. This requires a changed approach in the way products are designed so as 
to make them last longer, prevent the generation of waste, and ultimately reduce 
the demand for resources. Therefore, it requires that production and commercial 
stakeholders be engaged in shifting to a path where the design, material choice, 
production and marketing of goods can be used to push this agenda. The adoption 
of cleaner production methods can also be used towards achieving this goal (UNEP, 
2016).
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8.2.2 Reduction 

Reduction looks at limiting the amount of waste generated through actions like re-use, 
maintenance, and repair. At the core of re-use is the design of products themselves. 
For end-users to keep on using a product, it must be designed in manner that makes it 
easy to use again and again. This also calls for businesses to take up practices based 
on cleaner production and to design products for durability to increase their re-use 
(UNEP, 2016). 

8.2.3 Recycling 

Recycling involves the collection, sorting, processing, and transformation of mate-
rials into other useful products, thereby saving considerable material and energy 
resources (UNEP, 2016). This also involves organic waste which is usually comprised 
of food and agricultural wastes. The biodegradable nature of organic wastes makes 
them viable for composting and anaerobic digestion and therefore presents an oppor-
tunity to divert them away from landfills (UNEP & UNITAR, 2013). A core aspect of 
recycling is the separation of materials at the source. This enables the efficient capture 
of recyclable materials before they end up mixed with other waste and become more 
difficult and expensive to retrieve. Separation requires that all stakeholders, including 
the designers and producers of goods, waste management service providers, formal 
and informal sector recyclers, and end-users and consumers of goods, cooperate at 
all levels of the waste management stream for it to be successful (Lawrence et al., 
2020; UNEP & UNITAR, 2013). 

8.2.4 Recovery 

Recovery can be split into materials recovery and energy recovery. In material 
recovery, discarded products are broken down and sorted to retrieve useful materials 
that can then be re-used or recycled. This process also requires a level of separa-
tion at source before disposal for easier operation (UNEP, 2016). Energy recovery is 
whereby waste undergoes combustion or incineration to capture the energy produced. 
It requires that the composition of the waste is controlled to avoid contamination and 
toxic emissions. The common methods of energy recovery are combustion, pyrol-
ysis, and gasification. Methane from anaerobic digestion can also be used for energy 
recovery.
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8.2.5 Treatment 

Treatment of waste through physical, biological, or chemical processes can be used to 
reduce its volume or character so that it can have little to no effect on the environment 
once disposed (UNEP, 2016). The operation of facilities that carry out treatment 
should also be monitored to ensure that any health or environmental impacts from 
the facilities’ operations can be minimised (UNEP, 2016). 

8.2.6 Disposal 

The option of last resort is disposal and is for waste that cannot be processed through 
the preceding steps of the hierarchy. The purpose of disposal is to provide for the 
final, safe storage, or release of unwanted materials into the environment at the end 
of their life cycle (UNEP, 2016). Disposal involves the use of landfills, incineration 
without energy recovery, and controlled and uncontrolled dumpsites. Landfills are 
engineered facilities designed to prevent the release of pollutants into soil, water, and 
air. Incineration without energy recovery is the mere burning of waste for purpose of 
getting rid of it. Controlled dumpsites are disposal sites operated and managed with 
some form of registration procedures and control on incoming waste. Uncontrolled 
dumpsites are unmonitored disposal sites and are deemed unacceptable (UNEP & 
UNITAR, 2013). The pricing of environmentally sound disposal methods can be 
used to encourage waste generators to minimise their waste (UNEP, 2016). 

8.3 Integrated Waste Management Versus Integrated 
Sustainable Waste Management 

Integrated waste management has mostly been used to refer to the integration of 
the technical aspects of waste management into a complete system that is designed 
to protect the health of humans and the environment, while realising the efficient 
use of resources (Wilson et al., 2013; Wong, 2022). However, the success of any 
waste management system is dependent on meeting several other factors for it to 
be successful. The factors generally include the physical elements, the stakeholders 
involved, and the strategic aspects in and around the system (UNEP & ISWA, 2015). 

The physical elements include the aspects of infrastructure and equipment needed 
to facilitate the management of waste from its generation to its final disposal. 
This includes factors like storage, collection, and transport, as well as facilities for 
recycling, treatment, and disposal. 

The waste management system also involves a number of players starting from the 
producers of a product, through to the service providers, and the service users or even-
tual waste generators. It also involves all the players around the system that ensure its
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sustainability. This includes governments, municipal authorities, civil society, and 
non-governmental organisations and international agencies. 

The strategic aspects include those factors that can influence the success or failure 
of a waste management system. These can be political, institutional, economic, finan-
cial, or technical. These aspects may also be health-related, social, or environmental 
among others. It is also said that such systems should factor in legal responsibilities 
(Batista et al., 2021). 

8.4 Elements of Integrated Sustainable Waste Management 

All the factors mentioned in the section influence waste management systems, but 
differ among countries worldwide (Batista et al., 2021). Thus, it is important to 
understand how they are interconnected and to strike a balance among them for the 
purpose of informed decision-making (Torkayesh et al., 2022). However, given that 
the focus of the Waste Management Hierarchy is more on the prevention, processing 
and disposal of waste, the UN-HABITAT programme developed an analytical frame-
work for solid waste management that incorporates all these factors and creates an 
Integrated Sustainable Waste Management (ISWM) system (UN-HABITAT, 2010). 
They grouped these factors under ‘physical elements’ and ‘governance aspects’. 

8.4.1 Physical Elements of ISWM 

The physical elements of ISWM focus on the social aspects of public health, envi-
ronmental aspects of environmental protection, and the economic aspects of resource 
management (3Rs of reduce, re-use, and recycle). All these are needed to make an 
ISWM system work and remain sustainable (Satori et al., 2018). 

8.4.1.1 Public Health 

The public health factors revolve around maintaining clean, healthy, and habitable 
areas through the provision of well-functioning waste collection services. This is 
important as failure to properly manage the post-consumer or post-user end of the 
materials cycle could have a negative impact on human and environmental health 
(UN-HABITAT, 2010). 

8.4.1.2 Environmental Protection 

The environmental factors look at protecting the environment from uncontrolled 
dumping of waste through the provision of appropriate waste treatment and disposal
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services. It aims to put an end to uncontrolled disposal, while increasing the envi-
ronmental standards of disposal facilities (UN-HABITAT, 2010). It also requires the 
use of locally appropriate and adaptable technologies and equipment. 

8.4.1.3 Resource Management 

Resource management focuses on realising the value in waste through the following 
types of actions: reducing waste generation quantities; prolonging the use of products 
through re-use, repair, refurbishment, or remanufacture; recycling those materials 
that can be reintroduced into value chains through extraction or recovery, and in 
returning the nutrients embedded in organic waste back to the soil through activities 
like composting and anaerobic digestion (UN-HABITAT, 2010). 

8.4.2 Governance Aspects of ISWM 

The governance aspects of ISWM include the inclusivity of stakeholders, financial 
sustainability, and having sound institutions and proactive policies. 

8.4.2.1 Inclusivity 

The well-functioning of an ISWM is dependent on the participation and contribution 
of service users who are waste generators, service providers who include local author-
ities and private actors, and service enablers who include the national government. 
This means that all stakeholders need to be involved in the planning, implementation, 
and monitoring of waste management systems. 

8.4.2.2 Financial Sustainability 

Financial sustainability focuses on ensuring that a waste management system can 
provide an adequate service for the cost it demands, is affordable for the service 
users, transparent in its costs, and is well-financed through either consistent user 
charges or government expenditure. 

8.4.2.3 Sound Institutions and Proactive Policies 

For a waste management system to operate effectively, it needs a strong, well-
functioning, and transparent institutional framework that promotes good governance 
of waste. This will help ensure that services are adequate, effectively capacitated, 
and accountable, with every stakeholder understanding their role. This may involve
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having a national policy framework and well-equipped local institutions (UNEP & 
ISWA, 2015). It may also involve the use of a competitive, transparent and account-
able private sector contracted by the municipal authority to carry out services. It 
should also take into consideration the rolls of micro-, small-, and medium-sized 
enterprises and that of the informal sector who may already be engaged in such 
activities and are dependent on them for their livelihoods (UN-HABITAT, 2010). 

8.5 Waste Prevention as the Ultimate Goal 

As has been earlier established, the prevention of waste is the ultimate goal of the 
Waste Management Hierarchy and thereby should influence the design of any waste 
management system. Waste prevention can occur from the moment a raw material 
is extracted to make a product to the time that product reaches its end-of-use, and 
therefore can be targeted at almost all stages along the life cycle of the product. 
According to Cobo et al. (2018), waste prevention reduces the quantity of waste, the 
negative impacts of waste generation, and the harmful substances that are possibly 
embedded in materials and products. It may include activities such as the restriction 
of planned obsolescence of electronic goods, lowering the weight of products, and 
designing products in a manner that allows for them to be easily disassembled (Cobo 
et al. 2018). As such, there are two fundamental aspects, these being quantitative and 
qualitative prevention, under which waste prevention can be understood. 

8.5.1 Quantitative Prevention 

Quantitative prevention measures are those that aim to reduce the amount of materials 
or products that end up as waste. Measures that can be taken to achieve prevention 
on the production side include avoiding unnecessary consumption, using less virgin 
material in product design and production processes, designing products which are 
durable and easy to disassemble, and allowing and purchasing fruits and vegetables 
that are not of perfect size or shape (UNEP & ISWA, 2015). On the consumer side, 
the aim would be to prolong the use of a product by re-using it, or having it repaired 
or refurbished (UNEP & ISWA, 2015). 

8.5.2 Qualitative Prevention 

The aim of qualitative prevention is to improve the environmental performance of 
products and production processes by eliminating the use of specific hazardous 
substances in materials or products that end up as waste (UNEP & ISWA, 2015).
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Waste prevention, if done right, can lead to a reduction in the demand of resources 
and improved management or reduction in the use of hazardous materials. Therefore, 
it is paramount that waste prevention is well-understood by the public and within 
waste management sector itself (UNEP & UNITAR, 2013) and should lead to better 
decision-making on both the production and consumption ends of a product life 
cycle. 

8.6 Circular Economy 

This chapter has established that preference should be given to waste management 
solutions at the higher end of the Waste Management Hierarchy with waste preven-
tion being the ultimate goal. It has also been established that for a waste manage-
ment system to function sustainably it must take into account all the stakeholders 
involved and the strategic aspects within and around the system. However, the domi-
nant economic model favours the disposal of products. With high rates of urbani-
sation and population growth, and problems of industrialisation and the lifestyles 
of people (Satori et al., 2018), this will not be sustainable as the earth’s resources 
cannot cater to so many people and so much of development. As well, the number of 
areas that can be used for disposal are only so much and will not be able to sustain 
the waste generated and disposed of from this economic way of doing things (Cobo 
et al., 2018). Another issue is the costs linked with waste management and how these 
factors can add increasing weight on municipal budgets (Batista et al., 2021). It is 
therefore imperative that focus be shifted higher up the Waste Management Hier-
archy and waste management systems be designed to support this shift. This is where 
a transition to a circular economy comes into play. 

A circular economy is one in which the concept of waste prevention leans heavily 
towards designing out waste early in the life cycle of products so that they may be 
kept in use and re-used for as long as possible. It promotes the use of environmentally 
sound materials and products that can be used and re-used for as long as possible. 
Finally, it allows for a reduction in the extraction of new raw materials and the return 
of useful nutrients back to the nature, thereby giving natural resources a chance to 
regrow. As illustrated by the Ellen MacArthur Foundation in the butterfly diagram, 
the circular economy is designed around two distinct cycles: the biological cycle and 
the technical cycle (Fig. 8.1).

8.6.1 The Biological Cycle 

Materials in the biological cycle are those that can be consumed or derived from 
natural products and are essentially biodegradable. This cycle contains processes 
capable of returning nutrients back to the soil which in turn can help regenerate natural
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Fig. 8.1 Circular economy butterfly diagram. Source: EMF (2019b)

resources. Activities such as composting and anaerobic digestion can participate in 
this cycle. 

8.6.2 The Technical Cycle 

Materials and products in the technical cycle are those that are designed to be used 
and not consumed. The aim is to keep them in use for as long as possible to avoid 
them becoming waste. The preferred activities involve sharing, re-use, maintenance, 
and repair of products. These options are dependent on products being designed for 
durability. Beyond these, the next preferred options are refurbishment and remanu-
facture using re-usable materials. These options are better served when products are 
designed to be easily disassembled. The last option is that of recycling which aims 
to keep materials in use by reprocessing them into something new. 

8.7 ISWM and Circular Economy 

In a circular economy, an Integrated Sustainable Waste Management (ISWM) system 
would have to be designed to support the biological and technical cycles with the aim 
of moving towards waste prevention. Such a system would also be able to produce
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materials, energy, and nutrients by linking waste management with the processing of 
resources and inevitably realising the potential value in waste (Cobo, et al., 2018). 
Therefore, each element of the ISWM would have to aim towards circularity. To recap, 
the physical elements of ISWM are public health, environmental protection, and the 
3Rs of reduce, re-use and recycle. The governance aspects of ISWM are inclusivity, 
financial sustainability, and sound institutions and proactive policies. The following 
sections will explore these elements in the context of the circular economy. 

8.7.1 Public Health and the Circular Economy 

In a circular economy, waste collection services would have to be designed as resource 
collection services, with resources preferably sorted at source. For the biological 
cycle, this would see organic waste being taken to its own processing plant to enable 
it return to nature. The technical cycle would see materials sorted for recycling, 
or dropped off and collected for repair, refurbishment and remanufacture, and later 
resold. This kind of arrangement is dependent on available technologies and would 
therefore have to be designed in the context of the area of interest. 

8.7.2 Environmental Protection and the Circular Economy 

A circular economy seeks to avoid the need for disposal. However, there are certain 
elements that eventually reach beyond usable standards and may need to be safely 
released back into the environment. In the biological cycle, this can be done through 
composting and anaerobic digestion of organic waste. In the technical cycle, this 
brings in the issue of designing products using environmentally safe materials and 
chemicals so that they do not cause harm to the environment when disposal is 
required. 

8.7.3 Resource Management in the Circular Economy 

Resource management seeks to realise the economic value of waste through the acts 
of reducing waste generation; prolonging the use of products by re-using, repairing, 
refurbishing and remanufacturing them; recycling those materials that cannot be re-
used; and returning nutrients in organic waste back to nature through activities like 
composting. These activities are the hallmarks of a circular economy and are core to 
realising the value in materials and products that would otherwise end up as waste.
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8.7.4 Inclusivity and the Circular Economy 

A transition to a circular economy requires the participation of all stakeholders if 
it is to succeed. Efforts cannot be left to public authorities alone, but require that 
all stakeholders be involved in the planning, implementation, and monitoring of 
the waste management system. The waste generators and those who represent them 
would need to be made aware what a circular economy is, what it means for their waste 
management system, and the role they would have to play to make it successful. Waste 
management service providers would have facilitate or create links with institutions 
that provide re-use, repair, refurbishment, remanufacturing, composting or anaerobic 
digestion services, and work with public authorities and waste generators in areas 
such as the sorting of waste at source, or segregation after collection. 

8.7.5 Financial Sustainability and the Circular Economy 

The creation of separate resource streams, especially for recycling, would mean 
an inevitable increase in costs for collection and administration (UNEP & ISWA, 
2015). Therefore, having a regular stream of resources and investments to finance 
such systems is vital. Stakeholders would have to share costs for the waste manage-
ment system to be successful. This could involve the use of the following instru-
ments among others: public–private partnerships; micro-financed micro-, small-, and 
medium-sized enterprises, Community-Based Organisations (CBOs) and informal 
sector services; innovative financing instruments; and Extended Producer Responsi-
bility (EPR) charges (UNEP & ISWA, 2015). Inter-municipal cooperation is another 
option that has been suggested where municipal authorities move from managing 
waste independently to working with each other as a way of improving performance 
and lowering costs (Ferreira et al., 2022). 

8.7.6 Sound Institutions and Proactive Policies 

A strong institutional framework, a transparent organisational structure for financial 
and service management, and partnerships with stakeholders like the private sector 
are essential to a well-functioning ISWM. These will require sufficient capacities to 
prepare and enforce legislation and also facilitate collaboration with stakeholders. 
It may also require that the roles of legislator and regulator be made separate for 
effective and credible enforcement (UNEP & ISWA, 2015). 

Having a strong and well-informed circular economy policy would do well in 
guiding institutions towards the successful implementation of waste management 
systems that feed into the circular economy. The following section will explore such 
policies and how they can provide for such a system.
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8.8 ISWM and Circular Economy Policy 

Waste prevention can occur at almost any stage of the life cycle of a product and may 
require specific interventions to ensure success. This may include the targeting of 
policies at specific stakeholders along the supply chain of a product; the extraction, 
production and transportation stage may be addressed by policies aimed at sustainable 
production; the consumption stage may be targeted by policies aimed at sustainable 
consumption; and the post-consumer and waste collection phase may be targeted by 
specific waste management policies (UNEP & ISWA, 2015). 

A variety of policy instruments exist that can be used to ensure an effective 
integrated waste management system. Notable among these are direct regulation, 
economic instruments, and social instruments (UNEP & ISWA, 2015). The use of 
multiple instruments aims to address the broad nature of waste management systems 
and how different sectors require different interventions towards meeting sustainable 
consumption and production goals. 

8.8.1 Direct Regulation 

The use of legislation, including its consistent enforcement, is what constitutes direct 
regulation. In waste management, this includes having laws and regulations aimed 
at protecting society’s access to public health and a clean environment. Such laws 
would have to be clear, coherent, and enforced in a fair and consistent manner. In 
promoting waste prevention, they would also have to address waste reduction and 
resource recovery as a means of addressing waste management costs and realising 
the value of recovered resources (UNEP & ISWA, 2015). 

8.8.2 Economic Instruments 

Economic instruments engage the use of market-based incentives and disincentives to 
influence the behaviours and practices of stakeholders. Such instruments may include 
pay-as-you-throw (PAYT) charges aimed at encouraging segregation at source; land-
fill, or incineration taxes aimed at limiting their use; fiscal benefits for investments in 
waste management; and the use of extended producer responsibility (EPR) charges 
aimed at making producers and importers accountable for the products they release 
to markets (UNEP & ISWA, 2015).
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8.8.3 Social Instruments 

Communication, raising awareness, and interactions among stakeholders are neces-
sary when trying to get buy-in for sustainable waste management systems. It goes 
beyond the provision of information by national or local governments and includes the 
encouragement and engagement of stakeholders, with the national or local govern-
ment leading by example through actions such as the use of economically viable 
and socially acceptable green procurement measures (UNEP, 2016; UNEP & ISWA, 
2015). 

8.8.4 Circular Economy Policy 

Circular economy policy is better driven at national level and aimed towards applying 
the more preferable options of the Waste Management Hierarchy (UNEP, 2016). It 
helps to facilitate processes that optimise the performance of other stakeholders. 
General steps that apply include initiation, development of a circular economy plan, 
and assignment of national and local government roles (UNEP, 2016). 

8.8.4.1 Initiation 

Initiation of the development of a circular economy may require the use of either a 
national strategy statement or legislation. The use of legislation would require the 
development of a plan that provides mechanisms for action. 

8.8.4.2 Circular Economy Development Plan 

Adopting a typical plan outline, the circular economy development plan systemati-
cally sets out the basic criteria and actions for the government. It should be preferably 
preceded by the development of guidelines for the development of the plan and take 
a whole-of-government approach for it to be acceptable. The plan should also have a 
regular review process given that it seeks to change the way current systems operate. 

8.8.4.3 Assignment of National and Local Government Roles 

The involvement of all stakeholders is important in a circular economy as roles and 
costs need to be shared among them. The implementation of a circular economy 
also requires that the plan is well-communicated to all stakeholders. The national 
government could take lead on this with a nationwide approach, which could then be 
followed up by local approaches to get the general public and businesses involved.
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8.8.5 Limitations of Technology 

Apart from the above steps the use of technology whose feasibility is economical 
and application is socially acceptable is required. This is because countries operate 
at different levels of development with differing drivers and therefore require tech-
nologies that best apply to their conditions. The ultimate goal should be to minimise 
waste with technologies that are easy to adopt and adapt to, are environmentally 
sound, and promote operations at the most preferred end of the Waste Management 
Hierarchy (UNEP, 2016). 

8.8.6 Importance of Data 

Also vital to policy is the need for data on waste management systems. This is 
essential to knowing if the system is functioning optimally. This data can be gathered 
by incorporating monitoring and evaluation into waste management systems and 
maintaining engagement with stakeholders on whether the system is meeting its 
targets (UNEP & ISWA, 2015). 

8.9 Circular Economy Policies and Strategies 

The following are the examples of enacted policies, legislation, and instituted 
strategies aimed at transitioning to a circular economy. 

8.9.1 The Basic Act for the Establishment of a Sound 
Material-Cycle Society in Japan (2000) 

The Japanese Government enacted a law that enabled them to make a plan that would 
allow them to comprehensively and systematically promote policies and measures 
for the establishment of a circular economy. The plan would have basic principles on 
policies and measures, outline the policies and measures that the government should 
make, and have other matters necessary to promote the comprehensive and systematic 
establishment of a circular economy (UNEP, 2016; Government of Japan, 2000). The 
act also calls for measures including the sharing roles and costs among stakeholders, 
the taking on of a whole-of-government approach, improved sensitisation on circular 
economy, and for the plan to be reviewed every five years or so.
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8.9.2 Act to Promote a Circular Economy and Safeguard 
the Environmentally-Compatible Management of Waste 
(Circular Economy Act) in Germany (2012) 

In 2012, the German Government enacted into law an act for the purpose of promoting 
a circular economy to conserve natural resources and ensure that the generation and 
management of waste did not harm human health and the environment (Government 
of Germany, 2012). The act obligates waste producers and holders to minimise their 
waste and prioritises waste minimisation ahead of disposal. In the likelihood of 
disposal being the only option, the act allows for it to be done in a manner that 
best ensures that the health of humans and the environment is protected. The act 
also calls for the use of waste management methods that are technically possible 
and economically reasonable and further provides guidelines to determining the 
technology that best applies to costs, benefits, and principles (UNEP, 2016). 

8.9.3 Circular Economy (Waste Reduction and Recycling) 
Act of the State of Victoria (2021) 

The state of Victoria in Australia enacted into law, in 2021, an act seeking to introduce 
a circular economy within the state, with the purpose of maximising the continued use 
of products and waste material across their life cycle, while taking into account their 
impact on the environment (State Government of Victoria, 2021). The act provides 
for the assignment of roles with a central recycling body as head, and municipal 
authorities as recycling service providers. It also calls for best practice in procure-
ment and management of contracts pertaining to waste and recycling services, and 
further provides service standards. Finally, it establishes a container deposit scheme, 
provides for data collection and reporting, and creates a system of penalties and other 
enforcement measures. 

8.9.4 Western Cape Industrial Symbiosis Programme 

A prominent example of the application of circular economy in waste management 
is the Western Cape Industrial Symbiosis Programme (WISP) in South Africa (Ellen 
MacArthur Foundation, 2020). Industrial symbiosis involves the coming together of 
separate industries in an exchange of by-products to competitively take advantage 
of their value (Cobo, et al., 2018). The city of Cape Town in the Western Cape was 
generating between five to six thousand tonnes of waste per day, with 87% of this 
ending up at landfills. However, the City’s three landfilling sites were getting close to 
their maximum and this required immediate action. The WISP linked up businesses
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whose by-product waste could be used in one another’s operations and led to the 
diversion of 23.3 tonnes of waste from landfills in its pilot year. 

8.9.5 Computer Reconditioning Centre in Belo Horizonte 

The Computer Reconditioning Centre (CRC) in the city of Belo Horizonte in Brazil 
is another example of waste management, particularly electronic waste (e-waste) 
(Ellen MacArthur Foundation, 2019a). To meet demands for digital inclusion in the 
Belo Horizonte area, the city decided to take advantage of the waste landscape of 
electronic and electrical equipment by setting up a computer reconditioning centre 
where private and public institutions would donate equipment, which if suitable 
would be remanufactured and offered to registered digital inclusion institutions. Any 
unsuitable parts or materials would be auctioned off to other registered companies 
who would send them to recycling facilities. 

8.10 Summary 

This chapter has looked at how waste management continues to be a worldwide 
public health and environmental issue. Thus, it has sought to explain the role of 
integrated waste management and circular economy in creating sustainable waste 
management systems. 

It looked at the Waste Management Hierarchy and how it is designed to promote 
waste management with a preferred order of prevention, reduction, recycling, 
recovery, treatment, and finally disposal. 

The chapter then focused on the concept of integrated waste management and 
how it shifted to Integrated Sustainable Waste Management, due to the recognition 
that waste management goes beyond the physical elements and should consider 
stakeholders and other strategic aspects within and around the system. 

The chapter then looked at the physical elements and governance aspects of an 
Integrated Sustainable Waste Management system and what they entail. The physical 
elements focused on public health, environmental protection, and resource manage-
ment through the 3R (reduce, re-use, and recycle) approach. The governance aspects 
constituted inclusivity, financial sustainability, and sound institutions and proactive 
policies. 

The focus then returned to waste prevention and how it can be applied at almost 
any level of the life cycle of a product. Waste prevention was then addressed under 
quantitative and qualitative aspects. Quantitative aspects aim to reduce the amount of 
materials or products that become waste, while qualitative aspects aim to eliminate 
the use of specific hazardous substances in materials and products likely to end up 
as waste so as to improve their environmental performance.
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The chapter then looked at the circular economy and why a transition to it is 
required. It described a circular economy as one where waste is eliminated in the 
design of products, materials and products are kept in use for longer, and natural 
resources are allowed to regenerate, with nutrients returning to nature. The focus 
then moved to the biological and technical cycles of the circular economy and the 
activities that are considered under these. The section then concluded by consid-
ering the circular economy under the elements of the Integrated Sustainable Waste 
Management system. 

The chapter then shifted to look at policy and the role it plays in Integrated Sustain-
able Waste Management and the circular economy. The section looked at Direct 
Regulation, Economic Instruments, and Social Instruments, including how they are 
applied to waste management systems. It then looked at circular economy policy 
and the requirements that allow for its creation. These include initiation, the creation 
of a Circular Economy Development Plan, and the assignment of national and local 
government roles. This section further considered the limitations of technology and 
the importance of data. 

The chapter then concluded by looking at examples of various legislations and 
plans aimed at transitioning to or creating a circular economy. These included national 
and state laws, as well as city strategies. 
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Chapter 9 
Value Creation from Waste Through 
Remanufacturing: Understanding 
Barriers from the Perspective of Business 
Model Dimensions 

Sayed Mohammad Ayati, Jukka Majava, Pasi Rönkkö, and Ehsan Shekarian 

9.1 Introduction 

The circular economy (CE) narrative and effective transition from a linear economic 
model is central to waste management and end-of-life (EoL) product treatments. 
In the CE, growth comes from within by increasing the retainable values from 
existing economic structures, products, and materials (Webster, 2017). Regenera-
tive and restorative approaches are applied in the CE to keep materials, components, 
and products in use at their highest utility and value in the long term (Webster, 
2017), enabling organizations to retain values of biodegradable waste and technical 
EoL products (Batista et al., 2018). The regenerative approach extracts biodegrad-
able materials from waste and strives to build cooperation between multiple actors. In 
the restorative approach, organizations retain values from EoL products that involve 
reducing, reusing, remanufacturing, refurbishing, and recycling. An important aspect 
of implementing a restorative value chain is the cooperation of supply chains that 
take back materials from end-use points to where an organization can retain values 
(Fernando et al., 2022). Thus, implementing any recovery approaches is hinged on 
the business model (BM) capabilities and related supply chain operations (Murray 
et al., 2017). 

The recovery approach can keep products in a tighter loop, closest to the original 
products, serve best values, or in the outer loop, recover less values (Shekarian, 
2020). Retainable values are classified into two groups: material value and functional
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value. The material value is associated in the literature with the extraction of raw 
materials to produce a product. However, the functional value retains the value added 
to a product to realize its functionality. According to the inertia principle, recycling 
is the least preferable approach among various recovery approaches to diminish 
environmental costs over time and maintain products in the markets for as long as 
possible (Stahel, 2019). Recycling destroys the functional values of EoL products 
and disintegrates products to recover the material values (Shekarian et al., 2021). In 
contrast, remanufacturing retains the highest possible functional values, bringing the 
product or its component back to its useful life, and making it like new (Kumar et al., 
2007). 

Remanufacturing is a multi-process that consists of various operations to 
requalify an EoL product, such as inspecting, cleaning, disassembly, part processing, 
reassembly, and testing, to meet the desired product standards (Sakao & Sundin, 
2019). The literature maintains that remanufacturing, in addition to the reduction of 
landfilling and mitigating raw material consumption (Peng et al., 2019), diminishes 
the amount of energy used for production by removing the need for raw materials 
(Jiang et al., 2019), which is cost-saving for both manufacturers and customers (Xiao 
et al., 2021). Although remanufacturing builds systematic benefits and recovers the 
highest amount of the EoL product’s functional values, manufacturers are less willing 
to implement this approach (Masi et al., 2018). 

The literature (e.g., de Lima et al., 2021) asserts that several barriers prevent 
organizations from implementing remanufacturing, such as a lack of the take-back 
process from consumers, significant divergencies in the stream of products, and labor-
intensive processes. In addition, many papers (e.g., Sakao & Sundin, 2019) argue 
that a remarkable part of the barriers that organizations have encountered in imple-
menting remanufacturing is related to the necessity of rethinking supply chains, and 
therefore, the way values are created and delivered through their BMs. In adopting 
remanufacturing, the organization must realize the ways to create, deliver, and capture 
values by retaining values from EoL products. The value chain in remanufacturing is 
complicated as its entities are not static but dynamic and require embracing the entire 
value network, considering different elements and their relations in the system. Effec-
tive remanufacturing thinking demonstrates waste increases in the take-back process 
and services in the absence of any planning for facilitating incentive-driven down-
stream management ideas. Particularly, waste becomes more problematic when EoL 
products are not remanufacturable or the reverse logistics solution is not ecological. 

Remanufacturing is still at an early stage of implementation, and many organi-
zations are undergoing the exploratory stage of development. To progress past this 
stage and facilitate the implementation of remanufacturing, it is essential to identify 
barriers and develop effective methods of overcoming them. Although the authors 
of previous studies (e.g., Kirchherr et al., 2018) have investigated barriers to the CE 
implementations, such as life cycle extensions in BMs, Ayati et al. (2022) assert that 
only a few articles investigated the barriers related to remanufacturing implementa-
tion in-depth. Notably, the emphasis on identifying barriers can provide a context for 
elucidating BM modification and remanufacturing integration with the supply chain.
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To date, few articles focus on developing discussions that would address reman-
ufacturing waste of the heavy vehicle industry (HVI) (Xiao et al., 2018). There 
is also evidence that although some organizations remanufacture HVI waste, their 
performance falls short of the CE concept (Barreiro-Gen and Lozano, 2020; Oncioiu 
et al., 2018). The HVI industry is rarely subject to EoL waste management regula-
tions in contrast to the regulations that address waste management of the automotive 
industry (Directive, 2000). Thus, in the lack of supportive or proactive regulations, 
other incentives, such as economic, drive organizations to retain value from HVI 
waste. Considering substantial remaining material and functional values in the EoL 
HVI products (Ridley et al., 2019), from the economic and environmental perspec-
tive, there is a real need to take such EoL products back to the market (Rönkkö et al., 
2021). 

Therefore, this study is designed to reveal barriers to remanufacturing implemen-
tation in HVI. As part of the research, the barriers related to BMs were analyzed in 
conjunction with a thematic analysis that established a meaningful interrelationship 
between BM dimensions and barriers. In this regard, identifying and analyzing the 
more affected dimensions provided a comprehensive conceptual understanding for 
modifying BM dimensions to create values from remanufacturing. To deepen discus-
sion for creating values from remanufacturing, the following research questions were 
formulated: 

1. What barriers hinder remanufacturing from the perspective of a BM? 
2. How can organizations modify the BM dimensions to create value from waste in 

remanufacturing? 

Section 9.2 describes the remanufacturing implementation, BMs, and barriers. 
Next, Sect. 9.3 explains the methodology this research deployed in the case study 
analysis. Analyzing the results in Sect. 9.4, we distinguish specific barriers to imple-
menting remanufacturing. Section 9.5 discusses BM modifications required to create 
values from remanufacturing. Finally, Sect. 9.6 concludes the research. 

9.2 Literature Review 

9.2.1 Remanufacturing 

Remanufacturing is an approach that involves putting an EoL product across a 
manufacturing process to maintain the functional values of its worn components 
and produce a like new product (Vogtlander et al., 2017). Implementing CE goals 
and mitigating industrial waste in accordance with the triple-bottom-line sustain-
ability are the key characteristics that have received much attention in the literature
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(Shekarian et al., 2023; Jensen et al., 2019; Korhonen et al., 2018). Although reman-
ufacturing trend implies that many firms intend to employ remanufacturing exten-
sively, this operation needs to be overhauled (Zhang et al., 2019). Substantial invest-
ment emphasizes the need for remanufacturing feasibility assessment compared to 
other recovery methods. On the other hand, studies cite various strategic reasons 
for exploring remanufacturing, including cost reductions for manufacturers, lower 
prices for customers, diminished consumption of virgin materials, emissions leakage, 
higher skilled labor jobs, and the development of industrial technology (Saidani et al., 
2020). Various industries, including automotive, aerospace, electrical and electronic 
equipment (EEE), machinery, and medical equipment, have used remanufacturing 
in such situations (Akano et al., 2021). According to the literature (e.g., Andersen 
et al., 2022), it is critical to find effective take-back operations and design production 
planning to capitalize on remanufacturing in addition to manufacturing engineering. 

The remanufacturing operation is based on a take-back system that gathers and 
returns EoL products to organizations to maintain values (Andersen et al., 2022). As 
an external process, the take-back process necessitates collaboration among all stake-
holders (Ali et al., 2022) to alleviate the uncertain quality and quantity of returned 
products that affect the inventory, limiting the production plan and profitability (Vogt-
lander et al., 2017). Moreover, organizations must utilize reverse logistics (RL) to 
shift EoL items from the collection to the manufacturing site (Mishra et al., 2022). 
For many years, organizations have been using RL as a structure to manage waste by 
returning EoL products and extending the use of materials in more than one cycle. 
RL is a logistical technique that reduces waste formation by returning products to 
maintain value points (Acerbi & Taisch, 2020). 

The remanufacturing process begins after the EoL items are returned to the produc-
tion site. Many returned products do not match the minimum scope for requalifica-
tion and cannot be remanufactured. Product designers can create remanufacturable 
standards by evaluating the remanufacturability of EoL products and developing 
remanufacturing criteria (Omwando et al., 2018). Standardization is an approach for 
determining remanufacturability based on time, quality, and cost factors (Sakao & 
Sundin, 2019). Remanufacturability depends on the product’s longevity, function-
ality, retainable value, component interchangeability, cost of retaining values, tech-
nical stability for requalifying, and consumer desire to purchase remanufactured 
goods (Zhang et al., 2021). It is a complex technique due to the variances in the 
state of returned items, product type, mechanical conditions, product structure, and 
degree of damage. As a result, organizations evaluate remanufacturability based on its 
technical characteristics, economics, and environmental benefits (Dominguez et al., 
2021). 

Disassembly, cleaning, inspections, mending, and reassembly are technical char-
acteristics. Disassembly means breaking a mechanical product down into its parts. 
Cleaning removes filth through chemical, mechanical, and physical processes, 
resulting in a required level of cleanliness. Inspection verifies the product’s perfor-
mance and components to verify warranty eligibility (Saidani et al., 2020). Repairing 
entails recovering faulty or out-of-place parts and putting them back to work to restore 
them to their original function. Reassembly is the process of merging new spare parts,
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recovered parts, and new components to create a remanufactured product. During all 
steps, operators consider consumer willingness for products which can compel them 
to downgrade a medium- or low-quality product and send them to recycling centers 
rather than repair and reassemble them. In addition to technical evaluation, producers 
reassess economic aspects to decide whether remanufacturing is worthwhile (Rönkkö 
et al., 2021). Economic feasibility is cost prediction for remanufacturing that eval-
uates the cost of requalifying EoL components compared to the cost of new parts. 
This assessment partially happens after scrapping a product to evaluate and charac-
terize the EoL product’s ability and potential for remanufacturing. This examination 
is a labor-intensive operation that has an impact on economic viability. According 
to the literature, manufacturers must implement a comprehensive decision model 
for operating effective disassembly activities to deal with waste products (Goltsos 
et al., 2019; Jiang et al., 2019). Although various papers have undertaken economic 
analyses, the remanufacturing process is still in its early stages, and the technical 
steps require further investigation. 

Furthermore, numerous papers state that judging remanufacturing based on its 
technical and economic benefits is not in line with the growing waste and environ-
mental concerns (Cong et al., 2019; Xiao et al., 2018). Remanufacturing is largely 
recognized as an environmentally favorable process compared to new component 
manufacturing for several reasons, including reduced use of raw material, energy 
use, and emission leakages (Saidani et al., 2020). However, the authors empha-
size the role of regulations in accelerating remanufacturing implementation and 
improving environmental advantage. By standardizing developments and national 
plans, policymakers improve organizations’ willingness to remanufacture (Xiao 
et al., 2018). 

9.2.2 Business Model 

A business model (BM) is a logic that governs how an organization designs its 
business to create, deliver, and capture value (Geissdoerfer et al., 2018). A generally 
accepted BM framework has three to four dimensions. Table 9.1 shows the definitions 
of dimensions, sub-dimensions, and meanings for BM dimensions (Lüdeke-Freund 
et al., 2019). BMs were initially implemented to communicate complex company 
ideas to potential investors (Vermunt et al., 2019), but it has eventually grown into a 
strategic asset in a competitive economy. Apart from growing competitiveness and 
earnings, the literature also highlights the significance of reducing the negative effects 
of the linear BM on the environment (Majava & Hyvärinen, 2022; Masi et al., 2017). 
Although any change in the architecture of the BM mechanism complicates interac-
tions among supply chain actors (Homrich et al., 2018), organizations must transition 
to alternative models, such as the sustainable business model (SBM), product-service 
systems (PSS), or circular business model (CBM). SBM generates long-term value 
for diverse stakeholders through collaborative and stakeholder-centered management 
(Geissdoerfer et al., 2020). PSS is a subset of SBM that merges tangible products
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Table 9.1 BM dimensions definitions 

Dimension Sub-dimension Description 

Value 
proposition 

• Products 
• Services 

• The organization’s main objective in offering products 
and services needs to gain sufficient revenue compared 
to costs. It is required to ensure long-term capacity to 
obtain three bottom lines of sustainability 

Value 
creation 

• Target customers 
• Value creation 
process 

• It is essential to develop a value network with motivated 
stakeholders and contribute to economic viability, 
environmental benefits, social concerns, and preparation 
for long-term challenges in business associationsValue 

delivery 
• Partners and 
stakeholders 

• Value delivery 
process 

Value 
capture 

• Revenues 
• Costs  

• Capturing economic benefits and society’s well-being 
and preserving natural resources in the short and long 
terms 

with intangible services to meet customers’ needs (de Sousa et al., 2019; Yang et al., 
2017). CBM is similar to SBM and PSS in that it uses the functional and material 
values of EoL products by implementing circular ideas. Circular notions, such as 
extending, cascading, purifying, and slowing resources in loops, reduce waste and 
emission leakage. 

