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Preface 

Management of hazardous waste is one of the most critical and complex environmental 
issues of our age. It sits at the intersection of the development of industry, the health of 
the public, environmental stewardship, and technology. Whether in the cutting-edge 
laboratories of research institutions or in the highly regimented procedures of treatment, 
the effort to safely neutralize, destroy, or immobilize hazardous materials is a dynamic 
process. This book, Sustainable Waste Management and Energy Valorization – Challenges 
and Technological Innovations, is the result of a concerted effort to distill the active 
and adaptive landscape of hazardous waste treatment into a bold, forward-thinking 
document. 

The vestiges of past industrial practice serve as a stark reminder of the damage that 
inaction can cause. At the same time, the unending development of waste streams, 
from e-waste to new chemical compounds, compels innovative and even more complex 
approaches. As the regulatory environment in many parts of the world continues to 
tighten, industries have moved not only to comply with regulations but also to adopt a 
philosophy of pollution prevention and a circular economy. 

This book is intended to provide a thorough review of the state of the art and will 
consider the fundamentals of hazardous waste characterization, risk assessment, 
and the regulatory framework governing its management. The body of the book 
discusses a systematic inventory of treatment technologies. We take time to ana-
lyze familiar techniques such as solidification/stabilization, chemical treatment, 
and thermal destruction. However, we also allocate ample attention to biological 
techniques, newer physicochemical techniques, and emerging trends in bioremedia-
tion and phytoremediation. Throughout, the emphasis is not only on the technical 
workings of each technology but also on its use context, efficiency, constraints, and 
sustainability. 

However, this is more than a technical manual. It refers to “current themes” by 
highlighting current problems, including the treatment of complex mixed wastes, the 
application of life-cycle assessment in technology selection, the potential for digita-
lization and automation in treatment facilities, and the economic drivers that both 
challenge and present opportunities for sustainable waste management. It also aims 
to look ahead to new or nascent technologies and research directions that are likely to 
change the field’s relevance over the next few decades. 

The chapters included in this work were written by an international group of experts, 
including academics, practitioners, and consultants, and we are proud to include 
persons from a multitude of backgrounds and experiences. By including a diverse 
group of collaborating authors, we have additional assurance of rigor and of ground-
ing scientific concepts in a practical reality. We hope that this book will be a valuable 



IV

resource for students starting a career in environmental management, for practitioners 
seeking to refresh their knowledge, and for decision-makers who will develop   
policies for the future of us all. Managing hazardous waste is a serious responsibility, 
a tribute to our commitment towards protecting human health and the life on the 
planet for the future of our children and grandchildren. 

Hosam Saleh and Amal Hassan 
Egyptian Atomic Energy Authority, 

Cairo, Egypt 
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Management 
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Chapter 1

Challenges of Domestic Hazard 
Wastes, with a Focus on Disposal, 
Treatment and Regulation
Josephine Treacy

Abstract

Domestic hazard waste can be considered a hidden challenge to the environment. 
Domestic hazard waste can include home cleaning products, batteries, medicines, 
insecticides and herbicides, self-care products, and home maintenance products. 
Unfortunately, many of these products are unregulated in relation to domestic use. 
This chapter examines the uses of materials that can give rise to potential hazard 
wastes. The receptors after the use of domestic hazard waste and the effects the 
wastes can have on the environment and human health will also be discussed. The 
present disposal options and treatments will be outlined and gaps in knowledge sur-
rounding regulation and treatment will be investigated. The outcome of this chapter 
will create awareness about domestic hazard waste and inform policy makers on the 
need for more regulation and management of domestic hazard wastes to enhance the 
attainment of the sustainable development goals.

Keywords: domestic, hazardous waste, receptors, treatment, regulation

1. �Introduction

Waste management is a very important concern for all parts of society. Improper
management of waste can affect environmental habitats and the overall quality of air 
water and soil ecosystems. The improper management can also have major impacts on 
human health and wellbeing. The focus of this chapter is to examine domestic hazard 
waste.

Unfortunately, in recent years, developed and advanced countries have experi-
enced increases in living standards giving rise to ecological pressure on the environ-
ment [1]. As highlighted in the scientific literature, economic development and over 
consumerism [2] are associated with an increase in waste generation, which in turn 
contributes to climate change and the less availability of natural resources [2].

In relation to a European perspective, hazard waste is described as; when it displays 
one or more of the hazardous properties listed in Annex III of the Commission Regulation 
No. 1357/20144 [3].

3
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Hazard waste is characterized by the presence of a biological, chemical or physical 
property or a combination of these which are deemed hazardous. These characteris-
tics can give rise to one or a combination of toxic, reactive, ignitable, corrosive, infec-
tious and radioactive effects. Another important concept of hazard waste is synergy 
effects, which involves one component interacting with another with the introduction 
of a hazardous effect.

Unfortunately, household hazard waste is a global issue, the global trends of waste 
generation showed projections with an increase up to 2025 [4, 5].

Weak Waste Management can have major impacts on environmental habitats 
and human health [6]. The importance of understanding hazard waste and the 
challenges of disposal, treatment and regulation is the focus of this chapter. The 
production of waste is difficult to eliminate completely. Engagement with stake-
holders and development of educational awareness and outreach approaches on 
the disposal, treatment and toxic effects on the biotic and abiotic components of 
ecosystem is important. This hopefully will be an mitigation measure, as society 
will be aware of the importance of more control on the use and treatment options 
of hazardous material.

Challenges related to the treatment, disposal and reuse utilizing modern 
technologies and encouraging innovations in reuses and treatments and disposal 
technologies are important to address. Comparisons of the quantities of hazard 
waste produced in different countries is difficult as globally countries classify 
hazard waste differently [7]. It is interesting to note, the presence of waste can 
create different levels of risk [8].

	 =Risk Hazard XExposure 	 (1)

When discussing waste, waste treatment and management, it is all about control-
ling the risk. The risks can involve, for example, pathological or infectious and harm 
such as a chemical burn. The risks can be immediate as well as effects from prolonged 
exposure.

Technology for treatment can include chemical, thermal, biological and physical 
processes or a combination of these approaches. These approaches can include recy-
cling, composting, waste incineration, mechanical-biological treatment and land-
filling. More advanced treatments such as supercritical water oxidation, microbial 
bioremediation and electrochemical processes can also be utilized. Policy surround-
ing domestic waste and domestic hazard waste including transboundary effects in a 
European context is important to study as it can guide treatment and management 
strategies for hazardous waste [9].

Domestic hazard waste can be a hidden challenge as it is hard to regulate, espe-
cially in relation to private dwellings. The public might not be aware of the hazardous 
nature of the waste and what treatments are needed. This chapter hopes to address 
some of these issues.

2. �What is hazard waste?

Hazard waste can be found within the realm of waste. Hazardous waste poses a 
risk to human health and the environment. Hazardous wastes should not be handled 
and disposed of through the non-hazardous waste streams process. An interesting 
survey from 2022 shows the different categories of waste (Figure 1).
4
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The classification of hazardous waste can be based on the following explosive, 
oxidizing agent, flammable waste, skin irritation and eye damage, specific target 
organ toxicity (STOT), aspiration toxicity, acute toxicity, carcinogenic waste and 
infectious waste. Others include mutagenic waste that may cause a mutation of the 
genetic material in a cell, waste that releases acute toxic gases in contact with water 
or an acid, eco-toxic waste that may cause immediate or delayed risks for one or more 
sectors of the environment and waste capable of exhibiting a hazardous property not 
directly displayed by the original waste (Figure 2).

2.1 Seasonal trends and variations per country

Seasonal trends concerning the type and the volume of waste in use should be 
taken into consideration when assessing the environmental impacts of hazardous 
waste at different times of the year and the level of management needed. A study in 
a Copenhagen suburb examined seasonal waste trends within Autumn, Winter and 
Summer in the year 2011–2012. The findings found the highest volumes of waste were 
generated in the summer period [11].

A world bank report shows the variation of waste produced in different parts of 
the world which is graphically presented in Figure 3.

A study from Canada found 39% of households had expired medicines to dispose 
of in their homes, 58% of households had unwanted batteries of which 42% were 
placed in general waste [12]. Another study evaluated the generation and types of 

Figure 1. 
Waste generation types from an EU study in 2022 [10].
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household hazard waste in Nakhon Si Thailand by questionnaire design and distribu-
tion. The questionnaire results revealed the amount of hazard waste per household 
was 11.95 kg per year of which 17.4% was electronic waste, 16.98% was fluorescent 
lamps and aerosol spray related to 12.38% and cleaning products made up 11.3% while 
engine and lubricant oil were found to be 9.87% [13].

2.2 Sources and receptors of hazard waste

Root cause and reduction at source is always recommended. An interesting study 
shows the importance of source reduction due to the costs involved in managing haz-
ard wastes from a global viewpoint [14]. Source, types and receptors of a selection of 
waste streams can be seen in Figure 4. When assessing pollution risk, it is important 

Figure 2. 
Saliant words describing forms of hazardous waste.

Figure 3. 
Percentage of waste generated in different parts of the world [5].
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to examine the sources, pathways and receptors within a model approach [15]. There 
can be multiple pathways with various receptors. The United Nations environmental 
management group have discussed multiple pathways and multiple receptors in line 
with understanding the exposure and risks related to pollutants [16].

Household hazard waste can consist of toxins such as organics, heavy metals 
and nutrients. The public, when handling hazard waste materials due to their lack 

Figure 4. 
Source and receptors of hazard waste.

Product Hazard

Pet flea powders Chlordane

Paint strippers Paints, adhesives, solvents Methylene Chloride

Shoe polish Nitrobenzene

Rodent control Warfarin

Insect repellents example aerosols Hexachloroethane

Waste batteries and household batteries Heavy metals including lead

Waste electrical and electronic equipment (WEEE) Electrical 
and electronic equipment includes household appliances, 
telecommunication devices, computers, office equipment, telephones, 
cameras, radios, lighting equipment, electrical tools, toys with 
electrical or electronic components, and other automatic devices.

metals

WEE Plastics
Pharmaceutical wastes [17]
Waste waters:

Polystyrene (42%), acrylonitrile-
butadiene-styrene copolymer (38%) 
and polypropylene (10%) were 
found in WEEE plastics
Example: Cholesterol drugs such as 
atorvastatin
Gray water and black water and 
sewage: Metals, surfactants bacteria 
residual pharmaceuticals.

Table 1. 
Interesting domestic hazards.
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of knowledge, might not understand the hazard characteristics of certain materials. 
Common hazard waste that the public regularly encounter can be seen in Table 1.

Unfortunately, the global e-waste from discarded products containing a battery or 
plug is expected to reach 74 Mt. by 2030 and 120 Mt. by 2050 [18].

2.2.1 Climate change and pollution receptors

Climate change can influence mean temperatures and sea-levels, and enhance the 
frequency of droughts, flooding, and heat waves globally. Climate change can alter the 
baseline values of abiotic components of the environment, namely temperature, humid-
ity and ultraviolet radiation. This can influence the release of certain emissions from 
pollutants. An example is the impact on the release of certain emissions from electrical 
equipment such as WEE plastics. These emissions can consist of monomers, plasticizers, 
solvents, dyes, stabilizers, degradation products. The emissions can have biological activ-
ity and can contain heavy metals such as tin, and antimony. Climate change and climatic 
events such as flash flooding can increase the risk of more leakage of hazard waste from 
management sites [19]. The pathways could be soil and then water and depending on 
the volatility nature of the pathways could be soil and then water and depending on the 
volatility nature of the pollutant, the air can be the receptor, which can give rise to green-
house gases and thus impact climate change [20]. Heat waves increase odour, dust and 
particulate matter from treatment sites. Particulate matter can deposit on soils and then 
enter rivers and lakes aided by the increase in precipitation due to climate change [21].