Moreover, stakeholders’ connections and collaborations improve the efficiency 
of a BM’s circularity features from different perspectives, such as consumer values, 
public and private societal advantages, and economic and environmental benefits (de 
Sousa et al., 2019). So, it has been proposed that the configuration of BM dimensions 
must be circular (Nascimento et al., 2019). A value proposition shows that a company 
sells products and services to generate income to cover fixed and variable expendi-
tures. Characterizing value propositions with circularity necessitates considerations, 
such as eco-design and modular architectural product design, to promote take-back 
and maintain the value of EoL products during the disassembly and quality evalua-
tion phases (Lüdeke-Freund et al., 2019). Creating and delivering value necessitates a 
shift in the value network of stakeholders to seek economic viability, environmental 
benefits, social welfare, and long-term business success. Organizations that want 
to incorporate value capture and circularity must reconsider both natural resource 
preservation and societal considerations in the short and long terms (de Sousa et al., 
2019; Mont et al., 2017). 

9.2.3 Remanufacturing Barriers 

In contrast to the manufacturing process in which demand and supply are clearly 
identified, barriers, such as poor quality, availability of EoL products, and customers’ 
willingness, can hinder value creation in remanufacturing and reverse supply chains.
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From the perspective of recovery approaches, Ayati et al. (2022) identified that the 
most frequent barriers affecting the prospect of remanufacturing were related to 
economics, finance, regulations, and culture. These barriers occur once the original 
equipment manufacturer (OEM), third party, or subsidiaries establish a take-back 
process, remanufacturing process, or even once they fulfill the customer’s needs. For 
instance, the cost of remanufacturing determines the costs of initiating remanufac-
turing, whereas continuation may not be feasible, or a lack of technologies involved in 
sorting and collecting slows down production, affecting the inventory cost (for detail, 
seeAyati et al.,  2022). Therefore, we examined the barriers in the case company based 
on the definition of barriers in Ayati et al. 

9.3 Methodology 

The research approach for this study is the qualitative single case study (Yin, 2011). 
A single case study is selected to provide a greater depth of exploration at the early 
stage of adopting remanufacturing in a heavy vehicle company’s BM and identifying 
barriers related to remanufacturing (Karlsson, 2010). The data comprise a trian-
gulation, combining various methods used to study the phenomenon (Voss et al., 
2002), including questionnaires, document content analysis, archival research, and 
workshops. 

9.3.1 Industrial Case Company 

The case company is a Finnish manufacturer of special heavy vehicles with head-
quarters in Finland and subsidiaries in other countries. The case company has oper-
ated reusing and reconditioning for ten years. Their business idea is to increase the 
retaining value of EoL products and waste to improve the quality of components. In 
the recovering center, the company disassembles products, evaluates their quality, and 
sorts components into two groups, recoverable products and products that cannot be 
requalified. The sorting process assesses the recoverable components’ quality based 
on three categories: good, very good, and good as new. The case company recognized 
the additional potential that can retain values from EoL products and waste in terms 
of remanufacturing. 

Further, they looked into functional upgrading of subsidiaries according to 
customer needs, and initiating remanufacturing is considered a complementary 
strategy to increase their market share and profits in other locations. The chal-
lenges of implementing remanufacturing and upgrading subsidiaries functions are 
related to the take-back process, retaining values from EoL products, and delivering 
these remanufactured products to customers. The selection of this manufacturer is 
made according to collaboration through a research project with the university and 
the case study. During this project, we analyzed the organizational documents and
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archives, including archival information, records, and Excel sheets of the reusing 
rate of components. 

9.3.2 Research Data Collection and Sample 

In the case company, the qualitative data were collected through questionnaires and 
two workshops on the current status of the manufacturer in adopting other recovery 
approaches, such as reusing and maintenance. The units of observation and analysis 
were the manufacturer and their location. The questionnaires were sent to the orga-
nization’s members of the higher hierarchy level to involve knowledgeable special-
ists with different managerial positions, including supply chain manager, after-sales 
manager, service manager, parts manager, spares manager, and logistics manager. 
The questionnaires’ objective was to gain preliminary insight into adopting heavy 
vehicle remanufacturing. In formulating questions, the researchers ensured that the 
language of the questionnaire was consistent within all sectors. The questionnaires 
were distributed through the Webropol tool, and the access links were emailed to 
the respondents. Deploying a web-based questionnaire tool helped automatic data 
inputting and increased data reliability. It was crucial for all managers to recognize 
different terminology, such as remanufacturing or core acquisition, between sectors to 
obtain a consistent interpretation of the questions (Flick, 2018). First, the researchers 
reviewed the literature to obtain a set of questions that contextualized barriers related 
to recovering approach, the best way to adopt remanufacturing, and exploring new 
facets of adopting remanufacturing in different locations. Next, a set of basic rules 
in designing questions was followed to establish a well-formatted questionnaire that 
reflected the rules of courtesy, presentation, and readability (Ignatow & Mihalcea, 
2018). Moreover, the questions were designed by mixing items belonging to different 
measures, employing different lengths of questions and reversal questions. 

9.3.3 Data Analysis 

The thematic analysis was deployed to analyze the questionnaires and interviews. 
Braun and Clarke (2006) highlight the thematic approach to analyzing qualitative 
data for themes or patterns. This approach identifies, analyzes, and reports patterns 
involving important aspects of the data related to research questions and outlines 
a level of patterned response or meaning within the data set. In six steps, the 
thematic analysis looks for patterns of meaning and issues of potential interests in the 
data, including a triangulation, such as questionnaires. Additionally, two workshops 
provided a better understanding of the results behind the responses. The researchers 
discussed with the representative of the case study organization in workshops to look 
at the obtained data and determine the general ideas, credibility, and the use of the 
information. The data analysis step entails transcribing the data to textual coding
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and looking for emerging categories (Creswell & Creswell, 2017), such as reverse 
logistics, core availability, and customer intentions. 

9.4 Results 

The data analysis allowed the researchers to organize the patterns of barriers into 
three themes: take-back process, remanufacturing process, and market of the reman-
ufactured product. Figure 9.1 shows a map of barrier themes and their associated 
sub-barriers. For each theme, we provided a table to describe barriers from the 
subsidiary’s perspective. 

9.4.1 Take-Back Process 

The take-back process includes the collection, movement, and transformation of 
EoL components and products from downstream customers to upstream, where the 
remanufacturing process begins. In this pattern (Table 9.2), barriers include product 
acquisition and reverse logistics from any perspective (economics, environmental, or 
social). At the step of the product acquisition, the quality data and other information 
are not transferred upstream. The questionnaire results show that the first step of the 
take-back process, assessing the quality of cores, the core acquisition deposit system, 
regulation of taking products back to headquarters, and environmental and economic 
feasibility of taking them back to the headquarters are the challenges for adopting 
remanufacturing at the headquarters’ location. Furthermore, subsidiaries that have 
a deposit system or can manage core collections could not assess the quality of the 
cores; therefore, they must be transported to remanufacturing locations.

In addition, subsidiaries mentioned other reasons that impact data monitoring: they 
could not provide information sources for remanufacturability. Thus, subsidiaries

Theme 1: 

Take-back process

. Ability and instruction for 
quality assessment  

. Lack of deposit system to 
collect cores 

. Regulation to take back to 
headquarter location 

. Cost of take-back, including 
labor and shipment 

. Environmental prohibition 

Theme 2: 

Remanufacturing process

. Difficulty in disassembly 

. Labor intensive 

. Time scheduling

. Mature technology or special 
equipment for some components 

. Remanning skills

. Lack of standards and norms for 
remanufacturing 

. Cost of remanufacturing 

Theme 3: 

Market

. Cannibalization 

. Competition between third 
parties and manufacturer

. Market location

. Price of new products

. Tax and regulations 

Fig. 9.1 Thematic classification of barriers 
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Table 9.2 Theme 1: Take-back process 

Barrier Description 

Ability to assess the quality Due to a lack of instructions, trainings, and 
measurement tools, subsidies cannot evaluate 
the economic and technical feasibility of EoL 
products and waste 

Lack of deposit system for collecting cores Some subsidiaries do not have collection points 
and deposit systems or warehouses. Some 
subsidiaries require training and development of 
collection points 

Regulation hinders taking cores back to 
headquarters 

Some subsidiaries mentioned that due to 
regulations, take-back to headquarters takes 
time, and sometimes, they could not transport 
EoL products to the headquarters 

Environmental and economic concerns for 
re-transportation (take-back) to headquarters 

Economically and environmentally, transporting 
cores is not feasible for headquarters. 
Re-logistics costs include the cost of labor, 
freight, delay in delivery, and bureaucratic costs 
for subsidiaries. In addition, headquarters must 
pay tax for receiving core

cannot assess the current quality to evaluate the cost of remanufacturing and expected 
economic benefits for the headquarters. 

9.4.2 Remanufacturing Process 

The remanufacturing process consists of any action performed to retain values from 
EoL components, aiming to rebuild or requalify EoL products to the new or like new 
state. Before reassembling and testing the product, operations may include disas-
sembly, inspection, cleaning, replacing, and restoring all missing, defective, worn, or 
broken parts. The special physical characteristics of components and products make 
the disassembly process complex (Sakao & Sundin, 2019), which is also reflected in 
material handling, particularly when a subsidiary is not well equipped. The barriers 
noted by the subsidiaries concerning this theme are presented in Table 9.3.

9.4.3 Market 

The demand in the HVI is very sensitive to market uncertainties. When analyzing the 
market theme data, the remanufactured product’s price was mentioned several times. 
The case company stated that the product’s price was high and providing a lower
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Table 9.3 Theme 2: Remanufacturing process 

Barrier Description 

Difficulty in disassembly Some subsidiaries asserted they could not disassemble some 
products due to their specific or complicated designs 

Labor intensive Working with complicated products and a variety of EoL products 
requires large personnel 

Time scheduling Different uncertainties, including take-back streams and 
divergencies of EoL product streams, have influenced production 
planning in terms of assigning labor and scheduling a smooth 
workflow 

Mature technology or 
equipment for some 
components 

A lack of mature technology for disassembling and material 
handling, ergonomic tools, and equipment makes the process 
difficult and time-consuming 

Skills and information Subsidiaries mentioned that they needed a communication method 
to exchange knowledge and instruction with the headquarters. In 
the absence of sufficient training, some levels of the 
remanufacturing process were not feasible 

Lack of standards and 
norms 

Some subsidiaries stated they needed standards and norms; 
otherwise, for any step of remanufacturing, they had to contact the 
headquarters, which was not technically and economically feasible. 
They also mentioned that standards and norms were particularly 
crucial when an EoL component was remanufactured for the first 
time 

Cost of remanufacturing Some subsidiaries asserted that operating remanufacturing for 
engines and some components was pricy and less economical than 
using new components. Moreover, sending parts to headquarters 
was not feasible

price with a guarantee and satisfactory quality was an advantage. Moreover, the head-
quarters looked for opportunities to remanufacture products that limited suppliers or 
few manufacturers could produce. They classified the products and components that 
subsidiaries and third parties could not remanufacture under the groups of products 
that were valuable for initiating remanufacturing. Table 9.4 presents the barriers 
related to the market theme.

9.5 Discussion 

This study investigated how a heavy vehicle manufacturer can create value from 
EoL products through remanufacturing. It is revealed that the company under study 
encounters various barriers in the implementation of remanufacturing. The barriers 
limit remanufacturing ideas in three aspects: (1) when collecting and taking EoL 
products back is hindered; (2) when remanufacturing EoL products, and (3) when 
forwarding remanufactured products to customers and selling them. The findings of
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Table 9.4 Theme 3: Market 

Barrier Description 

Cannibalization One subsidiary felt that selling remanufactured 
products caused cannibalization; the rest of the 
subsidiaries and the headquarters did not notice 
this risk 

Competition between third party and 
manufacturer 

Some subsidiaries mentioned that competition 
influenced consumers’ perceived values. Other 
subsidiaries found that third parties were well 
equipped for remanufacturing; therefore, it was 
a collaboration rather than competition 

Market location Various locations of manufacturers, 
headquarters, and customers affected 
collaboration between supply chain actors, 
creating uncertainty in the supply of 
remanufactured products and taking EoL 
products back 

Structure of authorized and unauthorized 
markets (the price of remanufactured product) 

The price of new components in some regions 
is lower than remanufactured ones. Some 
retailers can also collect EoL products and 
remanufacture them at lower prices 

Tax and regulations In some regions of subsidiaries, manufacturers 
are taxed with no tax deduction for 
remanufactured products

this study suggest that the current case company’s BM should be modified to qualify 
in their circularity features. 

From the value proposition viewpoint, this modification should ensure the produc-
tion of durable remanufactured products with a feasible economy of scale and envi-
ronmental and social benefits. In terms of the product, modification emphasizes 
the product’s architecture, which poses challenges given the absence of technology. 
To modify this sub-dimension, a product needs to meet reusability characteristics. A 
modular architecture is a design with reusability that splits components into common 
and conceptual and helps eliminate redundant processes for evaluating the quality of, 
disassembling, and requalifying EoL products (Lindkvist Haziri & Sundin, 2020). 
Modifying the value proposition involves services. Having difficulty assessing and 
identifying the performance of EoL products suggests that the nexus between infor-
mation and products is essential. Enhancing the aftermarket services enables orga-
nizations to achieve a better trade-off between information and products during their 
use-life (Gatenholm et al., 2021), facilitating the take-back process at the end of their 
use. 

Modification of value creation and delivery requires adjustment of stakeholders’ 
views. This alignment is a way to create more than only economic value (Jayarathna 
et al., 2022). Some barriers indicate an absence of integration between manage-
ment systems that prevents collaboration between different actors at collecting points 
and manufacturing sites and fosters a lack of trust between entities. The case study
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designated barriers related to the market and take-back process that hindered value 
creation and delivery in remanufacturing. The alignment and integration of orga-
nizational capabilities, particularly when the case company strives to upgrade their 
subsidiary functions, are crucial to overcoming the barriers. More specifically, orga-
nization limitations emerge at the subsidiary level such as the take-back process, 
material handling of EoL products at the manufacturing site, marketing, finance, and 
customer service. In this regard, we propose that aligning value creation and value 
delivery should rely on creating a portfolio that integrates several firms (Breuer & 
Lüdeke-Freund, 2017) and improving the interrelationships between departments 
of a single firm. Several articles assert that outsourcing remanufacturing activities 
enhances overcoming barriers (e.g., Misni & Lee, 2017; Pushpamali et al., 2021). 
Further, considering the limitations related to shipping EoL products to the head-
quarters, outsourcing improves reverse logistics and effectively configures it taking 
the supply chain into account. 

From the value-capture dimension, carrying out all steps of remanufacturing by 
the headquarters and subsidiaries is limited due to several financial crisis limitations, 
such as lack of investments, labor costs, and inflations. Value-capture modifications 
address strategic decisions, decreasing costs, and increasing revenue. These modifi-
cations comprehend the interrelationships between adopting the take-back process, 
remanufacturing process, and the market. Reverse logistics is a cost factor that is 
impacted by the current barriers. In addition, the labor cost in the absence of proper 
training is very high, so improving the training system and changing the facility layout 
to facilitate material handling can further decrease the cost of remanufacturing at the 
manufacturing site. 

It should be noted that remanufacturing is not typically the core of a business 
(Vogtlander et al., 2017); rather, remanufacturing is used by organizations as part of 
their complementary strategy to achieve strong market diffusion and expand their 
market share. Hence, focusing on cost-saving while operating remanufacturing is 
imperative for the organization. In addition to cost-saving, organizational responsi-
bility is also tied to environmental operating remanufacturing. During the take-back 
process, they must follow various laws to abate emissions while retaining the value 
of their EoL products (Singhal et al., 2020). Accordingly, we claim that developing 
a circular supply chain (CSC) (Batista et al., 2018) encompasses most barriers as 
it boosts circular thinking by focusing more on creating values, saving potential 
in energy and raw material consumption, and opportunities to promote environ-
mentally friendly products. CSC also integrates a closed-loop supply chain with 
an open-loop of the take-back system (Farooque et al., 2019) to implement effec-
tive reverse logistics. This approach allows the organization to adapt its management 
system for long-term partnerships. By initiating CSC, the organization develops trust 
and collaboration, offering products as a service, ensuring recourse efficiency and, 
consequently, enhancing its profitability (Liu et al., 2018; Ramsheva et al., 2019). 

Although many organizations contend that remanufacturing increases the risk of 
cannibalization, remanufacturing durable products is a key opportunity to expand the 
market (Vogtlander et al., 2017). Consequently, remanufacturing HVI products at a 
lower price does not compromise the manufacturer’s brand image; on the contrary,
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it bolsters its profitability. Therefore, organizations must modify and develop a 
value network with actors and partners that remain highly responsive to economic, 
environmental, and social concerns. 

9.6 Conclusions 

This paper identifies and analyzes barriers through three themes: the take-back 
process, the remanufacturing process, and the market. These themes indicate the 
patterns of barriers that are recolonized by studying a case company in HVI. The 
identified barriers explore implementing a remanufacturing approach as a comple-
mentary business strategy, revealing the need of the case company to modify the 
current BM model. The value proposition can be improved by considering modular 
architecture in product design. Moreover, findings indicate that the company needs to 
adjust their stakeholders’ views, refine the interrelationships with organizations, and 
develop outsourcing to modify the value creation and value delivery dimensions. 
Finally, to modify value capture, the case company can focus on improving the 
cost-driving elements, such as reverse logistics. We conclude that focusing on CSC 
can significantly impact the implementation of remanufacturing, and HVI reman-
ufacturing can extend the market and become a profitable business for the case 
company. 
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Chapter 10 
Waste Management Sector’s 
Contribution to Meeting Sustainable 
Development Goals: A Social Life Cycle 
Assessment Approach 

Novlloyd E. Celeste and Anthony B. Halog 

10.1 Introduction: Establishing Link Between SWM 
and SDGs 

Waste is the leading contributor to environmental pollution and public health prob-
lems. The problems are exacerbated by the challenges of solid waste management 
(SWM) associated with the primary aspects of the waste sector (e.g., waste generation 
and inadequate waste collection, transport, treatment, and disposal processes) (Das 
et al., 2019). Extensive research has shown that developing countries face a diffi-
culty in reducing and managing waste due to their sociocultural, technical, financial, 
organizational, and legal-political barriers and population growth (Dhokhikah & 
Trihadiningrum, 2012). Additionally, a growing body of literature recognizes that 
insufficient infrastructure, weak strategic planning, registration, staff capacity, infor-
mation systems, engagement with programs; unorganized waste management and 
fee collection systems, poor workmanship, lack of knowledge of the construction of 
waste management, unsustainable methods (Hassan et al., 2012; Yukalang, Clarke & 
Ross, 2017; Iyamu, Anda & Ho, 2020); no separation at source (Dhokhikah & Triha-
diningrum, 2012; Hondo, Arthur, & Gamaralalage, 2020), complicated and inade-
quate collection processes, open dumped landfill, and no control of gas emissions 
and leachate in landfill (Dhokhikah & Trihadiningrum, 2012; Jain, 2017; Das et al., 
2019); lack of financial support, environmental pollution awareness, social inclusion,
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technical knowledge; lack of managerial efficiency (Ferronato et al., 2021) are some 
of the major issues being faced in the waste sector. 

Effective waste management is essential to curb the climate change-related 
impacts and subsequently achieve sustainable development. Environmental and 
economic benefits are not always the bottom line of such a sustainable approach, 
but social impacts also need to be analyzed for their contribution to the sustainable 
life concept (Yıldız-Geyhan et al., 2017). Hence, waste management needs to be 
done holistically to address the triple dimensions of sustainable development such 
as society, economy, and environment. In addition, policies and regulations, stake-
holder participation, and social impacts are important aspects of sustainable solid 
waste management (SSWM) for properly managing, processing, and disposing of 
garbage (Tsai et al., 2021). 

Gleaning on the benefits of waste management to sustainable development cannot 
be undermined, as (Fatimah et al., 2020) the use of ICT and IoT improves the effi-
ciency and effectiveness of the waste management system and contributes to the 
SDGs such as Good health, and well-being (SDG 3); Clean water and sanitation 
(SDG 6); Decent Work and Economic Growth (SDG 8); Responsible Consump-
tion and Production (SDG 12) and Climate Action (SDG 13). Hondo, Arthur, and 
Gamaralalage (2020) also argued that effective household SWM practices are vital 
in achieving SDGs 11, 12, and 14, which can also help protect the environment, 
especially at the municipal and local levels. Evidences suggest that the SDGs sub-
indicators are related to SWM, as Rodić and Wilson (2017), reported 12 SDGs sub-
indicators and targets are related to SWM while Sharma et al., (2021) considered 
34 sub-indicators of SDGs to be related to SWM. Both authors have itemized these 
goals and indicators, but it is not categorized as to what affects the social dimensions 
per se. 

As discussed above, existing research recognizes the critical role-played by the 
effective waste management in addressing SDGs 6 and 11 and other SDGs; however, 
there is a lack of data supporting its contribution (Elder, 2020). Still there is no 
mechanism to determine waste management activities in relation to the achievement 
of SDG goals. Thus, a great deal of work is to be done in this area in which this 
chapter delves. 

10.1.1 Overview of Waste Management: ASEAN Context 

Waste management is a major area of interest in ASEAN nations where it has an 
average of 1.1383 kg/capita/day of MSW generation, with Singapore having the 
highest (3.763 kg/cap/day) and Myanmar having the lowest (0.53). The other coun-
tries like Brunei Darussalam, Malaysia, Thailand, Vietnam, Indonesia, Philippines, 
and Cambodia have a per capita MSW generation of 1.4, 1.17, 1.05, 0.84, 0.70, 0.69, 
and 0.55 kg/cap/day, respectively (Jain, 2017). 

Indonesia has the highest MSW generated among ASEAN countries. Households 
are the largest waste generator in the country. For small cities, the rate of MSW
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generation is 0.64 kg/capita/day, whereas metropolitan cities produce 0.75 kg/capita/ 
day (Wibisono, Firdausi, & Kusuma, 2020) influenced by the households standard 
of living. In terms of waste management in the household level, Indonesian people 
particularly in Jakarta majority do not sort their waste and do not practice segregation. 
This behavior can be observed in their household waste wherein biowaste, inorganic 
waste, hazardous waste, and bulky waste are mixed. 

Furthermore, the highest waste generated per capita is Singapore followed by 
Brunei Darussalam. Here most of the MSW are composed of organic waste, plastic, 
paper, glass, and metal. In terms of hazardous waste, Thailand ranks first, followed 
by the Philippines, Malaysia, and Singapore while for e-waste generation, Indonesia 
ranks first, followed by Thailand and Malaysia (Jain, 2017). Cambodia is lagging by 
instituting policies, programs, and projects at national and local levels, encouraging 
both producers and consumers to reduce the waste through greening production, 
greening lifestyle, and sustainable consumption to reduce MSW generation while 
Lao PDR has already designed policies, and Myanmar and Vietnam have no plans, 
strategies, and projects to address MSW reduction (Jain, 2017). Vietnam on the 
other hand has set policies and standards however its implementation needs to be 
improved with the participation of stakeholders to implement effectively (Verma 
et al., 2016). Likewise, the implementation of such policies would be effective if 
appropriate sanctions will be applied in relation to socialization or privatization for 
the classification, collection, transportation, and treatment of solid waste (Tsai et al., 
2020). 

The rapid increase in population and emerging waste streams continue to be 
a challenge in ASEAN. Hence, ASEAN countries need to establish link between 
effective waste management toward SDGs which to date is not yet being explored 
(Jain, 2017). 

Most of the current literatures show the numerous ways that waste is managed in 
ASEAN member countries which are common to all. For instance, waste manage-
ment practices in Indonesia start with household source segregation before it ends in 
landfill. Another way is household composting, and household then goes to tempo-
rary storage, composting, landfill gas to energy (Aprilia, Tezuka & Spaargaren, 
2012). In Asian countries, solid waste is done in the process of collection, trans-
port, and final disposal (Dhokhikah & Trihadiningrum, 2012), where final disposal 
is commonly open dump and landfill (Dhokhikah & Trihadiningrum, 2012; Hondo, 
Arthur & Gamaralalage, 2020). Treatment of waste such as waste sorting is usually 
done in waste sorting and storage facilities by waste transporters (Aprilia, Tezuka, & 
Spaargaren, 2012) or waste collectors (Fatimah et al., 2020). 

To manage waste effectively, technologies and activities like composting, source 
segregation and community-based material recovery facility, Tempat Pengolahan 
Sampah Terpadu (TPST), intermediate waste facilities, waste banks, and 3Rs strategy 
(Budihardjo et al., 2022; Fatimah et al., 2020) have been introduced to households. 
There is a growing body of literature that suggests that one of the most important 
measures that are lacking in the developing countries is waste separation in which 
if done at source could reduce the amount of waste disposed in landfill sites. Thus,
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households and changing human behavior are the key to improve waste management 
(Hondo, Arthur, & Gamaralalage, 2020). 

10.2 Methodology 

10.2.1 Systematic Review of Literature 

In evaluating the relationship or linkage of Social LCA indicators, viz. SDG indi-
cators, the study relied on the published literature in the ScienceDirect database. 
To find relevant studies, the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) checklist (Page et al., 2021) was used with the limit of 
the latest five years bearing an up-to-date literature. However, there are instances 
where other databases and journals were also included to substantiate the discus-
sion. Keywords used included ASEAN to display only literatures related to ASEAN 
countries. Around 1800 articles appeared in search results using social life cycle 
assessment, municipal solid waste management and municipal solid waste manage-
ment social life cycle assessment Asia. The keyword Social LCA and sustainable 
development goals had 261 articles; however, only 49 articles were deemed relevant 
to the study. 

One of the goals of Social LCA is to highlight and improve social conditions 
and socioeconomic performance associated with a product throughout its life. In 
this sense, identifying social hotspots is necessary. According to Ashby et al. (2019), 
social hotspots are where the stakeholders and its life cycle phases of product develop-
ment (e.g., materials, manufacture, distribution, and use) interact and may potentially 
cause damage in any phases. To put it simply, hotspots are the quality of practice 
below a certain threshold. In relation to this, Table 10.1 presents the Granta Social 
audit tool used best practices from a 1–100 rating scale and the performance char-
acterization based on the LCA-SDG screening from Life Cycle Initiative and UNEP

Table 10.1 Description of performance characterization 

Granta social audit results Performance characterization Description 

80–100 +2 Ideal performance: beneficial output 
achieved and reported 

60–79 +1 Progress beyond compliance is 
made and monitored 

40–59 0 In compliance with local laws or 
aligned with international standards 

20–39 −1 The non-compliant situation, but 
actions to improve have been taken 

0–19 −2 No data or non-compliant situation; 
no action taken 
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(Weidema et al., 2020). Threshold of 50% from social audit represents zero (0) for 
the scale in performance characterization which means that “In compliance with 
local laws or aligned with international standards.” 

10.3 Linking Social Life Cycle Assessment and SDG 

Linking solid waste management to SDGs is possible by using market-based sustain-
able solutions in managing solid waste under a circular economy approach (Sharma 
et al., 2021). While there are many frameworks proposed to achieve sustainable devel-
opment, incorporating circular economy outperformed all other strategies regarding 
the delivery on SDG indicators in the low future waste growth scenario by 2030 
(Fuldauer et al., 2019). 

Since SWM is a crosscutting issue that transcends the scope of sustainable 
development (Rodić & Wilson, 2017), measuring the contribution of the waste 
management sector to SDG is a giant step toward achieving SDGs which includes 
participatory approaches involving local stakeholders (Fuldauer et al., 2019; Mathe, 
2014). 

Social LCA is valuable enough to measure social impacts, though the method 
needs to be improved to provide reliable measures in calculating a product’s 
contribution to the SDGs (Herrera Almanza & Corona, 2020). 

Social life cycle analysis (Social LCA) ((Herrera Almanza & Corona 2020) can 
help managerial decision making (Huertas-Valdivia et al., 2020) and can be used as 
a tool for sustainable management in illegal waste dumping in municipal services 
(Santos et al., 2019). It combines environmental and socioeconomic assessments, 
contributing to the complete assessment of products and services within sustainable 
development framework. Hence, Social LCA studies are often presented as case 
studies focusing on agriculture, bioenergy, and chemical products (Huertas-Valdivia 
et al., 2020), manufacturing, energy, waste management, and tourism (Petti et al., 
2018). 

Several authors have proposed an approach to assess waste management perfor-
mance in developing countries (Ibáñez-Forés et al., 2019); as an extension of the 
S-LCA indicators. However, it did not tackle how it would contribute to the SDGs. 

At present, tackling SDGs and achieving its goals could take a long time, even 
beyond 2030, making it more difficult with the onset of the COVID-19 pandemic 
(Halkos & Gkampoura, 2021). Moreover, using Social LCA to be aligned with SDGs 
requires strenuous documentation and analysis since SDGs are conceptualized from a 
country or regional level while Life Cycle Analysis (LCA) is on the by-product level 
(Wulf et al., 2018) as evident from many Social LCA published studies (Padilla-
Rivera et al., 2019). Recently, Social LCA is being applied in bioeconomy and 
biobased products. Only two authors have worked on the waste sector, particularly 
municipal solid waste management (MSWM) and packaging waste collection system 
(Ramos Huarachi et al. 2020). In the field of circular economy, only a few studies 
address the contribution to SDGs using LCA, such as in Palm Oil Industry (Haryati
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et al., 2021) and the textile sector (Herrera Almanza & Corona, 2020), while other 
authors have explored Social LCA per se. 

Based on the study of Wulf et al. (2018), Table 10.2 shows the relevant equivalent 
of SDG indicators according to the Social LCA indicators using the Product Social 
Impact Life Cycle Assessment (PSILCA) database. According to the study, out of 
54 indicators from the PSILCA database, only 32 social indicators were aligned and 
characterized the SDGs (Wulf et al., 2018). In the Life Cycle Social Assessment 
(LCSA) indicators from the PSILCA database, drinking water coverage matched 
with SDG sub-indicator 6.1.1 (Proportion of population using safely managed to 
drink water services), and Sanitation coverage matched with 6.2.1 (Proportion of 
population using (a) safely managed sanitation services and (b) a hand-washing 
facility with soap and water). In the waste management sector, drinking water and 
sanitation coverage contribute to SDGs 6 and 11 though not explicitly (Elder, 2020).

Interestingly, Public Health Expenditure per capita and Press freedom, which are 
included in the Granta social audit tool with reference from UNEP-SETAC (Ashby 
et al., 2019), were not present in the assessment of Wulf et al. (2018). Thus, the 
LCSA indicator from PSILCA as assigned to SDGs appears to have lacked public 
health expenditure and press freedom. 

On the other hand, from the Granta Social Audit Tool, the drinking water coverage, 
sanitation coverage, active involvement of enterprises in corruption and bribery, and 
presence of EMS are not explicitly stated indicators in the PSILCA database (Wulf 
et al., 2018). The two software tools may have pros and cons; nevertheless, they can 
provide us insights into social impact assessments, particularly at the regional level 
since both used guidelines from UNEP-SETAC. 

A closer look at the review shows that Social LCA categories such as workers, 
local community, society, and value chain have only 17 SDG indicators matched with 
the PSILCA and Granta Social Audit tool database. It is important to understand that 
these indicators only point out social indicators which could be used to gauge waste 
management contribution in SDGs. 

On the one hand, SDG 11.6.1 “Proportion of municipal solid waste collected and 
managed in controlled facilities out of total municipal waste generated, by cities,” 
is not reflected in the list of indicators used by the two databases because it is not a 
social indicator but an environmental indicator. 

10.3.1 Contribution of Waste Management in SDGs 

The contribution of waste management in SDGs is categorized according to SLCA 
indicators presented previously. The vast majority of Social LCA studies included 
in the review found out that better performing social indicators are “Working 
hours and/or weekly rest” and “Safe and healthy living conditions (access to mate-
rial resources),” followed by “Customer/citizen satisfaction. “The worst-performing 
social indicators are “Labor regulation” and “Fair salary,” followed by “Social char-
acteristics of population” and “Legal employment with social benefits/security”
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Table 10.2 Comparison of PSILCA database and Granta social audit tool, viz. SDG sub-indicators 

SDG sub-indicator PSILCA 
database 
sub-indicators 

Granta social 
audit 

Social LCA 
stakeholders 
category 

1.3.1 Proportion of population covered by 
social protection floors/systems, by sex, 
distinguishing children, unemployed 
persons, older persons, persons with 
disabilities, pregnant women, newborns, 
work-injury victims, and the poor and 
vulnerable 

Social security 
expenditure 

✓ Workers 

1.a.2 Proportion of total government 
spending on essential services (education, 
health, and social protection) 

Public 
expenditure on 
education 

✓ Local 
community 

3.8.2 Proportion of population with large 
household expenditures on health as a share 
of total household expenditure or income 

Health 
expenditure, out 
of pocket 

✓ Local 
community 

4.6.1 Proportion of population in each age 
group achieving at least a fixed level of 
proficiency in functional (a) literacy and 
(b) numeracy skills, by sex 

Illiteracy rate 
total, Youth 
illiteracy rate 
total 

✓ Local 
Community 

6.1.1 Proportion of population using safely 
managed drinking water services 

Drinking water 
coverage 

No specific 
indicator found 

Local 
community 

6.2.1 Proportion of population using (a) 
safely managed sanitation services and (b) 
a hand-washing facility with soap and 
water 

Sanitation 
coverage 

No specific 
indicator found 

Local 
community 

6.5.1 Degree of integrated water resources 
management 

Presence of 
certified 
environmental 
management 
systems 

No specific 
indicator found 

Society 

8.5.1 Average hourly earnings of 
employees, by sex, age, occupation, and 
persons with disabilities 

Minimum wage 
per month, 
Sector average 
wage per month 

✓ Workers 

8.5.2 Unemployment rate, by sex, age, and 
persons with disabilities 

The 
unemployment 
rate in a country 

✓ Local 
community 

8.7.1 Proportion and number of children 
(aged 5–17 years) engaged in child labor, 
by sex and age 

Children in 
employment 
total 

✓ Workers 

8.8.1 Fatal and non-fatal occupational 
injuries per 100,000 workers, by sex and 
migrant status 

Accident rate at 
workplace, 
Fatal accidents 
rate at 
workplace 

✓ Workers

(continued)
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Table 10.2 (continued)

SDG sub-indicator PSILCA
database
sub-indicators

Granta social
audit

Social LCA
stakeholders
category

8.8.2 Level of national compliance with 
labor rights (freedom of association and 
collective bargaining) based on 
International Labour Organization (ILO) 
textual sources and national legislation, by 
sex and migrant status 

Right of 
Association, 
Right of 
collective 
bargaining, 
Right to Strike 

✓ Workers 

10.2.1 Proportion of people living below 
50 percent of median income, by sex, age, 
and persons with disabilities 

Living wage per 
month, 
Minimum wage 
per month 

✓ Workers 

10.3.1 Proportion of population reporting/ 
having personally felt discriminated 
against or harassed in the previous 
12 months based on a ground of 
discrimination prohibited under 
international human rights law 

Human rights 
issues faced by 
Indigenous 
people 

✓ Value chain 

16.2.2 number of victims of human 
trafficking per 100,000 population, by sex, 
age, and form of exploitation 

Tier placement 
refers to 
trafficking in 
persons 

✓ Workers 

16.5.1 Proportion of persons who had at 
least one contact with a public official and 
who paid a bribe to a public official or were 
asked for a bribe by those public officials 
during the previous 12 months 

Corruption 
Index or 
country 

✓ Consumers 

16.5.2 Proportion of businesses that had at 
least one contact with a public official and 
that paid a bribe to a public official or were 
asked for a bribe by those public officials 
during the previous 12 months 

Active 
involvement of 
enterprises in 
corruption and 
bribery 

Not specified in 
social LCA 

Consumers

(Ibáñez-Forés et al., 2019). It is clear from previous research undertaken that some 
enhancements of SWM sector and 3Rs eventually help provide a strong contribution 
to the health and living conditions of those who lack better services and also provide 
decent jobs particularly in developing countries (Rodić & Wilson, 2017). 

A number of studies have shown that the solid waste collection (SWC) as part 
of the SWM, largely contributes to SDG 3: Well-being and good health; SDG 11: 
Sustainable cities; SDG 8: Decent work and economic development and SDG 1: 
No poverty (Hannan et al., 2020). While, SWM contributes to SDG1: No poverty, 
poverty is likewise considered a barrier in achieving several other SDGs as contended 
by (Leal Filho et al., 2021) which is possible to include those that are related to SWM.
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It should be noted here that according to Elsheekh et al. (2021), SDGs 11 and 13 
followed by SDGs 8, 9, and 12 are in the lead that are affected by SWM plans and 
programs. Studies also show that achieving SDGs is being supported by some compa-
nies as is the case with Indonesia. Accordingly, companies in Indonesia support the 
following SDGs: 

(1) Sustainable cities and communities, 
(2) Good health and well-being, 
(3) Decent work and economic growth, 
(4) Responsible consumption and production, and 
(5) Quality education (CSR) (Gunawan et al., 2020). 

According to Jain (2017), Singapore and Malaysia have achieved significant 
increase in recycling rate of recyclables (e.g., plastic, paper, metal, etc.), by intro-
ducing policies and measures, and by setting up financial mechanisms and insti-
tutional frameworks involving relevant stakeholders (e.g., producers, consumers, 
recycling industry, users of recycled materials, etc.) and development of modern 
recycling industry. 

Additionally, by institutionalizing policies, programs, and projects at national 
and local levels and motivating both producers and consumers to reduce the waste 
through greening production, greening lifestyle, and sustainable consumption would 
result in a reduction in MSW generation (Jain, 2017). 

There should be a focus on the informal sector in waste management to help 
achieve SDGs. Informal sector has challenges in waste management and is constantly 
facing negative socioeconomic working conditions (Sharma et al., 2021). Other 
than this, policy and regulations, stakeholder participation, and social impacts are 
important aspects of sustainable solid waste management (SSWM) in particular for 
managing, processing and disposing of garbage (Tsai et al., 2021). 

In Vietnam, there is a need to improve its household waste separation to reduce 
the waste in landfills. Policy standards for SWM may be enhanced despite its limited 
budget and thus require more stakeholder implementation for effective implementa-
tion (Verma et al., 2016). In 2018, Vietnam has processed 86.50% of municipal solid 
waste collected and managed in controlled facilities out of total municipal waste 
generated (https://data.aseanstats.org/about). 

10.3.2 A Tale of Two Countries: Indonesia and Philippines 
SWM 

In this section, we provide examples of different types of stakeholder’s in Social LCA 
which are contributory to the SDGs achievement in relation to waste management. 
We considered Indonesia and the Philippines as the areas of study because these two 
countries have submitted two Voluntary National Reviews in the SDG Report among 
ten ASEAN countries (Elder, 2020). The figure below shows the case studies of these 
two countries (Fig. 10.1).

https://data.aseanstats.org/about
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Fig. 10.1 Waste contribution in relation to SDGs using social LCA 

One of the most significant findings in this chapter was that Indonesia is in a 
non-compliant situation, but actions to improve have been taken (−1) in consumers 
category and value chain. Only three Social LCA indicators appear to have progress 
beyond compliance made and monitored (+1), while four indicators have no data, 
or no action taken at all. On the other hand, Philippines has an Ideal performance: 
beneficial output achieved and reported in two indicators (ecological footprint and 
child labor) while force labor and slavery, political freedom and unemployment rates 
have progress beyond compliance (+1). 

To top it all, waste management is influential in addressing SDGs in respect to the 
following sub-indicators 8.5.1 (Average hourly earnings of employees, by sex, age, 
occupation, and persons with disabilities), 8.5.2 (Unemployment rate, by sex, age, 
and persons with disabilities), 11.3.1 (Ratio of land consumption rate to population 
growth rate). In the Philippines, SWM may help address SDG 8.7.1 (Proportion and 
number of children aged 5–17 years engaged in child labor, by sex and age) and 
achieve its goal in addition to the ones previously mentioned. 

In this country-level social audit, it appears that forced labor and slavery, hours 
worked per week, political freedom and civil rights, well-being and satisfaction in 
life, voice and accountability, unemployment rates, ecological footprint, global peace 
index, regulatory and good country index are positive indicators. In other words, in
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SWM sector, Indonesia and Philippines may positively address SDG because of its 
current average hourly earnings per employee. Eventually, this will increase unem-
ployment rate. Accordingly, collecting waste in the dumpsite can generate good 
income among waste pickers, but their economic status depends on Indonesia’s 
economic growth (Sasaki et al., 2014). 

This is likewise true to Ecological footprint being directly related to ratio of 
land consumption rate to the population growth rate. However, in terms of child 
labor, there is a need for Indonesia to double time in complying with international, 
national, and local policies and standards with regard to such indicator because of 
its non-compliance though it has already had some actions taken to address it as 
compared with Philippines. 

10.3.2.1 Workers Category 

The category has eight sub-indicators and of these indicators, forced labor and slavery 
and hours worked per week is the indicator that has progressed beyond compliance 
and is being monitored. Rest of the indicators are non-compliant in the situation. 
For instance, child labor having a non-compliant situation should be considered in 
the informal and even the formal waste management system because several pupils 
and dropouts joined in scavenging (Sasaki et al., 2014). Eliminating child and forced 
labor and improving the health safety and working conditions can improve the social 
performance of informal collection (Yıldız-Geyhan et al., 2017). Adapting the recom-
mendation of other studies in the Asian context, working hours for all workers, child 
labor, and health issues were seen as the consequences of degraded waste manage-
ment service. Thus, the integration of informal waste workers into the formal waste 
management system was seen as an essential factor in enhancing the life of the scav-
engers and recycling rate in the case of Kabul City (Azimi, Dente, & Hashimoto, 
2020). Hence, public participation in policy-making is critical to recognizing waste 
collection organizations and rewarding their services to reveal their full potential and 
drive progress toward the SDGs (Gutberlet, 2021). 

In the Philippines, workers in the SW are usually operating informally. However, 
they play a more significant role in implementing SWM (Domingo, Joy, & Manejar, 
2021), like in Vietnam, where informal sectors refer to private micro-businesses 
working in secondary material collection and recovery services (Tong et al., 2021). 
However, informal sectors dominate waste management, which is hard to categorize 
because of the lack of data among informal sectors. Thus, it is worth noting that 
informal sectors should participate in the stakeholder category (Dickella, 2016). 
Regarding women’s participation, the reduction of informal sector activity would 
impact women and make them vulnerable because they represent a more considerable 
proportion in the informal sector (Scheinberg, Simpson, & Gupt, 2010). 

It is noticeable that the informal sector is playing a significant role in waste 
management in developing countries. Contrary to the stereotype that informal sectors 
pollute the environment, they were instead able to recycle waste. Through scrap 
sorting and trading activities, waste pickers are able to reduce the burden on the
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exploitation of non-renewable resources, and help to reduce environmental pollution 
(Tong et al., 2021). Thus, the informal sector should be increasingly strengthened 
because they helps put the waste back into the industry for recycling (Tong et al., 
2021). The inclusion of the informal sector can be considered a viable way to improve 
the recycling rate and reduce the waste inflow into final disposal sites in devel-
oping countries due to low technological requirements and economic investments. 
However, further investigations and efforts should be implemented to understand the 
most appropriate strategy for its involvement (Ferronato & Torretta, 2019). 

10.3.2.2 Consumers Category 

In terms of consumers’ category, both countries have no data, or no action taken on 
recycling rate and public health spending per capita. Press freedom is non-compliant 
but has actions taken. While for corruption perception index, only Indonesia has 
“In compliance with local laws or aligned with international standards. Meanwhile, 
both countries also are in compliance with local laws or aligned with international 
standards with the rule of law.” Based on the study of (Sasaki et al., 2014), imple-
menting waste management initiatives will have to consider several policy issues 
because laws and regulations were not strictly implemented. This is manifested in 
the solid waste management in Makassar City, Indonesia, where there is the unsatis-
factory performance of the solid waste management authority in its implementation, 
and households received relatively inadequate support from authorities (Permana 
et al., 2015). While in the Philippines, despite that it has no data available, there 
is a technology implemented called refused-derived fuel (RDF) to lessen the solid 
waste in the landfill. This technology converts energy from non-recyclable materials 
to combustible waste material used for traditional alternative fuels such as coal. This 
is one of the strategies of the government as waste diversion goals (Sapuay, 2016). 
However, this is not implemented in all cities and municipalities in the Philippines. 
Likewise, in Indonesia technology on waste disposal is still the usual composting, 
incineration, sanitary landfill, open dump, and open burning. Though they have recy-
cling to address the increasing problems of plastic waste, recycling rate is still at 50% 
below (Jain, 2017). 

10.3.2.3 Local Community Category 

Of the nine indicators, only one indicator has progressed beyond compliance: unem-
ployment rates, while public spending on education, HDI (%GDP), public health 
expense per capita, and political stability, which are non-compliant but actions to 
improve have been taken. In Indonesia, Public health must be improved because the 
living conditions of waste pickers in the informal sector are detrimental to health and 
could be extremely dangerous because of hospital waste and polluted water (Sasaki 
et al., 2014). This is also true in the Philippines where many waste pickers are in 
the informal sectors and are vulnerable to health and hazard risks because no law
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protects them from unregulated work. Among these are women, children, and the 
elderly who have no other means of livelihood (Paul et al., 2012). 

Meanwhile, GDP per capita, political freedom and civil rights, total literacy, well-
being, satisfaction with life, voice, and accountability follow local laws or are aligned 
with international standards. Utilizing an advance intelligent waste management 
system can help Indonesia achieve at least five sustainable development goals such 
as good health and well-being (SDG 3); Clean water and sanitation (SDG 6); Decent 
Work and Economic Growth (SDG 8); Responsible Consumption, and Production 
(SDG 12) and Climate Action (SDG 13) (Fatimah et al., 2020). 

Accordingly, having many wastes pickers part of the informal sector is challenging 
and requires more support policies for the informal waste sector. In addition, a formal 
collection system is better than other informal collection systems. However, it is less 
socially acceptable than informal ones (Yıldız-Geyhan et al., 2017). Policies that 
may reinforce the formalization and improve the informal sector since they play a 
significant role in “zero waste” initiatives and are vital to mainstreaming the circular 
approach in waste management. Doing so can help to achieve several SDG targets 
such as target 12.5 and other social objectives on reducing inequality (SDG10), decent 
work (SDG 8), and improved health and well-being (SDG 5) (Asian Development 
Bank, 2020). 

10.3.2.4 Society Category 

In Indonesia, the Ecological footprint and global peace index have progressed beyond 
compliance. While in the Philippines, ecological footprint seems to have an ideal 
performance. This may be due to the fact that in the Philippines, almost all regions 
have complied with the submission of the Ten-Year solid waste management plan 
(Sapuay, 2016) with a percentage of above 80–90%, although only 51% compliance 
of local government units (LGUs) implementing solid waste management act (Asian 
Development Bank, 2020). It is not clear what level and aspect of the waste manage-
ment activity the LGUs are complying with, nor the rate of compliance showed how 
the RA 9003 is being implemented at the local level (Sapuay, 2016). According to 
(Pagunsan & Shimada, 2014), LGUs with higher income and good environmental 
governance can obtain better performance. On the other hand, budget constraints can 
significantly impact solid waste services in cost efficiency and economic effectiveness 
(Pagunsan & Shimada, 2014). 

However, the UN Human development index and control of corruption are non-
compliant, but actions to improve have been taken. Research and development have 
no data or action taken. This category has no direct relationship with SDG indicators 
and may be added in the future.
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10.3.2.5 Value Chain Category 

Integration of circular economy (CE) in waste management in Indonesia can poten-
tially lead the country to be at par with Germany, where the CE paradigm is appli-
cable (Kurniawan et al., 2021). Indonesia shows to follow local laws about regulatory 
quality and has a good country index. However, Intellectual property protection has 
no data available based on the grant social audit. 

The Philippines shows to follow local laws concerning regulatory quality and 
has a good country index. However, Intellectual property protection has no data 
available based on the Granta social audit. Specific to the waste management sector, 
SDG 11.6.1 Proportion of municipal solid waste collected and managed in controlled 
facilities out of total municipal waste generated by cities. In Social LCA tools, in both 
PSILCA and Granta did not match with the sub-indicator. Since waste management 
is dealing with the collection of MSW in cities, this indicator should be addressed not 
directly. Moreover, this indicator only applies to waste generation and management, 
not to the welfare of the waste recyclers. Hence, tackling the contribution of waste 
management in this respect is insufficient since sustainability covers all aspects of a 
person. 

One of the significant problems in waste management, particularly e-waste, is 
the lack of official data in e-waste generation, and the quantity of waste generated 
(Celestial, 2010). The significant challenges in the management of e-waste are the 
unavailability of accurate estimates of quantities of total e-waste generation, low 
level of awareness among the consumers about the health hazards and environmental 
impact of improper e-waste disposal, and lack of proper legislation and government 
policy on e-waste management (Alam, 2016). 

10.4 Conclusions and Recommendations 

The study presents the indicators from local and national levels that contribute to the 
SDGs using the Social LCA framework. In addition, in classifying and characterizing 
Social LCA indicators about SDGs, most ASEAN countries have not achieved the 
ideal performance. It is observed that only countries with high income achieved ideal 
performance like Singapore and Malaysia. On the one hand, low-income countries 
have neither no data available nor action was taken in some of the indicators in LCA-
SDG screening. In terms of Social LCA contribution to SDGs, Indonesia’s results 
show that six indicators are non-compliant in the worker’s category. While in the 
Philippines, five indicators were non-compliant, and one has no data available based 
on the Granta social audit tool. Notably, the worker’s category has more indicators 
that have non-compliant, and no action was taken based on the assessment. Hence, 
this category should be further investigated when making policies regarding solid 
waste management in ASEAN countries and other developing countries. Moreover, 
the value chain category, well-being, satisfaction with life, and global peace index 
have no indicators matched specifically to SDG. Furthermore, it is recommended that
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recyclers and the government should take seriously the implementation of solid waste 
management. In similar manner, independent informal waste pickers’ organization 
should be aware of their role in curbing waste pollution and their rights to have a 
good working condition. Policymakers can propose and implement such policy to 
help informal waste pickers protect their individual rights and provide means. 
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Yıldız-Geyhan, E., Altun-Çiftçioğlu, G. A., & Kadırgan, M. A. N. (2017). Social life cycle assess-
ment of different packaging waste collection system. Resources, Conservation and Recycling, 
124, 1–12. https://doi.org/10.1016/j.resconrec.2017.04.003 

Yukalang, N., Clarke, B. and Ross, K. (2017) Barriers to effective municipal solid waste management 
in a rapidly urbanizing area in Thailand. International Journal of Environmental Research and 
Public Health, 14(9), 9–14. https://doi.org/10.3390/ijerph14091013

https://doi.org/10.1016/j.resconrec.2020.105285
https://doi.org/10.1016/j.resconrec.2019.104599
https://doi.org/10.1016/j.proenv.2016.07.059
https://doi.org/10.1088/1755-1315/447/1/012050
https://doi.org/10.1016/j.procir.2017.11.144
https://doi.org/10.1016/j.resconrec.2017.04.003
https://doi.org/10.3390/ijerph14091013


Chapter 11 
Waste Management as an Opportunity 
for the Inclusion of Vulnerable Groups 

Priyanka Devi, Shipa Rani Dey, Khushbu Sharma, Prasann Kumar, 
and Joginder Singh 

11.1 Introduction 

The industrialization process results in the generation of wastes and it is increasing 
on a regular basis. Its management may be a proactive approach for vulnerable 
groups, both from an environmental and socio-economic standpoint. Although there 
is no universally accepted definition of the term “waste material”, municipal solid 
waste is typically considered to include trash from all sectors of the economy, whether 
commercial, residential, institutional, or industrial. As a result of urbanization, indus-
trialization, and increased population, the amount of urban and municipal solid waste 
produced is inversely proportional to the rate at which urbanization, industrializa-
tion, and population growth are taking place. Due to the rapid increase in the world’s 
population over the past few decades, Kathiravale and Muhd Yunus (2008) observed 
that there is a rapid rise in the demand for food, housing, and a variety of natural 
resources. The rapid rate of waste generation today is outpacing both the emission 
of greenhouse gases (GHG) and the release of toxic substances (Hoornweg et al., 
2013). MSWM is an extremely important public service provided by the Ministry 
of India, but this service is often neglected. Depending on the country, the region, 
or even the neighbourhood within a city, municipal solid waste (MSW) may be 
generated in different ways. A study conducted by Pattnaik and Reddy (2010) has 
shown a large variation in the generation of MSW in Indian cities ranging from 0.3 
to 0.6 kg per person per day, with a continuous increase in the amount of waste 
generated (volume) per person per year. The study also found an annual increase
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of 1.33% in the MSW generated per person per day. Municipal solid waste (MSW) 
management is often challenging in developing countries like India because these 
countries lack the infrastructure to provide their citizens with reliable and adapt-
able services. As discussed earlier, inadequate collection systems, lack of technical 
knowledge, and budget constraints are some of the roadblocks in its way to success 
(Guerrero et al., 2013). In many municipalities, the collection and disposal of munic-
ipal solid wastes (MSW) (both primary and secondary) consume a significant amount 
of municipal budgets, leaving little time or money to be spent on the management 
of MSWs (Collivignarelli & Sorlini, 2004). There are instances in which a city’s per 
capita GDP in a developing country is not adequate to cover more than half of the 
cost of the municipal solid waste management facilities. It is important to note that 
a variety of factors heavily influence the MSWM strategy in addition to political, 
legal, economic, and organizational ones. 

It is important to note that several government agencies, including the Ministry 
of Environment and Forests (MoEF), the Ministry of Urban Development (MoUD), 
the Ministry of Agriculture (MoAF), the Ministry of New and Renewable Energy 
(MNRE), and the Ministry of Non-Conventional Energy Sources (MNES) are 
involved in the management of municipal solid wastes (MSWM). Furthermore, it 
is also the responsibility of the informal as well as the formal sectors of society to 
significantly contribute towards MSWM (Sharholy et al., 2008). A comprehensive 
strategy, such as integrated solid waste management (ISWM), is crucial to solve this 
problem, as it is the duty of all sections of society to accomplish this goal (Fig. 11.1). 

Fig. 11.1 Waste management for the green economy
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11.2 World Scenario of Solid Waste 

Urbanization and economic development in emerging nations have contributed to a 
dramatic increase in the generation of MSW in these countries (Devi et al., 2016). 
According to the World Bank (2012), the amount of waste generated in the urban areas 
amounts to 1,300,000,000 metric tonnes (1.2 kg per capita/day), with the amount 
expected to rise to 2,200,000,000 metric tonnes by the year 2025 (Hoornweg & 
Bhada-Tada, 2012). It is further expected that the MSW production rate in Asia will 
reach 1.8 million tonnes a day. There is a significant correlation between a country’s 
per capita Gross National Income (GNI) and its MSW generation rate. It is observed 
that in advanced countries such as the USA, the increase in the per capita gross 
national product (GNP) has been matched by an increase in the per capita municipal 
solid waste (MSW). It is therefore, doubtless to mention that the amount of MSW 
produced by HI economies with high per capita GNI (e.g. Germany, Singapore, 
Japan, etc.) is much higher than LI economies with low per capita GNI (e.g. Nepal 
and Bangladesh), which produces tiny amounts of MSW. 

11.3 Indian Scenario 

India, the second most populous country of the world has undergone significant 
urbanization and industrialization over the past few decades. Home to more than 
1.2 billion people (Census of India, 2011), India represents 17.5% of the global 
population, making it the most populous country in the world. It is estimated that 
the urban population of India accounts for approximately 31.16% of the country’s 
total population (Census of India, 2011; Sudhir & Gururaja, 2012). It is believed that 
the two main reasons for the rapid increase in waste products are the growth in the 
number of urban residents and the movement of people from rural to urban areas. In 
parts of India usually open dumps or low-lying areas are used to dispose the municipal 
solid waste without taking the necessary safety measures. India’s megacities pose 
several environmental challenges due to the handling of municipal solid waste. In 
India, there are currently 109,598 tonnes of urban MSW generated each day, which 
equates to a per capita generation of 0.34 kg of MSW on a daily basis. Hoornweg and 
Bhada-Tada (2012) predict that by 2025, this rate will increase to 376,639 tonnes per 
day. Based on the findings of a survey conducted by the Central Pollution Control 
Board (CPCB) (through NEERI), which was conducted by the Central Pollution 
Control Board (CPCB), 59 cities in India produced approximately 35,401 tonnes of 
municipal solid waste during 2004–2005. Using this survey as a starting point, the 
Central Institute of Plastic Engineering and Technology (CIPET) created the survey 
during 2010–2011 in the same 59 cities and observed that these cities produced 
approximately 50,592 tonnes of municipal solid waste per day, a quantity much 
higher than the city’s average.
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11.4 Integrating Solid Waste Management 

Integrated Solid Waste Management (ISWM) is a widely recognized method of 
managing municipal solid waste (MSW) in a way that is efficient and effective. Using 
ISWM, it is possible to carry out a comprehensive analysis of the many dimensions of 
the waste management system. This analysis aims to assess its effectiveness and effi-
ciency through a comprehensive analysis of the many dimensions of the system. The 
term integrated waste management has been defined by Tchobanoglous et al. (1993) 
as the selection and implementation of techniques, technologies, and management 
systems in order to achieve specific waste management objectives and missions. 
There are several key aspects of ISWM system that works together to maximize 
the benefit for the least cost, the use of resources and the recycling, reusing, and 
repurposing of items, to improve safety, health standards, and social acceptance. It 
comprises three primary components including stakeholders government and non-
government sectors, elements (technical aspects of SWM), and issues (policies and 
effects). In order to achieve success in ISWM, UN-HABITAT has identified three 
essential elements of the system that must be addressed for it to be successful: health 
promotion, environmental protection, and the development of natural resources. 
The information on generated waste as well as its forecasting throughout the entire 
lifespan of such a project strategy, the physical and chemical properties of waste, the 
identification of the most appropriate alternative based on their analysis, the estab-
lishment of the overall cost of the plan, the assessment of accounting, revenue, and 
its environmental impact such as greenhouse gas emissions must all be considered 
before designing an ISWM plan for a city (Hoornweg & Bhada-Tada, 2012). The 
construction of an ISWM system needs to be designed to maintain a balance between 
societal, ecological, health, organizational, technological, financial, and legal aspects 
to offer sustainability to the system (van de Klundert & Anschutz, 2001). 

11.5 Approaches Based on Nutritional Composition 
of Waste 

It has been found that economic status, living standards, eating habits, rituals, 
literacy rate, type of energy source, meteorological and topographical conditions, 
and geographical location have a significant impact on the composition and charac-
teristics of municipal solid waste (MSW) (Jin et al., 2006). To develop an effective 
waste management system, it is important to have a reliable data about the genera-
tion and composition of the solid waste generated. In high-income countries, organic 
waste makes up only a very small fraction of the total municipal solid waste compared 
to the low-income countries where the organic waste makes up 39% of the total MSW 
generated in Georgia but 62% in Indonesia) (Hoornweg & Bhada-Tada, 2012). Aside 
from that, the waste that is produced in countries with low and intermediate incomes 
has a high percentage of moisture and a high density. The makeup of municipal solid
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waste is different in Europe than it is in Asia. In Europe, MSW includes waste from 
households and businesses in addition to waste generated by public building areas 
(Eurostat, 2003). It does not contain the sewage sludge and feces that are consid-
ered to be part of the Asian standard. On the other hand, in Asia, in addition to 
waste generated from human settlements and industries, it sometimes gets contam-
inated with hospital waste due to negligence and unscientific waste management 
practices, leading to more hazardous potential than in European cities. This is a 
problem because hospitals generate a lot of waste (Singh et al., 2011). It appears 
that the composition of municipal solid wallow-income income countries is char-
acterized by a relatively high percentage of organic matter (40–85%), a relatively 
high moisture content (40–80%), a relatively high density (250–500 kg/m3), and a 
relatively low calorific value (CV) (800–1,100 kcal/kg), whereas the composition 
of high-income countries demonstrates a relatively low organic matter (20–30%), 
a relatively low moisture content (5–20%). Table 4 provides the breakdown of the 
many waste streams that are produced in the various emerging nations of Asia. 

The organic stuff makes up the vast majority of the trash. The largest concentration 
of organic material was found in Indonesia (74%), followed by China (67.8%) and 
Kathmandu, Nepal (67.8%, 59%). In a similar vein, the table below provides an 
analysis of the waste generated in a number of different cities across India. Because 
the urbanization and industry in India have been steadily rising since 1947, the 
country’s cities today produce eight times the amount of waste they did back then 
(Sharholy et al., 2008). Compared to the western portion of the world, the features of 
waste in India display a considerable amount of variance regarding their composition 
and the degree of danger they provide (Sharholy et al., 2008). In every instance, 
organic waste makes up most of the total trash. The city that reported the most 
organic waste was Chandigarh, which was followed by Mumbai, which reported the 
largest amount of organic waste (62 and 57%). In addition, the amount of moisture 
present was quite high in every instance (except for Ahmedabad), ranging from 41 
to 64%. The coefficient of variation is quite low and ranges from 742 to 2,632 kcal/ 
kg, and the carbon-to-nitrogen ratio ranges from 18 to 37. 

11.6 Threats from the Generation of Waste 

When solid waste is thrown out without any proper treatment, a number of problems 
like damage to the soil, water, air as people’s health and the environment occurs. 

11.6.1 Environmental Impacts 

There are several types of wastes that people throw away, and each of these wastes 
needs to be disposed of in a right manner. When choosing the location for a landfill 
in India, not much of attention is paid to the potential impact the landfill’s location



212 P. Devi et al.

may have on the surrounding environment. The improper management and disposal 
of waste can lead to air, soil, and water pollution. 

11.6.2 Effects on Health 

People are being put at risk due to the rising volume of waste, the shifting nature 
of waste, the inadequate management of waste, and the negative perception of solid 
waste in the community. The methods used for managing waste have direct and 
indirect effects on the health of the general public (Giusti, 2009). Apathy on the 
part of waste producers in emerging nations has further worsened this problem. As 
a result of both people searching for recyclable materials and scavenging animals, 
there is a large amount of garbage thrown around on the streets A lot of diseases 
spread by mosquitoes and other insects which generate on sewer lines blocked by 
wastes, making it easier for mosquitoes to breed and spread diseases like malaria, 
lymphatic filariasis, and other diseases that have a negative impact on human health 
(Castro et al., 2010). It has been found that rag pickers have a higher risk of contracting 
toxocariasis than anyone else, according to research conducted by Alvarado-Esquivel 
(2013). 

Furthermore, in addition to groundwater contamination and air pollution, there 
are also health concerns resulting from open burning and the illegal movement of 
biomedical and other hazardous waste to dumping sites, which further contribute 
to health problems (Kathiravale & Yunus, 2008). The link between being sick and 
hanging around dumps has been widely accepted. People who live near a landfill 
or an incinerator are more likely to suffer from congenital disabilities, malignant 
tumours, and respiratory diseases (Johnson, 1997, 1999; Ray et al., 2009). However, 
according to the World Health Organization (WHO, 2000, 2007), there is insufficient 
evidence that trash landfills and incinerators are causing cancer, reproductive effects, 
and mortality. Several studies conducted by Ray et al. (2009) have suggested that 
workers at the Okhla dump site, a site for illegal dumping in Delhi, have impaired 
lung function, which can be evidenced by the fact that 62% of them have impaired 
lung function compared to 27% of controls with similar age, gender, and socio-
economic status. Those who work in landfills are more likely to suffer tissue damage 
and cardiovascular disorders due to the activation of leukocytes and platelets, as well 
as inflammation in the airways of the workers. 

11.6.3 Act as Soil-Forming Factor 

The amount of MSW being deposited on land has been increasing in recent years due 
to the urbanization and industrialization of our planet, and therefore the soil quality 
(both biotic and abiotic), as well as its yield, are being negatively affected as a result 
of the increased MSW deposition land. In city areas of underdeveloped countries,
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as a consequence of the growth of the population, there are plenty of cases of this 
kind of thing happening. A recent report from Rawat et al. (2009) detected heavy 
metal concentrations (Mn, Zn, Cu, Cd, Ni, Pb, and Cr) in soil and road dust samples 
collected from Kanpur city. 

11.6.4 Reuse of Water 

Water is essential for survival, economic growth, food safety, and long-term progress. 
On the one hand, the world is confronting freshwater scarcity. On the other hand, 
whatever the remaining groundwater resources are available, they are facing signif-
icant stress in quality owing to improper urbanization and industrialization. Inad-
equate upkeep of the distribution system is another source of water pollution. 
Researcher Nagarajan et al. (2012) compared various physicochemical parameters 
of groundwater quality in Erode City, Tamil Nadu, India to BIS and WHO stan-
dards, finding concentrations of constituents such as total dissolved solids (TDS), 
total hardness (TH), total alkalinity (TA), sodium (Na+), magnesium (Mg2+), chlo-
ride (Cl), fluoride (F), and nitrate (NO3) to be excessive. Moreover, the leachate, a 
consequence of organic waste decomposition, percolates through the soil and finally 
pollutes underlying and nearby aquifers at landfill sites (Mor et al., 2006). As a 
result of this leachate, the electrical conductivity (EC), total dissolved solid (TDS), 
chloride (Cl), sulphate, etc., of the groundwater is changed (Nagarajan et al., 2012). 
There is also a need to evaluate both the resource availability and the possibility of 
subsurface water pollution prior to the design of a landfill site. Groundwater quality 
studies conducted by Vasanthi et al. (2008) in the areas surrounding the Perungudi 
dumping yard in Chennai also revealed elevated pollutant concentrations, including 
TDS, EC, TH, Cl, chemical oxygen demand (COD), NO3

−, and SO4
−2. Groundwater 

tests from the Delhi region around the Gazipur landfill site and its neighbouring areas 
showed somewhat high concentrations of Cl, NO3, NH4+, phenol, Fe, Zn, and COD 
(Mor et al., 2006). 

11.7 Production of Landfill Gas from Municipal Waste 

Due to the high density of municipal solid waste (MSW), landfill gas is produced 
during the anaerobic decomposition of the wastes due to a high level of biodegradable 
organic matter present in the wastes. Gases from landfills are primarily composed 
of CH4 and CO2, as well as trace amounts of volatile organic compounds and other 
trace gases (Hegde et al., 2003). Both CH4 and CO2 are greenhouse gases, but CH4’s 
global warming potential is 25 times stronger and CO2’s atmospheric residence 
duration is just 123 years. Jha et al. (2008) measured GHG emissions from two 
landfill sites in Chennai and reported that emission flux ranged from 1.0 to 23.5 mg 
CH4 m2/h, 6 to 460 g N2O m2/h and 39 to 906 mg CO2 m2/h at Kodungaiyur and
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0.9 to 433 mg CH4 m2/h, 2.7 to 1,200 g N2O m2/h and 12.3 to 964.4 mg CO2 

m2/h at Perungudi. Comparatively, Kumar et al. evaluated the methane emission 
inventory at the Okhla dumping site in Delhi and found that over the course of eight 
years, from 1994 to 2001, the site produced a total of 102.006 Gigagrams (Gg) of 
gas, wherein the total amount of waste (excluding inert) deposited in the landfill up 
until 2001 was used as the basis (i.e. 3,311.867 Gg). As of 2007, Indian landfills 
were responsible for approximately 604.5 Gg of CH4 emissions. However, there is 
substantial uncertainty concerning the quantity of landfill gas emissions due to a lack 
of available data. Currently, there is a lack of data on landfill gas emissions, and as a 
result, there is substantial uncertainty regarding the number of landfill gases released. 

11.8 Incineration of Waste to Generate Power 

Incineration is a method for managing waste through the use of heat. In incineration, 
the burning of raw or unprocessed waste takes place under regulated circumstances 
at 850°C in the presence of air. The by-products are carbon dioxide, sulphur dioxide, 
carbon monoxide, particulate matter, dioxins, furans, water vapour, ash, heat, and 
non-combustible material. Incinerator bottom ash (IBA) refers to the ash generated 
during the combustion process. Although incineration results in the greatest possible 
decrease in waste volume, it is given low priority in an integrated waste management 
strategy due to ecological considerations. This process is extremely exothermic, 
creating heat that might be used to generate steam and power. Low moisture content 
(50%) and high heating value (>5 MJ/kg) are both desirable in solid waste if high 
efficiency is to be achieved. (Vergara & Tchobanoglous, 2012). Because developing 
countries produce so much organic waste with high moisture content and low CV, 
it is more common in developed countries. In India, the first incinerator plant was 
established in Timarpur, Delhi, in 1987, but was shut down barely a few months 
after installation. Because waste generated in India is unsuitable for incineration due 
to high moisture content (around 50%) and low CV (3,350–4,200 kJ/kg) (Sharholy 
et al., 2008). However, in many cities, tiny incinerator plants are operational for 
burning biomedical waste. The installed capacity of incineration plants in India is 
about 83 MW (Jain & Sharma, 2011). Incinerating municipal solid waste (MSW) is 
unsuccessful in India because of the high organic matter (40–60%), high moisture 
content (40–60%), and low caloric value (CV; 800–1,100 kcal/kg) of MSW. Another 
plant was established at BARC (near Mumbai) for burning primarily institutional 
waste. However, there is a persistent worry that waste incinerators may have adverse 
effects on human health. According to research, liver cancer risk is higher for Britons 
who reside near municipal incinerators.
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11.9 The Breakdown into Heat and Gas 

It is possible to extract energy from trash by burning it in oxygen-depleted conditions. 
Several endothermic reactions characterize both the process of pyrolysis and the 
process of gasification. In pyrolysis, organic substances are decomposed by heating 
them to a temperature range of 400 to 1,000°C in an oxygen-less environment. 
The process of partially burning organic material at temperatures between 1,000 and 
1,400°C with a reduced amount of oxygen or air is called gasification. Syngas (a type 
of gas), acetic acid, acetone, and methanol are the by-products of the two processes, 
as well as char (composed of carbon combined with inert material), which are the 
by-products of the other process. As a result of the process of synthesis, carbon 
monoxide, methane, and hydrogen dominate the final product, while carbon dioxide, 
nitrogen, and hydrocarbons have smaller amounts. When syngas is cleaned, it can 
be burned as fuel for internal combustion engine generators or turbines to generate 
electricity, and char can be used as a fuel or as a soil conditioner, as has been done 
in the past by indigenous people in the Amazon basin. It is worth noting that there 
are two types of gasifiers available in India, each with its unique design. There are 
only a few plants like it in the world, and this plant is the first of its kind; it has been 
installed by Navreet Energy Research and Information (NERI) in Nohar, Hanungarh, 
and Rajasthan with the primary purpose of burning agricultural wastes. This machine 
processes waste at 50–150 kg/h, corresponding to an efficiency of 70–80%. About 
25% of the fuel gas produced during the gasification process may be recycled back 
into the system to assist in the process of further gasification. At the same time, the 
remainder of it is used to generate electricity. The second system is operational at the 
TERI, a think tank for energy (CPCB, 2004; Sharholy et al., 2008). Approximately 
70 tonnes of garbage have been processed so far through the plasma arc gasification 
plant in Pune, India, which was set up in 2010. The plant only generated 1.7 MW 
instead of the planned 2.4 MW. Despite its limitations, this technique could still be a 
viable option for creating energy from garbage, despite its performance limitations. 

11.10 Composting 

Composting is a process of aerobic biological decomposition of organic material in 
a controlled, regulated environment. It is regulated by several environmental factors, 
such as temperature, humidity, and pH. Native microbes in the composting process 
transform organic matter into a stable product called compost. Gardening, farming, 
and landscaping can benefit from the compost that is produced in the process as it 
can be used as a soil conditioner in gardening, farming, and landscaping (Singh et al., 
2011). As mentioned above, there are a number of variables that can have a significant 
influence on the quality of compost made with municipal solid waste, including 
the kind and quantity of waste used in the composting process, the composting 
design, the length of time that the compost is allowed to mature, and the composting
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techniques used. According to Hashemimajd et al. (2004), composting has been 
categorized as a “batch” process since it involves a sequential involvement of many 
microorganisms during its decomposition process. When the temperature rises to 45 
to 65°C, the thermophilic phase begins to appear, and sanitization is initiated. The 
mesophilic phase, also known as the maturation phase, is characterized by a gradual 
decay of the remaining organic chemicals as it progresses through the organism. 
Approximately 60% of municipal solid waste (MSW) in developing countries is 
organic, has a high moisture content, and has traditionally been used as a tool to 
improve the soil quality in these countries by using compost. The current mindset 
has changed as a result of the contamination of MSW with hazardous wastes that 
have a detrimental effect on the environment (Jain & Sharma, 2011). By converting 
carbon to nitrogen, phosphorus, and potassium in the soil as a result of proper soil 
segregation methods, a good choice can be made that helps recycle nutrients back into 
the soil, including carbon, nitrogen, and phosphorus. Moreover, it also reduces the 
amount of waste that ends up in landfills, thereby extending the life of landfills (Singh 
et al., 2011) and, as a consequence, assists in reducing the amount of landfill required 
for the transportation of waste to landfills, as well as lowering the amount of fuel 
consumed during that process. It can be argued that composting is a sustainable and 
environmentally friendly method for dealing with waste since it is environmentally 
friendly (Fig. 11.2). 

The composting of MSW is one of the most promising and cost-effective options 
for disposing of MSW in the near future. In the early 1960s, the Government of

Fig. 11.2 Schematic diagram of the solid waste management system 
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India supported the idea when it was first floated, but it was stifled during the 
country’s fourth five-year development plan (1969–1974). In 1974, the government 
of India (GOI) reintroduced municipal solid waste (MSW) composting as a result of 
a period of decline, focusing on cities with a population of over 0.3 million people. 
Composting municipal solid waste (MSW) occurs both on a large scale and in decen-
tralized settings in India as a significant amount of MSW is composted. The Excel 
Industries Ltd. company in Mumbai has recently constructed India’s first industrial 
composting facility on a large scale capable of processing 500 tonnes of municipal 
solid waste each day. 

Furthermore, since the beginning of the year, a facility in Vijayawada has been 
operating at 150 tonnes per day. In the present day, composting represents about 
9% of the total treatment of municipal solid waste worldwide (Kansal, 2002). Every 
single day, about 700 tonnes of municipal solid waste (MSW) are composted by the 
Kolkata Municipal Corporation (KMC) and M/S Eastern Organic Fertilizers (India) 
Private Limited. It has been estimated that there is a market price of 3.50 INR per 
kilogram for MSW compost (Chattopadhyay et al., 2009). 