3. �Disposal and treatment of waste

Production of domestic hazard waste streams can give rise to disposal and treat-
ment needs. Hazard waste if not managed correctly can give rise to pollution concerns.

3.1 Treatment and challenges of hazardous waste

When reviewing management of waste options, the following variables are 
important to understand waste identification, minimization strategies, storage and 
handling, as well as treatment and disposal. Regarding hazard waste management, 
integrated waste management should be the forefront. Integrated waste management 
involves engaging in social, economic and environmental aspects. The preference of 
treatment should follow the approach of Figure 5.

The onus on society, stakeholders and innovators is to design products and 
packaging with the intention of reducing the quantity of use and the toxicity of raw 
materials [22]. A recent European regulation promotes ecodesign in manufacturing 
aims to reduce the source of hazard wastes [23]. This regulation is in-line with the 
United Nations, sustainable development goals especially with goal number 12 which 
relates to responsible consumption and production. The aim of efficient treatment for 
energy and resource recovery include: high-product quality raw materials and energy 
release potential after treatment [24].

3.2 Treatment approaches

As an initial protocol; segregation and control of volumes of hazardous waste will 
aid the treatment process. Examples of sustainable practices related to waste include 
8



Challenges of Domestic Hazard Wastes, with a Focus on Disposal, Treatment and Regulation
DOI: http://dx.doi.org/10.5772/intechopen.1012575

7

recycling, composting (difficult to achieve with hazard waste), incineration, pyrolysis 
and gasification. Treatment with the result of a new product or resource and energy 
recovery from the waste the most sustainable practice. Energy recovery can benefit 
sustainable development goal 7 which relates to affordable and clean energy and 
sustainable and development goal 13 which engages with climate action [25]. Energy 
recovery can also aid smart consumerism by moving away from the use of fossil fuels. 
Energy from waste can enable energy security of a country [26]. European countries 
engaging with energy from waste can be seen in (Figure 6) [27].

3.2.1 Recycling

Plastic and electric waste and glass can be recycled if managed correctly [28]. 
Recycling is a clean approach to managing hazard waste. An application of glass 
recycling in concrete production and as a soil enhancer demonstrates innovative use 
of glass [29].

3.2.2 Composting

Composting can involve an aerated static pile which forces ambient air through 
the compost pile. This method is commonly used for municipal solid waste at an 
industrial scale and generally requires less land area and relatively less time for the 
attainment mature composting. In relation to in-vessel composting approach, the 
composting is within a container or vessels. The loading capacity and performance of 
the composting process is limited by microbiological components. Aerobics, anaero-
bic and vermi processes can be utilised. Composting is not suitable for hazard waste, 
when composting waste such as food stakeholders need to be careful there is no 
contamination from hazardous materials such as herbicides in the compost mix [30]. 
The European compost network have highlighted the challenges of contamination of 
home compost with plastic residuals [31].

Figure 5. 
Order of preference management of waste.
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3.2.3 Landfill

Landfill technology is not very desirable for hazardous waste due to environmental 
risks related to leakage from the landfill and emission issues. The hazard waste would 
need to be very stable or treated for stability before even considering a disposal option 
of landfill.

The Landfill Directive requires very strict regulation on the design of the landfill 
parameters such as the geological barrier. Site selection and understanding the risks 
related to ground water, air and soil quality must be fully understood [32]. Essential 
monitoring and maintenance of soil cover thickness, leachate collection and landfill 
gas recovery are important. The weather conditions, temperature and precipitation, 
pH of leakage and biodegradable matter loading are all important parameters affect-
ing the emission of landfill gases and the toxicology of leachate [32].

The aim of the European landfill directive is to ensure progressive reduction in 
the landfilling of waste. Landfills must not accept flammable, explosive or corrosive 
wastes or wastes from hospitals and medical products by 2030 according to the 
European union directive. The EU directive also states that the share of municipal 
waste being landfilled be less than 10% by 2023 [32].

3.2.4 Waste water treatment plants and septic tanks

Domestic liquid waste consists of water 99.9% and small amounts of solid inor-
ganic and organic components. Key components consist of food waste, and human 
waste including nutrients, nitrogen, phosphorous and microorganisms including 
bacteria and viruses. The overall workings of a waste water treatment system is 
described in the literature [33]. Centralized wastewater treatment plants and septic 

Figure 6. 
Types of treatment in different countries in Europe in 2022 [27].
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tanks are important treatments for human discharge waste which is known as 
black water. Gray water, which relates to washing clothes and for example bathing 
in most cases passes through the above-mentioned treatment approaches. Other 
treatment systems consists of septic tanks, aerobic treatment units and constructed 
wetlands.

The onus for society is to be aware of what should not go down the kitchen sink or 
toilet [34]. Disposal of hazard material down a sewer can cause, blockage to pipes and 
upset the overall performance of the treatment process.

The sludge formed during treatment of water is techniques such as dewatering 
and digestion aerobic and anaerobic techniques. The methane released can be used 
as an energy source [33]. Liquid hazard waste other than sewage should be treated 
with care and should not be poured down drains. In European countries, advise 
is available to society on how to dispose, of this domestic liquid waste such as in 
public amenity centre [35]. Underdeveloped countries presently do not have the 
infrastructure to guide society on the proper treatment, more financial supports and 
coordinated of waste management practices are needed to meet present and future 
demands [36].

3.2.5 Thermal treatments

Thermal treatments have the advantage of destruction of the waste and having the 
option of energy recovery from the waste [37]. The alarming situation of using fossil 
fuels with increased emission of greenhouse gases, climate change, polluted envi-
ronment, and increased health risks are a hindrance globally. Clean and renewable 
energy sources are in desperate need to solve the current issue and enhance sustain-
able living. Pyrolysis, gasification and incineration are the commonly used methods 
for waste to energy conversion.

3.2.5.1 Pyrolysis

Pyrolysis is a thermal degradation process of organic and hazard waste materials 
without the use of oxygen or air. The waste most be suitable for pyrolysis include, 
plastics, biomass, tires, medical waste and household waste [38]. Pyrolysis and co-
pyrolysis have less emission of air pollutants and act as alternative options to incinera-
tion for hazardous materials [39].

An interesting pyrolysis plant is located in Germany company name Arcus, which 
processes 4000 tonnes of plastic waste per year [39]. The process occurs at high 
temperatures. The products created after pyrolysis include char, condensable liquids, 
light and heavy oils and tar. Techniques can be catalytic fast, intermediate, slow or 
vacuum processes. Commonly Pyrolysis is undertaken under atmospheric pressure. 
Vacuum pyrolysis can be carried out under low pressure. The vacuum technique has 
a lower residence time of organic vapor in the reactor and has a lower decomposition 
temperature [40].

3.2.5.2 Gasification

Pyrolysis can go through an additional process to produce a gasification product 
after the addition of water. Gasification is a thermochemical degradation process that 
converts carbonaceous components into gaseous form, predominantly CO2 and H2 
gases [41]. Gasification is one of the most promising techniques to valorise waste mate-
rial [42]. The process is carried out within a temperature range of 800–1200°C [42].
11
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To date pyrolysis and gasification are not readily used in comparison to incinera-
tion. In relation to urban hazard wastes Japan have developed plants using pyrolysis. 
In the European union there is a large industrial facility in Burgau in Germany.

3.2.5.2.1 Incineration

Incineration has the ability to reduce the weight by about 70% and the volume by 
90% [43]. The fly ash produced during incineration can be a pollutant if not man-
aged correctly. The hazard nature of the fly ash is due to the presence of metals and 
organics. It can also be known as particulate matter PMx (x refers to the diameter of 
the particle). Separate treatment can be carried out on the fly ash such as stabilizing 
at temperature of 800°C which prevents leakage of metals. On a positive note, the fly 
ash has many resources which can be recovered such as metals.

The different types of incineration designs are rotary kiln, fluidized bed, moving 
grate, liquid injection and multiple hearth. Energy recovery makes the process sustainable 
[44]. Indaver a leader in waste management utilize incineration in the following manner,; 
‘Non-recyclable waste is converted into energy in grate incinerators and fluidised bed incinera-
tors. Their rotary kilns are reserved for the safe thermal treatment of hazardous waste’ [24].

3.2.6 Supercritical fluid water

A supercritical fluid has a diffusability characteristic of a gas and the solubility 
characteristic of a liquid. Supercritical water is water that is above its critical tempera-
ture and pressure within its phase diagram. The critical temperature and pressure of 
water is 374.3 °C and 22.12 MPa. The supercritical phase can be spiked with oxygen 
and hydrogen enabling a supercritical water oxidation to occur. The breakdown of 
waste produces water and carbon dioxide [45]. A study of using supercritical fluid 
water oxidation for the treatment of pharmaceutical waste gave rise to a total organic 
carbon removal by 99.9% [46]. An interesting study of sludge from wastewater treat-
ment, further treated using supercritical fluid water oxidation enabled the overall 
treatment process more efficient [47, 48].

Pilot research has shown the use of supercritical water oxidation, for the break-
down of organics such as polychlorinated biphenyls, phenol and landfill leachate. 
Challenges on the use of supercritical water oxidation technology include cost of 
operation and safety factors while operating at high temperatures and pressures 
including corrosive aspects. Research in making the technology more efficiency by 
improving the mentioned challenges is ongoing [49].

3.2.6.1 Electrochemical

Electrochemical techniques are not commonly used but they have a large poten-
tial role in the future. Techniques such as electrodialysis, electrochemical oxida-
tion and electrochemical reduction can be used for mixed and hazard waste [50]. 
Electrochemical oxidation for example changes metals to a reactive valance state 
which move towards the pollutants speeding up the degradation [51].

Their deployments for wastewater management, depend on the volume of water, 
as well as the contaminant. The methods that can quickly adapted to Electrochemical 
processes have the advantages of being robust, having simple operational manage-
ment, and being able to quickly adapt to wastewater changes by simply turning on 
and off the power and/or altering the current density [51].
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As an overview, minimization and recycling are always the best option. In rela-
tion to thermal treatment, incineration is still the most proper choice where feasible. 
Biological treatment using microorganism to degrade organics in wastewater streams 
has a large role to play in domestic liquid waste. The importance of engaging with 
amenity sites for proper disposal of hazard solids and liquids is important to encour-
age within society. Amenities site approaches should be encouraged in all parts of the 
world. Risk factors for all management options are important to measure as even con-
trolled disposal and engaging with treatment can also give rise to pollution concerns 
during the process; some examples can be seen below Table 2.

Innovations in technologies such as carbon capture and storage, CCS can make 
technologies more sustainable [52].

The world bank Figure 7 have highlighted the percentage of different types of 
technologies used throughout the world.

The World Bank Highlights in Figure 8 landfilling and thermal treatment of waste 
are the most common methods in high income countries. Several middle-income 
countries have poorly operated landfills. The report also states lower income countries 
dispose of waste in open dumps. When deciding on a waste treatment, emphasis on the 
contribution to the circular economy should be considered [53]. This is very difficult in 
certain countries of the world where services and financial support are not available.