11.11 Vermicomposting 

Vermicomposting is a bio-oxidative, environmentally beneficial, and biotechnolog-
ical process that converts the organic wastes, such as food and household wastes into a 
useful bio-product known as vermicompost. In order to accomplish this, earthworms 
and microbes work together in a collaborative manner. Furthermore, the biochemical 
degradation of organic matter is carried out by the microbial biomass within the gut 
of the earthworm. The earthworms increase the surface area available to microorgan-
isms to improve the enzymatic activity, that is, directly and indirectly, responsible for 
changing the physical and chemical characteristics of the organic waste (Fornes et al., 
2012; Malley et al., 2006). There is also some evidence to suggest that earthworm 
faeces provide bacteria with a nourishing organic substrate for growth and activity in 
their immediate environment. The earthworm mortality step can be avoided in vermi-
composting by performing a pre-composting step as part of the vermicomposting 
process. Increasing levels of humic acid, aromaticity, and acid phosphatase activity, 
along with a decrease in the C/N ratio, volatile solids (VS), aliphatic, lignocellulose, 
protein, and carbohydrate contents of vermicompost, are all indicators of the maturity 
and mineralization of vermicompost. After the production of vermicast, it contains 
high levels of nutrients such as carbon, nitrogen, phosphorus, and potassium, along-
side some antimicrobial and enzymatic properties that protect plants against disease 
after (Bhattacharya et al., 2012; Yasir et al., 2009). Several studies (Suthar, 2008) 
that have confirmed the importance of earthworm faeces, mucus, body fluids, and 
enzymes in raising the nitrogen content of vermicompost. The epigeic earthworm 
species such as Eisenia fetida, Eudrilus eugeniae, Perionyx excavatus, and Perionyx 
sansibaricus are commonly used in vermicomposting (Oyedele et al., 2006), though 
Eudrilus eugeniae and Perionyx excavates are the most effective earthworm species
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for stabilizing organic material. They can be found in both tropical and subtropical 
areas. Although both composting and vermicomposting are considered beneficial for 
the health and fertility of the soil, vermicomposting is preferred because it produces 
a wider variety of beneficial bacteria and other creatures (Vivas et al., 2009). As per 
a 2003 report, in India Hyderabad, Bangalore, Mumbai, and Faridabad implemented 
vermicomposting systems as part of their waste management programmes (Jha et al., 
2003). 

11.12 Landfilling 

Landfills are simply empty plots of land where waste is disposed of. It is an essential 
component of any MSW management strategy. After the exhaustion of other waste 
management strategies, municipal landfills become the only place in which a city 
can dispose of its municipal solid waste. In most underdeveloped countries, open 
dumping is used to dispose of waste, which is the most widespread, logical, and cost-
effective way to do so. It has been estimated that over half (51%) of all management 
practices in Asia are characterized by open dumping (Hoornweg & Bhada-Tada, 
2012). In spite of the fact that open dumping has fallen out of favour in recent years 
due to environmental concerns and the availability of other engineered techniques 
such as sanitary landfills, pyrolysis, and incinerators, these are much less common in 
developing countries due to economic and technical obstacles as well as the nature 
of the waste they need to deal with. There is a widespread problem of unregulated 
open dumping in many Indian cities which pollutes the environment and threatens 
human health and safety. It is well established that greenhouse gases such as CO2 

and methane found in landfill gas play a significant role in global warming and the 
degradation of the environment (CPHEEO, MoUD, GoI, & Manual on MSWM, 
2000). 

Further to this, it causes an unhygienic environment, which has a harmful impact 
on the health of the people living in it. To ensure that landfills function safely 
and efficiently an MSWM system must be carefully designed, implemented, and 
monitored. 

11.13 Free-Form Waste Dumps and Landfills 

It is the most common non-scientific, non-engineered MSWM method used in third-
world countries. Open dumping is, as the name implies, the practice of dumping 
trash as haphazardly and indiscriminately as possible in low-lying areas in such a 
way as to pose a threat to the health of people and the environment, as well as 
being detrimental to the area’s visual appeal. An increasing amount of municipal 
waste is being dumped untreated onto lands that have not been treated in urban India 
(Narayana, 2009), causing a huge problem. It is to be noted that when landfills do
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not adhere to regulations and are poorly managed, there is an accumulation of waste 
that makes them more likely to burn openly. As a result, they release poisonous gases 
that are not only harmful to the environment but also harmful to human health. It is 
undeniable that rats, fleas, and mosquitoes all find landfills to be a perfect breeding 
ground for the spread of diseases, particularly malaria, cholera, and dengue fever. 
Moreover, it is also known to produce leachate, which, due to its taint, may also 
pose health risks to nearby residents due to groundwater contamination (Mor et al., 
2006). According to Joseph et al., active landfill sites in India make up approximately 
70–90% of the total number of active waste disposal sites in the country. 

11.14 Landfills that Are Only Partially Regulated 
or Operated Landfills 

There are no effective measures to deal with the disposal of leachates and the unreg-
ulated release of landfill gases from open landfills, similar to the situation with open 
landfills. Whenever landfills are being managed, topsoil is routinely added to these 
landfills to prevent toxic waste from being released into the environment. 

11.15 Refuse Dumps that Adhere to Sanitation Standards 

These dumps result from careful planning and design on the part of experts who are 
well-versed in this field. The amount of landfill gases and leachates that are produced 
by decomposing organic waste can be minimized in a sanitary landfill. While landfills 
are given the lowest priority in the ISWM system, they are nevertheless necessary 
since they are where all of the waste that cannot be recycled or composted ends up. 
This happens a lot more frequently in the developed world. 

11.16 Wasteland Application 

It is not uncommon for untreated organic wastes, such as solid waste and sewage 
sludge, to be disposed on farmland without being treated. A significant improve-
ment to the nutritional profile of agricultural and horticultural soils can be achieved 
by adding sewage sludge as part of the soil amendment process. The biodegradable 
component of MSW, in particular, is often quite high in organic matter, nitrogen, phos-
phorus, potassium, micronutrients, and macronutrients, all of which can contribute 
to reviving the soil’s fertility if used in the right way. It is common for hazardous 
and biological wastes to be mixed up with municipal solid wastes in the majority of 
cases. Due to this fact, long-term application of fertilizers on fields can cause heavy
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Fig. 11.3 Waste management model 

metal deposition in the soil being subsequently absorbed by the living organisms. 
It could further adversely affect the crop yields, livestock health, and human health 
(Wang et al., 2003) (Fig. 11.3). 

11.17 Waste as a Resource 

Due to urbanization, we generate a lot of garbage, also known as municipal solid 
waste, which could be viewed as an opportunity rather than a burden due to the 
(Kathiravale & Yunus, 2008) benefits we can extract from it. 

11.17.1 Energy Source 

Energy plays a crucial role in the development of every nation and cannot be over-
stated in terms of its importance. Keeping up with the rising energy demand is one 
of the most challenging tasks that developing countries have to deal with in order 
to keep up with the rising economic growth. Since there is a growing concern over 
their environmental impacts, renewable energy sources are becoming more popular 
as an alternative energy source to conventional energy sources that cannot be used 
indefinitely. In recent years, scientists all over the world have become increasingly 
interested in the possibility of generating electricity from municipal solid waste,
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through a variety of methods. It is significant to note that the use of municipal solid 
waste (MSW) as a source of electricity not only helps to meet the rising energy 
demand but also reduces the amount of trash that would otherwise be disposed of in 
landfills by drastically reducing the amount of waste that ends up there. This practice 
not only assists in compliance with pollution control regulations but also improves 
the quality of the waste before it is ultimately disposed of, thereby contributing to 
pollution control and a cleaner environment. It is being recognized that the process 
of converting MSW into ethanol has been gaining scientific and technical support in 
recent years due to the large percentage of lignocelluloses in MSW (Kalogo et al., 
2007). Several businesses are also looking into more efficient ways of recycling trash 
into useful products such as polylactic acid, an industrial chemical, and “drop-in” 
fuels like butanol, which can be used instead of more traditional fuels like gasoline 
diesel, and even jet fuel. Unfortunately, this method hasn’t been used in underdevel-
oped countries because it lacks the necessary infrastructure for waste segregation. 
Constructing these plants would have been prohibitively expensive. Currently, the 
energy generation potential of India is at approximately 1,460 megawatts (MW) from 
MSW. Contrastingly, 226 megawatts (MW) can be generated from sewage, according 
to the Ministry of New and Renewable Energy (MNRE). The MNRE report, however, 
indicates that only 24 MW of this capacity has been capitalized in accordance with 
the report. There is a possibility that waste-to-energy plants can displace 86.16% of 
India’s total installed thermal power capacity each year, or about a million tonnes of 
coal. 

11.17.2 Resources for Reuse 

Taking second place in the hierarchy of effective waste management, reprocessing 
plays a crucial role in a solid waste management system. It is a practice of reusing 
resources that would otherwise be thrown away by repurposing them into something 
new in order to reduce the amount of waste produced. In addition to this, it provides 
raw or crude materials that can be used by businesses that manufacture goods, which 
reduces the need for other natural resources and, in turn, reduces the number of 
emissions and the amount of energy needed to extract and process raw materials. 
In many third-world countries, informal recycling is a way for people to make a 
living. As far as recycling is concerned, rag pickers in India are the ones who are 
responsible for the majority of it. It has been suggested that rag pickers, who rummage 
through trash heaps in search of recyclables, are crucial for the smooth working of 
the municipal solid waste (MSW) system (Agarwal et al., 2005).
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11.17.3 Improving Soil Quality and Restoring Plant Nutrients 

It is relatively well known that among the organic components of municipal solid 
waste (MSW), there is a great deal of potential for being used as a soil additive in arid 
or desert regions to revitalize them. It can solve not only the problem of waste disposal 
but also the problem of soil fertility control. According to Kizilkaya et al. (2012), 
vermicompost, when applied to soil as an amendment, has a more significant effect 
on plant production than non-vermicomposted organic waste disposal, in addition 
to having a direct impact on soil fertility control. It has a greater impact on plant 
growth and development when added as an amendment to soil significantly improves 
the NPK, aeration, porosity, structure, moisture, and nutrient-holding capacity when 
compared to their non-composted counterparts (Hashemimajd et al., 2004). It has a 
higher content of humic acid, responsible for stimulating the proton pumps in the 
plasma membrane of root cells, which in turn is responsible for promoting root growth 
(Aguiar et al., 2012), which can significantly increase yields of both ornamental plants 
and crops (Aguiar et al., 2012). 

11.17.4 Employment Generation Source 

Due to growing population and workforce, developing nations like India are experi-
encing a significant increase in the number of people looking for jobs. It is estimated 
that many people in India (e.g. rag pickers, scrap dealers, sweepers, etc.) rely on the 
recycling and sanitation assistance services provided by the government to survive. 
There is no doubt that informal recyclers often encounter hazardous working condi-
tions due to the conditions in which they operate. Still, it is more crucial to recognize 
that waste can provide a means of subsistence and income for most people. Recy-
cling of municipal solid waste (MSW) is considered by the Environmental Protection 
Agency (EPA) to be one of the “most environmentally sound” methods of managing 
trash, second only to reducing waste generation in the construction industry through 
increased resource efficiency. India being one of the world’s most environmentally 
conscious countries employs a number of people in this sector, e.g. as per Datta 
(1997), more than 85,000 people are involved in this kind of activity in Delhi. Simi-
larly,  Agarwal et al.  (2005) found that in Delhi, nearly 89,600 recyclists, many of 
whom come from the lowest income groups of society, rely on the recycling sector 
for a living. It is estimated that the Municipal Corporation of Delhi employs between 
150,000 and 250,000 ragpickers. A recent estimate shows that more than 20,000 
women are employed as paper pickers in the Ahmadabad metropolitan area.
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11.17.5 Planning for Municipal Solid Waste Management 

In order to create or enhance a system for managing trash, many aspects have 
to be taken into account, but one of the most crucial aspects is planning. For a 
solid waste management system to be successful, it is important to note that careful 
planning must be undertaken to ensure its success. There can be differences in the 
approach required from one city to the other, or even from one country to the other, 
depending on the situation. According to the USA, Environmental Protection Agency, 
an optimal waste management plan requires careful coordination between several 
aspects (social, institutional, environmental, economic, and technical) to achieve the 
best possible outcomes. To create a successful SWM strategy for a city, it is crucial 
that the following details are kept in mind before the strategy is created in order to 
make it as effective as possible:

. The city’s demographics and economy.

. The data on solid waste creation.

. The data on the composition of MSW and its characteristics, including moisture 
content and density.

. The data on the identification and evaluation of the best possible choices.

. An assessment of the planned infrastructure and services’ initial capital expendi-
tures and ongoing operating expenses (Hoornweg & Bhada-Tada, 2012).

. Social acceptance;

. Collaboration among different levels of government as well as between neigh-
bouring regions and states or provinces. 

The use of geographic information system (GIS) data to optimize MSW routes, 
select landfill sites, and determine MSW plans is becoming increasingly critical due 
to the lack of funding for these services, which has a negative impact on SWM 
ambitions. There seems to be a consensus that when it comes to municipal solid 
waste management (MSWM), the majority of funding in poor nations is invested in 
the collection and transportation of waste, which leaves very little money for other 
services to be provided. It remains a challenge, especially in cities in developing 
nations, to be able to provide quality sustainable urban management services while 
also ensuring the financial viability of the system at the same time, which is a chal-
lenging task (Lohri et al., 2014). In order to ensure the long-term viability of the SWM 
system in Bahir Dar, Ethiopia, Lohri et al. (2014) offered four solutions: increasing the 
value chain through the sale of organic waste recycling products; diversifying revenue 
streams and financing mechanisms (polluter-pays-, cross-subsidy, and business-
principles); reducing costs and increasing cost-effectiveness; and linking the fees 
for solid waste collection and water supply. Yadav and Garg (2009), reporting on 
empirical studies and real data acquired from MCC, described the financial difficulty 
the Mysore City Corporation (MCC) is experiencing in managing MSW. According 
to his research, MCC spent Rs. 365.7 million on capital projects in 2005 despite 
receiving only Rs. 320.1 million in capital receipts (state government and financial 
institutions’ grants).



224 P. Devi et al.

The following suggestions were made by him to be taken in order to improve the 
financial status of MCC (applicable to most of the local governing bodies in Indian 
cities):

. improvements in property tax collection efficiency (Madon et al., 2004);

. implementation of the Polluter-pays principle (Karagiannidis et al., 2008);

. installation of a “pay as you throw” system (Karagiannidis et al., 2008);

. relatively improved tax collection, property tax reform, and optimal use of assets/ 
land to produce revenue (through impact fees on new development, parking fees, 
etc.). (Yadav & Garg, 2009). 

According to Rathi (2006), the Municipal Corporation of Greater Mumbai is 
able to cover the costs associated with the management of municipal solid waste 
(MSW) thanks to the engagement of community-based organizations (CBOs) and 
public–private partnerships (PPPs) (MCGM). It was determined that the per-ton cost 
of waste management is Rs. 1,518 (US$35) when CBOs are involved, Rs. 1,797 
(US$41) when PPPs are involved, and Rs. 1,908 (US$44) when MCGM is the sole 
waste manager. 

11.18 Problems and Concerns with MSWM 

Some of the issues with MSWM are discussed here. 

11.18.1 Classifying the Origin of a Problem 

When waste management in underdeveloped countries is carried out in an unscientific 
and unplanned manner, source segregation becomes the biggest obstacle to achieving 
a sustainable waste management system. Many Indians do not bother to sort their 
garbage when they live in a city, relying largely on professional waste men and 
ragpickers (informal sector) to do the job for them. The waste collectors and rag 
pickers of impoverished nations prioritize sorting the materials that have a high 
economic value to the recycling industry to maximize their profits. Because of this, 
the efficiency of the segregation process is quite low. It has been observed that Indian 
cities produce a variety of trash, some of which is not suitable for incineration, 
while other types of waste, such as municipal solid waste (MSW), are sometimes 
contaminated with biomedical waste and, as such, not suitable for composting.
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11.18.2 Problems Due to Technical Aspects 

Municipal councils and government bodies may be hampered in their solid waste 
management efforts by a lack of technical knowledge and planning prowess in their 
staff. Although it exists in some very large and very large cities, it is not being 
used to its full potential in terms of informing policy. The failure of a city’s solid 
waste management (SWM) strategy is generally attributable to the chosen technology 
without considering the city’s socio-economic state, climate, waste kind, etc. There-
fore, prior to selecting the waste management technology, it is important to keep 
in mind the waste’s characteristics and the operating environment at the local level. 
Certain treatment techniques, such as burning, may not be viable depending on the 
physical qualities of the trash, such as the waste’s composition, moisture content, 
and density. Sanitary landfill designs, waste-to-energy conversion technologies, etc., 
all suffer from a lack of funding. Inadequate research and development, as well as a 
lack of common standards for the definition, measurement, categorization, and data 
creation, all have a negative impact on solid waste management systems (Guerrero 
et al., 2013). 

11.18.3 Issues with Financial Aspects 

In the introduction of a solid waste management system, financing plays a crucial 
role in the success of the programme. In developing nations, however, there seems 
to be a problem where urban local governments, or ULBs, are challenged to raise 
sufficient funds from local taxes to meet their citizens’ needs. There is a lack of 
private enterprise investment in this area due to residents’ reluctance to pay for the 
services, as very little profit is made in this area. It is difficult for local governments 
to meet the needs of society at the same time as maintaining financial stability even 
though they are trying to meet societal demands simultaneously. Therefore, it is vital 
to encourage the participation of the private sector (PPP) if we are to overcome the 
limitations imposed by a lack of financial resources and expert knowledge in the 
country. 

11.18.4 Concerning Society 

MSWM faces adversity in the form of haphazardly expanding, low-income residen-
tial neighbourhoods. Inadequate infrastructural services, such as roads, sewers, and 
sanitary facilities, are indicative of this. Drains as they currently exist are frequently 
clogged with waste and plastic bags, creating an ideal environment for the prolifera-
tion of disease-causing vectors and other dangerous bacteria. As was previously said, 
the waste management sector is a significant source of income for many people in the
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informal economic sector in developing countries. They are economically disadvan-
taged and social outcasts who toil in dangerous, unhealthy environments. Because of 
this, it is crucial to enhance their working conditions, earnings, and social standing. 
A creative strategy is required to include this unstructured or informal industry in 
the ISWM plan. The key social challenges are the low social standing and salaries 
of waste employees, a lack of interest among the public and stakeholders, and the 
absence of awareness initiatives for disseminating public knowledge about ISWM. 

11.18.5 Programmes Related to Awareness and Education 

The lack of solid waste management education programmes at secondary and tertiary 
levels has led to waste being improperly managed, and those currently employed in 
the field do not have the necessary experience and exposure to deal with the issue of 
solid waste management. 

11.18.6 Policy and Legislation 

The lack of cooperation between environmental and industrial regulators often results 
in waste management problems. Legal impediments associated with waste manage-
ment can be attributed to a variety of factors, including a lack of enabling laws, 
regulations, standards, and policies, a lack of enforcement of existing laws, political 
intervention, and weak punishment structures, all of which contribute to the existence 
of legal impediments. 

11.19 Conclusions 

Managing municipal solid waste is one of the most difficult tasks for any country. 
For countries like India and China to join the ranks of the industrialized world, they 
must continue their rapid rate of urbanization and industrialization. It would lead to 
increased waste all across the world and disorganized urban development. There-
fore, the need for healthier and proper disposal of solid waste is warranted, and 
emerging countries will face increasing challenges in the near future in dealing with 
this massive amount of MSW. In developing countries, open dumping is common-
place, endangering local ecosystems and putting people’s health at risk. Due to its 
high moisture content and density, municipal solid waste (MSW) from poor coun-
tries is unsuitable for energy conversion. Land application of waste is being consid-
ered as a viable option because of its high nutrient value and high organic carbon 
content. Its long-term use is discouraged due to the presence of heavy metals and 
other hazardous substances. Due to its high nutritional content and lack of pathogens,
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composting or vermicomposting of MSW could be a good solution for MSW in devel-
oping nations. If not handled correctly, this waste can have serious consequences for 
people’s health, the environment, and the value of their homes. However, its capacity 
to provide energy and jobs also presents us with an opportunity. In addition, it could 
be used as a raw material in the production of items and in composting and vermi-
composting. Therefore, the management of municipal solid waste (MSW) not only 
reduces negative consequences but also has the potential to contribute to the supply 
of energy and the creation of new jobs. It’s recommended that the potential for 
using the by-products of one business as a raw material in another be explored. 
For MSWM to be successful, careful preparation is required. Population, weather, 
socioeconomics, solid waste composition, funding, environmental pollution, health 
impacts, etc. should be considered before a SWM plan is developed. In addition to 
this methodical approach, other measures such as designing an integrated solid waste 
management (ISWM) system, source segregation, a 4Rs (reduce, reuse, recycle, and 
recover) strategy for waste minimization, the use of a geographic information system 
(GIS) in MSW management, decentralized composting at the micro level, compli-
ance with MSW rules, a user-charge system based on income, a ban on open burning, 
a separate treatment system for biomedical waste, awareness Therefore, the manage-
ment of municipal solid waste (MSW) not only reduces negative consequences but 
also has the potential to contribute to ecological and economic needs. 
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Chapter 12 
High Potential Organic Feedstocks 
for Production of Renewable Solid 
Briquettes—A Comprehensive Review 

Gokul Raghavendra Srinivasan, Aditya Mahajan, Rajiv Seth, 
and Rakesh Mahajan 

12.1 Introduction 

Depletion of resources and unstable capital background for coal has put the entire 
power generating units at stake and has raised concerns over the large large-scale 
power generation and the fate of small-scale units depending on this solid fossil fuel. 
Besides this, emissions from these non-renewable fuels have resulted in increased 
concentrations of greenhouse gases and have also been found to be a primary source 
for increasing global warming (Chen, 2021). Considering these setbacks, scientists 
and researchers have focused on developing renewable solid biofuel from organic 
biomasses, with significant energy density and zero sulphur emissions (Yuliansyah 
et al., 2010). One such solid biofuel is briquette, which is made up of any dry organic 
biomass compacted in high-density product under the application of heavy pressure 
(Chen et al., 2009). 

In general, briquettes are the resultant compacted products produced using briquet-
ting technique and are regarded as an ideal customisable solid biofuel. Also, these 
briquettes are seen as viable replacements or successful alternatives for existing 
charcoals (Dinesha et al., 2019). In fact, Rhén et al. (2007) have pointed out the 
similarities between briquettes and petroleum products, in terms of their opportu-
nities like automation and optimization, citing their higher combustion efficiencies 
and lower combustion residues (Rhén et al., 2007). Technically, these briquettes are 
solid biomass agglomerated or densified under the influence of internal forces exerted 
from the biomass itself and the external forces, which signifies the pressure applied 
for their compacting. Often, biomass briquettes are developed in different geome-
tries and have been used in numerous industries which include food and industrial
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fodder industries, mining and chemical industries, besides the biomass industries 
(Ugwu & Agbo, 2013). Commonly known for their application in special boilers or 
co-firing with unconventional energy carriers (Kihedu, 2015; Kubica et al., 2016), 
these briquettes are easy to handle and need very least attention among other known 
biofuels. These renewable briquettes work effectively in both grate and fluidised 
bed furnaces and showcase a higher degree of combustion (Barneto et al., 2010). In 
spite of their lower efficiency than coal, these densified solids are widely preferred 
owing to their simplicity, less cost and need for less maintenance, which enables it 
for remote applications like cooking, heating and even electricity power generation 
(Demirbas, 2004; Dziedzic et al., 2018). Accounting for these, this briquette tech-
nology can address the problems and challenges related to bio-residue management 
and is seen as effective “waste-to-energy method”. 

In common practice, briquetting of biomass increases its volumetric density and 
calorific value, simultaneously reduces its moisture content (MC) (Sriram et al., 
2014) and overcomes the limitations associated with the use of biomass with low 
bulk density (Ujjinappa & Sreepathi, 2018). In fact, densifying biomasses improvises 
their overall physical and combustion behaviour, thereby allowing different types 
of lignocellulosic materials to be used as fuel (Wang et al., 2017). Additionally, 
it enhances their handling characteristics, reduces their transportation costs, and 
improvises their suitability for wide variety of applications. Besides, briquetting 
also induces longer burning time to the biomass, in view of its increased volumetric 
density (Olorunnisola, 2007). 

Looking into the science behind it, briquettes are produced as a result of solid 
bridge developed between two macroscopic particles of the biomass upon the appli-
cation of high loads. In general, briquettes undergo densification in three different 
stages. During the loose stage, biomass particles are re-organized, and are squeezed 
out for air and moisture content from their porous structures. Moving on to the transi-
tion stage, these particles break down further and start filling up the empty voids avail-
able between the biomass particles. Finally in the compaction stage, these biomass 
particles undergo plastic deformation and establish contact with each other through 
meshing, thereby becoming more compact. This deformation occurs perpendicularly 
to the principal stress and is limited up to the pressure beyond which these briquettes 
cannot be compacted (Zhang et al., 2014). Adding to this, MC in their dough induces 
van der Waals forces between their particles, which help in their agglomeration (Patil 
et al., 2021). In fact, binding between these particles is enhanced and accomplished 
by using briquette binders, whose effectivity depends on the type of binder used, 
which in turn is decided based on the nature of biomass; and the concentration 
of the binder used. In general, any briquette binder requires the following prop-
erties to be regarded as an ideal binding agent (i) owing to its renewability, both 
feedstock and binder should be organic and environmental-friendly, (ii) must have 
good ability to induce strong bonding between the biomass particles, (iii) should not 
affect the heat release and combustibility of the briquette, and (iv) must be econom-
ically feasible (Zhang et al., 2018; Zhao et al., 2001). Binders can be classified into 
organic, inorganic and compound binders based on their material composition. The 
most commonly preferred binders include starch, protein, fibre, fat/oil, lignin, cattle
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dung, press mud, molasses, and pulp and paper (Patil et al., 2021). Interestingly, any 
biomass with high lignin content needs very less to no binders during their briquet-
ting process, as they release these lignin under very high loads, which then acts as 
binding agent and helps in forming a solid bridge between their biomass particles 
(Kaliyan & Morey, 2009). 

Apparently, these biomasses and binders give rise to a briquette upon its densi-
fication; however, the quality of these briquettes can be judged by understanding 
their fuel characteristics. Hence, it is always necessary to assess these characteris-
tics before commercialising or bringing them into real-time applications. Accord-
ingly, the characteristics deciding the quality of briquettes have been studied in the 
following section. 

12.2 Thermo-Physicochemical Properties of Briquettes 

As mentioned earlier, briquetting is regarded as an effective technique for processing 
biomass feedstocks with medium to high MC into uniform-sized solid biofuels, which 
can be transported and handled easily. More often, any compacted biomass with good 
volumetric and net energy density along with significant durability is deemed as a 
good quality briquette. In turn, these qualities are evaluated based on their briquetting 
conditions, apart from the physical and chemical properties of the feedstocks (Okot 
et al., 2018). The chemical properties evaluated for these biomasses include their 
proximate composition such as moisture content (MC), volatile matter (VM), fixed 
carbon (FC), ash content (AC) and their lignocellulosic (LC) composition which 
includes cellulose, hemicellulose and lignin content. On the other hand, the physical 
properties include their calorific value (gross and net)/heating value (higher/lower), 
particle size and diameter, and bulk and particle density. In case of briquettes, the 
chemical properties evaluated include their proximate composition such as MC, VM, 
FC and AC, and their ultimate composition that includes carbon (C), hydrogen (H), 
oxygen (O), nitrogen (N) and sulphur (S) content (Sukarta et al., 2018). While, the 
evaluated physical properties include their calorific value (gross and net)/heating 
value (higher/lower), compressed and relaxed density, bulk density, compressive 
strength, tumbling and shattering resistance, and durability, which decides their phys-
ical integrity. Further, biomass binders also contribute significantly to these qualities 
and are also evaluated based on their physical and chemical characteristics. Although 
these briquettes are assessed from various fuel characteristics discussed above, only 
certain characteristics like CV, VM, MC and AC, density, compressive strength and 
durability predominantly decide their quality and usage (Dziedzic et al., 2018). 

To begin with, all biomasses comprise lignocellulosic components like cellulose, 
hemicellulose and lignin, and these organic compounds are widely distributed in the 
form of hydrocarbons. Following this, the average composition of these lignocel-
lulosic compounds in plant biomass range between 30 and 50% for cellulose, 20 
and 30% for hemicellulose and 15 and 30% for lignin (Achinas & Euverink, 2016). 
On average, typical plant biomass reports its volatile content and calorific content
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in a range of 65–80% (Rybak, 2006) and 17.31–18.84 MJ/kg, respectively, with its 
AC ranging between 4 and 5% (2% in case of solid biofuels), in their analytical and 
working state (Dziedzic et al., 2018). In case of moisture-free and ash-free bases, this 
biomass records 80% of VM and 20% of FC and in contrast to a bituminous grade 
coal that states its VM and FC as 20–30%, and 70–80%, respectively (Maciejewska 
et al., 2006). Comparatively, coal samples exhibit superior calorific value and higher 
AC, owing to their higher concentration of non-combustible and inorganic content. 
On the contrary, biomass samples exhibited rapid ignitability and faster burning rate 
citing their higher porosity, which ensures the infiltration of oxygen and outflow 
of combustion products (Akuma & Charles, 2017). Worth mentioning, lignin and 
cellulose content in biomass play a crucial role, by acting as natural binder during 
their high-load briquetting process (Gangil, 2014). 

Moisture content (MC) in briquettes quantifies the amount of water available 
in it (Yuliah et al., 2017). As per ASTM standards, MC for any briquette must 
be maintained below 8% (Waluyo & Pratiwi, 2018); however, commercially used 
briquettes can report their MC up to 30%, following which they can be classified as 
low moisture (12%) and high moisture (29%) briquettes (Mkini & Bakari, 2015). 
The briquettes with low MC exhibit improvised rate of combustion and enhanced rate 
of ignition, in addition to its prolonged storage life (Suprianto et al., 2017). On the 
contrary, briquette with high MC displays relatively low calorific value and reduced 
combustion temperature, and prolonged residence time, uneventfully resulting in 
partial combustion along with increased quantity of flue gas (Maciejewska et al., 
2006). Further, the higher MC increases the density of briquettes and favours mould 
growth, thereby shortening their storage life (Ishii & Furuichi, 2014; Waweru &  
Chirchir, 2017). Also, finely ground biomass with reduced particle size tends to 
absorb and retain more water content into them and hence requires additional drying 
and more conditioning (Adapa et al., 2009). About drying these briquettes, sun drying 
is seen as the most simple and cost-effective technique, with an efficiency of reducing 
the MC from 70.56 to 8% in a time span of 2 weeks (Sawadogo et al., 2018). However, 
rate of drying depends on the weather conditions and is adversely affected during 
rainy and winter seasons; this can be overcome by using mechanical dryers, which are 
proven to be effective irrespective of the ambient and weather conditions (Ifa et al., 
2020). In short, the MC of the biomass must be limited to 10–15%, so as to allow 
their briquettes to undergo complete combustion (Adapa et al., 2009; Maciejewska 
et al., 2006). 

Next up, volatile matter (VM) of any briquette illustrates the volume of organic 
matter with boiling temperature lesser than or equivalent to 250°C available in it and 
in turn predominantly contributes to their thermal behaviour. In general, biomass 
exhibiting high VM has less concentration of FC, and vice versa, thereby stating that 
both biomass and their briquettes torrefied at high temperatures (>250°C) will yield 
high FC and calorific content. The high volatility in these solid briquettes enhances 
their rate of ignitability but causes them to burn with smokey flame citing the presence 
of combustible gases in the form of methane and other volatile hydrocarbons (Thabuot 
et al., 2015). As mentioned earlier, VM in both biomass and their briquettes can reach 
up to 80% (Dziedzic et al., 2018) and is also contributed by the binders used during
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compaction. Relating to this, the usage of starch as binders at higher dosage can lead 
to increased concentration of VM in the resultant briquettes (Yuliah et al., 2017). 

About their ash content (AC), these residues comprise of metal oxides formed as 
a result of combustion of non-evaporable minerals in the briquettes and are used as 
indicator for deciding the quality of briquettes. Explaining this, briquettes with high 
AC tend to report low calorific content and produce less amount of heat. On average, 
briquettes developed from plant biomass produce their average AC in between 1 and 
20% and are entirely dependent on the mineral composition of both biomass and 
binders. Starch-based binders help reducing the AC; however, higher concentration 
of both starch-based and mineral-based binders increases it owing to their inorganic 
content like silica, Fe, MgO and Fe2O3 (Yuliah et al., 2017). Besides, these ashes 
are highly hygroscopic and absorb MC, which solidifies it upon cooling. In addition, 
these ashes exhibit their fusion temperature ranging between 1200 and 1300°C; and 
briquettes with high calorific value, cellulose and inorganic content produce high AC 
and result in higher ash fusion temperature. 

In relevance to their thermal behaviour, heating value (HV) of briquettes defines 
the maximum amount of heat liberated per unit mass of the biofuel during its combus-
tion. In other words, it demonstrates the maximum amount of energy stored in the 
briquettes and is determined using a bomb calorimeter. In general, the HV ranges 
between 14.23 and 23.01 MJ/kg for the commercially available biomass briquettes 
and in turn is decided by the calorific value of the biomass itself. In common practice, 
HV of these briquettes can be improved by mixing two biomasses together prior to 
compaction, with either one reporting higher calorific value than the other or formu-
lating their blending composition. It can also be improvised by following certain 
pre-treatment techniques on biomass during preparation stages like carbonization/ 
torrefaction and pulverization (Akogun et al., 2022; Yuliah et al., 2017). Again, the 
binders also contribute to the overall calorific value (CV) of briquettes; hence, iden-
tifying the most suitable binder is a highly selective process during the early stages 
of briquette production. Though small dosages of binders contribute positively to 
the CVs, high dosage of binders, especially water-activated binders have undesirable 
effects on these calorific content, as a part of heat is used for evaporating the water 
content in the briquettes (Yuliah et al., 2017). In addition, high calorific content of 
these briquettes increases their burning temperature (Haryati et al., 2018). 

Besides CV, briquettes are also evaluated for their ignitability and ignition time, 
with former defining how fast the briquettes ignite, while the latter specifies the rate 
at which the briquettes burn or combust. Being influenced by the organic matter in 
the biomass used in briquetting, ignitability increases with increasing organic matter 
in the biomass, whereas ignition time (also known as burning time) decreases for the 
same. Together, both CV and burning characteristics decide the water boiling time 
of the briquette, where lesser time signifies higher efficiency. Explaining this, water 
boiling test defines the volume of fuel consumed and time taken in raising a known 
quantity of water up to its boiling point (Akuma & Charles, 2017). 

Into their physical characteristics, density of briquettes relates to the amount of 
biomass that occupies for a unit volume and is classified as bulk density, relaxed 
density and particle density. Bulk density refers to the value measured immediately
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after compaction, while relaxed density refers to the value measured after a time 
period (Falemara et al., 2018), whereas particle density refers to the mass of biomass 
particles alone excluding the pore space, for an unit volume. Moreover, density has 
significant influence on their burning characteristics, with high-density briquettes 
reporting longer burning time and high HRR. Besides, it is also influenced by the 
particle grain size of biomass used and their MC. Explaining this, briquettes devel-
oped from biomass with smaller particle size accommodates larger volume, thereby 
increasing their density. On the other hand, MC had a negative effect on density 
as it causes voids and empty pockets post-evaporation, thereby reducing its density 
and also making the briquettes brittle. Also, high dosage of binders leads to the 
filling of pores in the biomass which unfortunately increases the overall density of 
briquettes (Yuliah et al., 2017). In fact, length of briquettes and pellets is also deeply 
influenced by the bulk density of both biomass and their briquettes (Dziedzic et al., 
2018). Put another way, grain size distribution is yet another property of briquettes 
that explain the particle size of biomass used in its production. Larger grain size 
accommodates less biomass, thereby reducing its overall volumetric and net energy 
density; however, use of small particle-sized grains overcomes this and produces 
high-quality briquettes. 

Likewise, durability of briquettes defines its ability to withstand any external 
force or pressure and is very high for any briquettes having fine particle size, high 
compaction pressure and high particle density. In addition, high concentration of 
lignin and cellulosic content in biomass increases the structural integrity of the 
briquettes and enhances their durability. Besides, other parameters like binder type, 
dosage and composition, glass transition temperature and compressibility were also 
found to be contributing in deciding the durability of these briquettes (Karunanithy 
et al., 2012). On average, the durability of an ideal briquette would range between 85 
and 95% and is seen as the most optimal value for any commercially used briquettes. 

Besides durability, compressive strength estimates the magnitude of force required 
to deform or crush the briquettes partially or completely. These strengths gener-
ally depend on particle size, briquette shape, binder dosage, curing temperature and 
AC produced during combustion. Based on the literature, it is seen that briquettes 
exhibiting high binder dosage, poor curing temperature, larger particle size and 
briquettes with high AC perform poorly under external force. On the contrary, 
other briquetting parameters like compaction pressure, retention time and MC 
have no significant effect on the compressive strength of these briquettes (Taulbee 
et al., 2009). In addition, biomass with high lignin and cellulosic content tends to 
impart high structural strength to these densified briquettes, thus increasing their 
compressive strength. 

Fairly evident that the fuel characteristics of any briquette depend on the chemical 
and physical properties of the biomass used. Table 12.1 summarises the fuel charac-
teristics of both biomass and their briquettes, ASTM standards for their evaluation, 
and the empirical formula used for calculation.
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Table 12.1 Fuel characteristics of both biomass and their briquettes, ASTM standards for their 
evaluation, and the empirical formula used for calculation (Cunliffe & Williams, 1998; Du et al.,  
2016) 

Fuel property ASTM 
standards 

Formula 

Biomass feedstocks 

Moisture content 
(MC) 

ASTM 
D3173 

MC(in %) = Initial weight−Dry weight 
Initial weight ∗ 100 

Ash content 
(AC) 

ASTM 
D3174 

AC(in %) = Weight of Ash 
Dry weight ∗ 100 

Fixed carbon 
(FC) 

ASTM 
D3172 

FC (in %) = 100% − MC(%) − VM(%) − AC(%) 

Volatile matter 
(VM) 

ASTM 
D3175 

VM(in %) = Dry weight− weight @ 300◦C 
Initial weight ∗ 100 

Ultimate 
composition 
(CHNSO) 

ASTM 
D3176 

– 

Calorific value ASTM D 
3286–77 

Using bomb calorimeter 

Particle size ASTM E 
1037–84 

– 

Cellulose ASTM D 
1103-55T 

Cellulose(in%) = Acid detergent fibre(ADF) − Lignin(1) 

Hemicellulose ASTM 
D1104-56 

Hemicellulose(in%) = 
Neutral detergent fibre(NDF) − Acid detergent fibre(ADF) 

Lignin ASTM D 
1106–56 

Lignin(in%) = Acid detergent lignin(ADL) 

Densified briquettes 

Moisture content 
(MC) 

ASTM 
D3173 

MC(in %) = Initial weight −Dry weight 
Initial weight ∗ 100 

Ash content 
(AC) 

ASTM 
D3174 

AC(in %) = Weight of Ash 
Dry weight ∗ 100 

Calorific value 
(CV) 

ASTM D 
3286–77 

Using bomb calorimeter 

Density ASTM D 
2395–83 

Density = Weight of Briquettes 
Volume of Briquettes ∗ 100 

Compressive 
strength 

ASTM 
D2166-85 

σ
(
in KN 

m2

)
= Load(in KN) ∗ Strain 

Area of briquette (in m2) 

Durability/ 
Shattering Index 

ASTM 
D440-86 

Weight before shatter − Weight of shatter 
Weight before shatter
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12.3 Biomasses for Briquetting 

Approximately 60 exajoules of total energy demand were supplied from biomass 
in 2015, and biomass resources contributed about 9–13% of the total global energy 
supply (Energy, 2016; Wang et al., 2017). In other words, any fuel developed from 
the biomass displays its potential in contributing to this energy supply; however, 
the amount of energy supplied depends on the fuel type and its characteristics. 
Accounting for their simplicity, energy equivalence, and flexibility towards accom-
modating any biomass as raw material, these briquettes have proven to contribute 
significantly to the energy supply, especially to meet the demand of domestic and 
industrial heating applications that require the replacement of fossil coals. In general, 
any biomass with good lignocellulosic content can be deemed suitable for briquetting; 
however, the suitability of these biomasses can be decided based on its non-edibility, 
availability, geographical distribution and even their suitability for the process. 
Besides using these biomasses in their raw form, they are also pre-treated through 
carbonization or torrefaction (low-temperature pyrolysis), which helps in altering 
the chemical characteristics of the biomasses without altering their calorific content 
(Basu, 2018). These alterations include depolymerisation of long chain polysac-
charide from lignin and hemi-cellulose and also reduce their oxygen-to-carbon (O/ 
C) ratio, which significantly improves their hygroscopic nature and energy content 
(Basu, 2018; Pimchuai et al., 2010). The most commonly used biomasses, identi-
fied as high potential feedstocks, are discussed briefly in the following section in 
alphabetical order. 

12.3.1 Almond Shell 

Moisture content (%) 3.3 

Ash content (%) 0.6–3.29 

Fixed carbon content (%) 15.8–20.7 

Volatile matter content (%) 76.0–80.3 

Calorific value (MJ/kg) 18.2–19.8 

Cellulosic content (%) 38.47–50.7 

Hemi-cellulosic content (%) 28.82–31.1 

Lignin content (%) 20.4–29.54 

Almond (Prunus amygdalus) is an Iranian native tree belonging to genus prunus 
and amygdalus subgenus, whose fruit being a drupe has an outer hull and a hard 
shell enclosing its seed (Ladizinsky, 1999). However, almond seed is edible, its 
hard shell is always discarded as wastes. Since almond holds a remarkable spot 
in multi-cuisine markets, the amount of shells generated as wastes also increase
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proportionally. Though these wastes are returned back to the soil to maintain its 
potassium balance, they can be used as solid biofuel for burning owing to their 
significant biomass content. Supporting this, proximate and LC composition of these 
shells exhibited higher FC and VM besides their lower MC and AC in addition to 
their identical lignocellulosic contents. Besides, study on thermal decomposition of 
these almond shells based on the data characterised from thermogravimetry (TGA), 
derivate thermogravimetry (DTG) and differential thermal analysis (DTA), reported 
that these shells report evaporation and volatilization of lighter molecules between 
282 and 398°C, devolatilisation involving degradation of biomass, and oxidation 
between 397 and 522°C; with major weight loss of ~ 50% (9% per min.) noticed 
during the second stage (Allouch et al., 2014). 

Following this, Allouch et al. (2014) developed briquettes from almond shell-
based biochar by mixing with 20% green clay, 5% wheat flour, and water, 
and compacting them manually. Results explained that these briquettes displayed 
increased holding time and better combustion characteristics, claiming strong 
devolatilisation and reduction in particle size enhanced their fuel properties (Allouch 
et al., 2014). Meanwhile, Orhevba and Olatunji (2021) used these shells as additives 
for developing groundnut shells-based compound briquettes reporting their highest 
CV as 29.99 MJ/kg; upon mixing them in the following concentration: groundnut 
shell–52%, almond shell–10%, rice husk–10%, cassava starch–20%, clay (filler)– 
5%, and water–3%. Here, optimum parameters are as follows: compaction pressure 
as 250 MPa, dwell time as 300 s, carbonising and drying temperature as 650 and 
160°C, respectively (Orhevba & Olatunji, 2021). 

12.3.2 Barley Straw 

Moisture content (%) 5.7–20.2 

Ash content (%) 2.18–9.87 

Fixed carbon content (%) 13.29–24.8 

Volatile matter content (%) 65.2–82.41 

Calorific value (MJ/kg) 16.42–17.65 

Cellulosic content (%) 31.1–35.5 

Hemi-cellulosic content (%) 20.36–29 

Lignin content (%) 10.1–17.13 

Barley (Hordeum vulgare), a cereal grain-based grass, grown in temperate 
climates is most commonly used as animal fodder, besides being used as fermentable 
biomass feedstock for distilleries. As a good source for dietary fibre and vitamins, 
barley is also consumed globally and is regarded as the fourth majorly harvested crop 
(Zohary & Hopf, 2000). Though these cereals are edible, other parts of the plants 
are treated as wastes and are disposed during stubble burning. The barley straws
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are highly effective for algal growth control in water eco-systems, besides exhibiting 
promising features in supplying energy. Looking into their proximate and LC compo-
sition, these straws exhibit good HV, which can be used for heating purposes instead 
of burning it for disposal. In fact, the net energy content of these straws can be 
enhanced by compacting these wastes and converting them into solid biofuels. 

Accordingly, Adapa et al. (2009) developed briquettes from ground barley straws 
by utilising their protein and lignin as natural binders and compacted them using a 
compaction apparatus operated at 63.2 MPa. Preliminary findings on these ground 
biomass measured their geometric mean particle diameter, bulk density and particle 
density as 0.384 ± 0.003 mm, 261 ± 2 kg/m3 and 1484 ± 3 kg/m3, respectively. 
Post-briquetting, the mean compact density, specific energy and total specific energy 
were calculated as 978 ± 14 kg/m3, 5.42  ± 0.33 MJ/t and 5.81 ± 0.36 MJ/t, respec-
tively (Adapa et al., 2009). Again, briquettes from raw barley straws with its MC and 
bulk density as 9 wt.% (W.B.), and 36–67 kg/m3, reported its density (immediately 
after compaction) as 755.52 kg/m3 and durability as 95.62%. Besides, this study also 
concluded that physical properties like density, MC and durability of these briquettes 
were also dependent on operating parameters like die temperature, compression pres-
sure and physical properties of the feedstock used (MC and particle size) (Tumuluru 
et al., 2015). 

12.3.3 Canola Straw 

Moisture content (%) 7.64 

Ash content (%) 2.1–6.47 

Fixed carbon content (%) NA 

Volatile matter content (%) NA 

Calorific value (MJ/kg) NA 

Cellulosic content (%) 42.39 

Hemi-cellulosic content (%) 16.41 

Lignin content (%) 14.15 

Canola, a cultivar of rapeseed (Brassica napus), belongs to Brassicaceae family, 
usually occurring as flowering plant and has been cultivated exclusively for its uric 
acid-rich oil seeds. Among canola and rapeseed-based seeds, the former reports low 
concentration of uric acid and is widely consumed by both humans and animals, citing 
its high protein and oil content (Tan et al., 2011). Apart from seeds, these plants don’t 
hold any use and are commonly disposed using stubble burning. However, results 
from proximate and LC composition showcased these canola straws as potential 
biomass with significant CV, which can be utilised for energy purposes. 

Likewise, Adapa et al. (2009) developed briquettes from ground canola straws 
by utilising their protein and lignin as natural binders and compacted them using a
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compaction apparatus operated at 94.7 MPa. Preliminary findings on these ground 
biomass measured their geometric mean particle diameter, bulk density and particle 
density as 0.391 ± 0.017 mm, 273 ± 11 kg/m3 and 1551 ± 47 kg/m3, respectively. 
Post-briquetting, the mean compact density, specific energy and total specific energy 
were calculated as 980 ± 17 kg/m3, 6.91  ± 0.25 MJ/t and 7.26 ± 0.3 MJ/t, respec-
tively (Adapa et al., 2009). Again, briquettes from raw canola straws with its MC and 
bulk density as 9 wt.% (W.B.), and 48–58 kg/m3, reported its density (immediately 
after compaction) as 976.61 kg/m3 and durability as 99.7%. Besides, this study also 
concluded that physical properties like density, MC and durability of these briquettes 
were also dependent on operating parameters like die temperature, compression pres-
sure and physical properties of the feedstock used (MC and particle size) (Tumuluru 
et al., 2015). 

12.3.4 Cashew Nut Shell (CNS) Wastes 

Moisture content (%) 6.47 

Ash content (%) 1.05 

Fixed carbon content (%) 20.48 

Volatile matter content (%) 72.0 

Calorific value (MJ/kg) 20.18–20.46 

Cellulosic content (%) 9.6 ± 1.3 
Hemi-cellulosic content (%) 28.3 ± 0.2 
Lignin content (%) 28.8 ± 2.3 

Cashew tree (Anacardium occidentale), a tropical evergreen tree belonging to 
Anacardiaceae family, under genus Anacardium and is widely grown for its cashew 
seed, a snack nut, and occasionally for its cashew apple, an accessory fruit (Morton, 
2007). Here, the edible kernels are separated from its shell by means of roasting, 
leaving behind a large amount of waste cashew nut shells (CNS), which are then 
processed into press cake and nut shell liquid (CNSL). Though the proximate and 
LC composition suggests the suitability of these shells for converting into solid 
biofuel, it cannot be used for heating directly owing to the higher concentration of 
anacardic acid and smoke from its CNSL causing carcinogenic effects. In fact, 20% 
of CNSL must be removed from these shells prior processing them into fuel, in order 
to reduce the toxicity of the raw material and production of tars (Sawadogo et al., 
2018). Eventually, this can be overcome by carbonising these wastes CNS through 
pyrolysis at 350°C, which yields about 41% of CNS biochar and later on can be used 
for briquetting (Ifa et al., 2020). 

With this, Sawadogo et al. (2018) used 55% of torrefied CNS char (0.5 mm), 10% 
of cassava starch, and 35% of water to develop briquettes using mechanical screw 
press, and presented their CV, density, compressive strength and impact resistance
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index as 25.7 MJ/kg, 0.91 kg/m3, 382.89 and 61.10 kPa, respectively, with water 
boiling tests reporting similar performance to that of wood charcoal (Sawadogo 
et al., 2018). Following this, Ifa et al. (2020) used torrefied CNS biochar for devel-
oping briquettes by adding tapioca flour as binder and was compacted using simple 
hydraulic press at 29.4 MPa (300 kgf/cm2) for 5 min, followed by oven drying for 4 
to 6 h at 50°C.  Evaluation of fuel  properties of these briquettes accounted for their 
CV as 29.49 MJ/kg, MC as 5.3%, AC as 4.96%, VM as 17.16% and C as 72.62% and 
were in accordance with the bio-briquettes standard (SNI 016,235–2000, Japanese, 
English and ISO 17225) (Ifa et al., 2020). Meanwhile, briquettes developed optimum 
blend (by weight) of 65% CNS char (carbonised at 300°C), 25% areca nut shells and 
10% cassava flour, reported their fuel characteristics as follows, maximum hardness 
value: 141 HB (62.7 N), CV: 18–21 MJ/kg, density: 2–3 g/cm3, flame tempera-
ture: 570°C, AC: 2.4–5.8%, FC: 17.23–20.62%, VM: 70–75% and MC below 10% 
(Chungcharoen & Srisang, 2020). 

12.3.5 Cassava Stalks 

Moisture content (%) 8.0–23.46 

Ash content (%) 4.0–5.48 

Fixed carbon content (%) 13.23–27 

Volatile matter content (%) 45.72–69.1 

Calorific value (MJ/kg) 12.4–25.83 

Cellulosic content (%) 33.7 

Hemi-cellulosic content (%) 31.61 

Lignin content (%) 27.04 

Cassava (Manihot esculenta), a native south American woody shrub plant 
belonging to spurge family, whose starchy tuberous root is globally consumed in 
its boiled form besides being used as raw material for tapioca (cassava starch) on 
account of its high carbohydrate content. Being the third-largest source of food 
carbohydrates, cassava is identified as the major staple food for many developing 
and famine-driven countries owing to their extreme drought tolerance (Fauquet & 
Fargette, 1990). Since only cassava roots are consumed, its stalks are often treated 
as wastes and used as fuel for heating. However, these stalks require more time for 
their ignition and perform poorly, thus requiring certain pre-treatment techniques for 
enhancing its fuel properties. Though these stems serve as source for nutrients to soil 
proximate and LC composition suggested the use of these stalks as fuel in form of 
briquettes. Especially, after Wilaipon, 2008, assessed the net energy availability from 
these wastes across the northern province of Thailand as 289 TJ/year, accounting for 
their availability and CV as 18 k tonne/year and 16.39 MJ/kg, respectively (Wilaipon, 
2008).
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Thus, Ikelle et al. (2020) blended 40% of torrefied cassava stalk with 60% of coal 
dust, along with starch and Ca(OH)2 as binder and desulphurising agent to produce 
composite briquettes using manual briquetting machine operated at 276.36 N/ 
31.67 N/m2. Post-compaction, the sun-dried briquettes presented the following fuel 
properties: MC–3.36%, AC–25.13%, VM–30.15%, FC–41.36%, CV–25.9 MJ/kg, 
water boiling test–2.98 min, burning time–22.79 g/min, ignition time–36.68 s and 
compressive strength–10.78 N/mm2. On the other hand, raw cassava stalk briquettes 
had their densities ranging between 0.40 and 0.77 g/cm3 (Wilaipon, 2008). Besides 
this, Akogun et al. (2020) also proposed cassava peels as potential feedstock by 
producing composite briquettes by adding saw dust as additive. These briquettes 
reported their FC as 26.42%, VM as 59.9%, AC as 5.42%, MC as 8.26%, CV as 
15.56 MJ/kg, compressive strength, water resistance and density ranging between 
0.55–0.8 N/mm2, 86.5–89.3% and 0.9–1.0 g/cm3 of density (Akogun et al., 2020). 
On the other hand, Anggraeni et al. (2021) used torrefied cassava peels as feedstock 
for developing briquettes with significant fuel qualities (Anggraeni et al., 2021). 

12.3.6 Coconut Shell 

Moisture content (%) 6.34–9.4 

Ash content (%) 0.655–0.66 

Fixed carbon content (%) 21.94–22.1 

Volatile matter content (%) 73.96–77.7 

Calorific value (MJ/kg) 17.31–21.41 

Cellulosic content (%) 44.12 ± 0.2 
Hemi-cellulosic content (%) 30.21 ± 0.11 
Lignin content (%) 21.24 ± 0.31 

Coconut (Cocos nucifera) belongs to Arecaceae family, under the genus cocos, 
and its palm is regarded botanically as drupe, citing its inner flesh enveloped with 
hard shell, which in turn is enclosed by fibrous husks. The coconut palm trees need 
regular rainfall, moderate temperature, high humidity and abundant sunlight for its 
enhanced growth (Dziedzic et al., 2018). These trees serve many useful purposes with 
the coconut palm holding both cultural and religious significance (Nayar, 2016). In 
specific, its edible flesh is used in both medicinal and cooking while discarding its 
outer shell as wastes. Occasionally, these shells are used as fuel in traditional stoves in 
rural parts of the globe; however, its potential can be improvised by following certain 
pre-treatment techniques. Most commonly followed technique involves carbonising 
the shells prior to briquetting and has been seen to be highly effective. Numerous 
studies have used the coconut shells for producing either raw or composite briquettes 
citing their significant proximate and LC composition (Dziedzic et al., 2018; Rodiah 
et al., 2021).
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To begin with, Dziedzic et al. (2018) compacted ground coconut shell along with 
their lignin and protein content as natural binder into briquettes using a briquetting 
press and reported its bulk density and mechanical durability in between 312.5 and 
341.5 kg/m3, and 92.1 and 96.8% for their particle size and compaction pressure 
maintained between 8 and 12 mm, and 37–47 MPa, respectively (Dziedzic et al., 
2018). Meanwhile, the proximate composition of coconut shell char briquettes 
was measured as follows: FC–67.02%, VM–22.58%, AC–5.91%, MC–4.49% and 
CV–28.38 MJ/kg. On the other hand, proximate analysis on torrified coconut 
shell–rice husk char briquettes, reported as VM–48.99%, FC–44.05%, MC–3.55%, 
AC–3.41% and CV–26.18 MJ/Kg; and their average CO and NOx emission as 
416 and 2 PPM, respectively (Rodiah et al., 2021). Similar results were noted for 
compound briquettes developed from coconut shell and rice husk char briquettes, 
developed under hydraulic compression tool using tapioca starch as binder (Yuliah 
et al., 2017). It is highly evident that coconut shell can be either taken as primary 
feedstock or as an additive for enhancing the overall fuel properties of resultant 
briquettes. Besides shells, fibrous husk in their fruit also serves similar purpose by 
proving significant amount of energy during its combustion. 

12.3.7 Spent Coffee Ground (SCG) Wastes 

Moisture content (%) 1.3–6.64 

Ash content (%) 0.66–1.78 

Fixed carbon content (%) 16.53–19.83 

Volatile matter content (%) 72.15–81.98 

Calorific value (MJ/kg) 21.22–25.4 

Cellulosic content (%) 11.6–13.2 

Hemi-cellulosic content (%) 37.2–41.0 

Lignin content (%) 22.2–25.6 

Coffee (Coffea arabica), a tropical and southern African and tropical Asian shrub 
is falling under the family Rubiaceae and genus coffee and is most commonly known 
for yielding caffeine-rich coffee beans, which are predominantly used as numerous 
edible and non-edible products. On average, one tonne of coffee beans produces 
about 650 kg of these spend coffee ground wastes and almost 7–9 million tonnes 
of SCG were produced against 166.63 million 60 kg bags of fresh coffee powder, 
during the year 2021 (García-García et al., 2015; Girotto et al., 2018; Kim et al., 
2022; Santos et al., 2017). Eventually, these wastes are widely celebrated for its high 
energy content and have received less attention in processing them into fuel source. 
From their proximate and LC composition, higher HV and elemental composition 
(C: 54.33–57.29%, H: 6.59–7.52%, O: 33.18–35.66%, N: 2.01–3.97%, on D.B.), it
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is fairly evident that these wastes can be suggested as promising feature to meet the 
energy demand. 

In relevance to that, Espuelas et al. (2020) used these raw spent coffee ground 
(SCG) wastes for producing briquettes with the help of lab scale briquetting press 
operated at room temperature and 12 MPa compaction pressure, using xanthan and 
guar gum as binders. Interestingly, this study produced results related to fuel prop-
erties of both raw SCG and gum added SCG samples (in Table 12.2) and show-
cased significant variation, thus concluding that addition of binders improvised the 
overall quality of these briquettes (Espuelas et al., 2020). Moving further, Fehse 
et al. (2021) developed briquettes from raw SCG, binder added SCG, solvent-treated 
SCG and SCG pyrolyzed at 850°C using a hydraulic stamp press operated at 60°C 
with a compression rate of 10 mm/s. Highest briquette densities (1097–1114 kg/ 
m3) were reported for the following combinations: raw SCG with 5% MC and 5% 
cellulose, SCG biochar with 10% tapioca starch in addition to solvent-treated SCGs 
(Fehse et al., 2021). Another study by Potip and Wongwuttanasatian (2018), focused 
on developing briquettes from 90% SCG and 10% crude glycerol with the help 
of hydraulic briquetting machine operated at 10 MPa and yielded briquettes with 
density and CV as 872.12 kg/m3 and 21.55 MJ/kg, respectively. These briquettes 
required 850% of theoretical air for effective combustion and resulted in highest 
temperature and combustion rate of 533.4°C and 0.20 g/s, respectively, along with 
emission levels in the following concentrations: CO–1,262.3 mg/m3, NOx–38.1 mg/ 
m3, HC–270.3 mg/m3, O2–20.6% and CO2max–19.0% (Potip & Wongwuttanasatian, 
2018). 

Table 12.2 Proximate and elemental composition of raw and gum-binded briquette samples 
(Espuelas et al., 2020) 

Analysis Raw SCG SCG + 5% of 
Xanthan 

SCG + 10% of 
Xanthan 

SCG + 5% of 
Guar 

SCG + 10% of 
Guar 

Proximate analysis (wt.%) 

MC 2.46 3.84 4.14 3.93 3.96 

AC 0.66 0.81 0.97 0.57 0.52 

FC 18 19.01 19.05 19.07 19.2 

VM 78.88 76.35 75.85 76.43 76.33 

CV 25.4 24.5 23.5 24.4 24.32 

Ultimate analysis (wt.%) 

C 57.29 57.23 57.2 55.79 54.5 

O 33.18 33.25 33.24 35.04 36.46 

H 7.52 7.78 7.84 7.48 7.37 

N 2.01 1.74 1.72 1.69 1.67
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12.3.8 Cotton Waste Residues 

Moisture content (%) 8.22–13.34 

Ash content (%) 2.93–14.74 

Fixed carbon content (%) 11.31–20.53 

Volatile matter content (%) 61.88–75.14 

Calorific value (MJ/kg) 16.01 

Cellulosic content (%) 34.92–66.2 

Hemi-cellulosic content (%) 15.35–18.4 

Lignin content (%) 15.4–26.81 

Cotton (Gossypium species), a shrub plant native to tropical and subtropical 
regions, is belonging to family Malvaceae under the genus Gossypium and is culti-
vated exclusively for its soft, fluffy staple fibre, rich in cellulose, with traces of water, 
waxes, pectins and fats (Khadi et al., 2010). In general, these staple fibres are spun 
into yarn for making cotton fabrics and hold a significant place in the textile markets 
and industries. With the growing demand for these fabrics, the number of plants 
grown also increases proportionally, thereby accommodating up to 2.5% of arable 
lands, which in turn produces proportionate quantity of both cotton stubble and its 
residues. Owing to their VM and CV, these wastes can be used for energy applications 
in form of briquettes. 

Following this, Song et al. (2020) used hydrothermally treated cotton stalk for 
developing high-quality briquettes using briquetting press operated at 75°C and 
80 MPa. Here, the cotton stalks were treated via hydrothermal treatment for 30 min 
at 200–260°C and used their feedstock bound lignin and protein content as natural 
binders. Ultimate analysis on these cotton stalks reported their chemical composi-
tion (D.B.) as: carbon–49.56%, hydrogen–3.2%, oxygen–45.94%, nitrogen–0.86%, 
sulphur–0.44% and their ash composition as: SiO2–11.7%, Al2O3–1.8%, Fe2O3– 
1.1%, CaO–30.8%, MgO–13.9%, TiO2–1.4%, SO3–6.3%, K2O–18.9%, Na2O–10%, 
P2O5–4.1%. Meanwhile, their briquettes with length and diameter measuring 20 
± 1 and 33 ± 1 mm, respectively, reported their fuel properties as follows: MC– 
6.9 to 8.4%, AC–2.1 to 3.1%, VM–69.9 to 78.2%, FC–11.8 to 19.6%, HV–18.41 
to 20.23 MJ/kg, ignition temperature–267.8 to 269.41°C, and burnout tempera-
ture–457.8 to 469.88°C. Lastly, this study concluded that the hydrothermal pre-
treatment significantly improvised the physical characteristics of both biomass and 
its briquettes, by softening their lignin content (Gilbert et al., 2009; Song et al., 2020).
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12.3.9 Cow Dung Wastes 

Moisture content (%) 4.57 

Ash content (%) 21.42 

Fixed carbon content (%) 13.34 

Volatile matter content (%) 60.67 

Calorific value (MJ/kg) 15.43 

Cellulosic content (%) 27.2 

Hemi-cellulosic content (%) 17.2 

Lignin content (%) 20.6 

Cow dung or cow pats are the faecal wastes of bovine animal species, which 
includes domesticated cattle (cows and buffalos), rarely yaks. For ages, these wastes 
have been used in numerous applications such as biogas production, fermenta-
tion medium, compost, fuel and carbon material (Bhattacharjya & Yu, 2014; Vija-
yaraghavan et al., 2015; Wan et al., 2018). In general, these wastes consist of undi-
gested plant residues passed through their guts and are usually enriched with minerals 
besides their high biomass content. Even though these mineral-rich wastes have high 
potential for natural manure and fertilisers, they are used as fuel for supplying heat 
in rural and remote geographies for a very long time. Supporting this, proximate 
and LC composition displayed higher FC and VM content for this biomass, along 
with its CV as 15.43 MJ/kg which suggested it as high potential raw feedstock for 
developing solid biofuel with promising features. 

In response to that, Song et al. (2019) developed briquettes from cow dung 
wastes with the help of cold-press briquetting technique and added anthracite as 
additive (1:3.5), composite (1:0.7:0.3) of potassium nitrate (KNO3), manganese 
dioxide (MnO2) and citric acid monohydrate (C6H8O7·H2O) as combustion 
promoter, mixture (2:1) of calmogastrin (Al(OH)3) and ammonium molybdate 
(NH)4Mo7O24·4H2O) as smoking suppressor, sodium humate and red clay acted as 
binder, and acidified calcium oxide as desulphuriser. Upon maintaining the dosage 
of binder, combustion promoter, smoke suppressor and desulphuriser as 17.0, 6.0, 
4.5 and 6.5%, respectively, the fuel characteristics were measured as follows: VM– 
17.1%, AC–28.6%, CV–19.8 MJ/kg, comprehensive combustion characteristic index 
(SN)–2.11 × 10−7%2 min−2°C−3, stable burning characteristic index (DW)–4.77 
× 10−5% min−1°C−2, burnout index (Cb)–50.95% min−1, specific optical density 
(DS)–3.58 (Song et al., 2019). Besides being used as raw feedstock for briquetting, 
these wastes can also be used as binders while compaction, and consequently, Patil 
et al. (2021) used cow and buffalo dung as binders while compacting sugarcane 
bagasse into briquettes (Patil et al., 2021).
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12.3.10 Durian Peel 

Moisture content (%) 0.01–15.30 

Ash content (%) 3.94 

Fixed carbon content (%) 18.18 

Volatile matter content (%) 77.87 

Calorific value (MJ/kg) 26.25 

Cellulosic content (%) 60.45 

Hemi-cellulosic content (%) 13.09 

Lignin content (%) 15.45 

Durian (Durio zibethinus), an edible fruit belonging to genus Durio, grown in trees 
that are native to south Asian countries and are predominantly found in Thailand and 
Malaysia. Looking into its anatomy, this round to oblong-shaped fruits consists of 
sweet fragrant flesh enclosed in a thorn covered rind. These fleshes hold a special 
recipe in Southeast Asian cuisines and are consumed at different stages of its ripeness 
(Morton, 1987). In view of increasing consumption of this fruit, the volume of its 
peel also increases considerably. Owing to its strong odour, these waste peels are left 
unattended and rarely used as remediating medium for various dyes and pollutants. 
In most cases, these durian shell or peel wastes are used for fuelling furnaces or 
else simply burned away; nonetheless, both practices lead to air pollution. However, 
valorising these wastes into fuel helps reducing its exploitation and can help meeting 
the energy needs (Nuriana et al., 2014). Agreeing to this, these wastes exhibit higher 
HV and increased concentration of FC and cellulose content. 

Considering these, Nuriana et al. (2014), developed briquettes from waste durian 
peel carbonised at 450°C for 1.5 h, and 10% of cooked starch water as binder with 
the help of a simple briquetting press. Evaluation on the fuel properties of these 
briquettes reported their FC as 77.87%, MC as 0.01%, VM as 3.94% of and AC 
as 18.18%, density as 990 kg/m3, CV as 26.25 MJ/kg, and compressive strength as 
15.10 N/cm2, for the grain size maintained at 100 mesh or 150 microns (Nuriana 
et al., 2014). Moving on, Haryati et al. (2018), used durian peel wastes torrefied at 
350°C for 30 min and tapioca glue as binder for developing briquettes using manual 
cylinder tube pressing technique. Here, the developed briquettes are having diameter 
as 63.5 mm and length as 100 mm exhibited higher CV upto 25.76 MJ/kg, along with 
a combustion rate of 0.0398 g/s and was explained by their high FC and cellulose 
content (Haryati et al., 2018).
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12.3.11 Groundnut Shell/Husks 

Moisture content (%) 9.2–11.12 

Ash content (%) 2.89–6.0 

Fixed carbon content (%) 19.3–29.0 

Volatile matter content (%) 54.7–73.02 

Calorific value (MJ/kg) 18.46–19.8 

Cellulosic content (%) 44.8 

Hemi-cellulosic content (%) 5.6 

Lignin content (%) 36.1 

Groundnut or peanut (Arachis hypogaea), belonging to family Fabaceae (or Legu-
minosae) under the genus Arachis, is grown as legume crop for its edible seeds. Inter-
estingly, the root nodules of the groundnut plant serve as host for symbiotic nitrogen-
fixing bacteria, which reduces the plants nitrogen necessity remarkably and increases 
the fertility of the soil (Tekulu et al., 2020). Looking into their consumption, these 
nuts are consumed globally across various cuisines under different recipes; however, 
they are predominantly regarded as culinary nut, just like walnuts and almonds. 
Besides, these nuts are treated as oil crops and used for extracting groundnut oil, 
which are rich in mono- and polyunsaturated C18 fatty acids. In common, only these 
nuts are edible, while their shells/husk are discarded as wastes; yet, they hold good 
HV (18 MJ/kg) which can be utilised as fuel for heating (Okello et al., 2013). In 
spite of their proximate and LC composition suggesting higher HV of 18 MJ/kg, a 
part of this energy is lost due to its reduced volumetric density (around 258.8 kg/m3) 
and light weightiness. However, it can be overcome by compacting these wastes into 
briquettes. 

Accordingly, Ikelle et al. (2020) developed compound briquettes from ground 
groundnut husk and coal dust with the help of a manual hydraulic briquetting 
machine, using starch and Ca(OH)2 as binder and desulphurising agent. In post-
compaction, these briquettes were evaluated for its fuel properties and were measured 
as follows: MC: 2.43–6.44%, compressive strength: 7.72–10.85 N/mm2, AC: 24.18– 
29.15%, CV: 21.71–25.02 MJ/kg, FC: 16.77–53.22%, ignition time: 22.23–45.20 s, 
water boiling test: 1.50–4.99 min and burning rate: 16.10–28.32 g/min. Eventu-
ally, all reported properties were in good agreement with thermal properties of the 
bio-briquettes (Ikelle et al., 2020). Again, Akuma and Charles (2017) developed 
compound briquettes from carbonised groundnut shells (40%) and coal dust (60%) 
using clay/rice and Ca(OH)2 as binder and desulphurising agent and reported their 
fuel properties as follows: AC–32.5%, FC–51.50%, MC–7%, density–0.71 g/cm3, 
VM–9.0%, porosity index–48.12%, higher CV–12.10 MJ/kg, lower CV–8.04 MJ/ 
Kg, water boiling test–20 min, ignition time–13 min and burning time–56.14 min 
(Akuma & Charles, 2017). Other work includes development of compound briquettes 
from carbonised groundnut shells and bagasse with cassava and wheat starch as



250 G. R. Srinivasan et al.

binders and reported their highest HVs between 21 and 23 MJ/kg and flame temper-
ature as 890°C (Lubwama & Yiga, 2017). It is highly evident that these groundnut 
shells can be recommended as potential feedstock for developing briquettes, citing 
their higher MC and VM. 

12.3.12 Hazel Nut Shell 

Moisture content (%) 8.7 

Ash content (%) 1.3–1.4 

Fixed carbon content (%) 27.6–28.3 

Volatile matter content (%) 62.4–69.3 

Calorific value (MJ/kg) 17.36–19.5 

Cellulosic content (%) 25.9–42.6 

Hemi-cellulosic content (%) 28.7–29.9 

Lignin content (%) 42.5–44.4 

Hazel nut trees (Corylus avellana), belonging to genus Corylus, have their origin 
in European and West Asian countries and yield spherical and oval shaped edible nuts 
(Martins et al., 2014). With Turkey and Italy being their prime producers, these fruits 
comprise of a seed kernel enveloped inside a hard shell and are used in desserts and 
bakery products, along with chocolates owing to their rich protein, monounsaturated 
fat, multivitamins and nutrient contents. On the other hand, these hard shells, lacking 
no proper applications, are discarded as wastes; however, they can be used as fuel 
for heating applications based on their favourable proximate and LC composition. 
In specific, these nut shell wastes can be converted into briquettes for prolonged 
burning time and enhanced CVs. 

Responding to this, Demirbas (1999), produced torrified hazelnut shells briquettes 
using a briquetting press operated at 800 MPa and 400 K, adding 18 wt.% of pyrolysis 
oil or tar as binding agent. Here, the pyrolyzed hazel nut shells reported their prox-
imate composition as FC–77.11%; VM–20.61%; AC–2.28%; HHV–28.71 MJ/kg. 
Post-compacting, these briquettes reported their density and compressive strength as 
0.7–0.8 g/cm3 and 40–45 MPa, respectively, wherein raw hazel briquettes reported 
0.75–0.8 g/cm3 and 35–40 MPa, respectively. Worth mentioning, these briquettes 
exhibited reduced ignitability owing to their reduced porosity as a result of high-level 
compaction of these shell particles (Demirbas, 1999).
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12.3.13 Kenari Shell 

Moisture content (%) 4.3–8.19 

Ash content (%) 1.08–12.85 

Fixed carbon content (%) 55.9–69.68 

Volatile matter content (%) 21.05–27 

Calorific value (MJ/kg) 18.36 

Cellulosic content (%) 39.24 

Hemi-cellulosic content (%) 9.25 

Lignin content (%) 38.0 

Kenari (Canarium ovatum), a fruit bearing tropical tree native to Philippines, 
belonging to family Burseraceae under the genus Canarium, is used as edible nuts 
(Pham & Dumandan, 2015). Into its anatomy, these fruits have fibrous fleshy pulp 
enclosing a hard shell (endocarp), which in turn envelopes the edible seed wrapped 
in a fibrous seed coat. Since only seed is taken for consumption, the shell enveloping 
it is discarded and thrown as wastes, which has been identified as high potential 
feedstock for solid biofuel based on their proximate and LC composition. Besides, 
torrified char of these Kenari shells was found to be highly calorific than its raw 
counterpart and their proximate composition was calculated as follows: MC–1.92%, 
AC–3.83%, FC–66.46%, VM–27.79%, CV–28.41 MJ/kg (Widodo et al., 2021). 

Based on this, Papuangan and Jabid (2019) used the carbonised Kenari shell char 
for developing briquettes, using starch, cocoa pulp and sago flour as binders with 
the help of a briquetting press. Post-evaluation, the fuel properties of the developed 
briquettes were reported as MC: 3.03–4.3%, AC: 8.55–12.85%, FC: 55.9–67.18%, 
VM: 20.5–27% and time taken to reach boiling point for 100 ml of water: 26–27 min. 
Also, this study commented on similarities in physical and chemical characteristics 
between Kenari shell and coconut shell (Papuangan & Jabid, 2019). In another study, 
Widodo et al. (2021) mixed 250 g of carbonised Kenari shell char with coal dust 
in varying proportions along with 12.5 g of tapioca starch as binder and 50 ml of 
water, to develop composite briquettes using a simple push tool. Assessment on these 
briquettes reported their calorific content as follows: 23.18 MJ/kg (250 g of plain 
charcoal dust), 26.59 MJ/kg (250 g of Kenari shell char), 25.19 MJ/kg (62.5 g of 
canary shell char and 62.5 g of coal dust), and 25.51 MJ/kg (93.75 g of canary shell 
char and 31.25 g of coal dust) (Widodo et al., 2021). Meanwhile, mixing carbonised 
canary shell and coal of particle size 80 mesh, in equivalent ratio with tapioca flour 
as binder yielded briquettes with a compressive strength of 10.110 kg/cm2, CV of  
25.04 MJ/kg, and burning time as 1 h 56 min (Widodo et al., 2019).
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12.3.14 Maize Residues (Cob and Straw) 

Maize cob Maize straw 

Moisture content (%) 8.73 5.36–8.22 

Ash content (%) 1.1–3.2 6.78–14.74 

Fixed carbon content (%) 11.5–20.7 13.44–15.16 

Volatile matter content (%) 76.1–87.4 61.88–75.95 

Calorific value (MJ/kg) 17.11–17.99 17.31–18.2 

Cellulosic content (%) 39.74–52.49 35.0–51.53 

Hemi-cellulosic content (%) 32.32–37.38 21.0–30.88 

Lignin content (%) 14.74–15.19 11.0–19.0 

Maize (Zea mays), a cereal grain native to South Mexico belonging to genus Zea 
under family Poaceae (Benz, 2001), is a staple food consumed by both humans and 
animals in form of direct maize, corn-based oil and ethanol, maize-based products 
like starch and syrup, and even as animal feed. In specific, sweet corn, rich in sugar 
content, is cultivated for human consumption and is edible while field corns are used 
as raw feedstock in oil companies and alcoholic beverages-based distilleries. Besides 
that, it is regarded as the primary raw material for producing variety of liquid biofuels 
(especially, bio-ethanol and biodiesel). On average, the global maize production was 
estimated as 1,162 million thousand tonnes during year 2020 and is expected to 
increase in forthcoming decades. Despite this volume, only maize kernels are found 
edible and are predominantly used; whereas, other parts of this plants which includes 
cob, stalk or straw are either discarded as wastes or burned as stubbles. Eventually, 
these wastes store significant energy content, and accordingly, both proximate and 
LC composition of these wastes showed higher VM and cellulosic content, along 
with higher CV (~17 MJ/kg). 

Moreover, these cobs tend to exhibit high MC between 30.3 and 73.9% 
(Umogbai & Iorter, 2013), due to its freshness, along with high volatile content 
(76%) and CV (18.9 M/kg), besides their low ash content (3.2%) (Du et al., 2015; 
Shah et al., 2012). Looking into their chemical composition (on D.B.), these cobs 
showed their carbon, oxygen, hydrogen and nitrogen content as 46.9 ± 0.01%, 42.2 
± 0.33%, 8.1 ± 0.39% and 2.8 ± 0.06% respectively. As a result, Okot et al. (2018) 
compacted these cobs into briquettes under a hydraulic bench press operated at 200– 
250 MPa and 80°C, using their lignin as natural binders. In post-evaluation, these 
briquettes with relatively low MC (7–8%) exhibited their density, impact resistance 
and mechanical strength ranging in between 516 and 1058.2 kg/m3, 17.7 and 99.8%, 
and 10 and 40 MPa, respectively (Okot et al., 2018). Moving on, these cobs were 
added with bean straws in an optimal ratio of 75:25 w/w, followed by compaction in 
hydraulic bench press using their lignin as natural binders. For a compaction pressure 
and temperature of 200 MPa and 80°C, the density, impact resistance and compres-
sive strength were measured as 1154.2 kg/m3, 99.4%, 83.6 MPa, respectively; for
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150 MPa and 50°C, it was measured as 1052.9 kg/m3, 99.5%, 69 MPa. Besides, these 
briquettes recorded its proximate composition as 5.4, 76.9, 17.7% of AC, VM and 
FC; and its CV as 17 MJ/kg (Okot et al., 2019). 