Technology Environmental concerns if not optimized and managed efficiency

Landfill Odors, green house gases, water leachate; metals, organics and pathogens.

Incineration Atmospheric pollutants, fly ash, odor from example SO2 NOx, CO2

composting Leakage, green house gases

Table 2. 
Examples of emissions from treatment technologies.

Figure 7. 
% of different technology of waste management used globally (Kaza et al. [5]).
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4. �Policy and regulation

Policy and regulation in relation to waste aims to promote prevention and efficient 
management. Other levels of policy and regulation aims to engage with preparation 
for reuse and recycling. Hazardous waste’s policy and regulation, are difficult to audit 
fully within a domestic setting [54]. As domestic households have a certain level of 
self-control over their waste streams. Knowledge and education for stakeholders is so 
important where hazard waste is concerned [55–57].

Important legislation includes, the European waste framework directive [3], 
Directive 2008/98/EC the landfill directive [19]. The packaging and packaging waste 
PPWD and the single use plastic directive (SUP), which was first laid out in the 
Packaging and Packaging Waste Directive 94/62/EC (PPWD) and now the Packaging 
and Packaging Waste Regulation 2025/40 (PPWR) [58].

The Regulations formally set out the following waste hierarchy which shall apply as 
a priority order in waste prevention and management, legislation and policy: (a) pre-
vention; (b) preparation for re-use; (c) recycling; (d) other recovery (including energy 
recovery); and (e) disposal.

In relation to the European Union Waste framework directive, a brief from the 
European Environmental bureau, (EEB) highlights an important change in relation to 
household hazard waste, which will improve recycling potential. From January 2025 
it is obligatory to separate and collect hazardous waste as stated in article 20 as part of 
the waste framework directive (WFD) [59, 60].

Another important policy is the European REACH initiative, which relates to reg-
istration, evaluation, authorization and restriction of chemicals. This policy advises 
manufacturers in the use of less hazardous chemicals within their manufacturing 
process [61].

The Extended Polluter Pays responsibility initiative is hard to implement for 
domestic settings. A set of new guidelines has created more confidence approaches to 
solving problems due to the addition of 18 Producer Responsibilities [62].

Another important initiative which applied to household waste, is known as the 
Basel convention which controls the movement of hazard wastes between countries 
and addresses transboundary effects [9, 63, 64]. Since the 1980s the cost of toxic 

Figure 8. 
Variation in types of treatment in relation to income [5].
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waste disposal is very expensive. The cheapest option for many high-income countries 
is to export to underdeveloped countries for treatment, such as African and Eastern 
European countries. As a consequence, waste can be improperly managed, in response 
to this, the Basel convention protects developing countries by regulating the trade of 
hazard waste [9].

A global trend assessment, the Global Monitoring (GMP) plan, aims to analysis 
and compare the values of persistent organic pollutants (POP) within global and 
regional areas. It helps to understand the trends in different parts of the world 
and aids understanding persistent organic pollutants transboundary effects. The 
Stockholm convention initiated the Global monitoring programme [5].

The circular economy and the concept of zero waste is important for the manage-
ment of waste. The European Union (EU) follows the 10 R principles which relate to 
redesigning technology, repair, refrain, repurpose, reduce, remanufacture, re-mine, 
recover, recycle, and reuse. However, most theory surrounding the circular economy 
are based on the 3 Rs “reduce, reuse, recycle” [57, 65–67].

Other European legislation include the WEEE Regulation-Waste electrical and 
electronic equipment S.I. No. 340 of 2005 these regulations include WEEE return 
scheme. Another important regulation is the, European communities (waste oils) 
regulations S.I. No. 399 of 1992.

Another policy and regulations such as the: Waste management (hazard waste) 
regulation S.I. No 163 of 1998 S.I. No. 73 of 2000; Waste Management (Movement of 
Hazardous Waste) regulation S.I. No. 147 of 1998; Waste Management (shipments of 
Waste) Regulations 2007 S.I. No. 419 of 2007, demonstrates the microsphere and 
microsphere involvement in policy development and implementation.

The Hazard Waste regulation has prioritized the additional requirements for label-
ling, record keeping, monitoring and control obligations for the “cradle to the grave 
for the hazard waste. The directive also bans the mixing of hazardous waste with 
other categories of hazardous waste and with non-hazardous waste [68].

Performance and data surrounding policy is important to gather. A world report 
states waste management data is important to critically evaluate, for the understand-
ing of policy and planning needs into the future [5].

Most countries globally view waste management as a local responsibility. In addi-
tion to this, globally 70% of countries have established policy and regulation to guide 
management.

5. �Conclusions

This chapter outlines challenges in terms of treatment, and regulation of hazard 
waste. The chapters finding highlight, Hazard waste is challenging to manage, 
especially in relation to domestic waste due to the fact that domestic waste comes 
from private citizens. Prevention is always the best approach. Education and aware-
ness on the use and disposal of hazard waste is important to encourage [69–72]. How 
household waste is handled, and disposal of though civic amenities, should be part 
of any educational programme [69]. Recycling waste is the best option where viable 
[59, 73, 74].

The risks of contamination when recycling must be accessed when deciding on the 
technology being utilized.

All treatments can give rise to pollution emissions, so it is important to control 
emissions when treating hazard waste [75].
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The most popular treatment is incineration. Other innovative treatments namely 
pyrolysis, gasification, supercritical fluid oxidation and electrochemical have a place 
in the future.

Treatment that can produce a fuel as an alternative to fossil fuels is already going 
to benefit society and of course the sustainable development goals [76]. As stated in 
chapter energy security will always be a driver to hazard waste treatment.

Where managing product design, it is all about reducing the toxicology of the 
product where possible and to be innovative in the produce’s manufacturing process 
to engage with green manufacturing [77]. The encouragement of the use of green 
labels on products would benefit the minimization of the use of hazard materials 
[57, 78]. The green label was discussed under policy initiatives. The environment 
needs to be protected as well as human health into the future. Continuous emphasis 
on education and innovations in technologies for treating hazard waste is important 
to nurture. The concept of zero waste is always important or moving in the direc-
tion towards zero waste aided by policy and regulation. Local waste stewardship 
initiatives should also be encouraged to minimize the challenges of managing hazard 
wastes [66].

Global harmonization of technologies is important to envisage, in order to ensure 
low income countries and developing countries have equal opportunities to utilize the 
best technologies to treat their wastes.

Ethics within waste management, the sustainable development goals, communi-
ties and citizen science involvement in planning, should always be the salient consid-
erations when designing policy and managing waste into the future.
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Chapter 2

Efficient Management of the 
Public Municipal Solid Waste 
Management Service in Cameroon: 
Concrete Actions to Be Taken
Joel Sotamenou

Abstract

This chapter proposes concrete actions that can promote efficient management of 
the public municipal solid waste management service in Cameroon, central Africa. 
The financial, institutional, physical, and technical constraints of the municipal 
solid waste management service in Yaoundé are presented. The 20 proposed actions 
are based on a performance indicator, which is based on four modules (institutional, 
social, economic, and environmental) and 14 objectives. These include, among other 
things, improving access to solid waste management services for as many households 
as possible, ensuring proper spatial distribution of waste bins, effectively imple-
menting sanctions against all polluters, improving the level of investment in waste 
management infrastructure, institutionalizing pre-collection and composting with 
financial participation from households, and respecting the principles of sustainable 
development.

Keywords: solid waste management, public service, households, pre-collection, 
composting, Cameroon

1. �Introduction

In many African countries, the provision of certain public services, such as
municipal solid waste (MSW) management, is delegated to private sector companies. 
In recent years, we have witnessed the development of an organizational model for 
MSW management that leads to participatory governance involving the municipality, 
authorized collection companies, pre-collection structures, and households; and leads 
to a renewal of the public-private partnership (3P) [1–3]. According to the World 
Bank’s 2017 report, the 3Ps improve access to sustainable and quality infrastructure 
services, all of which contribute to the well-being of citizens. At the heart of the 3Ps 
is the contract or a public service delegation (PSD) agreement. In theory, the PSD can 
take many forms: concession, leasing, and public management.

Among these different forms of PSD, concession and leasing are the most com-
mon contracts implemented in Africa for the management of MSW. The concession 
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mandates a private company to provide the public MSW collection service under the 
control of the municipality, which has the right to oversee the management of the ser-
vice. The company itself finances, at its own risk, the creation of the network, which 
does not yet exist, and ensures its management. It is remunerated by a price paid by 
the service users, and generally benefits from a monopoly. Unlike the concession, in 
the leasing contract, the private company that performs the public service benefits 
from the facilities necessary for the operation of the service and receives a fixed fee in 
return.

Despite the convincing results in MSW management obtained in certain coun-
tries such as Rwanda, South Africa or Ghana [2], it is still necessary to question the 
social performance of such an institutional arrangement in a context where interests 
diverge, since the State seeks to maximize the well-being of its citizens while private 
companies only seek to maximize their profits. It is therefore up to each state or 
municipality to put in place coordination and motivation mechanisms in order to 
reduce the distortions that can arise from this type of relationship. Tirole [4] suggests 
that solutions to these opportunistic behaviors include ensuring that detailed con-
tracts are written, including indexation clauses on inflation or on the cost of supply, 
and establishing clear procedures for review and recourse to arbitration. Obviously, 
the renewal of this type of contract can only be done after a multi-criteria evaluation. 
The evaluation in question involves the definition of objective functions or perfor-
mance criteria and the selection of performance indicators.

According to Boulanger [5], an indicator is a measurable variable used to account 
for a phenomenon or an action. In this sense, it fulfills a basic information function 
for political decision-making, as well as an evaluation or audit function, internal 
and/or external. It can also constitute a set of elements of the collective definition of 
a public service (goals to be achieved, standards to be respected) and the means of 
achieving it (measurement of well-being).

Sotamenou [6] proposes a tool for evaluating the public MSW management 
service based on a set of criteria (objectives to be achieved) and indicators (action 
variables), which seem essential to the establishment of an effective and sustainable 
MSW management service in the African context.

2. �The major obstacles to the municipal solid waste management service in 
Yaoundé, Cameroon

The MSW management in Yaoundé suffers from a number of financial, institu-
tional, physical, and technical constraints, which are important to note.

The main limitations to MSW financing in Yaoundé include the low level of the 
Household Waste Collection Tax (HWCT) withheld at source for public and private 
sector employees, and for establishments paying business licenses. The fact that 
the HWCT does not cover the majority of households, and especially the informal 
sector, is a weakness. There is also the problem of having a single fund within the 
municipalities themselves, and between the municipal funds and the public treasury. 
The annual budget for MSW management in Yaoundé, for example, is 15 billion 
FCFA (25 million USD) for a daily collection of approximately 1200 tons (60% of 
the daily MSW production). Since formal composting and recycling activities are 
nonexistent, it becomes difficult for the government, which finances 85% of this 
budget (only 15% for municipalities) to regularly mobilize the funds necessary for 
optimal collection of MSW.
12
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At the institutional level, many actors are involved in the MSW management 
sector, with roles that are not clearly defined. At the state level, almost all ministe-
rial departments are involved in MSW management, although to varying degrees. 
At the level of decentralized local authorities, the overlapping responsibilities of 
the urban community and the urban district municipalities’ give rise to conflicts 
between the appointed government delegate and the elected mayors of the urban 
district municipalities. However, it is important to mention the lack of clear 
boundaries for the exercise of responsibilities by the various stakeholders through 
specific laws and texts. The noted imprecisions are a source of misunderstanding, 
power struggles, and underperformance in the public management of MSW. The 
lack of coordination of the actions of the various stakeholders and the multiplicity 
of decision-making centers are a source of evasion of responsibility or a struggle 
for competence.