Besides, maize straws were also noted as high potential biomass waste feed-
stock accounting for their ultimate composition estimated as carbon–41.84 ± 0.11%, 
hydrogen–5.41 ± 0.06%, oxygen–28.22 ± 0.15%, nitrogen–1.30 ± 0.08%, sulphur– 
0.27 ± 0.02%. Acknowledging this, Wang et al. (2017) used these maize straws 
pyrolyzed at 550°C, for producing briquettes with the help of laboratory compaction 
apparatus compacted at 15 MPa. Following this, these briquettes presented their FC 
as 53.37%, AC as 25.82%, VM as 20.81%, carbon as 57.75%, oxygen as 10.79%, 
hydrogen as 2.53%, nitrogen as 1.28%, sulphur as 0.25%, HHV as 21.05 MJ/kg, 
density as 525 kg/m3, volumetric energy density as 11.05 GJ/m3, mass yield ratio as 
33.32%, energy yield ratio as 41.46% and energy-mass co-benefit (EMCI) index as 
8.14 (Wang et al., 2017). 

12.3.15 Oat Straws 

Moisture content (%) 1.5 

Ash content (%) 6.3–8.0 

Fixed carbon content (%) 16.1 

Volatile matter content (%) 76.1 

Calorific value (MJ/kg) 15.52 

Cellulosic content (%) 31.0–37.6 

Hemi-cellulosic content (%) 23.34–38.0 

Lignin content (%) 12.85–19.0 

Oat (Avena sativa) plants, native to Middle East and European countries, are grown 
for their cereal grains and belong to family Poaceae under genus Avena (Zhou et al., 
1999). In general, oats are consumed as oatmeal and rolled oats by both humans and 
livestock, while their straws and roots are usually discarded as wastes. In general, 
these straws are used in the treatment of hard waters to soften it; besides being used 
as bedding for cattle and horse owing to their high absorbance and softness. Though 
these straws are used for domestic purposes, data related to their proximate and LC 
composition have suggested these straws as a promising biomass with significant 
energy content. 

Following this, Adapa et al. (2009) used these straws for developing briquettes 
by using their protein and lignin as natural binders and compacted them using a 
compaction apparatus operated at 94.7 MPa. Preliminary findings on these ground 
biomass measured their geometric mean particle diameter, bulk density and particle 
density as 0.347 ± 0.003 mm, 268 ± ±  4 kg/m3 and 1523 ± 15 kg/m3, respec-
tively. Post-briquetting, the mean compact density, specific energy and total specific
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energy were calculated as 991 ± 63 kg/m3, 7.09  ± 0.43 MJ/t and 7.62 ± 0.49 MJ/t, 
respectively (Adapa et al., 2009). Again, briquettes from raw oat straws with its MC 
and bulk density as 9 wt.% (W.B.), and 40–58 kg/m3, reported its density (immedi-
ately after compaction) as 716.65 kg/m3 and durability as 99.23% upon maintaining 
the die temperature and compaction pressure between 118.96–123.99oC, and 8.27– 
12.16 MPa, respectively (Tumuluru et al., 2015). Besides, this study also concluded 
that physical properties like density, MC and durability of these briquettes were also 
dependent on operating parameters like die temperature, compression pressure and 
physical properties of the feedstock used (MC and particle size) (Tumuluru et al., 
2015). 

12.3.16 Olive Residues (Pomace and Husk) 

Moisture content (%) 10.0 

Ash content (%) 3.6–9.49 

Fixed carbon content (%) 15.30–26.1 

Volatile matter content (%) 61.86–79.10 

Calorific value (MJ/kg) 15.77–21.8 

Cellulosic content (%) 23.08–32.7 

Hemi-cellulosic content (%) 16.2–23.6 

Lignin content (%) 30.6–55.29 

Olive (Olea europaea) shrub is a tree native to Mediterranean Basin, belonging to 
family Oleaceae under genus olea and is cultivated for its oil-bearing fruits. Spread 
across Australian, American and African continent, these fruits are mainly sourced 
for their oil, besides table olives with former being used in cooking, cosmetics and 
pharmaceutical industries (Fernández et al., 1997). Besides, this oil has its unique 
medical benefits, which further increases its market value and also its demand. 
Accordingly, this demand boosted up the production rate of olive oil, leaving behind 
a large volume of husk and pomace as wastes (upto 70% of fruit weight). From the 
proximate and LC composition, it was evident that olive pomace exhibits higher CV 
and VM, along with high lignin content which made these wastes as ideal feedstock 
for producing high-quality briquettes. 

With this, Khlifi et al., (2020a, 2020b) developed high-quality briquettes from 
these olive mill solid wastes with the help of hydraulic briquetting press operated at 
150 MPa and 35°C, respectively, using 15% corn starch as binder. Results suggested 
their fuel characteristics as follows: VM–64.65%, FC–18.39%, MC–10.44%, AC– 
6.72%, HHV–16.92 MJ/kg, unit density–2950 kg/m3, bulk density–1200 kg/m3, and 
compressive strength–4581 KN. Besides, these briquettes were made up of 43.43% 
of carbon, 6.87% of hydrogen, 48.5% of oxygen, 0.78% of sulphur and 0.42% of 
nitrogen; while plain olive mill solid waste briquettes comprised about 44.99% of
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carbon, 7.17% of hydrogen, 46.49% of oxygen, 0.89% of sulphur and 0.46% of 
nitrogen (Khlifi et al., 2020a, 2020b). Another study used waste olive press cakes 
for producing briquettes using a simple hydraulic press for the following operating 
parameters: pressure–35 MPa, MC of feedstock–30 to 35% and dwell time–5 s and 
reported their relaxed density ranging between 1100 and 1300 kg/m3, twice  the  
density of loose press cakes (Al-Widyan et al., 2002). Meanwhile, olive residue 
briquettes bound using paraffin waxes reported their breaking force, durability and 
density as 40.18–349.39 N, 70.98–460.66 N/mm and 844–970 kg/m3, respectively 
(Fennir et al., 2014). In conclusion, any olive biomass with particles size less than 
100 μm can be used for producing briquettes for domestic and industrial purposes 
(Khlifi et al., 2020a, 2020b). 

12.3.17 Orange Peels 

Moisture content (%) 8.62 

Ash content (%) 3.6 

Fixed carbon content (%) 20.6 

Volatile matter content (%) 75.8 

Calorific value (MJ/kg) 15.22 

Cellulosic content (%) 11.93 

Hemi-cellulosic content %) 14.46 

Lignin content (%) 2.17 

· 
Orange (Citrus sinensis), a tree yielding citrus fruit belonging to family Rutaceae 

under the genus citrus, is native to Southern China, Northeast India and Myanmar 
region. These fruits are mainly cultivated for its juice-filled vesicles, often found 
in segments that are delimited by membrane and are consumed for its rich C-
vitamins, besides for its anti-oxidants and anti-inflammatory nature (Morton, 1987; 
Velasco & Licciardello, 2014; Xu et al., 2013). Besides, these vesicles are attached 
and enveloped inside the fruit’s rind, which are discarded as wastes, in most cases 
except being used as an active ingredient in natural cosmetics. To be precise, the 
annual production of orange peel was around 79 million tonnes (during 2019), with 
Brazil leading by 22% followed by China and India (Mohsin et al., 2021). Interest-
ingly, proximate and LC composition of this waste peel suggest high VM and CV, 
thereby making it ideal for making briquettes. 

As a result, Aliyu et al. (2020) developed composite briquettes from the pulverised 
powders of orange rind/peels and maize cobs in varying mixing ratios (peel: cob) 
(20:80, 80:20 and 50:50), along with 80 g of pasty starch as binder and compacted 
using a manually operated hydraulic jack briquetting machine. Post-compacting, the 
fuel properties of these sun-dried briquettes are list out in the following order (20:80,
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80:20 and 50:50): MC–4.64, 4.19, 5.28%; VM–4.05, 0.76, 4.77%; AC–2.39, 4.64, 
3.92%; FC–88.93, 90.42, 86.05%; CV–31.89, 31.3, 31.14 MJ/kg; ignition time– 
3.58, 5.35, 4.56 min; and water boiling test (for 350 ml using 90 g fuel)–8.2, 14.28, 
12.51 min. Ultimately, this study encourages for the addition of any suitable biomass 
as additive upon choosing orange peels as biomass for briquetting, to achieve solid 
biofuel with superior fuel characteristics (Aliyu et al., 2020). 

12.3.18 Palm Wastes (Empty Fruit Bunch, Fibres and Kernel 
Shells) 

Empty fruit bunch Kernel shell Palm fibre 

Moisture content (%) 2.44 4.7–7.96 2.33 

Ash content (%) 5.26 1.1–11.75 4.28 

Fixed carbon content (%) 18.67 13.7–19.1 21.26 

Volatile matter content (%) 73.63 62.82–79.2 72.13 

Calorific value (MJ/kg) 17.85–18.84 16.14–23.61 14.51 

Cellulosic content (%) 37.26 20.7–35.64 21.8 ± 1.2 
Hemi-cellulosic content (%) 14.62 21.39–47.7 36.3 ± 0.3 
Lignin content (%) 31.68 42.97–53.4 36 ± 0.7 

Palms (Elaeis guineensis), the grown Arecaceae in form of climbers, shrubs, 
tree-like and stemless plants, are cultivated in almost all known habitats (from rain 
forests to deserts), especially for their fruit bunches. With the exception of using 
these fruits for extracting oil, other parts of this tree are discarded as wastes citing 
their poor usage and market value in their raw form; and these wastes account up to 
140 million tonnes per year (Uemura et al., 2013). However, processed wastes are 
used for various purposes like constructions and developing fibrous materials; yet, 
these wastes are underutilised if considered as raw materials for producing energy. 
Accordingly, proximate and LC composition suggests that wastes from palm tree-
like their empty fruit bunch, kernel shell and waste fibres are ideal raw material for 
developing briquettes citing their high CV and VM content, besides their significant 
lignin content. 

Following this, Maitah et al. (2016) used these palm oil empty fruit bunches 
(EFB) for developing briquettes using a briquette machine, with their lignin content 
as natural binder; and estimated their fuel characteristics as follows: Dry mass 
content–93.70%, net CV–17.61 MJ/kg, AC–5.9%, nitrogen–1.7%, carbon–47.10%, 
hydrogen–6.20%, oxygen–40.54%, gross CV–18.96 kJ/kg, density between 0.83 
and 0.92 g/cm3 (Maitah et al., 2016). Next up, Nyakuma et al. (2015) developed 
briquettes from empty fruit bunch of oil palm trees and torrified at 250, 275 and 
300°C in a muffle furnace for 60 min. Post-torrefaction, both oxygen-to-carbon
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and hydrogen-to-carbon ratio reduced from 1.07 to 0.48 and 0.13 to 0.08, respec-
tively while nitrogen and sulphur content increased from 0.54 to 1.07, and 0.2 to 
0.43, respectively. In addition, HV of these briquettes improved significantly from 
17.57 to 26.24 MJ/kg; whereas, their mass and energy yields reduced from 79.70 to 
43.03%, and 89.44 to 64.27%, respectively due to the drying, partial devolatisation 
and the breakdown of hemicellulose (Basu, 2018; Nyakuma et al., 2015). In addi-
tion, Yuhazri et al. (2012) used palm fibres along with waste papers as additive and 
binder, to develop compound briquettes, whose mean CV ranged between 13.01 and 
14.93 MJ/kg (Yuhazri et al., 2012). Meanwhile, Thabuot et al. (2015) used 20 wt.%  
of palm fibre as additive for developing bamboo saw dust briquettes having density 
between 260–416 kg/m3, CV as 21.26 MJ/kg; and rubber wood residue briquettes 
having the slowest burning rate of 2.01 g/min (Thabuot et al., 2015). 

Besides their fibre and empty bunches, palm kernel shells were also used in 
briquetting citing their ultimate composition as carbon–45.19 ± 0.78%, oxygen– 
48.49 ± 0.64%, hydrogen–5.95 ± 0.36%, nitrogen–0.33 ± 0.01%, sulphur–0.04 ± 
0.01% (Faizal et al., 2018); and their specific heat, specific gravity, bulk density, 
thermal conductivity and phase change measured as 1.983 ± 0.01 kJ/kg-K, 1.26 ± 
0.07, 560 ± 17.4, 0.68 ± 0.05 W/mk and 101.4°C, respectively (Ikumapayi & Akin-
labi, 2018). Accordingly, Mohammed and Olugbade (2015), developed composite 
briquettes from these shells along with rice bran in manually operated briquette 
machine, using cassava starch as binder. These briquettes recorded their MC, VM, 
fixed carbon, AC, HV, compressive strength and density as 18.97, 64.54, 21.30, 
14.16%, 14.25 MJ/kg and 1.08 kN/m2, respectively; and their elemental composi-
tion as 45.67, 5.80, 0.05, 1.78 and 46.70% for carbon, hydrogen, sulphur, nitrogen 
and oxygen, respectively (Mohammed & Olugbade, 2015). Even, carbonised palm 
kernel shell char has also been used for developing briquettes, which yielded the 
following fuel characteristics, density–1.65 g/cm3; CV–23.6 MJ/kg, MC–6.67%, 
burning rate–3.2 g/min, specific fuel consumption–0.7 kg (Bazargan et al., 2014; 
Faizal et al., 2018; Ugwu & Agbo, 2011). Inferring from these results, it was fairly 
evident that these palm wastes can be valorised into good energy content biofuel, 
suitable for both domestic and industrial applications (Chiew & Shimada, 2013). 

12.3.19 Pongamia and Tamarind Shells 

Pongamia shell Tamarind shell 

Moisture content (%) 9.97–12 8.44 

Ash content (%) 4.09–5.7 9.56 

Fixed carbon content (%) 11.71–18.95 13.44 

Volatile matter content (%) 66.99–71.21 68.56

(continued)
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(continued)

Pongamia shell Tamarind shell

Calorific value (MJ/kg) 16.81–17.65 16.3 

Cellulosic content (%) 51.73 18.55 

Hemi-cellulosic content (%) – 47.6 

Lignin content (%) 21.71 4.04 

Tamarind (Tamarindus indica) is a leguminous-hardwood tree native to tropical 
Africa belonging to family Fabaceae, under genus Tamarindus. These trees bear 
edible fruits usually brown in colour, with appearance resembling like pods, and 
contains sweet and tangy pulp, used globally across different cuisines as an active 
ingredient. Besides this, these pulps are widely used in metal polishing works and also 
in traditional medicines. Beyond this, wood from this hardwood tree is widely used for 
various wood and furniture works, whereas its seed oil is used for various medicinal 
purposes. Hence, these trees are cultivated globally, predominantly in tropical and 
subtropical zones (Rao & Mathew, 2012). Considering their global consumption, 
these fruits tend to produce a large of volume of wastes, in form of their peels, which 
can be used as feedstock for developing biofuel, upon considering their proximate 
and LC composition. 

Likewise, Pongamia (Millettia pinnata) is also a leguminous tree belonging to 
family Fabaceae under genus Millettia and is native to tropical zones on the earth, 
especially to Asia, Australia and Pacific islands. Often termed as Indian beech and 
Pongame oil tree, these trees are highly tolerant to drought, intense heat and sunlight 
and help retarding the surface water evaporation due to their dense shades, besides 
promoting nitrogen fixation. Though drought resistance, these trees can also survive 
in freshwater floods for a longer time, thus enabling their existences even in swamp 
forests. In spite of all these benefits, these trees are widely preferred for its oil-rich 
seeds, which normally exists inside a shell. On global scale, Pongamia oil biodiesel 
has a very good value in renewable biofuel markets and is seen as the most commonly 
preferred and cheap alternative to existing diesel. With increasing energy demand, 
a large volume of seeds are being used for oil production, leaving behind a propor-
tionate volume of shells as wastes (Yadav et al., 2011). With good CV and cellulosic 
content, these wastes have also been seen as a potential feedstock for developing 
solid biofuels. 

Following this, Ujjinappa and Sreepathi (2018), used these Pongamia shell (PS) 
and tamarind shell (TS) along with Pongamia cake (PC) as binders for developing 
composite briquettes using a universal testing machine, by varying their mixing 
ratios as follows: sample 1 (60:40:00), sample 2 (60:30:10), sample 3 (60:20:20) 
and sample 4 (60:10:30). For an ideal compaction pressure of 200 MPa, sample 1 
briquettes, found highly durable, reported their proximate and elemental composi-
tion as follows: MC–5.03%, VM–76.86%, FC–15.4%, AC–2.71%, CV–16.74 MJ/ 
kg, carbon–65.79%, hydrogen–7.06%, nitrogen–0.56%, oxygen–18.67%, sulphur– 
0.18%. Meanwhile, their compressed and relaxed density, and compressive strength 
were in-between 1026 and 1108 kg/m3, 947 and 1023 kg/m3, 6.26 and 20.18 N/mm2,
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respectively, with a shattering index of 96.42%. However, this study discouraged the 
use of Pongamia cake as binders, as it created an adverse effect on the properties of 
these briquettes (Ujjinappa & Sreepathi, 2018). On the other hand, briquettes devel-
oped from tamarind shell as an additive with onion peel and cassava starch as binder, 
blended in different concentrations, reported their fuel properties in the following 
range–MC: 4.01 and 8.42%, AC: 3.83 and 11.14%, VM: 64.28 and 80.12%, FC: 
9.36 and 13.87%, CV: 18.24 and 21.05 MJ/kg, carbon: 39.79 and 56.27%, hydrogen: 
4.8 and 5.60%, and oxygen: 35.87 and 45.94% (Velusamy et al., 2022). 

12.3.20 Rice Wastes (Straw and Husks) 

Rice husk Rice straw 

Moisture content (%) 4.07 10.3–26.63 

Ash content (%) 17.0–21.24 7.56–18.67 

Fixed carbon content (%) 7.06–16.22 11.23–15.86 

Volatile matter content (%) 61.81–71.47 64.07–79.71 

Calorific value (MJ/kg) 13.38–13.52 6.38–18.7 

Cellulosic content (%) 33.43–35.0 32.1–38.02 

Hemi-cellulosic content (%) 20.99–25.0 18.3–24.0 

Lignin content (%) 18.25–20.0 18.0–21.6 

Rice (Oryza sativa or Oryza glaberrima) are monocotic seed-yielding grass 
species belonging to family Poaceae under the genus Oryza and are grown for its 
cereal grain annually, especially for consumption as staple food. In fact, rice is 
regarded as the third-largest cultivated agricultural commodity, after sugarcane and 
maize and is consumed by almost over half of the world’s human population, espe-
cially in Asia and Africa for its nutrition and caloric intake. In spite of its nativity 
to Asia and certain parts of Africa, this crop can be grown in almost every known 
terrain to humans (Smith, 1995) and is estimated to produce 4% of global greenhouse 
gas emissions during various stages of its production and consumption during 2010. 
Looking into their edibility, only the rice cereal is consumed as food, followed by 
its bran being used as raw material for extracting rice bran oil, while other parts are 
often discarded as wastes. Especially, these wastes include rice husk and straw, which 
are disposed by means of stubble burning and, however, exhibit good potential as 
fuel for energy applications. Accordingly, proximate and LC composition suggested 
significant CV and VM content, thereby making these wastes as ideal feedstocks for 
making briquettes. 

Supporting this, Oladeji and Enweremadu (2012), densified these husks 
into briquettes with the help of a prototype briquetting machine, by adding 
starch as binder. These square-shaped briquettes with sides and thickness as
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75 and 8 mm, reported their fuel characteristics as follows: briquette weight– 
0.025 kg, compaction pressure–2.1 MPa, carbon–42.1%, hydrogen–5.8%, oxygen– 
51.67%, sulphur–0.05%, AC–18.6%, nitrogen–0.38%, VM–67.98%, FC–13.4%, 
MC–12.67%, compressive strength–1.07 KN/m2, HV–13.389 MJ/kg, initial density– 
138 kg/m3, maximum density–524 kg/m3, relaxed density–240 kg/m3, density ratio– 
0.45, compaction ratio–3.80, relaxation ratio–2.22, after glow time–354 s, flame 
propagation rate–0.10 cm/s (Oladeji & Enweremadu, 2012). Besides, both rice husk 
and bran were compacted together into briquettes using a manual briquetting press 
operated at 4.2 MPa, with cassava wastewater and okra stem gum taken as binders 
and reported their HV in between 16.01 and 16.45 MJ/kg, and highest density as 
471.3 kg/m3 (bran concentration–10%) (Yank et al., 2016). 

In addition, numerous biomasses like banana resides, coconut shells and sugar-
cane leaves have been identified as potential additive for these rice husks and have 
produced briquettes with fuel properties having good agreement with permissible 
ranges allowed for commercial briquettes (Jittabut, 2015; Nazari et al., 2019; Rodiah 
et al., 2021). Following this, Rhofita et al. (2018) used ground rice straw to produce 
briquettes using a manual hydraulic press briquetting machine operated at 10– 
40 MPa and 175°C. Upon evaluating their fuel characteristics, the highest density 
was measured as 1178 kg/m3 (corresponding compressive strength 2.05 MPa), for the 
compaction pressure of 40 MPa while the highest compressive strength was calcu-
lated as 2.45 MPa (corresponding density: 888 kg/m3) for the compaction pressure 
of 10 MPa. Meanwhile, these straws presented their bulk density between 106.89 
and 112.87 kg/m3 (Rhofita et al., 2018). Summing up this, both discussed results and 
conclusions drawn suggest these rice wastes, especially their husk/bran and straw, 
as biomass with good potential for valorising into solid biofuels that can be used for 
combustion-oriented applications. 

12.3.21 Sorghum (Guinea Corn) Straw 

Moisture content (%) 7.72–9.08 

Ash content (%) 7.13 

Fixed carbon content (%) 19.77 

Volatile matter content (%) 65.38 

Calorific value (MJ/kg) 16.05–20.58 

Cellulosic content (%) 35.4 

Hemi-cellulosic content (%) 19.4 

Lignin content (%) 10.35 

Sorghum (Sorghum vulgare), a genus comprising of 25 different flowering plants 
under the family poaceae and subfamily Panicoideae, is either cultivated for its 
cereals, consumed by humans or for its fodder/pastures, to be consumed by animals.
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Most commonly known species include sorghum bicolour, an African native plant 
grown globally for its grains and fodder and are predominantly cultivated in warm 
climates or in pasture lands (Bhattacharya et al., 2011). The above discussions briefly 
describe its unsuitability for any edible purposes, especially their stalks or straw 
portions, thereby signifying their potential as raw material for briquettes. In rele-
vance to that proximate and LC composition suggests higher concentration of VM 
and lignin content, and CV for these wastes, thus making them idle for producing 
briquettes. In addition, this straw biomass weighs their volume weight between 800 
and 870 kg/m3, compressive force between 40 and 60 N/mm and compaction pressure 
between 31 and 35 MPa (Plíštil et al., 2005). 

With this, Wang et al. (2013) compacted these sorghum straws into briquettes 
with the help of hydraulic operated universal testing machine operated at 50 MPa 
and 90°C, using their lignin content as natural binders. As a result, these briquettes 
presented their confined and relaxed density as 2.25 and 0.78 g/cm3, respectively, 
whereas briquettes compacted at 10 MPa reported 1.4 and 0.58 g/cm3, respectively. 
Moreover, MC of dough as 20% and compaction pressure of 50 MPa helped in 
softening and plasticising the lignin content available in them (Wang et al., 2013). 
Likewise, Bamgboye and Bolufawi (2009) developed wide varieties of briquettes 
from ground sorghum straws for varying particle sizes, binder concentration and 
compaction pressure. Preliminary findings showed the MC (D.B.) and bulk density 
of ground straw particles as 9.08% and 46.03 kg/m3 and for developed briquettes as 
7.15% and 208.15 kg/m3. Meanwhile, briquettes with particle size 4.7 and 0.6 mm 
exhibited their densities in range of 789 and 1372 kg/m3, and 235 and 435 kg/m3, 
respectively, for the binder concentration and compaction pressure maintained as 
40% and 10.5 MPa. Worth mentioning, this study used hydraulic press for compaction 
and starch mucilage as binders (Bamgboye & Bolufawi, 2009). 

12.3.22 Soybean Straw 

Moisture content (%) 6.77–8.45 

Ash content (%) 2.8–5.03 

Fixed carbon content (%) 14.59–16.95 

Volatile matter content (%) 71.8–73.61 

Calorific value (MJ/kg) 16.9–18.23 

Cellulosic content (%) 44.2 

Hemi-cellulosic content (%) 5.9 

Lignin content (%) 19.2 

Soybean (Glycine max), an native east Asian legume plant belonging to family 
Fabaceae under genus Glycine, that is cultivated for its edible bean which serves 
many purposes in food industries. These beans are used for preparing soy milk
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from its beans, tofu from its skins, soy sauce and bean pastes; besides being used as 
textured vegetable proteins (TVP), an active ingredient in many meat and dairy substi-
tutes, and as animal fodder (Riaz, 2005). Besides, edible beans, these plants don’t 
hold any values, thereby considering its stalks and leaves as wastes, thus disposing 
them as stubbles. However, these straws hold certain calorific content which can be 
converted into useful energy, meant for heating or its related applications. Explaining 
this, Kiš et al. (2009), illustrated about the energy content available in these soybean 
straws, with data and variables corresponding to Croatia; and were as follows: avail-
able mass (@ 15% MC)–2928.884 kg/ha, energy value–15.22 MJ/kg, total energy 
value–44593.84 MJ/ha, total energy value @ η = 80%–35,675 MJ/ha, natural gas 
equivalent–1002.432 m3/ha, liquid light fuel equivalent–847.638 kg/ha, Mazut equiv-
alent–870.47 kg/ha (Kiš et al., 2009). Besides their significant calorific content, these 
straws also exhibited good amount of lignocellulosic content, which makes them as 
suitable feedstock for producing briquettes. 

Supporting this, Makarynska and Turpurova (2020) densified these straws with 
bulk mass, MC, particle size, milled particle size and density as 55 kg/m3, 11.5%, 
22 mm, 5–6 mm and 750 kg/m3, respectively, into briquettes with the help of briquet-
ting press using its lignocellulosic compounds as natural binders. Post-briquetting, 
the fuel characteristics of these compacted briquettes were evaluated as follows: 
Length–200 mm, diameter–50 mm, mass fraction of moisture (dried at 40 and 
105°C)–1.96 and 6.58%, AC–6.96%, sulphur content–0.246%, total carbon content– 
47.05%, VM–80.20% and their HV ranging between 14.85 and 17.75 MJ/kg. Lastly, 
this study concluded that briquetting of these soybean straws helped in increasing 
their CV per unit volume by 10 times than compared to their raw form (Makarynska & 
Turpurova, 2020). 

12.3.23 Sugarcane Wastes (Bagasse and Leaves) 

Sugarcane bagasse Sugarcane leaves 

Moisture content (%) 6.83–9.51 6.61 

Ash content (%) 0.9–1.94 6.48–10.6 

Fixed carbon content (%) 12.44–13.57 14.9–16.1 

Volatile matter content (%) 74.98–86.25 74.5–77.4 

Calorific value (MJ/kg) 15.69–18.53 14.73 

Cellulosic content (%) 42.5 12.57 

Hemi-cellulosic content (%) 33.7 14.01 

Lignin content (%) 23.0 5.71 

Sugarcane (Saccharum officinarum) is a tall, perennial grass belonging to family 
Poaceae under the genus Saccharum and is cultivated for producing sugar from its
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fibrous stalks, rich in sucrose. These grass plants are native to warm temperate and 
tropical regions of India, Southeast Asia and New Guinea (Papini-Terzi et al., 2009). 
In general, these sucrose are converted into sugar leaving behind a large volume 
of bagasse as biomass; accordingly, each tonne of sugarcane yields 740 kg of juice 
(135 kg of sucrose and 605 kg of water) and 260 kg of wet bagasse (130 kg of dry 
bagasse). Apart from producing sugar, these juices are also used for fermenting into 
ethanol, especially in Brazil, thereby making them also as an energy crop. Owing to 
its global consumption and extended applications, volume of sugar/ethanol produced 
from these canes and their bagasse wastes are always proportional with latter being 
used commonly as raw material for organic disposable products, animal fodder and 
even as feedstock for briquettes. In fact, proximate and LC composition have shown 
higher VM and cellulosic content with good CV for these bagasse; and supporting 
this, these bagasse showcased high gross CV of 18.72 MJ/kg, energy density of 
1.27 GJ/m3 and bulk density of 95 kg/m3 (Costa et al., 2019). 

Supporting this, Brunerová et al. (2020) compacted these sugarcane bagasses 
with the help of high-pressure briquetting press, using their lignin content as natural 
binders. This study estimated the average waste ratio as 35.45 for bagasse to whole 
stem, and as 8.18 for leaves to whole stem; and reported the following fuel char-
acteristics for these bagasses: carbon–44.35 to 48.16%, hydrogen–5.52 to 5.99%, 
nitrogen–0.35 to 0.38%, oxygen–41.87 to 45.46%, gross CV–18.35 MJ/kg, and net 
CV–17.06 MJ/kg. Following this, fuel properties of the developed briquettes were 
represented as legth–54.08 ± 2.05 mm, diameter–52.33 ± 0.28 mm, mass–118.8 
± 3.98 g, MC–7.54 ± 0.51%, bulk density–1022.44 ± 15.59 kg/m3, compressive 
strength–150.82 ± 15.86 N/mm, mechanical durability–99.29 ± 0.59% (Brunerová 
et al., 2020). Meanwhile, alkali treated sugarcane bagasse briquettes had MC as 3 ± 
0.5%, AC as 7.3± 1.7%, VM as 80.7± 0.1%, FC as 9 ± 0.25%, compressive strength 
as 37.77 ± 0.68 N/cm2, density as 0.81 ± 0.05 g/cm3, CV as 34.59 ± 0.57 MJ/kg, 
ignition time as 5.33 ± 1.84 min., combustibility test as 2 min, after glow time as 
391 ± 10.1 s, upon using 20% starch binder (Oyibo et al., 2020). 

Besides bagasse, even their leaves can also be used as feedstock for developing 
briquettes, especially due to their high volatile content and lignocellulosic content 
based on their proximate and LC composition. Subsequently, these sugarcane leaves 
were compacted into a mould using a simple press operated at different loads, by 
adding cow dung, buffalo dung and press mud as binders. Here, cow dung binder 
required the highest load of 22 KN, followed by press mud and buffalo dung binder 
requiring 12 and 11 KN, respectively. Post-compaction and drying, these briquettes 
were evaluated for their fuel characteristics and are tabulated in Table 12.3, compared 
among each other (Patil et al., 2021).

In conclusion, these sugarcane plant wastes are seen as naturally occurring high 
potential biomass available in abundance owing to their numerous applications and 
these studies have proposed that these wastes can be valorised into useful biofuels 
to satisfy the energy demand.
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Table 12.3 Fuel characteristics of sugarcane leaf briquettes for different binders (Patil et al., 2021) 

DSL/Cow dung DSL/Buffalo dung DSL/Press mud 

Proximate analysis 

MC (%) 25.61 33.89 6.52 

AC (%) 10.99 9.86 18.88 

FC (%) 2.93 7.96 6.87 

VM (%) 60.47 48.29 67.73 

Gross CV, MJ/kg 16.26 16.23 15.26 

Net CV, MJ/kg 15.36 13.47 13.97 

Energy density ratio 
(EDR) 

0.93 0.85 0.90 

Physical properties 

Bulk density (kg/m3) 198.1 216.8 191.9 

Relaxed density (kg/ 
m3) 

169.47 174.95 171.31 

Degree of 
densification 

0.033 0.132 0.002 

Compression ratio 1.033 1.131 1.002 

Split tensile strength 
(kN/m2) 

7.164 5.59 6.98 

Tumbling resistance 
(%) 

87.84 84.13 86.66 

Shatter resistance (%) 12.75 Disintegrated after seven 
drops 

Disintegrated after six 
drops 

*DSL–Dry sugarcane leaves

12.3.24 Switch Grass Wastes 

Moisture content (%) 2.65–5.71 

Ash content (%) 2.54–7.6 

Fixed carbon content (%) 13.81 

Volatile matter content (%) 81.2 

Calorific value (MJ/kg) 15.99–19.06 

Cellulosic content (%) 27.8–44.3 

Hemi-cellulosic content (%) 20.30–32.10 

Lignin content (%) 7.4–22.5 

Switchgrass (Panicum virgatum), a perennial bunchgrass grown in warm temper-
atures belonging to family under genus panicum, is found widely across its native 
North American continent. In specific, these grasses are found commonly in North
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American prairie eco-systems and are primarily used for in soil conservation, envi-
ronmental phytoremediation, carbon dioxide bio-sequestration and as raw material 
for fibres. Besides, these grass are used in supplying heat for generating power, 
producing bio-alcohols (ethanol and butanol) and were accounted for by its VM and 
CV. Owing to their non-edibility, and superior proximate and LC composition, these 
wastes are seen as potential feedstock for producing compacted solid biofuels meant 
for combustion-based applications. In addition, these waste grasses reported their 
geometrical mean diameter (GMD) as 0.736 mm, bulk density between 115–182 kg/ 
m3, and their glass transition temperature as 82.5°C (Karunanithy et al., 2012). 

Responding to this, Karunanithy et al. (2012) compacted these switch grass into 
briquettes with the help of simple horizontal briquetting press, using their lignin 
and protein content as natural binders. Post-compaction, these briquettes recorded 
their glucose, xylose, and lignin concentration, AC and extractives as 36, 19, 24.8, 
3.7 and 16.5%, respectively; with their bulk density and MC found around 946– 
1173 kg/m3 and 6–8% (W.B.), respectively (Karunanithy et al., 2012). Moving on, 
around 80% of switch grass was mixed with 20% of corn stover to develop compound 
briquettes with the help of a uniaxial, piston-cylinder densification apparatus operated 
at 150 MPa and 100°C, using corn starch as binding agent. Results included the 
densities noted immediately and one week after compaction as 1135.5 ± 21.9 and 
1096.5 ± 20.8 kg/m3, MC (W.B.) as 7.9  ± 0.2% and durability after 7 days as 
77.8 ± 2.1%, for the particle size of 0.56 ± 0.29 mm and grind MC of 10.4 ± 
0.1%. Meanwhile, plain switch grass briquettes without any binders, recorded their 
densities noted immediately and one week after compaction as 1099.7 ± 12.5 and 
1053.5 ± 61.7 kg/m3, MC (W.B.) as 6.1  ± 0.4% and durability after 7 days as 67.3 ± 
1.5%, for the particle size of 0.56 ± 0.29 mm and grind MC of 9.8 ± 0.2% (Kaliyan & 
Morey, 2009; Kaliyan et al., 2009). In short, it can claimed that briquettes, and even 
pellets developed from switch grass biomass, hold significant fuel qualities that can 
be utilised for supplying energy. 

12.3.25 Water Hyacinth Wastes 

Moisture content (%) 5.7–6.35 

Ash content (%) 13.21–38.11 

Fixed carbon content (%) 6.28–16.02 

Volatile matter content (%) 49.9–64.38 

Calorific value (MJ/kg) 13.39–14.4 

Cellulosic content (%) 24.0 

Hemi-cellulosic content (%) 30.0 

Lignin content (%) 16.0



266 G. R. Srinivasan et al.

Water hyacinth (Pontederia crassipes; formerly  Eichhornia crassipes) is an  
aquatic plant belonging to family Pontederiaceae under genus Eichhornia; with 
amazon basins as its nativity; and is regarded as the most chaotic invasive plant 
species in the world. Having their habitat ranging from desert regions to rain forests, 
these aquatic plants have highly buyout leaves connected to its long, spongy and 
bulbous stalks with their flowers at the top of their stalks and free floating roots at 
the bottom (Penfound & Earle, 1948). Being regarded as the highly invasive plant, 
they are often removed from the water bodies to restore its oxygen levels and cause 
various challenges in disposing it. However, looking into their proximate and LC 
composition, it can be concluded they have sufficient calorific and lignin content 
fairly enough for producing high-quality briquettes. 

In view of that, Rezania et al. (2016) used 25% water hyacinth (WH) and 75% 
empty fruit bunch (EFB) fibres, along with cassava starch to develop composite 
briquettes with the help of a briquetting press. Post evaluation, these briquettes 
reported their proximate composition as follows: MC–9.3%, FC–15.97%, AC– 
3.73%, VM–70.87%, and CV–17.17 MJ/Kg while their emission concentrations 
were measured as O2–20.60%, CO–25.67 ± 1.45 ppm, CO2–0.23 ± 0.33 ppm, NO– 
13± 2 ppm, NO2–0.33± 0.33 ppm, SO2–28.67± 6.33 ppm, claiming that increase in 
WH concentration resulted in decreased O2 and CO level and increased CO2 and NO, 
NO2 and SO2 levels (Rezania et al., 2016). Furthermore, Carnaje et al. (2018) mixed  
20% of water hyacinth char, carbonised at 425°C with 80% of molasses (binder), to 
develop briquettes using a briquette moulding machine operated at 8.27 bar. These 
briquettes reported their proximate composition as 16.8 ± 0.8%, 48 ± 2.2%, 18.6 ± 
0.2% and 16.5 ± 2.3% of FC, VM, MC and AC, respectively; together with their fuel 
characteristics calculated as follows: CV–13.45 ± 1.6 MJ/kg, bulk density–0.85 ± 
0.02 g/cm3, compressive strength–7.4 ± 0.4 kg/cm2, burning rate–0.007 ± 0.002 g/ 
s, ignition time–198 ± 8 s. Overall, the results have shown positive significance of 
considering these water hyacinths as potential source for alternative fuels, which 
also helps in reducing the environmental problems caused by these invasive weeds 
in water bodies (Carnaje et al., 2018). 