Physical obstacles to MSW management in Yaoundé include, among others: 
the rugged terrain consisting of a series of hills and valleys with altitudes varying 
between 700 and 1200 m, the inadequacy of service roads, which open up certain 
neighborhoods and deprive them of MSW disposal services, and the continuous 
expansion of the urban perimeter, which increases MSW collection distances. MSW 
collection methods and means must therefore be rethought to take these physical con-
straints into account. According to Sotamenou [3], in a context where unstructured 
housing in Yaoundé houses more than 60% of the capital’s population, and more than 
half of the inhabitants access their homes via a neighborhood track, pre-collection 
(collection and disposal of MSW from isolated areas to a transfer center, a garbage 
bin or an area accessible to collection trucks) is unfortunately not institutionalized. 
Taking such activity into account involves the construction in the lowlands of waste 
transfer or grouping centers, which are spaces designed to receive and process (sort-
ing and composting) pre-collected waste.

It is noted that MSW collection services in Yaoundé suffer from a lack of mastery 
and inadequacy of appropriate techniques. According to [7], MSW collection equip-
ment must be adapted to the nature of the waste produced. Technical obstacles to 
public MSW management in Yaoundé include, among others: the rapid increase in the 
population, which in turn increases the quantity of MSW to be collected, the spatial 
distribution of garbage bins, which often does not take into account the needs of users 
(quantity of waste produced per person or per household, distance to travel to find a 
garbage bin, accessibility to collection trucks, incivility of the population). Collection 
tools are very often inadequate for the nature of the MSW to be collected.

Following the constraints related to MSW management in Yaoundé, let us now 
present the 20 major actions that must be implemented for effective MSW manage-
ment in Yaoundé in particular and in Cameroon in general. But first, let us present the 
methodology adopted.

3. �The methods

While many studies propose performance indicators for the public drinking water 
supply service [8, 9], very few similar studies exist in the field of waste. However, per-
formance evaluation methods in the waste sector have been proposed, notably in Italy 
[10], Australia [11], the United States [12], or France [13]. The approach followed 
in this chapter is inspired by the article by Bertolini [13], which proposes a simple 
system of indicators for the evaluation of the performance of a public service for local 
13
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household waste management in France. The tool he proposes is a dashboard made 
up of four components (economic/financial, user comfort, social, and environmen-
tal) and ten performance criteria and indicators. At the end of his study, the author 
indicates that the proposed method is not necessarily adapted to the specific context 
of cities in developing countries. Based on the tool he proposes and the specificities 
of African cities, Sotamenou [6] identifies concrete actions to be implemented for 
efficient management of the public MSW management service in Africa in general 
and in Cameroon in particular.

4. �The 20 concrete actions that can promote efficient management of the 
public municipal solid waste management service in Cameroon

These 20 concrete actions are included in modules, each consisting of objectives to 
be achieved.

4.1 The institutional module

Three objectives have been identified for the institutional module: regulation and 
selection of partners, cost transparency, and state accountability. The actions to be 
implemented to achieve these institutional objectives are:

4.1.1 Regulation and selection of partners

Actions 1 and 2: Regularly launching calls for tenders and periodically evaluating 
specifications.

A transparent and reasoned selection of service providers is crucial. As such, calls 
for tenders must transparently enable the selection of the most relevant offer and 
the awarding of associated contracts. In the event that the public sector engages the 
services of one or more private companies, as is the case in Cameroon, the parties 
involved must favor long-term agreements, given the scale of the required invest-
ments, with regular assessments of compliance with the specifications and revisions 
when necessary.

4.1.2 Cost transparency

Actions 3 and 4: Clarity of the contract and incompleteness of the contract.
Transparency is necessary for the accountability of MSW public service manage-

ment. A relevant estimate of the costs of a waste management action requires not 
only that the State or local authority know the investment and operating costs of the 
unit operations included in the action in question, but also that the specifications 
relating to the action (e.g., on the quantities of waste to be collected and treated, and 
the geographical areas concerned). Where possible, it is also important to consider 
the externalities generated by the treatment systems in question (landfill, compost-
ing, etc.) and to anticipate the hazards that may arise during the period. But the 
principle of transparency goes beyond the realm of costs. Indeed, local authorities 
and citizens are entitled to receive precise, up-to-date information on the perfor-
mance of the MSW management system with regard to environmental protection 
and human health.
14
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4.1.3 The responsibility of the State and/or decentralized local authorities (DLAs)

Actions 5 and 6: Strong involvement of the State and/or DLAs; and development of 
State and/or DLAs subsidies.

Given the characteristics of the MSW management field, particularly with regard 
to its impacts on health and social well-being, and its environmental issues, the 
government has a responsibility toward citizens to guarantee the protection of their 
quality of life, and this over the long term. To this end, it must clarify in advance the 
role of all actors involved in MSW management, because the generally noted impreci-
sions are a source of misunderstanding, power struggles, and underperformance. 
The lack of coordination of the actions of the different stakeholders, the multiplicity 
of decision-making centers, is also a source of responsibility leakage, or competency 
struggles. Since MSW production is positively correlated with urbanization, it 
requires a more significant and progressive involvement of the State and/or the DLAs.

4.2 The social module

The social module is based on the principle of equity, which includes the following 
objectives: universal access to a MSW collection service, user participation in deci-
sion-making, the polluter pays principle, and intergenerational equity. The actions to 
be implemented to achieve these social objectives are:

4.2.1 Universal access to an MSW collection service

Actions 7 and 8: The percentage of the population served, and the number and distri-
bution of garbage bins.

The greatest number of households must have permanent access to the waste 
collection service. In Cameroon, for this to be effective, it is necessary to take into 
account the physical constraints (existence of hills and lowlands, low percentage 
of drivable roads, etc.) and technical constraints (collection equipment sometimes 
unsuitable for physical constraints, etc.) related to the MSW management. Indeed, 
the spatial distribution of garbage bins does not often take into account the needs 
of users (quantities of waste produced per person or per household, accessibility to 
collection trucks, incivility of populations, etc.). The distribution density of garbage 
bins is also an important criterion since the distance separating a household from a 
garbage bin significantly influences the delivery of MSW to the collection point.

4.2.2 User participation in decision-making

Actions 9 and 10: The presence of local elected officials and associations on the board of 
directors of the collection company(ies); and the size of the communications budget of these 
company(ies).

An MSW management service must take into account the wishes of the popula-
tion when implementing any collection strategy. In this sense, the presence of elected 
officials and representatives of associations on the management or monitoring com-
mittee of the collection company is necessary, because they would act as a transmis-
sion belt between the company and the population. The frequency of communication 
and awareness-raising operations, environmental education, and even public health 
campaigns also makes it possible to measure the degree of commitment of the collec-
tion company to social issues.
15
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4.2.3 The polluter pays principle

Action 11: Effective implementation of sanctions (fines) against any polluter.
This principle is generally accepted as a fundamental principle of fairness. Poor 

MSW management can have harmful consequences not only from an economic 
point of view but also from a health point of view. In order to address the pollution 
problem, the polluter pays principle is very important. According to this principle, 
the user pays for the waste they produce. Everyone is therefore encouraged to control 
their own production and reduce the nuisances linked to their activity; it is therefore 
a fairly reliable incentive mechanism. This principle can help to overcome the short-
comings linked to the financing of MSW management by involving households, as 
in many West African cities, where their contributions sometimes cover up to 50% 
of the overall cost of MSW management. For example, the population of Yaoundé, 
which includes one million households (the National Institute of Statistics estimates 
the average size of a household in Yaoundé at nearly five people; while “World 
Population Review” estimates the current population of Yaoundé at nearly 5 million), 
a monthly contribution per household that varies from 500 FCFA to 1000 FCFA 
(between one and 20 USD), depending on the type of housing, would make it pos-
sible to collect between 500 million FCFA (one million USD) and one billion FCFA 
(two million USD) every month. Considering an average monthly contribution of 750 
FCFA (1.5 dollars), this represents 750 million FCFA (1.5 million USD) per month, 
or nearly nine billion FCFA per year (18 million USD), which represents nearly 60% 
of the current public budget dedicated to MSW management in Yaoundé. Revenues 
from the sale of compost (more than 80% of MSW is made up of organic matter) and 
recycled waste will also contribute to increasing the budget of this alternative financ-
ing system. The polluter pays principle could also consist of finding a fine mechanism 
to be paid by any citizen who disposes of their waste in an anarchic manner.

4.2.4 �Intergenerational equity (access for all generations, present and future, to a 
quality waste management service)

Action 12: The level of investment in MSW management infrastructure.
This concerns the level of investment in the construction and development of 

landfills and collection centers, the renewal of collection equipment, etc. In the 
Cameroonian context, where more than half of the daily MSW remains in the 
neighborhoods, the development and construction in the lowlands of transfer or 
collection centers for waste which are spaces designed to receive and treat (sorting 
and composting) pre-collected waste. It is undeniable that future generations will be 
affected by the current MSW management. Moreover, when investments in MSW 
management infrastructure such as garbage bins and transfer centers are very often 
neglected and postponed to the future, the risk of having to face a major crisis, or 
having to repair at great expense the consequences that result from such negligence, 
is increased. Similarly, the increasing evolution of the quantities of MSW produced 
implies a regular renewal of collection equipment.

4.3 The economic module

The economic module includes the following objectives to be achieved: the imple-
mentation of pre-collection and composting, allocative efficiency, and statistical 
efficiency. The actions to be implemented to achieve these economic objectives are:
16
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4.3.1 The implementation of pre-collection

Action 13: The degree of support for pre-collection (remuneration of pre-collectors, 
purchase of pre-collection equipment, medical care for pre-collectors, income from the sale 
of recovered objects, etc.).

Given the importance of pre-collection in the MSW management systems in 
Cameroon, it is urgent to institutionalize it. Pre-collection associations must be recog-
nized as being of public utility. Indeed, the relevance of pre-collection in a context 
marked by the physical and technical constraints mentioned above allows many 
households to make a living from the recovery and recycling of pre-collected plastic, 
glass, and aluminum objects. Pre-collection activities also provide employment for 
young people in the neighborhoods and thus improve their living standards. Due to its 
importance, the implementation of pre-collection is therefore a major element to be 
taken into account in the public MSW management service in Cameroon [14].

4.3.2 Setting up composting

Action 14: the degree of implementation of composting (remuneration of composters, 
purchase of composting equipment, medical care of composters, income from the sale of 
compost, etc.).

Just as important as pre-collection, composting, which is the transformation of the 
fermentable portion of pre-collected MSW into compost, must be institutionalized. It 
will also be necessary to ensure that the compost produced is of good quality. The rel-
evance of composting in African economies in general and in Cameroon in particular 
is justified by the very high proportion of the fermentable fraction contained in MSW 
(more than 80%). MSW transfer centers in lowlands would facilitate composting 
operations and would make quality compost available to farmers at a lower cost (since 
the proximity of the compost production site to agricultural areas such as the low-
lands means that transport costs, for example, are significantly reduced). Compost 
also presents significant economic challenges [15, 16]. As with pre-collection, the 
lack of composting operations, both centralized (at the landfill) and decentralized 
(in transfer centers), is a major handicap to the economic performance of the public 
MSW management service in Cameroon.

4.3.3 Allocative efficiency

Action 15: Minimization and control of management costs (pre-collection, collection, 
transport, and routing of final waste to the landfill).

In economic terms, a method is said to be efficient if, and only if, there is no 
production technique that allows it to generate the maximum output (high collection 
rates) using fewer inputs (fuel, maintenance of collection trucks, labor, etc.). While 
efficiency is said to be static when there is no waste of resources or the minimization 
of waste management costs, allocative efficiency, however, implies more than the 
minimization of costs; it also requires that the logistics related to the collection of 
MSW be greater in the most unsanitary areas.

4.3.4 Statistical efficiency

Action 16: Collection rate above 75% and increasing over time.
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The MSW collection rate is the ratio between the quantities collected and pro-
duced. For [17], this rate must be greater than 75% because below this threshold, the 
accumulated MSW becomes harmful to the environment and the health of the popu-
lation. To be able to manage MSW satisfactorily, the level of collection must evolve 
with the rate of production. The government can, therefore, for example, index the 
waste collection rate] to the rate of urbanization.

4.4 The environmental module

The environmental module includes the following objectives: eco-efficiency, 
reduction of greenhouse gas emissions, and reduction of underground pollution. The 
actions to be implemented to achieve these environmental objectives are:

4.4.1 Eco-efficiency

Action 17: Respect for the principles of sustainable development.
Given the characteristics of the “waste product,” efficiency must also be seen from 

the perspective of sustainable development; hence, the concept of eco-efficiency, 
which is based on the idea of respecting and preserving the environment. It is undeni-
able that MSW production is increasing and therefore represents a major challenge 
to the quality of our environment. In order to avoid a global crisis, it is essential to 
adopt a sustainable waste management strategy as soon as possible. Sustainable MSW 
management refers to MSW management that meets the needs of the present without 
compromising the ability of future generations to meet their own needs. The concept 
of eco-efficiency implies the integration of the environment and the economy, the 
protection of people’s health, the protection of ecosystems, compliance with interna-
tional standards and the promotion of equity.

4.4.2 Reducing greenhouse gas emissions

Actions 18 and 19: The low rate of waste burial and the implementation of the biogas 
treatment system.

An effective MSW management system must integrate the objective of reducing 
greenhouse gas emissions. As mentioned above, MSW in Cameroon consists mainly 
of organic matter. Burying this waste causes toxic gas emissions such as methane, 
which contribute to global warming. Any effective MSW management system must 
therefore ensure upstream awareness among populations to reduce their MSW 
production and downstream implementation of biogas recovery systems in landfills.

4.4.3 Reducing underground pollution

Action 20: Implementation of a leachate treatment system.
Leachate is the residual liquid generated by the percolation of water and liquids 

through a waste storage area, chemical products or simply soil contaminated by pol-
lutants. This product of the dissolution of organic matter and trace elements (heavy 
metals, organic and chemical pollutants, radionuclides, etc.) is a source of soil and 
water pollution, including groundwater. Given the high level of water contained in 
MSW in Cameroon (more than 50% of the total mass), they produce enormous quan-
tities of leachate that infiltrate into the soil and pollute groundwater. It is therefore 
18
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essential to set up a reliable system for the recovery and treatment (decontamination) 
of this leachate in landfills or collection centers.

5. �Conclusion

This chapter revisits the paper of Sotamenou [6] and proposes concrete actions 
that can promote effective public municipal solid waste management service in 
Cameroon. It first highlights the financial, institutional, physical, and technical 
obstacles before suggesting 20 actions. These include, among others, improving 
access to the solid waste management service for the greatest number of households, 
ensuring good spatial distribution of garbage bins, and the effective implementation 
of sanctions against all polluters, increasing the level of investment in MSW manage-
ment infrastructure, and especially the institutionalization of pre-collection and 
composting, with the financial participation of households.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

This chapter explores the integration of hazardous waste treatment into biodiesel 
production using nonfood biomass as a sustainable feedstock. Nonfood biomass—
such as agricultural residues, lignocellulosic waste, forestry byproducts, and micro-
algae—represents a promising alternative to food-based biofuels, enabling energy 
production without compromising food security. Concurrently, the incorporation of 
hazardous waste streams, including industrial effluents, contaminated biomass, and 
organic toxins, into bioenergy pathways offers an innovative approach to environ-
mental remediation. Through advanced pretreatment, bioremediation, and catalytic 
transesterification processes, these waste materials can be converted into high-quality 
biodiesel. This integrated framework not only addresses the challenges of waste man-
agement but also enhances energy circularity, reduces greenhouse gas emissions, and 
contributes to carbon neutrality. The chapter highlights recent technological advance-
ments, system efficiencies, and sustainability metrics in waste-to-energy systems, 
providing a roadmap for implementing closed-loop bioenergy strategies. By aligning 
with circular economy principles and global climate goals, this approach offers a dual 
benefit—clean energy generation and effective hazardous waste mitigation.

Keywords: biodiesel production, nonfood biomass, hazardous waste treatment, 
sustainable energy, waste-to-energy

1. �Introduction

The escalating global demand for sustainable and low-carbon energy solutions
has positioned biodiesel as a pivotal alternative to fossil fuels. Among the various 
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strategies to produce biodiesel, the utilization of nonfood biomass is gaining signifi-
cant attention due to its dual advantages: minimizing the food-versus-fuel conflict 
and contributing to environmental sustainability [1]. Feedstocks such as agricultural 
residues, forestry waste, algae, and organic industrial byproducts offer abundant, 
renewable, and underutilized resources for biodiesel synthesis [2].

Simultaneously, the integration of hazardous waste treatment into biodiesel 
production processes presents a transformative approach to managing environ-
mental pollution. Hazardous wastes—including contaminated biomass, industrial 
effluents, and toxic organic compounds—can be processed through biochemical 
and thermochemical pathways, not only reducing their ecological impact but also 
recovering valuable energy [3, 4]. This synergy between biofuel production and waste 
remediation exemplifies the principles of a circular economy, where waste streams are 
repurposed into functional energy carriers (Figure 1).

Recent developments in catalyst design, transesterification technology, and biorefin-
ery integration have enhanced the feasibility and efficiency of converting complex waste 
materials into biodiesel. Policy frameworks and international climate commitments 
are further driving investment and innovation in waste-to-energy systems. By aligning 
renewable energy generation with waste mitigation strategies, this integrated approach 
supports carbon neutrality, energy resilience, and long-term ecological balance [5].

Figure 1. 
Schematic flowsheet for various applications of biofuels.
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This chapter explores the scientific basis, technological advancements, and 
environmental implications of using nonfood biomass for biodiesel production, 
with a particular focus on incorporating hazardous waste treatment into the process. 
Through this lens, it aims to highlight sustainable bioenergy pathways that address 
both energy needs and waste management challenges.

2. �Nonfood biomass as a sustainable feedstock for biodiesel

Nonfood biomass represents a critical and sustainable alternative to traditional 
food-based feedstocks in biodiesel production [6]. Unlike crops such as soybean, 
palm, or rapeseed oil—which compete with food systems and arable land—nonfood 
biomass utilizes resources that are otherwise considered waste or low-value byprod-
ucts. These include agricultural residues like rice husks and wheat straw, lignocel-
lulosic waste such as corn stover, bagasse, and sugarcane tops, as well as forestry 
residues like sawdust and bark. High-oil-content nonedible plant species such as 
Jatropha curcas, Pongamia pinnata, Calophyllum inophyllum (Alexandrian laurel), and 
Ricinus communis (castor bean) offer promising oil yields without affecting food sup-
plies [7]. Additionally, energy crops like Miscanthus giganteus, Sorghum bicolor, Agave 
tequilana, and Camelina sativa are gaining attention for their adaptability to marginal 
lands and low input requirements (Table 1).

Sr. no. Biomass source Oil yield (L/ha/year) Common usage

1 Jatropha curcas 1500–1900 Widely used for biodiesel; drought-
tolerant crop

2 Pongamia pinnata 1200–1500 Biodiesel, soil reclamation, intercropping

3 Ricinus communis (Castor) 1200–1800 Biodiesel, lubricants, pharmaceuticals

4 Calophyllum inophyllum 1000–1500 Biodiesel, traditional medicine, lamp oil

5 Camelina sativa 900–1500 Biodiesel, aviation biofuel

6 Azadirachta indica (Neem) 400–800 Biodiesel, pesticides, medicinal uses

7 Madhuca indica (Mahua) 1200–1600 Biodiesel, cooking oil (nonedible), rural 
energy

8 Simmondsia chinensis 
(Jojoba)

800–1200 Biodiesel, cosmetics, lubricants

9 Chlorella vulgaris (Algae) 30,000–60,000 High-yield biodiesel, wastewater 
treatment

10 Nannochloropsis sp. (Algae) 20,000–40,000 Biodiesel, omega-3 extraction, carbon 
capture

11 Corn Stover <100 (via pyrolysis/oil 
blend)

Blended biodiesel, bio-oil, cellulosic 
ethanol

12 Sugarcane Bagasse <50 (indirect oil via 
gasification)

Biofuel blend, cogeneration

13 Miscanthus giganteus <200 (cellulosic feedstock) Cellulosic biofuel, combustion

14 Agave tequilana <150 (sugar-rich biomass) Ethanol, biogas, bio-crude oil

15 Sorghum bicolor (Sweet 
Sorghum)

400–600 Biodiesel, ethanol, fodder

Table 1. 
Nonfood biomass sources for biodiesel production [7–10].
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Microalgae such as Chlorella vulgaris and Nannochloropsis are particularly notewor-
thy, capable of yielding 20 to 30 times more oil per hectare than traditional oilseed 
crops while growing in saline or wastewater. Globally, agricultural activities generate 
over 4 billion tons of residues annually, much of which remains underutilized or 
openly burned, contributing to air pollution. Lignocellulosic biomass alone accounts 
for approximately 70–80% of all plant biomass on Earth, offering an enormous, 
renewable, and carbon-rich source of energy [11].

From an environmental standpoint, using nonfood biomass helps minimize 
greenhouse gas emissions significantly. Life cycle assessments have demonstrated that 
biodiesel derived from lignocellulosic and nonedible oil sources can reduce emissions 
by up to 86% compared to fossil diesel. Additionally, the cultivation and processing of 
nonfood biomass support carbon neutrality, as the CO2 absorbed during plant growth 
offsets the emissions released during combustion. Economically, oil-producing species 
such as Jatropha, Pongamia, and Calophyllum can produce between 1200 and 1900 
liters of oil per hectare annually, with significantly lower input requirements than food 
crops [7, 12]. Furthermore, integrating these feedstocks into existing agricultural sys-
tems can lower feedstock costs by 30–50%, create rural employment, and add value to 
agricultural and forestry waste streams [13]. Thus, nonfood biomass not only advances 
the sustainability of biodiesel production but also contributes to environmental 
conservation, rural development, and the global shift toward a circular bioeconomy.