12.3.26 Wheat Straws 

Moisture content (%) 8.38 

Ash content (%) 9.49 

Fixed carbon content (%) 8.11 

Volatile matter content (%) 74.02 

Calorific value (MJ/kg) 17.22 

Cellulosic content (%) 28.8–34.2

(continued)
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(continued)

Hemi-cellulosic content (%) 23.68–39.10 

Lignin content (%) 13.88–18.6 

Wheat (Triticum aestivum) is a seed-yielding grass plant belonging to family under 
the genus triticum and is regarded as the highly consumed staple food globally. In 
specific, these cereals-based grains are primarily used in numerous food industries for 
producing wide varieties of food recipes and are a well-proclaimed source of carbo-
hydrates, multiple nutrients and dietary fibres. Besides, wheat grains hold vital role 
in processed food industries owing to their unique viscoelastic and adhesive prop-
erties exhibited by their gluten, thereby increasing its global consumption besides 
their market value (Shewry, 2009). In view of increased consumption, the rate of 
cultivation of these plants and their wastes generation have also been increasing 
proportionally, making the disposal of latter very challenging. In fact, major portion 
of these wastes are constituted by their stalks, which often are disposed during stubble 
burning; however, this practice increases air pollution. Considering their potential as 
energy feedstock based on their proximate and LC composition, this raw material can 
be used for producing briquettes for controlled combustion instead of open burning. 

Adapa et al. (2009) developed briquettes from ground wheat straws by utilising 
their protein and lignin as natural binders and compacted them using a compaction 
apparatus operated at 63.2 MPa. Preliminary findings on these ground biomass 
measured their geometric mean particle diameter, bulk density and particle density 
as 0.398 ± 0.006 mm, 269 ± 9 kg/m3 and 1585 ± 46 kg/m3, respectively. Post-
briquetting, the mean compact density, specific energy and total specific energy 
were calculated as 929 ± 30 kg/m3, 5.28  ± 0.98 MJ/t and 5.53 ± 0.98 MJ/t, respec-
tively (Adapa et al., 2009). Again, briquettes from raw wheat straws with its MC and 
bulk density as 9 wt.% (W.B.), and 37–58 kg/m3, reported its density (immediately 
after compaction) as 795.38 kg/m3 and durability as 99.2%. Besides, this study also 
concluded that physical properties like density, MC and durability of these briquettes 
were also dependent on operating parameters like die temperature, compression pres-
sure and physical properties of the feedstock used (MC and particle size) (Tumuluru 
et al., 2015). In another study, Smith et al. (1977) developed briquettes from wheat 
straw pre-heated and heated during compaction for 20 min, by means of a briquet-
ting press operated at 56.3 MN/m2; and concluded that the presence of MC, until 
its threshold value helped in developing briquettes with high durability, whereas 
briquettes with low MC yielded very low durability (Smith et al., 1977).
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12.3.27 Wood Saw Dust 

Moisture content (%) 3.07 

Ash content (%) 2.8–3.38 

Fixed carbon content (%) 12.68–15.0 

Volatile matter content (%) 80.87–82.2 

Calorific value (MJ/kg) 18.14–18.88 

Cellulosic content (%) 41.58 

Hemi-cellulosic content (%) 32.81 

Lignin content (%) 33.56 

Sawdust (or wood dust) is the by-product produced during various stages and 
different processes of woodworking operations like sawing, sanding, milling, planing 
and routing and predominantly consists of wood chips and shavings. In most cases, 
these dusts tend to be organic biomass, yet, their proximate and LC composition 
varies with the plant or tree from which the woods are derived from. Besides indus-
trial sources, these wood dust are produced by certain birds and animals like wood-
pecker and carpenter ants; however, they are least considered as their source. Most 
importantly, these wood dust acts as primary source for fire hazard in most cases 
and their particulate nature contributes to air pollution in form of PM emission, 
thereby creating an occupational dust exposure. Even though these particulate dusts 
are harmful to humans, they can be processed into value-added products, especially 
as briquettes owing to their higher CV. 

Accordingly, Sánchez et al. (2014) developed sawdust briquettes by following 
the drying and compaction and produced briquettes with fuel properties as follows: 
CV: 19.8 MJ/kg, MC: 10%, bulk density: 894 kg/m3, AC: 1.3%, FC: 15.29% and 
VM: 83.41%. Here, these briquettes exhibited positive results than compared to 
their raw materials especially in terms of their emission level, thereby promoting a 
healthier environment for the both consumer and environment. Comparatively, these 
briquettes have similar energy potential of a sugarcane bagasse but with higher bulk 
density, thus recommending these solid fuels for domestic use in low-income sectors 
(Sánchez et al., 2014). 

12.4 Conclusions 

Thus, the comprehensive study on understanding the potential of organic biomass 
feedstocks for developing high-quality renewable solid briquettes has been carried 
out successfully and has been presented as a detailed review. Following are the major 
conclusions drawn from this all-inclusive study and are as follows:



12 High Potential Organic Feedstocks for Production of Renewable Solid … 269

(i) Any biomass with significant amount of fixed carbon (7.56–55.59%) and 
volatile matter (27–81.2%) can be used as raw feedstock for producing high-
quality briquettes and tend to exhibit similar fuel characteristics as that of fossil 
coal. 

(ii) And, biomass compacted into briquettes under high pressure and temperature, 
report superior fuel characteristics like significant energy density and good 
mechanical properties. Yet, these pressure and temperature are dependent on 
the physical entities like particle grain size, moisture content of mixture dough, 
binder material and the briquette geometry. 

(iii) Besides pressure and temperature, binders contribute significantly during the 
biomass briquetting and help in establishing adhesion between the biomass 
particles. Amidst different binder materials, lignin content from the biomass 
is seen as the most effective binder and helps introducing high mechanical 
strength to these briquettes, besides contributing to their calorific value. And, 
biomass with medium to high lignin content can be used for briquetting without 
any external binders; however, this may require high compaction pressure and 
temperature. Moreover, dosage and concentration of these external binders are 
decided based on the nature of biomass used and their applications. 

(iv) Predominantly, any briquette is accounted as high-quality fuel depending on 
its calorific value, which in turn is contributed by the biomass used in its 
compaction. In specific, they are contributed predominately by its lignocellu-
losic compounds, especially by its cellulose and lignin content. Since lignin in 
biomass contributes to the major share to this calorific value, use of untreated 
biomass is highly recommended for briquetting as any pre-treated biomass 
yields reduced lignin content. However, high concentration of lignin might 
lead to increased ash content, which in turn reduces this calorific value; hence, 
biomass with good calorific content and adequate lignin content is highly 
recommended. 

(v) From their fuel properties, average density was measured in between (700– 
1100 kg/m3), compressive strength calculated in between (6–20 N/mm2) and 
ash content between (1–20%), which were in good agreement with permissible 
standards for commercial solid fuels. With these superior fuel characteristics, 
these briquettes and also pellets can be simply seen as a viable fuel source for 
industrial and commercial applications, and as an effective alternative for solid 
fossil coals. 

Fairly evident, any briquette with good fuel quality is attributed by its superior fuel 
characteristics, which are entirely contributed by its raw biomass feedstock. Thus, 
having a good understanding on these technical aspects enables one to choose the 
most efficient biomass for producing briquettes focused exclusively for a particular 
application along with desired results. Upon bringing this into a common practice, this 
allows many industrial and energy production sectors to produce necessary amount 
of energy under controlled emission levels, besides serving as an effective means of 
disposing abundantly available waste biomass, thereby paving a way for sustainable 
development.
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Chapter 13 
Using Project-Based Collective Action 
Theory to Identify Key Success Factors 
and Key Difficulties for Circular 
Economy Projects: A Case Study of Pays 
de la Loire Region, France 

Chaymaa Rabih and Nicolas Antheaume 

13.1 Introduction and Research Question 

Recent developments in the field of circular economy (CE) have led to a proliferation 
of studies focused on explaining CE as a paradigm, its relationship with sustain-
able development (Geissdoerfer et al., 2017; Prieto-Sandoval et al., 2018), and the 
concepts that define it (Kirchherr et al., 2017). Prieto-Sandoval et al. (2018) proposed 
that the CE can be understood through four specific components. The first one is the 
recirculation of resources and energy, the minimization of resource demand, and 
waste recovery. This cyclical flow has two advantages: It avoids depleting a finite 
environmental stock of materials, ensures an “infinite” supply, and allows for an inde-
pendent collection of materials within nature’s capacity (Tibbs, 2006). The second 
component is a multi-level approach due to its implementation at the micro (firms 
and consumers) (Park et al., 2010), meso (integrated economic agents) (Geng et al., 
2012), and macro (city, regions, and governments) levels (Yuan et al., 2006). The 
third component is its importance as a pathway to sustainable development (Prieto-
Sandoval et al., 2017; Velenturf & Purnell, 2017). The fourth component is its close 
relationship with how society innovates (Prieto-Sandoval et al., 2018). 

In simple terms, resource recirculation in the CE stems from a transformation 
process through using and returning materials. Industries take resources from the 
environment and transform them into goods and services. Then, they are distributed
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and used by consumers, or other businesses to provide other goods and services. 
Finally, these goods are returned as materials and energy in other value chains 
(MacArthur Foundation, 2013; Park et al.,  2010). As for waste, depending on whether 
it is a biological or a technical resource, it can be redirected and returned either to 
the biosphere or an industrial cycle (McDonough & Braungart, 2002), a process that 
can be operated at different levels (micro, meso, and macro). 

This new approach to business is becoming increasingly important, attracting 
interest from both academics and practitioners. The number of projects on this topic, 
both from industry and academia, has grown exponentially in recent years (D’Amato 
et al., 2017). However, in reality, this approach is challenging, and therefore, compa-
nies fail to address the transition to the CE. To enable managers to successfully adopt 
CE approaches, a clear understanding of the challenges of circular business models 
is necessary. This chapter provides an overview of the drivers and barriers of CE 
projects, based on the project-based theory of collective action, allowing for a multi-
dimensional reading and analysis of the case studies. The majority of existing studies 
have focused on the circular side of the concept and mainly on engineering processes 
(Nikolaou & Stefanakis, 2022). Korhonen et al. (2004) pointed out that despite the 
potential of engineering and natural science to support and facilitate organizations 
in introducing CE principles into their daily operations, they failed to make these 
circular models understandable by learning from management science. To this end, 
the authors acknowledge that CE does not only depend on nature science and engi-
neering but also on economic and management aspects, which are very important 
for the implementation of CE principles in organizations. 

The collective action project-based theory attracted our attention because it allows 
us to explicitly ask the question of the existence and emergence of an enterprise and, 
more broadly, of collective action using simple questions during the “subject fram-
ing” phase. It guides the researcher in investigating these questions: the question of 
why (why are enterprises created? what is their fundamental purpose?), the question 
of what (what do they do?), the question of how (how do they work), and the question 
of which (which methods they follow?). By enriching the current knowledge with a 
different analytical view through the project approach regarding the actions of CE 
organizations, this paper tries to answer the following questions: What is a circular 
economy project from a managerial perspective, which dimension(s) can influence 
its sustainability, and how do the different project dimensions occur? It discusses the 
application of the multi-dimensional analysis framework to three case studies from 
the reuse and recycling sector in the Pays de la Loire region in France.
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13.2 Context and Utility of Project-Based Collective Action 
Theory 

The perspective of CE adopted in this article goes beyond material, energy, and natural 
resource flows. We conceptualize it as an economy that includes a societal project 
with multi-dimensional collective progress by drawing on project-based collective 
action theory (Desreumaux & Bréchet, 2009, 2018). As CE involves environmental 
sustainability, economic prosperity, and social equity (Kirchherr et al., 2018), imple-
menting circularity is not trivial. It is a complex process that requires multi-level 
and multi-stakeholder engagement (Milios, 2021). While the CE requires essential 
changes in current production and consumption patterns (Korhonen et al., 2018), it 
also requires changes along the value chain, adapted market strategies and business 
models (Rosa et al., 2019), management strategies, and consideration of the vision of 
different stakeholders. Furthermore, stakeholder expectations and consumer percep-
tions are key determinants that can accelerate the transition process to a strong CE 
(Hartley et al., 2020; Milios & Matsumoto, 2019) and ensure its sustainability. 

Moving to a new business model requires defining new value propositions for 
customers and indicates how companies design their value chain with partners to 
create and capture new value (Zott & Amit, 2010, 2013; Malik et al., 2018). In other 
words, the CE reinforces the need for collaboration among multiple actors and calls 
for collective action. A CE organization can never act alone on the entire life cycle 
of a product or service. It must at least consider its stakeholders and the regulations 
in force. Indeed, observing a CE organization means watching a collective project, 
regulations (practices, tools, devices), and multiple considerations and values held 
by the stakeholders involved in the project, explicitly asking the question of the 
existence and emergence of the enterprise and more broadly of collective action. 

13.2.1 The Foundations of Project-Based Collective Action 
Theory 

We have chosen to rely on the project-based collective action theory (henceforth, 
PCAT) with a regulationist perspective. According to this vision (Reynaud, 1991), 
collective action arises from a project in which a stakeholder takes shape as a 
social actor by adopting individual or singular rules in their conception and practice. 
Agreeing on rules, that is, the constitutive and organizational regulation of collec-
tive action, consecrates the possibility of joint action and tends to organize a social 
world via other processes such as negotiation, commitment, and coordination. These 
processes are based on management devices and tools designed, arranged, and trans-
formed to achieve goals (Aggeri & Labatut, 2010). The PCAT with a regulationist 
perspective is characterized by the following key concepts (Desreumaux & Bréchet, 
2019):
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(a) The project has to be viewed from a non-technical perspective. Any enterprise, 
by extension any form of collective action—if we want to adapt it to the contem-
porary world (company, association, hospital)—is understood as a collective 
progress project. The project concept we are talking about here should not be 
confused with a business management project, considered from a technical or 
instrumental point of view, but rather a phenomenological project vision of 
collective action, from a more fundamental point of view that of Jean-Pierre 
Boutinet (2012). He defines it as an operative anticipation of a partially deter-
mined character or a fuzzy type of the desired future from an anthropological 
perspective. According to this author, this means that the fuzzy mode of deter-
mination of the project implies continuous back-and-forth iterations between 
a desired orientation and its implementation. According to this perspective, a 
project is composed of three dimensions. The ethico-political dimension which 
means that any project is based, consciously or not, on a given vision of the 
world. The technical–economic dimension which describes the missions the 
company intends to accomplish through its operations and the skills which it 
uses. Finally, an organizational dimension describes the methods and the means 
of action. 

(b) The phenomenological and ontogenetic singularity of the enterprise. This is 
a question of investigating how collective action emerges and takes shape. It 
can be described as the subjectivist effort of an actor (individual or collective) 
committing his inventiveness and creativity through the use of his imagina-
tion and his judgment. This commitment follows an attempt to make the project 
understood, followed by action and construction phases based on how the stake-
holders anticipate a desired future and meaning for the project. From a semantic 
point of view, the term “anticipate” does not involve forecasting or predicting, 
but rather it involves the idea of evoking the “realities” of a future and then 
assuming it in words (narration), images, or figures. The perspective that this 
theory gives to the project is multi-dimensional; for the project to be viable, 
it involves existential and instrumental considerations. In other words, instru-
mental choices (management devices, materials, practices, business model) and 
axiological choices (ethical, social, environmental, political) are intertwined 
and merged. 

(c) The processual or developmental character of the action. PCAT is interested 
in the action because it means implementing a value creation project based on 
perspectives a and b described above. 

As mentioned in the introduction, PCAT incorporates a simple questioning method 
during the “topic framing” phase. It guides the researcher who embraces this theory 
through the “what, why and how” questions (Desreumaux & Bréchet, 2019). For our 
research field, we build on this theory to develop and make a multi-dimensional anal-
ysis and understand how circular economy projects actually work. This framework 
formalizes and explains the characteristics of a project. It allows us to emphasize the
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Fig. 13.1 Multi-dimensional analysis framework 

multi-dimensional and regulationist nature of the CE context. Based on the theoret-
ical framework, we have identified the following five dimensions (Fig. 13.1): ethico-
political, techno-economic, singularity, developmental, and regulationist dimensions 
(each dimension is explained in detail below). 

13.2.2 Toward a Multi-dimensional Analysis Framework 
for Circular Economy Projects 

The circular economy concept and its characteristics are often described in terms of 
a business model concept. Geissdoerfer et al. (2020) define it as a value proposition 
and then an organizational form that cycles, extends, intensifies, and/or demateri-
alizes material and energy loops in order to reduce resource inputs and waste and 
emission leakages. It is therefore rare to find implementations of circular economy 
organizations that focus on the concepts of project and collective action. Doing so, 
however, would allow for a different and more constructive dialogue on its charac-
teristics and specificities. Consequently, there is a considerable lack of clarity about 
its theoretical conceptualization and position in the management literature. 

We, therefore, develop a framework that would be (a) deductive (i.e., emerging 
from theory rather than empirical research) and (b) flexible (i.e., applicable to a wide 
range of forms of collective action) in the review of specific and explicit dimensions 
of CE projects. Therefore, its primary focus is analytical, not prescriptive. 

Figure 13.1 shows our multi-dimensional analysis framework. It includes the 
ethical–political, techno-economic, singularity, developmental, and regulationist
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dimensions. According to our theoretical framework, these are the dimensions that 
characterize any project, especially the projects of a circular nature. 

The ethical–political dimension of the project describes a non-partisan field of 
activity, accessible to all, inviting awareness, a sense of responsibility and commit-
ment in an environmental situation. These values, which we call fundamental values, 
support and invite the creation of even more project-specific values that must be 
defined collectively by the project community. The ecological ethic remains a guide 
for decision-making and collective action. It is, however, under constant construction 
because each environmental situation is unique and evolving. 

Beyond the fundamental values, the ethical–political dimension should therefore 
call for an effort to clarify the utility sought on the social, economic, and environ-
mental levels. Then, it should determine the individual and collective objectives of 
the authors and actors of the project in order to implement these values in concrete 
terms. 

The technical–economic dimension is defined as an implementation of the ethical– 
political dimension. The objective of this dimension is to determine a solution to an 
environmental situation that is technically feasible and reliable, as well as economi-
cally acceptable, in collaboration with the project stakeholders. It also translates the 
missions that a collective action project intends to accomplish through the activity 
it chooses to carry out and the skills it uses. The technical–economic aspect can 
be observed or measured through attributes such as the nature of the technology, 
resources, jobs, sustainability metrics. 

The developmental dimension describes the evolution of the project in terms of 
its content, form, and potential for development. It can be translated, for example, 
by the extent of its geographical presence, the evolution of its sales, the change of 
legal status, the evolution of its performance, the categories of stakeholders involved 
from one period to another, etc. 

The singularity and inventiveness dimension denotes a subjectivist perspective, 
meaning that any enterprise is the result of a stakeholder (individual and/or collec-
tive) committing his inventiveness and creativity through the use of his imagination 
and his judgment to address an environmental situation. An effort in terms of intel-
ligibility (Desreumaux & Bréchet, 2009) is necessary to make the inventiveness of 
the project explicit and to connect stakeholders, the latter being a crucial point in the 
implementation of a circular project. 

The regulationist dimension describes how collective action is formed by adopting 
rules, and how they are designed and put into practice. In other words, it shows 
how the previous dimensions interact with each other and the project stakeholders. 
This dimension tends to organize a social world through other processes such as 
negotiation and coordination. These processes are based on management devices 
and tools designed, arranged, and transformed to fulfill their goals.
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13.3 Methods 

The empirical material for this chapter comes from three exploratory case studies of 
three local projects in the recycling and reuse sector, focusing on using the conceptual 
framework explained above to understand how the project is run. In the following 
subsections, we describe the data collection and analysis and the case studies. 

Data collection and analysis 

The empirical field was the Pays de la Loire region in western France. To explore 
the challenges that CE projects face in adopting CE practices from a management 
perspective, we adopted a qualitative case study research design. As we were at an 
early stage in understanding CE as a phenomenon, an exploratory research approach 
was appropriate (Barratt et al., 2011; Eisenhardt & Graebner, 2007; Makadok et al., 
2018). The case study method was chosen because of its accuracy in observing how 
activities take place in practice and its potential to generate new knowledge from a 
single study context (Benbasat et al., 1987; Meredith, 1998). The projects studied 
were: a return and deposit scheme for glass bottles, a project to extend the life span of 
out-of-use recreational boats, and a bio-waste management and networking initiative 
project. These projects were selected because the University the authors belong to is 
involved in several research projects on circular economy and sustainability issues 
and is located in the region where the projects are taking place. A close relationship 
between several stakeholders in this field and the University has been ongoing over 
the years, which was expected to improve prospects for participation. 

Data were collected between June 2021 and June 2022 using several sources, 
including interviews, documents, and direct observations (see Table 13.1). The data 
were triangulated to propose different perspectives and insights (Benbasat et al., 
1987; Eisenhardt, 1989; Gibbert & Ruigrok, 2010). The first author conducted all 
of the semi-structured interviews and site visits to enrich the data and increase the 
validity of the results (Eisenhardt, 1989). The data were discussed and analyzed to 
avoid bias and misinterpretation, and the interpretations were validated jointly with 
the second author. Subsequently, presentations to challenge the results took place 
in meetings with fellow researchers/practitioners (Goffin et al., 2019) who  were  
familiar with the reuse and recycling sector but did not participate in the primary data 
collection and analysis. Due to requests for anonymity, the names of the organizations 
and individuals interviewed are not disclosed.

The materials collected are of text type and have been read twice, guided by 
the terminology of project-based collective action theory, in particular by the multi-
dimensional analysis framework, as unifying lexicons of analysis to identify the 
success factors and the main difficulties of circular economy projects.
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Table 13.1 Data collection method 

Data collection method Data characteristics 

Semi-structured interviews Project holders Fifteen interviews 
(15 interviewees, 6.75 h total)The project’s co-founders 

Internal and external 
stakeholders 

Document analysis Reports Two reports 

Presentations Five presentations (5.0 h total) 

Websites Three websites of three cases and 
other websites of the projects’ 
co-founders 

Direct observation Site visits 
Participation in meetings 

Five visits (12 h) 

Other Informal interactions Multiple interactions in various 
contexts with, for example, 
project founders

Case Studies 

First Case 

The ReBottle organization is developing a regional project to implement a deposit 
system for glass bottles as a system to improve the return rates of glass bottles. After 
being phased out progressively in the 70’s and replaced by recycling schemes the 
deposit system is currently making a comeback in France, not as a country-wide 
system but as a multitude of local initiatives. Local governments, as stakeholders, 
are aware of the environmental benefits of such a system. Indeed, glass alone repre-
sents half the tonnage of household packaging put on the French market each year 
(2.5 million tons per year). Recycling glass limits the use of new raw materials, 
but its energy balance is heavy because it involves melting the raw material at 
1500 °C for 24 h. In the Pays de la Loire region, used glass must also be trans-
ported over long distances because there are no glass manufacturers. However, a 
glass bottle can be washed and reused up to 50 times without going through the waste 
stage. Managed locally, this allows a major ecological gain compared to recycling: 
−76% energy, −33% water, −79% greenhouse gas emissions. Therefore, to mini-
mize the impact of transporting the bottles to the local washer, ReBottle mutualizes 
the collections with the usual routes of partner companies rather than using additional 
trucks. 

From an economic point of view, the deposit scheme is also advantageous for 
local governments because when glass is collected and recycled, they pay for the 
bottles deposited in the glass containers to be recovered. As the glass is crushed, 
the communities sell it to the glass companies in charge of melting it at a lower 
price than the collection price. They pass on this cost to the taxpayer through the 
household waste tax because even if local governments sell the crushed glass to
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the glass manufacturers, they still have to pay the extra cost of collection. Reuse, 
washing, and collection are included in the price paid by producers for used bottles. 
This system gives local businesses an advantage because it is run and managed 
locally. ReBottle works with local producers and retailers. 

Moreover, this system can create jobs locally in washing and logistics, while there 
is no recycling site in the Pays de la Loire region. Finally, the reuse of bottles can 
create many jobs in the area, especially in bottle washing plants. Because of all these 
advantages, ReBottle is trying to bring together consumers, local producers, retail 
stores, a collection transporter, and local authorities to develop a deposit system for 
glass packaging. ReBottle is housed in an incubator and its founders are working 
on transitioning from a non-profit organization to a for-profit business and seeking 
investors. 

Second Case 

The BioRez organization is developing a bio-resource (bio-waste) management 
project. Its members are legal entities and other specialized actors whose purpose is to 
structure local composting and anti-food waste initiatives. BioRez is a local collective 
and cooperative project that brings together stakeholders from the metropolitan area 
of the city of Nantes to build a complete pathway to develop bio-resources locally in 
priority areas. Through the stakeholders gathered around BioRez, the project offers 
customized solutions adapted to the specific situation of the applicants. The program 
includes awareness-raising, anti-waste actions, local collection and composting, and 
on-the-job training. 

BioRez targets local authorities by offering a systemic approach to the recovery 
of organic matter in their territory, such as collecting and managing unsold food from 
the farmers’ market. It also targets social housing providers and private individuals by 
proposing to combine shared composting at the bottom of buildings with gardening, 
as the compost returns directly to the land through a very short loop. It also transforms 
dedicated areas into real meeting places that can build connections between residents, 
encourage exchanges, and foster openness to other neighborhood residents. BioRez 
is a well-established collective project on the territory of Grand Bellevue, an area 
that stands across the neighboring cities of Nantes and Saint-Herblain, drawing on 
different complementary actors–stakeholders and working as a network. The actions 
carried out by Biorez are part of the public policy framework supported by the ANRU 
+ program of the Agence Nationale de la Rénovation Urbaine (ANRU). 

Third Case 

The NeoBoat Company gives a new life to out-of-service leisure boats. NeoBoat 
belongs to the social and solidarity economy. It is a Social Utility Solidarity Company 
(Entreprise Solidaire ‘d’Utilité Sociale, ESUS) that received the national social and 
solidarity economy award in December 2019. NeoBoat’s project is to reuse end-of-
life speedboats and sailboats to transform them into unusual habitats on dry land for 
tourism professionals, lodges for individuals, meeting or co-working spaces, guest 
room extensions to houses, etc. The transformation of boats by NeoBoat is a possible 
solution to the problem of the end of life of the thousands of sailboats and speedboats
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which are to be destroyed in the years to come. About 90% of the leisure boats at 
the end of their life are built in polyester, a solid material but both complicated and 
very expensive to recycle. This project requires using various skills such as carpentry, 
painting, interior design, composite materials, and metal fabrication, which are likely 
to attract young apprentices and unemployed people. It takes more than 400 h of work 
to transform a boat into a NeoBoat. 

In two years, the project has hosted more than 50 people and has provided more 
than 5000 h of training and apprenticeship for these people using old boats. The life 
cycle of the boats is optimized; NeoBoat and old boats are sourced locally, within 
a radius of less than 80 km on average from the shipyard, to reduce the impacts 
of collection and transport. This “circular” business model of extending the life of 
boats implies, to achieve it, the co-creation of an ecosystem of public, private, and 
associative partners around an approach intended to create “sustainable” economic, 
environmental, and social values shared by all stakeholders. 

13.4 Results and Discussion 

Based on the data collected and presented, we can now use the dimensions of the 
theoretical framework to describe and analyze the projects studied (Table 13.2).

First of all, it appears that in their ethical–political dimension, while having a 
common goal, which is the development of the CE, the projects have different domi-
nant logics. The ReBottle project aims to develop the circular economy by fitting into 
a classical economic logic and proposing a service offer likely to convince investors. 
The BioRez project aims to preserve a dominant environmental and social logic 
by addressing local authorities whose mission is to finance actions that respond to 
particular missions of general interest. BioRez recognizes that its services are part 
of the general interest services and are something they can sell to local authorities 
rather than having to ask for grants and subsidies. By showing what the NeoBoat 
project could bring to the actors, the founder wanted to keep the social and environ-
mental logics present, by appealing to the responsibility of the actors concerned by 
the professional insertion and the management of boats at the end of their life. 

In their technical–economic dimension, what characterizes the projects is the 
diversity of the technical–economic means implemented. If the theoretical framework 
is helpful, as a checklist to describe and not forget essential elements, observation 
does not allow us to propose elements common to the three projects. Regarding the 
regulatory system, the three projects have in common that they have legal texts that 
regulate their activity and can constitute either a powerful driver or a potential barrier 
that calls for the negotiation of new rules. Whether or not the actors involved share 
common values, the negotiation of rules will be more or less complicated. 

For the ReBottle project, the French government deposit decree and all the 
accounting and tax rules related to the deposit are strong and restrictive rules. In 
addition, there are project-level rules concerning the size of the bottles and the type 
of glue to be used for the labels, and also the rules that have been developed, following
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Table 13.2 Observed dimensions 

Dimension to 
observe 

Sub-attributes ReBottle BioRez NeoBoat 

Ethico-political Concern The 
disappearance of 
glass bottle 
recycling, in 
favor of reuse, 
which consumes 
less energy 

The waste of 
organic matter 
and the 
reinforcement of 
the social link in 
a popular district 

Professional 
integration, and the 
problem of the end 
of life of leisure 
boats 

Dominant 
logic 

Economic and 
environmental 

Environmental 
and social 

Social and 
environmental 

Desired utility Development of 
a virtuous local 
economic sector, 
through the reuse 
of glass bottles 
rather than their 
recycling 

Structuring of 
the local 
composting and 
anti-waste food 
sector by 
bringing 
together a 
diversity of 
expertise within 
a single structure 
to be able to 
address solutions 
around organic 
matter 

Professional 
integration of 
disadvantaged 
people, awareness 
of environmental 
issues 

Speech Need to create an 
ecosystem of actors 

Technico-economic Job/mission Organize local 
collection and 
washing of glass 
bottles 

Collect and 
return organic 
matter to the soil 
by organizing 
the shortest 
possible 
collection routes 

Extend the life of 
out-of-use pleasure 
boats by giving 
them a new 
function, while 
training 
unemployed people 
for jobs required by 
companies. To set 
an example so that 
this activity can be 
reproduced 
elsewhere 

Target/clients Customers: 
retailers and 
producers, 
Other targets: 
committed 
consumers, local 
authorities 

Customers: 
local authorities, 
private 
companies 
Other targets: 
social landlords, 
fruit and 
vegetable sellers 
on markets, 
farmers, 
inhabitants 

Customers: 
camping sites, 
co-working spaces, 
homeowners, banks 
Other targets: boat 
builders, local 
authorities

(continued)
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Table 13.2 (continued)

Dimension to
observe

Sub-attributes ReBottle BioRez NeoBoat

Resources/ 
uses 

A washing unit 
A semi-trailer 
truck 
A stock  of  
bottles and racks 
A coordination 
team 

A team of 
operators who 
come twice a 
week to set up 
composting 
paloxes in the 
markets 
A processing for 
the 
transformation 
of unsold fruit 
and vegetables 
into processed 
food (such as 
canned soup) 

A singular shipyard 
for the 
transformation of 
boats and a 
coordination team 

Value to 
create 

Create local jobs 
for bottle 
collection and 
washing, better 
use natural 
resources and 
energy 

Create social 
links, 
Reduce food 
waste, 
Create local jobs 
for the collection 
of bio-waste 

Professional 
integration of 
people in difficulty, 
extension of the 
life of an asset 
through a change 
of function 

Regulationist Rules Rules for 
collecting bottles 
and organizing 
washing, 
common bottle 
standards 
Rules concerning 
the glue used on 
the labels 
Deposit decree 

Legal obligation 
of sorting at the 
source, for all 
producers of 
bio-waste by 
2023 

Rules for 
determining the 
good condition of a 
boat at the end of 
its life. Rules for 
maintaining the 
status of boats after 
their 
transformation. 
National rules on 
extended Producer 
responsibility 

Technical 
devices and 
management 
tools 

Experiments 
with voluntary 
producers and 
distributors, then 
feedback before 
generalization 

Metrics 
collection and 
management 
software 

Business model 
developed 
according to the 
BM3C2 template1 

Accounting 
systems, 
including 
financial 
accounting

(continued)
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Table 13.2 (continued)

Dimension to
observe

Sub-attributes ReBottle BioRez NeoBoat

Cognitive 
capabilities 

Potentially 
strong because of 
the values shared 
by the project’s 
actors: producers 
and distributors 
with 
environmental 
values. However, 
these capacities 
are limited by a 
lack of 
accounting, legal 
and fiscal skills 
on the deposit 

Potentially 
strong due to the 
homogeneous 
nature of the 
BioRez 
founders. 
However, these 
capabilities are 
limited by a lack 
of expertise in 
the development 
of indicators 
appropriate to 
the desired 
utility 

Weak because of 
the disparity in the 
values of the actors. 
Difficult to share 
information and 
develop common 
knowledge 

Inventiveness/ 
singularity 

Levels of 
membership 

Average. The 
actors involved 
have common 
values and 
membership is 
constrained by 
the objective that 
the project can 
be economically 
viable, without 
subsidies and the 
necessity for all 
actors to not lose 
out financially 

Strong: great 
homogeneity of 
the values of the 
founding 
members of 
BioRez 

Weak (great 
heterogeneity of 
values of the actors 
involved, no spirit 
of cooperation). 
For example, boat 
producers perceive 
this project as a 
competitor to their 
efforts to manage 
the end of life of 
boats, especially in 
terms of access to 
financial resources 

Intelligibility Strong Strong Average 

Singularity The most 
advanced bottle 
recycling project 
in France 

There are many 
organic matter 
management 
projects in 
France 
However, 
BioRez is one of 
the first organic 
matter 
management 
associations that 
wants to be paid 
for a service 
rendered and not 
receive a subsidy 

The only project to 
extend the life of 
leisure boats in 
France. An 
award-winning 
project (social and 
solidarity economy 
prize) 

Developmental Presence on a 
territory 

Pays de la Loire 
Region 

Metropolitan 
area of Nantes 

Pays de la Loire 
Region

(continued)
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Table 13.2 (continued)

Dimension to
observe

Sub-attributes ReBottle BioRez NeoBoat

Category of 
actors 

Wine, Beer, juice 
producers, 
retailers, 
consumers, 
logistics and 
washing 
companies, local 
governments, 
and the national 
ecological 
transition agency 

Nantes and St 
Herblain cities, 
founding 
members of 
BioRez, social 
housing 
providers, fruit 
and vegetable 
retailers in 
“farmers” 
markets, the 
local population 

Local governments, 
Chamber of 
Commerce and 
Industry, 
government 
administrations, 
boat manufacturers, 
camping grounds, 
co-working spaces 

Sustainability Reconciliation of 
the ecological 
interest of the 
project with a 
more traditional 
economic 
dimension. 
Search for 
investors 

Transition to a 
logic of selling 
services of 
general interest 
to local 
authorities. The 
social and 
economic 
dimensions 
remain dominant 
by addressing 
clients whose 
mission is the 
general interest 

Resale of the 
NeoBoat company 
by its founder to 
ensure more stable 
financing and a 
buyer sharing more 
values with the 
investment world 
and the boat 
builders 

Change of 
status 

Transition from 
non-profit to 
corporate status 

1Business Model Multi-acteurs Multi-niveaux Circulaire et Collaboratif (For more details see 
Boldrini & Antheaume, 2021)

experiments, for the organization of the logistic flows (collection, washing, and provi-
sion of the washed bottles). The fact that the founders of the ReBottle project chose 
first to solicit local producers and retailers with strong environmental values certainly 
facilitated the search for common rules that would allow the project to get started. 

I would say that we joined the project because I found it interesting from a sustainable 
development point of view. That was one of the first elements; it was new. We were asked 
for our logistical expertise. The goal was not to make money on logistics; it was mainly to 
help launch the project, at least initially, with a view to the social and solidarity economy…. 
(Verbatim of a logistics actor in the ReBottle project) 

In the case of the BioRez project, the legal obligation that producers of bio-waste 
will have to sort their waste at the source in 2023 is a strong driver to get stakeholders 
to adhere. In addition, the founders of BioRez see themselves as complementary and
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see the creation of BioRez as a tool created together to facilitate cooperation. In such 
a context, the possibility of negotiating common rules is facilitated. 

In the case of the NeoBoat project, the law on extended producer responsibility is 
potentially an important driver. It stipulates that any producer of a good is responsible 
for its end of life and the waste management it generates. With such an obligation, 
NeoBoat potentially offers an interesting service to the producers of leisure boats, 
when these products reach the end of their life. Indeed, they can be transformed 
into leisure housing units or workplaces. Their life is extended by at least ten years, 
and they keep the legal status of a boat. This means that you do not need planning 
permission to install these housing units or workplace units on a plot of land. It also 
provides more time to identify the best waste management solutions at the end of 
their life. Yet, financial resources for end-of-life management are limited, and boat 
builders and a company like NeoBoat do not share many standard references and 
values on social inclusion and the end-of-life of boats. Moreover, boat producers see 
the NeoBoat project as a competitor, not as a complement to their projects, especially 
to obtain financial resources to set up waste treatment channels for used boats. Such 
a context does not allow for the discussion of common rules. 

As for the regulationist dimension, it seems to be linked to cognitive capacities 
and management tools. The first aspect is the sharing of common values by the 
actors and the existence of skills that allow the development of cognitive capaci-
ties. Thus, in the case of the NeoBoat project, the disparity in the actors’ values, 
which was omnipresent from the start, made it difficult to share information and 
develop a common knowledge among the stakeholders for a management solution 
for end-of-life recreational boats. On the contrary, in the case of the ReBottle project, 
the producers and retailers involved strongly shared environmental values. However, 
the potential for these shared values to create information-sharing capabilities was 
limited by a lack of knowledge on accounting, legal, and tax rules which apply to 
deposit operations. Very few certified professional accountants still have the profes-
sional experience required to advise on these rules. Finally, the BioRez project has 
potentially strong cognitive capacities due to the homogeneous and complemen-
tary nature of the BioRez founders. However, these capacities are limited by a lack 
of existing benchmarks to facilitate the development of indicators appropriate to 
measure the desired outcomes. More research is needed on this subject. 

Concerning the singularity dimensions, it has been observed that too much singu-
larity in the project can lead to difficulties in terms of intelligibility and, therefore of, 
adhesion. If it is appropriate to be singular, it is not advantageous to be too singular 
for a project to be explained and understood clearly, and thus to progress rapidly. 
Therefore, the NeoBoat project, the first of its kind in France, is perhaps the most 
difficult to explain, and gaining support for it is more complicated. In contrast, we 
observe that the management of organic matter and the reuse of bottles are practices 
that are already known and well identified, even if they are not as widespread as we 
would like. Because of the existence of similar projects, it is no longer necessary for 
the founders of ReBottle and BioRez to spend a lot of energy defending the interest 
of reusing bottles or returning organic matter to the land. These projects are easier 
to explain and, therefore, more intelligible. Moreover, it seems to us that adhesion
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and intelligibility are also favored by the homogeneity of the stakeholders and their 
common values. This increases their potential for cooperation. In this perspective, 
the ReBottle and BioRez projects are to be contrasted with the NeoBoat project. 