3. �Types and sources of hazardous waste suitable for bioenergy conversion

The integration of hazardous waste into biodiesel production represents a trans-
formative shift in how we perceive waste—not merely as a disposal problem, but as a 
valuable resource for sustainable energy. Hazardous waste, typically associated with 
health and environmental risks, can be repurposed through innovative technologies 
into feedstocks for bioenergy, including biodiesel. These waste types originate from 
diverse sources such as industrial operations, agricultural runoff, healthcare facilities, 
and municipal systems, and many contain significant amounts of organic material or 
combustible components amenable to bioenergy recovery.

Industrial effluents and sludge from chemical, pharmaceutical, textile, and 
petrochemical industries are among the most abundant hazardous waste streams 
with bioenergy potential. For example, the textile industry produces large volumes of 
dye-laden sludge rich in hydrocarbons and fatty acids, which can be converted into 
biodiesel precursors after detoxification [14]. Similarly, waste oils and greases from 
food processing, leather treatment, or metalworking industries—classified as hazard-
ous due to contamination—can be processed via transesterification after pretreat-
ment. Globally, millions of tons of waste oil are generated annually, with a significant 
portion still improperly disposed of or incinerated [15].

Another promising category is contaminated biomass—organic materials exposed 
to pesticides, heavy metals, or pathogens during their lifecycle. For instance, spent 
crops from agrochemical-intensive farming or spoiled food waste from municipal 
sources often become toxic due to fungal or bacterial contamination. Through 
bioremediation and thermal pretreatment, these materials can be rendered safe and 
transformed into useful biofuels [16]. Agricultural practices themselves generate large 
quantities of animal manure and pesticide-laden crop residues, both of which can be 
subjected to anaerobic digestion or pyrolysis, leading to the generation of biogas or 
bio-crude that can be upgraded into biodiesel [17].
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Medical and laboratory waste, particularly lipid-rich biological discards and expired 
pharmaceuticals, is another underutilized stream. Although challenging due to regula-
tory constraints and contamination risks, with proper sterilization and fractionation 
technologies, selected fractions can contribute to lipid-based biofuel production. 
Municipal solid waste (MSW), especially the organic fraction, contributes more than 
1.3 billion tons annually worldwide. Of this, a significant portion is comprised of 
organic hazardous waste—including paints, solvents, batteries, and expired food con-
taminated with chemicals—which can be separated and valorized into energy carriers.

Incorporating these hazardous waste streams into biodiesel systems not only 
diverts them from landfills and incinerators but also reduces greenhouse gas emis-
sions and mitigates environmental contamination [17]. The key lies in advanced 
pretreatment techniques—such as detoxification, membrane filtration, and catalytic 
cracking—that make hazardous inputs viable for energy conversion [18].

4. �Technological pathways: From biomass and waste to biodiesel

The successful conversion of hazardous biomass into biodiesel hinges on effective 
pretreatment and detoxification processes, essential for improving feedstock quality 
and ensuring a safe, high-yield biofuel [19]. Hazardous biomass—such as industrial 
sludge, pesticide-laden residues, and contaminated food waste—often contains heavy 
metals, pathogens, complex hydrocarbons, or synthetic chemicals that need to be 
removed or neutralized to enable efficient biodiesel production.

Physical separation: One of the first methods in pretreatment is physical separation, 
which involves techniques such as sedimentation, centrifugation, and filtration. For 
example, in the treatment of oily industrial sludge, centrifugation can separate up 
to 95% of free oil from the waste stream, leaving behind a solid waste that is much 
easier to process. In some cases, size reduction (shredding) may be used to increase 
the surface area of solid biomass, improving the efficiency of subsequent chemical or 
biological treatments [20].

Chemical pretreatment: In many cases, biomass contaminated with complex 
organic chemicals requires chemical pretreatment to release free fatty acids or 
neutralize toxic compounds. One widely used method is alkaline hydrolysis, which 
can increase the yield of biodiesel from waste oils by 30–40% by breaking down 
triglycerides into free fatty acids [21]. For example, the textile industry generates 
waste sludge containing synthetic dyes, which can be neutralized by adjusting the pH 
using alkaline treatments, thus reducing toxicity and improving biodiesel yield. In 
electroplating wastes, heavy metals such as chromium and cadmium can be removed 
by applying chelation agents, which can bind to these metals with an efficiency of 
over 90% [22, 23].

Biological pretreatment: For more complex hazardous biomasses, biological treat-
ments can be highly effective. White-rot fungi, like Phanerochaete chrysosporium, 
are known to degrade up to 80% of lignin and phenolic compounds present in con-
taminated biomass, reducing toxicity and improving biodiesel yield. Pseudomonas 
putida, a bacterium capable of breaking down hydrocarbons, is frequently used to 
bioremediate petroleum-contaminated residues. Bioremediation techniques, when 
used alongside chemical and physical treatments, can reduce the toxicity of waste 
materials by 50–70%, making them more suitable for biodiesel production [24].

Thermal methods: Pyrolysis and steam explosion are thermal processes used for 
detoxifying biomass, particularly when dealing with highly contaminated organic 
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waste. Pyrolysis, for example, can destroy pathogens and complex organics and is 
capable of reducing hazardous biomass to biochar—which can be further processed 
into bio-oil for conversion into biodiesel [25]. The thermal degradation of medical 
waste, such as expired pharmaceuticals or lipid-rich biological discards, typically 
results in the removal of 95% of harmful contaminants. In the case of pesticide-laden 
agricultural waste, steam explosion breaks down cell walls and facilitates oil extrac-
tion, increasing oil yield by up to 40% compared to untreated feedstocks.

Advanced pretreatment technologies: Newer methods, such as microwave-assisted 
extraction or ultrasonic treatment, have demonstrated high efficiency in extracting 
oils from hazardous waste. In one study, microwave-assisted extraction of oil from 
waste oils and food residues increased biodiesel yield by 25–35% when compared to 
conventional methods. Hydrothermal liquefaction has also shown promise in convert-
ing wet waste, such as algae or food residues, into bio-oil with efficiencies reaching 
85–90% oil recovery from total biomass [26].

Hence, the choice of pretreatment depends on the nature of the hazardous 
waste being processed, with each technique offering specific advantages in terms of 
efficiency, environmental safety, and cost. The use of these pretreatment and detoxi-
fication methods helps mitigate the risks associated with hazardous biomass while 
ensuring high-quality biodiesel production [27]. Additionally, successful detoxification 
reduces the environmental impact, such as heavy metal contamination, by up to 90%, 
enabling the conversion of potentially harmful waste into a renewable energy source.

5. �Pretreatment and bioremediation techniques for contaminated biomass

Catalytic transesterification remains the cornerstone of biodiesel production, 
involving the reaction of triglycerides with short-chain alcohols (typically methanol 
or ethanol) in the presence of a catalyst to form fatty acid methyl esters (FAME) and 
glycerol. The process efficiency is strongly influenced by feedstock quality, alcohol-
to-oil molar ratio, catalyst type, reaction temperature, and moisture content. For 
conventional base-catalyzed transesterification using refined oils, optimal conditions 
typically include a 6:1 methanol-to-oil ratio, 1% w/w NaOH or KOH catalyst, 60–65°C 
reaction temperature, and 1-hour residence time, yielding conversion rates as high 
as 98–99%. However, hazardous biomass feedstocks often contain high levels of free 
fatty acids (FFAs), water, and contaminants, which deactivate base catalysts and 
induce saponification, drastically reducing biodiesel yield and quality [28].

Although pretreatment significantly reduces toxicity, trace contaminants such 
as heavy metals (e.g., Pb, Cr, Cd) may persist in the final biodiesel if not properly 
managed. These can pose risks to engine performance and emissions control systems. 
Therefore, strict fuel quality testing and adherence to EN 14214/ASTM D6751 stan-
dards are essential, and further studies are required to assess long-term ecological and 
mechanical impacts of waste-derived biodiesel.

To overcome these limitations, heterogeneous and acid-catalyzed systems have 
been increasingly adopted. Solid acid catalysts like sulfonated carbon, heteropoly 
acids, or metal oxides (e.g., ZnO, TiO, AlO) offer resilience against FFAs and water 
while allowing for easy separation and catalyst reuse. For instance, sulfonated bio-
char catalysts have demonstrated FAME yields of 92–95% from high-FFA feedstocks 
(>15%) under mild conditions (65°C, 4–6 hours). Similarly, bifunctional catalysts 
combining acid and base sites enable simultaneous esterification of FFAs and trans-
esterification of triglycerides, effectively converting low-quality oils from hazardous 
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biomass. Enzymatic catalysis using lipases (e.g., Candida antarctica lipase B) provides 
high specificity and minimal byproduct formation but is currently constrained by 
high costs, long reaction times (>12 h), and enzyme deactivation in the presence of 
heavy metals and toxins—commonly found in hazardous waste oils [29]. Immobilized 
enzymes, which allow repeated use and enhance tolerance to inhibitors. Microbial 
engineering, especially genetically modified strains of Pseudomonas or Bacillus, 
to improve hydrocarbon degradation and toxin resistance during bioremediation. 
Despite the challenges associated with enzymatic catalysis, recent research has 
focused on enhancing enzyme resilience through immobilization techniques and the 
use of protective supports such as mesoporous silica, biochar, and magnetic nanopar-
ticles. These supports not only stabilize the enzyme structure under harsh processing 
conditions but also facilitate recovery and reuse, improving the overall economics of 
enzymatic biodiesel production. Moreover, advances in protein engineering and syn-
thetic biology have enabled the development of mutant lipases with improved activity 
against high-FFA and toxin-rich substrates. For instance, engineered variants of 
Candida antarctica lipase B have shown increased tolerance to metal ions and organic 
solvents, making them more suitable for hazardous biomass conversion. Coupled with 
microreactor systems and continuous flow biocatalysis, these innovations promise to 
reduce reaction times and scale enzymatic processes for industrial application, offer-
ing a greener and more selective alternative to traditional chemical catalysis.

Emerging catalytic technologies extend beyond conventional FAME production, 
exploring non-transesterification pathways like hydrodeoxygenation (HDO) and 
catalytic pyrolysis, which enable the production of renewable diesel and green hydro-
carbons. For instance, HDO using catalysts such as NiMo/Al2O3 or CoMo/γ-Al2O3 
under high-pressure hydrogen (4–6 MPa) and temperatures of 350–400°C effectively 
removes oxygen from bio-oils derived from pyrolyzed hazardous biomass, produc-
ing hydrocarbon fuels that are fully compatible with existing diesel engines and 
infrastructure. Studies report hydrocarbon yields of 80–85% from pyrolyzed algal oil 
and plastic-contaminated biomass using these catalysts. Moreover, plasma-assisted 
catalysis and nanostructured catalysts are under development to enhance reaction 
kinetics, increase surface area activity, and reduce catalyst fouling in systems dealing 
with impure or mixed hazardous waste streams. These advanced catalytic strategies 
represent a critical step in closing the loop between waste detoxification and high-
efficiency fuel production, pushing the boundaries of biodiesel chemistry toward 
next-generation, waste-integrated biorefineries.

6. �Catalytic transesterification using mixed waste inputs

Efficient biodiesel production from hazardous and nonfood biomass requires 
robust process integration to minimize energy consumption, reduce emissions, and 
enhance yield. A typical biodiesel production system encompasses multiple interde-
pendent units—pretreatment, transesterification, separation, purification, and waste 
recovery—each of which can introduce inefficiencies if not properly synchronized 
[30]. Using process integration techniques such as pinch analysis, plants can reduce 
energy demand by 20–30% through optimized heat exchange between hot and cold 
process streams. Similarly, mass integration allows the reuse of process water and 
unreacted methanol, achieving up to 90% solvent recovery, which is critical when 
dealing with high-moisture hazardous feedstocks where water removal is energy-
intensive [31].
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Advanced process simulation tools such as Aspen Plus, CHEMCAD, and SuperPro 
Designer are now widely employed to model and optimize biodiesel plants, particularly 
those handling heterogeneous waste inputs. Dynamic modeling enables real-time 
prediction of system behavior under variable feedstock conditions, crucial when work-
ing with hazardous waste streams where composition can fluctuate significantly. For 
instance, colocating waste oil collection, pretreatment, and biodiesel conversion units 
into a single continuous process reduces transportation losses and improves lifecycle 
energy efficiency by up to 35%. Furthermore, integrating glycerol purification (the main 
byproduct) and converting it into value-added chemicals like propanediol or epichloro-
hydrin enhances economic viability and contributes to circularity in system design [32].

Optimization is further supported by integrating control systems and smart auto-
mation, including real-time spectroscopic monitoring (e.g., FTIR, NIR) and PID/PLC 
control loops, which enable continuous monitoring of conversion efficiency, catalyst 
performance, and contaminant levels. Studies on digitally controlled pilot plants have 
reported yield improvements of 12–18% over traditional batch systems, alongside a 
15–20% reduction in process downtime due to automated fault detection [33]. Energy 
and exergy analyses of such systems indicate that overall process efficiency can 
exceed 78%, even when low-quality or hazardo us feedstocks are used. Ultimately, 
integrated biodiesel production systems must balance thermodynamic efficiency, 
emissions control, economic feasibility, and regulatory compliance to ensure scalabil-
ity and sustainability in real-world deployment.

Recent pilot-scale systems have demonstrated the feasibility of converting indus-
trial oily sludge and food-contaminated biomass into biodiesel. For instance:

i.	A 5-ton/day pilot facility in South Asia colocated with a textile industry utilized 
bifunctional catalysts and achieved over 85% biodiesel yield from dye-laden 
sludge after alkaline and biological pretreatment.

ii.	In Europe, a modular mobile transesterification unit deployed near agro-indus-
trial zones processed 1000 liters/day of pesticide-contaminated oilseed waste, 
successfully integrating detoxification, microwave-assisted oil extraction, and 
enzymatic transesterification.

These pilot projects underscore the scalability potential of decentralized, waste-
based biodiesel units, particularly when colocated with waste sources to minimize 
logistics costs and environmental risks.

7. �Environmental and energy performance metrics

Environmental performance assessment of waste-derived biodiesel is essential 
to justify its role in sustainable energy systems. Life Cycle Assessment (LCA), stan-
dardized under ISO 14040/44 protocols, evaluates the environmental impacts of 
the entire biodiesel production chain—from biomass acquisition and pretreatment 
to fuel combustion [34]. When using hazardous and nonfood waste as feedstocks, 
LCA studies consistently show lower global warming potential (GWP) compared to 
fossil diesel. For instance, biodiesel from waste cooking oil demonstrates a 70–90% 
reduction in CO2-equivalent emissions per MJ of fuel produced, while systems using 
industrial oily sludge or contaminated lignocellulosic biomass show GWP savings of 
55–80%, depending on detoxification intensity and energy input [35].
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Beyond GWP, LCA also accounts for eutrophication potential (EP), acidification 
potential (AP), human toxicity (HTP), and fossil energy demand (FED). Waste-
based biodiesel systems significantly outperform food-based or virgin oil pathways in 
these categories. For example, in a comparative LCA between soybean biodiesel and 
biodiesel from waste tallow, the latter showed 86% lower eutrophication impacts and 
94% less land use. Acidification potential is also reduced by minimizing the need for 
fertilizers and pesticides, particularly when using contaminated agricultural residues 
[36]. However, these benefits can be offset if the pretreatment and transesterification 
stages are not energy-optimized—highlighting the importance of coupling LCA with 
process modeling and sensitivity analysis to identify environmental hotspots.

Crucially, LCA of hazardous biomass-to-biodiesel pathways must account for 
co-benefits related to waste mitigation. When hazardous wastes are diverted from 
incineration or landfilling to biofuel production, the avoided emissions and leachate 
toxicity contribute to the system’s net environmental benefit. Moreover, integrated 
systems that valorize byproducts such as glycerol, biochar, or biogas further improve 
environmental performance metrics. These findings position waste-based biodiesel 
as not only a low-carbon alternative but also a functional tool for waste management 
and pollution reduction, especially in circular bioeconomy frameworks [37].

While detoxification processes such as pyrolysis and chemical neutralization 
require significant energy inputs, these are often balanced by integrated heat recovery 
systems, solvent recycling, and the avoidance of emissions from landfilling or incin-
eration. Life cycle modeling indicates that optimized detoxification contributes only 
10–20% to total greenhouse gases (GHG) emissions of the system, and coproduct 
valorization (e.g., biochar use in soil carbon sequestration) can further reduce net 
emissions.

8. �Circular economy integration and carbon neutrality goals

The integration of hazardous biomass-based biodiesel into the circular economy 
(CE) framework is grounded in the principle of valorizing waste as a resource while 
minimizing environmental externalities. Unlike linear models, where waste is treated 
as a terminal burden, CE enables continuous material flows—transforming industrial 
effluents, agricultural toxins, and organic sludges into feedstocks for renewable fuel 
production. In such systems, mass and energy flows are internally looped, ensuring 
that residues (e.g., spent biomass, glycerol, biochar) are either reprocessed, upcycled, 
or used for cogeneration. Empirical case studies indicate that closed-loop biodiesel 
plants incorporating glycerol-to-biochemicals pathways and biochar reuse for soil 
remediation can reduce lifecycle emissions by up to 80%, while simultaneously 
diverting 5–10 tons of hazardous waste per day from incineration or landfill [38].

Biodiesel derived from hazardous or nonfood biomass plays a pivotal role in 
national carbon neutrality strategies, as it displaces fossil diesel in heavy transport, 
agriculture, and off-grid sectors [39]. Carbon accounting based on intergovernmental 
panel on climate change (IPCC) Tier 2 methodologies shows that per MJ of energy, 
waste-based biodiesel emits just 15–25 gCO2e, compared to 94 gCO2e for conven-
tional diesel—a 75–85% reduction. When the avoided emissions from hazardous 
waste treatment are included (e.g., methane avoidance from landfilling, incinera-
tion offsets), some systems achieve net-negative GHG balances [36]. For example, 
converting pesticide-laden rice straw to biodiesel and using the biochar residue for 
carbon sequestration in soil can yield net carbon savings of 0.6–0.9 t CO2e per ton of 
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feedstock. This dual benefit aligns directly with the Paris Agreement and net-zero 
targets being adopted by over 140 countries [40].

Key enablers of circularity include digital twin frameworks, material flow analysis 
(MFA), and industrial symbiosis, where waste streams from one sector (e.g., textile 
effluent sludge) become inputs for another (e.g., biodiesel and nutrient recovery) 
[41]. Lifecycle circularity indices (LCI) and resource recovery efficiency (RRE) 
metrics are increasingly used to quantify performance—studies report LCI values of 
0.72–0.85 for advanced biodiesel systems, indicating that over 70% of input materials 
are recirculated. Integration with urban waste management infrastructures, co-
digestion facilities, or agro-industrial clusters can scale these models while enhancing 
resilience [42]. Ultimately, embedding hazardous biomass valorization into circular 
economy platforms not only decarbonizes transport fuels but also provides a strategic 
route to holistic waste management and systemic sustainability [43].

9. �Challenges, opportunities, and future directions

9.1 Challenges

9.1.1 Feedstock variability and standardization

Hazardous biomass sources such as industrial sludges, pesticide-contaminated 
residues, and wastewater scum vary widely in chemical composition and toxicity, com-
plicating standardization and requiring advanced characterization and detoxification.

9.1.2 Catalyst deactivation due to contaminants

High levels of impurities (e.g., heavy metals, sulfur, phosphorus) can poison 
catalysts used in transesterification or pyrolysis, reducing efficiency and increasing 
the frequency of catalyst regeneration or replacement.

9.1.3 High energy and chemical inputs for pretreatment

Many hazardous waste feedstocks require multistage pretreatment (e.g., dewater-
ing, pH neutralization, toxin degradation), which increases the energy and chemical 
input costs, potentially offsetting environmental benefits [44].

9.1.4 Regulatory barriers and permitting complexity

Ambiguous or restrictive legislation around hazardous waste classification often 
leads to long permitting processes, legal uncertainty, and underinvestment in pilot-
scale facilities or commercial rollout.

9.1.5 Public perception and social acceptance

The term “hazardous waste” carries stigma, which can hinder public and stake-
holder support, particularly when biodiesel is intended for public transport or 
municipal applications.
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9.1.6 Scale-up and operational complexity

While lab-scale processes show promise, the transition to commercial scale 
introduces complexity in feedstock logistics, system integration, continuous opera-
tion, and risk management for hazardous materials. Moreover, operational risks 
such as chemical exposure, flammability, and biohazard contamination require strict 
adherence to occupational safety measures, including the use of personal protective 
equipment (PPE), automated closed-loop systems, and secure storage under con-
trolled temperature and pressure. Worker training and emergency protocols must be 
part of standard operating procedures, particularly when handling toxic sludges or 
pharmaceutical residues.

9.1.7 High capital and operating costs of waste-based systems

Building integrated waste-to-biodiesel plants with containment, emission con-
trols, and specialized equipment requires significantly higher capital expenditures 
(CAPEX) compared to conventional biodiesel plants.

While comprehensive plant-specific cost data vary with region, scale, and feed-
stock type, general estimates suggest:

CAPEX for integrated hazardous-waste biodiesel plants ranges from USD 1500–
2500 per ton/year of installed biodiesel capacity—higher than conventional systems 
due to additional detoxification and safety infrastructure.

OPEX is highly feedstock-dependent but can be significantly reduced through 
the use of negative-cost inputs (e.g., industrial waste oils) and coproduct valoriza-
tion (e.g., glycerol → epichlorohydrin, biochar → soil amendment). In optimized 
systems, production costs can range from USD 0.60–0.85 per liter, competitive 
with fossil diesel (USD 0.80–1.20/liter, depending on subsidies and crude oil 
prices).

9.2 Opportunities

9.2.1 Low-cost feedstocks availability

Hazardous biomass is often available at negative or zero cost due to waste disposal 
fees paid by generators, significantly lowering the raw material expenditure for 
biodiesel production.

9.2.2 Dual environmental benefits

These systems offer a dual benefit—energy generation and waste detoxification—
which aligns with sustainable development goals (SDGs) and can attract climate 
financing and circular economy investments.

9.2.3 Carbon credit potential

Waste-based biodiesel projects can earn carbon credits under CDM, VERRA, or 
national offset schemes, particularly when GHG reductions and waste abatement are 
both verifiable.
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9.2.4 Emerging catalytic technologies

Emerging technologies—such as bifunctional catalysts, ionic liquids, enzymatic 
transesterification, and microbial pretreatment—can enhance process robustness and 
tolerance to feedstock impurities.