…. To launch the project, I had in my accounts and in my speech a modern policy of waste 
management, and a social policy of training and integration of people far from work by 
strengthening their independence on the labor market later … I wanted an accounting tool 
in order to be able to present the project and its potential gains by creating a dynamic around 
all that. (Verbatim of the founder of NeoBoat) 

Finally, the developmental dimension is very present in all three projects. The 
founders of the projects are constantly questioning what will ensure their sustain-
ability. The answers are different according to the projects and, by feedback effect, 
influence the dominant logic in the ethical–political dimension. The three projects 
studied aim to find sources of financing, but they do not follow the same paths. The 
ReBottle project relies on the reconciliation of economic and ecological logic to 
convince investors and thus ensure its sustainability. At the same time, the BioRez 
project aims to preserve the predominance of the environmental and social dimen-
sion by targeting local authorities as clients rather than as subsidizers. Indeed, since 
local authorities seek the common interest, they will be willing to finance actions that 
fall within the framework of services of public interest. As for the NeoBoat project, 
its resale to three buyers (a non-profit organization, an investment fund, and an 
entrepreneur) aims to bring the project closer to the values of boat builders, to ensure 
sustainable financing, and the possibility to preserve its social and environmental 
objectives. 

13.5 Conclusions 

Based on project-based collective action theory, we have proposed a multi-
dimensional analysis framework using the project approach. The aim is to facili-
tate the analysis of how EC projects emerge, how they are managed, and how they 
develop by focusing on the emergence of collective action around a project with its 
multiple dimensions. We provide a platform for practitioners and researchers that 
goes beyond a purely technical or engineering focus in the CE field. The proposed 
framework highlights the critical dimensions of CE projects and facilitates strategic 
discussion on their development and improvement potential. The framework could 
help stakeholders answer questions such as: how does my project define itself differ-
ently and what are its specific dimensions and indicators? Which dimensions (and 
possibly indicators) are likely to change soon? How will this affect the sustainability 
of the project and the potential for joint action? Which dimensions or indicators of 
our project could be improved for better effect? 

Our research makes essential contributions to research on CE projects. The results 
clearly show that the five dimensions are present, define the project, and justify the 
existence of collective action. We can also say that the dimensions are dynami-
cally linked to the regulatory dimension. The latter determines the continuity of
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the project. The project participants were voluntarily enthusiastic (ethical–political 
dimension) about implementing CE despite several obstacles to their activities, such 
as supply and demand problems, regulatory clarity, cash flow uncertainties, and lack 
of management tools (technical–economic and regulatory dimensions). 

The current framework could be further developed, and specific indicators (quali-
tative and quantitative) could be proposed through empirical research for each dimen-
sion. Ultimately, we hope that the framework will inspire new thinking about CE 
projects and enterprise organization even if further improvements and applications 
are required to improve it. 

Funding This research is funded by the PARC 2021 doctoral grant from the Association 
Francophone de Comptabilité and the Conseil Supérieur de l’Ordre des Experts Comptables. 
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Chapter 14 
Green Manure Management 
as a Sustainable and Economical 
Alternative for Intensive Crop 
Fertilization in the Framework 
of the Circular Economy 

Francisco José Castillo-Díaz, Luis J. Belmonte-Ureña, 
Francisco Camacho-Ferre, and Julio César Tello-Marquina 

14.1 Introduction 

Agriculture is a strategic sector within a society. In Spain, the agri-food system gener-
ated more than 1.1 million jobs and accounted for 5.8% of the country’s Gross Value 
Added in 2020, which was 34.6% higher than the European average (Maudos et al., 
2020). Thus, we can visualize a dependent relationship between the socioeconomic 
development of some Spanish territories and the presence of agriculture (Maudos 
et al., 2019). This relationship has resulted in the development of high-yielding agri-
cultural systems, such as greenhouse agriculture in the province of Almeria (Almeria 
Model), one of the most critical at the international level (Camacho-Ferre, 2004). 
In the 2020/2021 campaign, just over 3.5 million tons of fruit and vegetable prod-
ucts were obtained from 32,554 ha of greenhouse crops. Economically speaking, the
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sector generated 2937.6 million euros from the sale of its production, of which almost 
80% was exported to E.U. member states. Production comprises eight vegetable 
species: tomatoes, bell peppers, watermelon, zucchini, cucumbers, melons, and beans 
(Cajamar, 2021). 

However, agricultural production has also caused negative externalities that have 
compromised ecosystem well-being, fauna, and flora. Among these are the loss 
of genetic diversity (European Union, 2019), the degradation of agricultural soil 
(Gómez-Tenorio et al., 2021b; Jacobs et al., 2022), and the overexploitation and loss 
of quality in some water bodies (Dhaoui et al., 2022). The impacts of agriculture 
have intensified since the Green Revolution, which caused agricultural productivity 
to increase (e.g., 240% increase in cereal crops from 1961 to 2017) (IPCC, 2019). 
This revolution was preceded by the application of aggressive cropping practices 
involving higher agrochemical consumption, increased mechanization needs, higher 
energy consumption, and a change in crop varieties (FAO, 2015, 2017). The result 
has been a tripling of agricultural systems’ demand for natural resources over the 
last fifty years (FAO, 2019a), especially for cropland and water (FAO, 2019b). 

In the Almeria Model, some environmental impacts are caused by the poor 
management of abundant agricultural biomass generated at the end of the production 
cycle. Its seasonal nature means that more than 70% of the residual material (about 
1.3 million tons) must be managed in only three months (Duque-Acevedo et al., 
2020; Junta de Andalucía, 2016). 

Negative externalities are inconsistent with the principles of sustainable develop-
ment (Fundación Encuentro, 1992). In 2015, members of the United Nations (UN) 
signed the 2030 Agenda, where 17 Sustainable Development Goals (SDGs) can 
be identified. These aim to address the most crucial social, economic, and envi-
ronmental problems globally and achieve sustainability in its three aspects. SDG 
2—Zero Hunger seeks to implement sustainability in agricultural systems. To this 
end, agroecology should be established in food production models (UN, 2015). This 
approach is based on the theory of agro-systems, i.e., the conception of agriculture 
as an “organized whole” comprised modifiable and interdependent factors (Navarro-
Garza et al., 1993). These factors are to be transformed by applying national agricul-
tural and environmental policies in search of the desired balance, i.e., sustainability 
(European Commission, 2020a). 

The European Union has incorporated the latest international agreements into its 
policy. The European Green Pact lays out the future of member states until 2050 and 
aims to transform the E.U. into a resilient territory whose growth is decoupled from 
the consumption of natural resources. This is done by restricting net greenhouse 
gas emissions, which requires systemic change in all sectors (European Commis-
sion, 2019). In addition, the E.U. requires that this goal can be reached by applying 
the circular economy principles (European Commission, 2020b). Doing so leads 
to reducing inputs, reusing by-products, and recycling waste so that it does not 
negatively impact the biodiversity of ecosystems (European Commission, 2020c). 

Sustainable agriculture has been boosted in Europe through the Farm to Fork 
strategy, one of the most important initiatives of the European Green Pact (European
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Commission, 2019, 2020a). This strategy aims to expand the sustainability of agri-
cultural systems by reducing the use of pesticides by 50%, curtailing the use of fertil-
izers by 20%, which could reduce nutrient losses by 50%, and increasing the amount 
of land under European organic certification to 25%. This certification prohibits 
the use of inorganic fertilizers and synthetic phytosanitary products. In addition, 
cultivation practices that maintain or increase soil fertility must be applied. Green 
manure is a necessary measure for this purpose (European Union, 2018). This situ-
ation reduces the demand for energy in agricultural systems during food production 
(Basavalingaiah et al., 2022). However, it also calls for the elimination of some prac-
tices that have been in place for more than sixty years in production systems (FAO, 
2015, 2017). Therefore, it is relevant to the search for new farming models based 
on the circular economy that reduce the demand for inputs without reducing crop 
productivity. Previous research has justified the use of agricultural biomass incorpo-
rated through the biosolarization technique as a methodology capable of obtaining 
production and net profit before taxes, similar to conventional crops fertilized with 
inorganic fertilizers in greenhouse agriculture in Almeria (Castillo Díaz et al., 2021, 
2022; Gómez-Tenorio et al., 2016). The biosolarization technique should be applied 
to thermally inactivate pathogens associated with agricultural biomass to reduce the 
risk of expression during the following crop (Gómez-Tenorio et al., 2018). There-
fore, value could be obtained by analyzing its control effect on different pathogens 
associated with agricultural biomass. 

Soil biosolarization is included in biodisinfection techniques. It is a methodology 
that merges into the same procedure as the protocols of solarization (Katan et al., 
1976) and biofumigation (Kirkegaard et al., 1993). Traditionally, it has been used to 
mitigate the infection of soil-borne diseases that affect plant organisms (Chamorro 
et al., 2015; Gómez-Tenorio et al., 2018; Núñez-Zofio et al., 2012), although during 
its use it has also achieved an improvement in soil fertility (Castillo Díaz et al., 2021, 
2022). In this technique, organic amendments of diverse origins, such as plants or 
commercial compounds obtained from the Brassicaceae genus (Castillo-Díaz et al., 
2022; Kirkegaard & Sarwar, 1998; Masahiko et al., 2014), manure (Chamorro et al., 
2015), agricultural biomass (Gómez-Tenorio et al., 2018), agroindustry residues 
(Achmon et al., 2016), or any organic amendment possessing a carbon/nitrogen 
ratio higher than 8 (Bello et al., 1997) can be used. Previous research has focused 
primarily on evaluating the disinfection power of the technique and not on the fertil-
ization capacity offered by the organic amendments that are added to this technique. 
Crops have continued to be managed under commercial practices involving fertil-
izer consumption (Chamorro et al., 2015; Guerrero et al., 2010; Marín-Guirao et al., 
2016; Mauromicale et al., 2010, 2011). The dual functionality of the biosolariza-
tion technique (i.e., pathogen control and fertilization capacity) makes it a suitable 
strategy in the transition toward sustainable and circular agriculture (Castillo Díaz 
et al., 2021, 2022; Gómez-Tenorio et al., 2018). 

On the other hand, radish and mustard plants, both included in the Brassicaceae 
genus, can be grown as green manure to be incorporated into the soil once it has 
finished its growth stage before serving as an organic amendment for biosolarization 
processes (Bhuiyan & Jannat, 2018; Masahiko et al., 2014). The necessary use of this
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technique in organic farming (European Union, 2018) suggests the need to evaluate 
its fertilization power. 

In this scenario, the objective of this research was to evaluate the fertilizing power 
of different green manures (mustard and radish) and the remains of tomato plants 
affected by Fusarium oxysporum f.sp. radicis-lycopersici (FORL) versus conven-
tional inorganic fertilization and no fertilization in short cycles of greenhouse tomato 
production. The parameters analyzed were yield, quality, water consumption, and net 
profit before taxes. 

14.2 Materials and Methods 

14.2.1 Localization and Greenhouse Characteristics 

The experiment was conducted at the “Catedrático Eduardo Fernández” farm (UAL-
ANECOOP Foundation) located in the province of Almeria (Spain). The experi-
mental greenhouse was the “Raspa y Amagado” type, with a minimum and maximum 
height of 3.40 and 4.70 m, respectively. The greenhouse was covered with a 200 µm 
thick plastic sheet and had lateral and zenithal windows protected by anti-strip nets. 
The orientation of the greenhouse and its crop rows was northwest–southwest, with a 
total area of 1784 m2. The irrigation system consisted of two independent subsectors, 
which allowed the application of different amounts of water and inorganic fertilizers. 
The nominal flow rate of the emitters used was 3 L h−1. The previous tomato crop 
did not show any disease of edaphic origin. 

14.2.2 Crop, Experimental Design, and Description 
of Treatments 

A tomato cycle of 169 days after transplanting (DAT) was carried out. Tomato 
seedlings were transplanted during the first week of September and extended until 
the third week of February of the following year. A tomato variety (Solanum lycop-
ersicum Mill.) cultivar “Pitenza F1” (Enza Zaden, Enkhuizen, The Netherlands) was 
used with a transplanting density of 2 plants/m2. The cultural practices applied to 
the tomato crop were those recommended by Camacho-Ferre (2004). However, the 
plants were guided only by the trellising raffia without using trellising clips to facil-
itate the self-management of plant debris. Pests and diseases that affected the crop 
were controlled according to integrated production (IP) regulations and did not cause 
any loss of production during cultivation. 

The treatments applied depended on the fertilization plan and their location. The 
experimental area was 20 m2 for each repetition (one crop line with 40 tomato plants).
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Table 14.1 Treatments 

Code Composition 

IFa Conventional cultivation with inorganic fertilization 

Testb Without fertilization 

PD Exclusive fertilization with 3.5 kg m−2 of tomato plant debris affected by Fusarium 
oxysporum f.sp. radicis-lycopersici (FORL) 

PRc Exclusive fertilization with 2.0 kg m−2 of radish plants through their incorporation as 
green manure 

PMc Exclusive fertilization with 1.6 kg m−2 of mustard plants through their incorporation 
as green manure 

a Inorganic blanket fertilization was based on the equilibrium reported by Steiner in his ideal solution 
up to an electrical conductivity of 3 dS m−1 (water + nutrient solution) 
b A commercial tomato crop was grown in the experimental area, irrigated only with water and 
biosolarized with 2 kg m−2 of poultry manure during the previous season 
c Biomass generated during green manure cultivation 

The rows at the extremes were excluded to avoid contamination between experi-
mental plots (i.e., edge effect). The experimental design corresponds to a single-factor 
design with four replications (n = 4). 

The treatments that were fertilized only with organic amendments and those not 
fertilized were located in a different sector from the ones that received inorganic 
fertilization (Table 14.1). 

14.2.3 Radish and Mustard Planting 

In the experimental area dedicated to the PR and PM treatments, green manure of 
radish and mustard plants was sown at a planting density of 15 kg ha−1 and 75 kg ha−1, 
respectively. The plant species were sown in the last week of April, and cultivation 
lasted 41 days. 

14.2.4 Biosolarization Procedure 

After growing the green manures, all experimental plots underwent a disinfection 
treatment (solarization or biosolarization). The FORL-affected tomato plants were 
placed on the central concrete aisle of the greenhouse and crushed with a hammer 
chopper once the trunk branches were collected from the growing surface. After 
placing them in their respective experimental plots and homogenizing the organic 
amendments in the upper soil, tillage was done using a rotovator at a depth of 20– 
30 cm. The tilling was carried out independently in each experimental plot to avoid 
contamination between treatments. It incorporated green manure (i.e., radish and
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mustard plants), which had been grown in the area assigned for the PR and PM treat-
ments. Afterward, the irrigation system was reinstalled, its correct functioning was 
verified, and the soil was covered with a 50 µm transparent plastic. The plastic cover 
was sealed with staples using tape when located between posts with a rectangular 
trench measuring 20 cm at the base and 30 cm in height between edges. This proce-
dure prevents moisture and gases generated during the biodecomposition of organic 
amendments from escaping. Finally, irrigation was applied until the field capacity of 
the soil was reached (49.8 L m−2). The disinfection treatment lasted three months 
and extended from June to September (Fig. 14.1). 

Fig. 14.1 Incorporation procedure of green manures and biosolarization. a: growth of radish and  
mustard plants; b: biomass generated by mustard plants during their cultivation; c: green manure 
on the experimental plots (PR and PM) soil; d: tomato plant debris on the central aisle of the 
greenhouse; e: shredding of tomato plant remains; f: plant remains distributed over the greenhouse 
soil; g: plant remains mixed in the upper soil profile; h: unsealed plastic solarization cover and 
irrigation check; i: sealed plastic cover and irrigation at field capacity
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14.2.5 Variables Analyzed 

Incidence FORL 

A symptomatologic assessment of the plants in the PD treatment’s experimental plots 
was carried out at 170 DAT, to detect plants affected by tomato vascular fusarium 
foot rot (causal agent FORL). The clues recommended by Tello-Marquina and del 
Moral (2001) were used for this purpose. 

Crop yield 

The cumulative production per unit area and the fruit mass of the crop were deter-
mined after the first harvest at 98 DAT. To this end, the crops obtained from each 
experimental plot were measured separately during the seven harvests carried out 
throughout the experiment. Fruit mass was determined independently on 25 randomly 
selected fruits from each experimental plot and harvest. A scale with a sensitivity of 
0.1 g (Mettler Toledo, Columbus, OH, USA) was used for the measurements. The 
fruits were harvested according to the maturity indexes required by the marketing 
entity. 

Harvest quality 

Tomato fruit quality was analyzed three times during the experiment. For this, ten 
fruits were selected from each experimental plot on each analysis day. The following 
parameters were analyzed for each fruit: equatorial diameter calculated with a digital 
caliper with a sensitivity of 0.01 mm (Mitutoyo; Kanagawa, Japan); average firmness 
of the fruit pulp after eliminating the epidermis obtained from three points separated 
at a distance of 120° and on a surface of 0.5 cm2 using a durometer with a sensitivity 
of 0.001 kg cm−2 (Penefel DFT14, Agrosta, Compainville, France); the pH of the 
fruit pulp with a pH meter at a sensitivity of 0.01 pH units (pH-25, Crison, Barcelona, 
Spain); and the content of soluble solids in the fruit pulp via refractometer with a 
sensitivity of sensitivity 0.1°Brix (PAL-1, Atago, Tokyo, Japan). 

Water 

The amount of water applied to the treatments during tomato cultivation and the 
volume of water required by the green manure (i.e., radish and mustard plants) 
during cultivation were calculated. The measurement was obtained from the irrigation 
frequency, irrigation time, some emitters, and nominal flow rate of the emitters. The 
results were finally expressed in L m−2. 

Economic performance 

An economic analysis was carried out to evaluate the crop viability of the five field 
treatments (i.e., TEST, IF, PD, PR, and PM) to maximize farmers’ profit. Based on the 
results obtained in the field, a reduction of some items in the expense account (fertil-
izers, water, chemical disinfectants, etc.) was proposed. The indicator selected was 
the pre-tax profit under the recommendations made by other authors (Castillo-Díaz 
et al., 2022; Honoré et al., 2019). The variable was calculated under the following 
mathematical expression:



306 F. J. Castillo-Díaz et al.

NPbt = TNR − TC (14.1) 

NPbt: profit before taxes; TNR: total annual revenue; TC: total annual costs. 

• Expense structure 

The structure of income and expenses used in this analysis is based on the recommen-
dations offered by Castillo-Díaz et al. (2022) and Honoré et al. (2019), which fits the 
structure used by the “Catedrático Eduardo Fernández” farm in the UAL-ANECOOP 
Foundation. The values were adapted to the economic conditions of the 2014/2015 
campaign through the national European Classification of Individual Consumption 
by Purpose (ECOICOP) index. 

• Revenue structure 

Revenues were obtained by multiplying the production obtained from each exper-
imental plot by the original price of smooth tomatoes reported by the Observatory 
of Prices and Markets of the Junta de Andalucía in the 2014/2015 campaign (i.e., 
between December and February). 

14.2.6 Statistical Treatment 

The statistical treatment consisted of applying an analysis of variance (one-way 
ANOVA). The effect of the applied treatments was observed (i.e., TEST, IF, PD, 
PR, and PM) on each of the parameters evaluated (i.e., final commercial production, 
harvest quality, equatorial diameter, fruit mass and firmness, pH and total soluble 
solids concentration of the fruit pulp, and pre-tax economic profit). Subsequently, 
a post hoc least significant difference (LSD) test was applied at a 95% confidence 
level. Previously, the assumptions of normality and homoscedasticity were verified 
through the Shapiro–Wilk and Bartlett tests, respectively. The statistical analyses 
were carried out with the STATGRAPHIC CENTURION XVIII statistical software 
(Manugistics Incorporate, Rockville, Maryland) for Windows. 

14.3 Results and Discussion 

14.3.1 Fusarium oxysporum f.sp. radicis-lycopersici 
Expression 

Pre-biosolarization inoculation with FORL-infected tomato plants did not affect any 
plant in the experimental plots of the PD treatment despite being susceptible to tomato 
vascular fusarium foot rot. Inoculation was also performed on the same experimental
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plots during the previous growing season and FORL did not affect any plant (unpub-
lished data). The biosolarization technique could thermally inactivate the pathogen 
found on the diseased plant material. Gómez-Tenorio et al. (2018) postulated tomato 
agricultural biomass affected by nematodes of the genus Meloidogyne as a sustain-
able organic amendment to be used in biosolarization protocols due to the thermal 
inactivation capacity of the biodisinfection methodology. Thus, it is necessary to 
apply the biosolarization technique as a preventive measure when self-managing the 
agricultural biomass generated by crops due to pests and diseases that may affect the 
plant by-product (Castillo-Díaz et al., 2019). By doing so, they are thermally inac-
tivated, and the probability of expression in the following crop and the allocation 
of phytosanitary products are reduced. This strategy follows the principles proposed 
by the European Union in its Farm to Table strategy to achieve the proposed goal of 
reducing agrochemicals while expanding the sustainability of agricultural systems 
in compliance with the UN SDGs (European Commission, 2020a; UN, 2015) while 
also favoring the use of by-products generated within the framework of the circular 
economy. 

14.3.2 Cumulative Commercial Production 

At the end of the production cycle (169 DAT), the conventional treatment, which 
received inorganic fertilization during the whole crop cycle (i.e., conventional crop), 
obtained a final cumulative yield significantly lower than the TEST, PD, PR, and 
PM treatments (Fig. 14.2). The production of the IF treatment started to decrease 
with the fifth harvest (i.e., 144 DAT). This result differs from that of Castillo-Díaz 
et al. (2021) in their three tomato production cycles conducted consecutively in the 
same greenhouse following this experiment. At this time of cultivation, the treatments 
fertilized with tomato plant debris or inorganic fertilization showed higher production 
than those without fertilization and were equal to each other. The IF treatment did 
not register any production loss due to pests and diseases, so the behavior obtained 
in our trial could be registered by a difference in production quality.

The different plant remains evaluated (i.e., FORL-infected tomato plants, radish 
plants, and mustard plants) showed adequate viability to be used as fertilizers. Two of 
them were applied as green manure (i.e., radish plants and mustard plants) (Fig. 14.3). 
This result increases the number of plant remains used as fertilizer by Almeria 
producers in their greenhouse agriculture cycles of up to 169 DAT. Until now, only 
the tomato plant remains incorporated through the biosolarization technique has 
shown this performance (Castillo Díaz et al., 2021, 2022; Gómez-Tenorio et al., 
2016). The latter has also proven to be a suitable fertilizer in production cycles of 
more than seven and a half months (i.e., known as long production cycles). This 
fact increases the tools at the disposal of farmers to meet the new demands made by 
the European Union in terms of fertilizer reduction (European Commission, 2020a). 
This strategy is included in the circular economy framework (European Commis-
sion, 2020b) as it allows a 100% reduction of inorganic fertilizers routinely required
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Fig. 14.2 Cumulative production at the end of the study season (September–February cycle). TEST: 
no fertilization; IF: conventional cultivation with inorganic fertilization; PD: exclusive fertilization 
with 3.5 kgm−2 of tomato plant debris affected by FORL; PR: exclusive fertilization with 2.0 kg m−2 

of radish plants; PM: exclusive fertilization with 1.6 kg m−2 of mustard plants. Different letters 
indicate significant differences (p ≤ 0.05, LSD test). DAT: days after transplanting
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by crops, which expands the sustainability of agricultural systems while reducing 
external dependence on inputs and energy (Basavalingaiah et al., 2022). In addi-
tion, the use of green manure, or the self-management of crop plant remains, can 
be used by producers under the European organic certification, an area with high 
input restrictions (European Union, 2018). The incorporation of plant remains, with 
or without the biosolarization technique, has also been described as a methodology 
capable of improving the fertility of agricultural soils (Castillo Díaz et al., 2021, 
2022; Salinas et al., 2020). The fertility of agricultural soil is one of the requirements 
of Regulation 2018/848, of May 30, 2018, on organic production, which stipulated 
that the addition of organic amendments or the application of green manures is neces-
sary measures to maintain or increase soil quality (European Union, 2018). Green 
manure of the genus Brachypodium and other species autochthonous to the province 
of Almeria and Granada (Spain) can improve the fertility of almond tree soil. Some 
of them belong to the Fabaceae family and can establish symbiosis with the Rhizo-
bium genus, which can fix atmospheric nitrogen through this relationship. This genus 
of bacteria is present in the greenhouse soil of the agricultural system of Almeria. 
Gómez-Tenorio et al. (2021a) identified the presence of Rhizobium in 91.6% of 
12 soil samples collected from greenhouses in Almeria. Therefore, applying green 
manure formed by leguminous plants should be favored to continue expanding soil 
fertility. 

The nutrient reserves in the soil of the experimental plots of the TEST treat-
ment could have allowed this treatment to be one of the most productive at the 
end of the production season. Monge et al. (2007), Salas et al. (2003), and Yepis 
et al. (1999) stated that the supply of high fertilizer content could lead to both the 
accumulation of these substances in the soil and their percolation into groundwater, 
with over-fertilization being a common practice in agriculture (Cánovas et al., 2003; 
Murcia Region, 2019). The response of the experimental plots to this treatment during

Fig. 14.3 Tomato crop fertilized with radish and mustard plants at 150 DAT 
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the three subsequent seasons was consistent with what was expected: a progressive 
reduction in the production of 46.3% (Castillo Díaz et al., 2021). 

14.3.3 Harvest Quality 

Fruit mass and equatorial diameter showed the same characteristics previously 
reported for final cumulative yield (Fig. 14.4). Thus, the differences manifested 
in final cumulative production were induced by these physical quality parameters. 
Mauromicale et al., (2010, 2011) communicated an increase in fruit mass with the 
addition of different doses of organic amendments versus their control treatment. 
However, these authors applied inorganic fertilizers to all their treatments. Bilalis 
et al. (2018) reported an increase in the fruit mass harvested from plots fertilized with 
inorganic fertilizers versus their unfertilized treatment in tomato production cycles. 
These results are contrary to that obtained in this experiment. Castillo-Díaz et al., 
(2021, 2022) reported that the mass and equatorial diameter of tomatoes harvested 
from plots fertilized with inorganic fertilizers or organic amendments were similar, 
and both were superior to unfertilized tomato crops, although their crop cycles were 
up to 217 DAT.

The rest of the parameters evaluated (i.e., firmness, pH, and total soluble solids 
content of the fruit pulp) were very close. However, there were significant differences 
in favor of the TEST treatment regarding fruit pulp firmness and the PR treatment 
regarding fruit pulp acidity (Fig. 14.2). Polat et al. (2010) obtained similar firmness, 
pH, and soluble solid content between fertilizations with inorganic and organic fertil-
izers of a commercial tomato crop, as did Pieper and Barrett (2009) for pH and total 
soluble solids content. Castillo-Díaz et al., (2021, 2022) reported similar results to 
ours when they compared exclusive fertilization with organic amendments versus 
inorganic fertilization applied through the irrigation system with no fertilization. 

14.3.4 Water Consumption 

Incorporating green manure (i.e., PM and PR) and tomato plant debris (i.e., PD) 
into the soil through the biosolarization technique created a 43.9% reduction in the 
amount of water applied during tomato cultivation of 169 DAT when compared to 
conventional cultivation. However, water applied to green manure during its culti-
vation (i.e., PM and PR) reduced this amount to 22.4% (Fig. 14.5 and Table 14.2). 
The experimental greenhouse soil reduced the hydraulic conductivity of the soil in 
the plots of the PD, PR, and PM treatments during the following three years with 
the self-management of tomato plant debris versus conventional cultivation (Castillo 
Díaz et al. 2021), which implied a reduction of the water endowment by 37.2% 
(Castillo-Díaz et al., 2022). The biosolarization technique has been described as a 
methodology capable of modifying soil hydraulic conductivity in greenhouse crops



14 Green Manure Management as a Sustainable and Economical … 311

Fig. 14.4 Fruit quality parameters in the study season (September–February cycle). TEST: no 
fertilization; IF: conventional cultivation with inorganic fertilization; PD: exclusive fertilization with 
3.5 kg m−2 of tomato plant debris affected by FORL; PR: exclusive fertilization with 2.0 kg m−2 

of radish plants; PM: exclusive fertilization with 1.6 kg m−2 of mustard plants. Different letters 
indicate significant differences (p ≤ 0.05, LSD test)

in Murcia during the first year after its implementation (Fernández et al., 2018). The 
infiltration rate of the PD, PR, and PM treatment plots experienced a reduction in our 
trial. Soil fertility has also improved, which allowed the assignment of a different 
irrigation endowment and frequency for each treatment.

Given the need to establish green manure in organic farming (European Union, 
2018), those species adapted to the edaphoclimatic conditions of the Almeria
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Fig. 14.5 Water applied at the end of the study campaign in each treatment. TEST: no fertilization; 
IF: conventional cultivation with inorganic fertilization; PD: exclusive fertilization with 3.5 kg m−2 

of tomato plant debris affected by FORL; PR: exclusive fertilization with 2.0 kg m−2 of radish 
plants; PM: exclusive fertilization with 1.6 kg m−2 of mustard plants * Shading shows the water 
applied during the cultivation of green manure (radish and mustard plants) 

Table 14.2 Reduced irrigation water with respect to conventional treatment 

TEST IF PD PR PM 

Variation (%) 0.0 – 43.9 22.4a 22.4a 

a The water used during the cultivation of green manure was included. The water reduction 
experienced by the PR and PM treatments during cultivation was 43.9%

Model—mainly leguminous species—should be selected to avoid excessive water 
consumption. 

Adding organic amendments through the biosolarization technique is a strategy 
postulated within the circular economy framework to reduce greenhouse crop water 
footprint (Castillo Díaz et al., 2021, 2022; Fernández et al., 2018). This reduction is 
achieved by expanding agricultural systems’ sustainability while reducing their envi-
ronmental footprint. In Spain, irrigated crops consume approximately 80.5% each 
year (Ministry of the Presidency, 2022). Even though water consumed by Spanish 
irrigation has been reduced by 10% during the last decade (INE, 2020), it is neces-
sary to apply all strategies that favor a lower consumption of such a basic resource 
as water.
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14.3.5 Economic Analysis 

Production costs ranging from 54,446.4 to 57,041.4 e were obtained in the crop 
cycle, similar to those offered by Cajamar (2015) for a typical farm for the 2014/ 
2015 season (Table 14.3). 

The difference between the production costs of each treatment was due to the 
reduction in some of the items in the expense account of each treatment (i.e., TEST,

Table 14.3 Production costs obtained at the end of the study season (September–February cycle) 

TEST IF PD PR PM 

Total variable cost (e) 45,598.6 47,549.3 44,954.2 45,659.2 45,579.2 

149.3 149.3 149.3 149.3 149.3 

Removal of plant debris 971.0 971.0 0.0 971.0 971.0 

Incorporation of plant 
residues 

0.0 0.0 869.5 0.0 0.0 

Green manure seeds 0.0 0.0 0.0 160.0 80.0 

Green manure irrigation 0.0 0.0 0.0 443.5 443.5 

Veneers 0.0 0.0 0.0 0.0 0.0 

Water for solarization 223.6 223.6 125.5 125.5 125.5 

Chemical disinfectant 0.0 0.0 0.0 0.0 0.0 

Covering and structure (e) 2292.1 2292.1 2292.1 2292.1 2292.1 

Seeds and seedling 
production (e) 

5530.7 5530.7 5530.7 5530.7 5530.7 

Labor, supplies, etc. 35,417.6 35,417.6 35,417.6 35,417.6 35,417.6 

Water 1014.3 1014.3 569.4 569.4 569.4 

Fertilizers 0.0 1950.6 0.0 0.0 0.0 

Total fixed costs (e) 9492.2 9492.2 9492.2 9492.2 9492.2 

Soil maintenance (e) 994.5 994.5 994.5 994.5 994.5 

Covering and structure (e) 1991.0 1991.0 1991.0 1991.0 1991.0 

Energy and fixed supplies 
(e) 

786.6 786.6 786.6 786.6 786.6 

Insurance, management, and 
financial services (e) 

1731.1 1731.1 1731.1 1731.1 1731.1 

Equipment and irrigation 
system (e) 

3988.9 3988.9 3988.9 3988.9 3988.9 

Total expenses (e/ha) 55,090.8 57,041.4 54,446.4 55,151.4 55,071.4 

Decrease in production 
costs (%) 

−3.4 0.0 −4.5 −3.3 −3.5 

TEST: no fertilization; IF: conventional cultivation with inorganic fertilization; PD: exclusive fertil-
ization with 3.5 kg m−2 of tomato plant debris affected by FORL; PR: exclusive fertilization with 
2.0 kg m−2 of radish plants; PM: exclusive fertilization with 1.6 kg m−2 of mustard plants. Source: 
own elaboration based on other authors (Castillo-Díaz et al., 2022; Honoré et al., 2019). 
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PD, PR, and PM) compared to the conventional management applied in the Almeria 
Model (i.e., IF) (Table 14.3). The decrease occurs in the “variable costs” due to 
the replacement of some habitual inputs by agroecological techniques (i.e., green 
manure and biosolarization) or by-products (i.e., agricultural biomass) in line with 
the principles of the circular economy and sustainability criteria required by the 
European Union (European Commission, 2020a, 2019) and the UN through the 
SDGs (UN, 2015). The benefits of using plant residues or green manures as the 
sole and exclusive fertilizer resulted in a decrease in the cost of water and inorganic 
synthetic fertilizers. The drop in production costs was 3.4%, 4.5%, 3.3%, and 3.5% 
for TEST, PD, PR, and PM, respectively. The treatment where agricultural biomass 
was utilized experienced a lower reduction in production costs than that reported by 
other authors for greenhouse tomato cultivation in Almeria. However, the differences 
could be explained by the different lengths of the production cycles, which extended 
up to 217 DAT, while in our trial, it was 169 DAT (Castillo-Díaz et al., 2022). 

The conventional crop fertilized with inorganic synthetic fertilizers (i.e., IF) signif-
icantly reduced the net profit before taxes compared to treatments fertilized with green 
manure, FORL-affected plant debris, or non-fertilized treatments. This inequality 
was due to a difference in yield quality, mainly in fruit mass and equatorial diameter. 
However, despite these results, all treatments obtained economic losses at the end of 
the production season (Fig. 14.6). 

Economic profit 

TEST IF PD PR PM

-40000

-20000 

0 

20000 

40000 

a a a ab 

p-value 0,0000 

Fig. 14.6 Pre-tax profit obtained at the end of the study campaign (September–February cycle). 
TEST: no fertilization; IF: conventional cultivation with inorganic fertilization; PD: exclusive fertil-
ization with 3.5 kg m−2 of tomato plant debris affected by FORL; PR: exclusive fertilization with 
2.0 kgm−2 of radish plants; PM: exclusive fertilization with 1.6 kg m−2 of mustard plants. Different 
letters indicate significant differences (p ≤ 0.05, LSD test)
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The decrease in production costs could not alleviate the profitability problem 
suffered by some producers of the greenhouse agricultural system in the province 
of Almeria due to the stability of prices at origin and the increase in production 
costs in recent years (Castillo-Díaz et al., 2022; Honoré et al., 2019). However, this 
analysis has not contemplated decreases in variable expenses that can help mitigate 
economic losses due to their crucial influence on the producer expense accounts 
(Castillo-Díaz et al., 2022; Honoré et al., 2019). The first of these expenses is the labor 
demanded by the crops grown in the Almeria Model. The figure can vary from 21.2 
to 86.4% of annual campaign expenditures, depending on the cultivated plant species 
(Honoré et al., 2019). In periods of low profitability, this labor can be substituted by 
family labor or assumed by the farm owner himself to reduce the number of wage 
earners by being a regular member of the workforce (Valera-Martínez et al., 2014) 
despite increasing his working hours. In the 2014/2015 season, de Andalucia (2015) 
estimated family labor for the crop at 8800 e/ha. This would reduce production 
costs by 16%. The second variable expense item is the net profit before taxes that 
the farm owner renounces in the productive campaigns where economic losses are 
generated. The minimum inter-professional wage of the owner is contemplated in 
the salaried labor expenses item as he is one more member of the workforce and 
the economic benefit obtained complements this wage. The third variable is the 
indebtedness ratio of farms, which may represent a significant part of the income. The 
use of agricultural biomass or green fertilizer through the biosolarization technique 
could help mitigate the impact of economic losses in combination of these three 
expense items (Castillo-Díaz et al., 2022). 

The economic situation experienced by some of the traditional crops in the 
Almeria Model pushes the search for new crops to diversify the range of products 
offered by protected agriculture in Almeria. In this line, some authors have proposed 
papaya as a viable alternative to high economic interest for use in greenhouse 
agriculture in Almeria (Honoré et al., 2019). 

14.4 Conclusions 

The results of this research postulate agricultural biomass affected by limiting 
diseases in tomato crops (i.e., Fusarium oxysporum f.sp. radicis-lycopersici) and 
green manuring with radish and mustard plants as an alternative to conventional inor-
ganic fertilization. This expands the number of tools available to greenhouse growers 
in the circular economy framework to reduce the use of fertilizers and increase the 
amount of organic land as some of the goals proposed by the European Union for 
2030. 

Regarding economic and environmental footprint, biomass is more suitable than 
green manure because it allows for a higher reduction in production and water costs, 
the latter due to the amount of water demanded by green manure during its growth. 
Therefore, the use of agricultural biomass on farms should be expanded to increase 
the sustainability of production models.
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The profitability of the tomato crop analyzed was nil due to the stability of prices at 
origin and the rise in production costs. To maintain farm profitability, the application 
of measures and cultivation tasks that allow lowering production costs should be 
favored. In this sense, using agricultural biomass can help mitigate economic losses 
in combination with family labor, the indebtedness ratio of the farm owner, and the 
financial benefit that the farm owner renounces in seasons when economic losses 
occur. 

The fertilizing power of different types of agricultural waste biomass generated 
in agrarian systems should be evaluated in future research. It should also be deter-
mined which native leguminous species adapted to the soil and climatic conditions of 
greenhouse crops could serve as green manure. These would demand less water, and 
their water footprint would be reduced as proposed by the regulatory requirements 
of the European Union’s Organic Production Regulation for their establishment. 
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