9.2.5 Government funding support

National and international programs are increasingly allocating funds for waste-
to-energy innovations, including tax relief, grants, and subsidies for demonstration 
plants.

9.2.6 Industrial colocation synergy

Colocation with industries generating hazardous biomass (e.g., textiles, tanner-
ies, agrochemicals) allows integrated waste valorization, reducing logistics costs and 
maximizing circularity.

9.2.7 Byproduct valorization pathways

Glycerol, biochar, and nutrient-rich digestates from the process can be converted 
into high-value chemicals, fuels, or soil amendments, improving overall techno-
economic viability.

9.3 Future directions

•	 Development of universal protocols and tools (e.g., rapid spectroscopy, toxicity 
indices) to assess hazardous biomass suitability for biodiesel production will 
streamline industrial adoption.

•	 Implementing real-time digital twins and machine learning algorithms can 
enhance process optimization, predictive maintenance, and operational safety in 
complex waste-to-fuel systems.

•	 Small-scale, modular biodiesel units can be deployed near hazardous waste 
sources, reducing transport risks and supporting decentralized energy genera-
tion in rural or industrial zones.

•	 Integration with Carbon Capture and Storage (CCS); and future systems may 
incorporate CCS to move toward true net-negative emissions, particularly when 
co-firing syngas or utilizing CO2 from process off-gas streams.

•	 Coordinated international frameworks for hazardous waste valorization and 
renewable fuel certification can accelerate technology transfer, investment, and 
trade of green fuels.

•	 Next-generation life cycle tools will need to evaluate impacts not only at the plant 
level but across industrial ecosystems, incorporating circularity, toxicity, and 
socioeconomic dimensions.
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•	 Collaborations between governments, research institutions, and industry players 
will be critical to de-risk projects, scale infrastructure, and foster innovation in 
hazardous biomass utilization.

10. �Conclusion

The integration of hazardous biomass into biodiesel production represents a trans-
formative step toward achieving sustainable energy and waste management goals. 
By leveraging nonfood, contaminated, or industrial waste streams, this approach 
addresses two of the most pressing global challenges simultaneously: the growing 
demand for renewable fuels and the urgent need to safely manage hazardous organic 
waste. Technological advancements in pretreatment, catalytic transesterification, and 
bioprocessing have made it increasingly viable to convert complex waste matrices into 
high-quality biodiesel with low lifecycle emissions and net-positive energy returns.

While advancements in pretreatment and catalytic processes have improved feasi-
bility, key research gaps remain. In particular, improving catalyst resilience, optimiz-
ing waste logistics, and developing standardized preprocessing and characterization 
methods are critical for scalability. Economically, the use of low-cost waste feedstocks 
and carbon credit opportunities supports the competitiveness of this approach. 
However, its success will rely not only on interdisciplinary innovation and policy 
support. Furthermore, alignment with circular economy principles enhances resource 
efficiency by closing material and energy loops while enabling carbon neutrality 
pathways through carbon offsetting, biochar sequestration, and avoided methane 
emissions. Strategic policy frameworks and supportive regulatory environments will 
be essential in de-risking projects and fostering large-scale deployment.

Looking forward, the success of hazardous biomass-to-biodiesel systems will 
depend on interdisciplinary innovation, regulatory harmonization, and multi-
stakeholder collaboration. With continued investment, standardization, and societal 
acceptance, this integrated model has the potential to redefine waste as a strategic 
energy asset—ushering in a new paradigm of clean, circular, and climate-resilient 
bioeconomy.
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Chapter 4

The Use of Non-Food Biomass for 
Biodiesel Production: Technological 
and Environmental Challenges 
[Part 1]
Asma Nouira, Imen Amri, Imene Bekri-Abbes and 
Diogo Canavarro

Abstract

The urgent global transition towards renewable energy has positioned biodiesel 
as a pivotal alternative for decarbonizing industrial sector. Moving beyond the 
contentious “food-versus-fuel” dilemma of first-generation biofuels, this review 
focuses on the sustainable production of biodiesel from non-food biomass, including 
agricultural residues, non-edible oilseed crops (e.g., Jatropha curcas and Pongamia 
pinnata), waste streams, and microalgae. The chapter provides a systematic analysis 
of the entire value chain, beginning with a classification of biofuel generations and a 
critique of food-based feedstocks’ socio-economic and environmental limitations. It 
then details the typology of advanced non-food feedstocks and the technological evo-
lution in conversion processes, highlighting breakthroughs in heterogeneous catalysis 
and microwave-assisted and ultrasonic transesterification that enhance efficiency and 
sustainability. The analysis further addresses critical technological and environmental 
challenges, such as feedstock variability and emission profiles.

Keywords: biodiesel, non-food biomass, transesterification, heterogeneous catalysis, 
circular economy, sustainability

1. �Introduction

The global energy landscape is undergoing a profound transformation, driven by
the imperative to mitigate climate change and enhance energy security. This shift is 
accelerating the development of sustainable alternatives to fossil fuels, with biodiesel 
emerging as a critically important solution for decarbonizing the transportation 
sector [1]. Unlike conventional diesel, biodiesel derived from non-food biomass offers 
significant environmental advantages, including substantial lifecycle greenhouse 
gas emission reductions, while strategically avoiding competition with global food 
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supplies [2–8]. The biofuel industry has evolved through distinct generations, each 
aiming to overcome the limitations of its predecessor. First-generation biofuels, pro-
duced from edible crops like corn, sugarcane, and vegetable oils, ignited a widespread 
debate over the “food-versus-fuel” dilemma, raising concerns over food security, 
land-use change, and ultimately, their net carbon benefit. This has catalyzed a pivotal 
re-evaluation, propelling the industry towards more sustainable feedstocks. Second-
generation biofuels derived from lignocellulosic biomass and third-generation fuels 
from algae and photosynthetic microorganisms represent a more sustainable pathway 
by utilizing non-food resources, agricultural and forestry residues, and waste streams 
[4]. This chapter comprehensively explores the frontier of non-food biodiesel. It 
begins by establishing the conceptual framework, defining biofuel generations, and 
outlining biodiesel’s role within the broader global energy transition. It then criti-
cally examines the socio-economic and environmental limitations of food-based 
feedstocks, building a compelling case for the necessity of non-food alternatives. The 
core of the chapter provides a detailed typology of non-food biomass—from resilient 
energy crops like Jatropha and Pongamia to waste cooking oils and algal species—and 
delves into the technological advancements revolutionizing their conversion into 
biodiesel. This includes a critical analysis of the evolution from homogeneous to 
heterogeneous catalytic systems and the application of process intensification tech-
nologies like microwave and ultrasound. Finally, the chapter addresses the persistent 
technological and environmental challenges, such as feedstock variability and NOx 
emissions that must be overcome for widespread commercialization. By synthesizing 
the current state of knowledge and technology, this review aims to provide a holistic 
understanding of the opportunities and hurdles in non-food biodiesel production, 
charting a path for its integration as a sustainable and equitable component of the 
future energy system.

2. �Conceptual framework and global issues

2.1 Definition and classification of biofuels (first, second, and third generations)

Biofuels are liquid or gaseous fuels derived from biomass, such as agricultural 
crops including corn, sugarcane, rapeseed, and sunflower, and represent a renew-
able alternative to fossil fuels [9]. They are typically classified into three generations 
based on the feedstock and conversion processes involved (Figure 1). First-generation 
biofuels are produced from food crops like corn, sugarcane, and vegetable oils, yield-
ing bioethanol and biodiesel through fermentation and transesterification [10–17]. 
However, the use of biofuel, instead of minimizing gas emission, it contributes to 
several environmental and societal problems. A global agricultural model reveals that 
corn-based ethanol nearly doubles greenhouse gas emissions over 30 years rather 
than achieving the expected 20% reduction. Similarly, switchgrass biofuels grown on 
U.S. corn lands raise emissions by 50% due to land-use changes [17]. Furthermore, 
diverting large portions of crops to fuel production raises concerns over food secu-
rity and price volatility [13, 14]. Policies are evolving to address these concerns: the 
European Union has capped first-generation biofuels at 7% of transportation energy 
consumption to limit land-use impacts. Similarly, the U.S. Renewable Fuel Standard 
has shifted focus towards advanced biofuels derived from non-food sources, moving 
away from conventional corn-based ethanol to reduce environmental drawbacks 
[18–20]. Despite these challenges, first-generation biofuels may maintain relevance 
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in specific applications through enhanced catalytic conversion technologies that 
improve efficiency, integration into combined food-energy production systems that 
optimize land use, and strategic utilization of agricultural residues and waste materi-
als rather than dedicated food crops [21–24]. Second-generation biofuels attempt to 
overcome food-versus-fuel and environmental challenges by utilizing lignocellulosic 
biomass such as agricultural residues, forestry waste, and energy crops [25, 26]. These 
feedstocks avoid direct competition with food production while providing opportuni-
ties for waste valorization. Lifecycle analyses suggest lower GHG emissions than fossil 
fuels due to carbon sequestration during growth [27]. Yet, commercialization remains 
difficult because lignocellulosic biomass is structurally resistant, necessitating 
costly pretreatments like steam explosion or acid hydrolysis [28]. Progress has been 
achieved through innovations in nanostructured enzymes and bifunctional catalysts 
[29]. While enzymatic hydrolysis and fermentation dominate current approaches, 
thermochemical methods such as pyrolysis and gasification show promise for diverse 
feedstocks [30]. Successful projects in Brazil, using sugarcane bagasse [31], and in 
Sweden, with forestry residues, demonstrate the importance of supportive policy 
frameworks [32]. Third-generation biofuels, derived from algae and photosynthetic 
microorganisms, represent a more sustainable alternative by avoiding food crop com-
petition and requiring less arable land [33–36]. Algae can be cultivated in freshwater, 
seawater, or wastewater, achieving high productivity while absorbing carbon dioxide 
[37–39]. Their primary limitation lies in high production costs, driven by cultivation, 
harvesting, and processing complexities [40–43]. Advances in metabolic engineer-
ing, synthetic biology, and nanotechnology are being explored to enhance efficiency, 
strain performance, and energy return [44]. Despite challenges, algae-based fuels 
promise significant GHG reductions with minimal impact on food systems or land 
use, provided research and development efforts continue [45, 46].

2.2 The global energy context and biodiesel role in the energy transition

The global energy landscape is undergoing a profound transformation, driven by 
technological advancements, policy shifts, and growing environmental concerns. 

Figure 1. 
Evolution of biofuel generations: feedstocks and characteristics.
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According to the International Energy Agency (IEA) World Energy Outlook 2023, 
demand for traditional fossil fuels—coal, oil, and natural gas—is projected to peak 
before 2030 under the Stated Policies Scenario (STEPS). This anticipated milestone 
represents a major departure from over a century of fossil fuel dominance, during 
which these sources consistently supplied about 80% of global energy needs [47], 
highlighting the world’s gradual but decisive shift towards diversified, low-carbon 
energy systems. Within this transition, biodiesel is emerging as a viable and strategi-
cally important alternative fuel, particularly for decarbonizing the transportation 
sector, which remains one of the largest contributors to global CO2 emissions. Road 
transport alone accounts for a substantial portion of fossil fuel consumption, mak-
ing it a prime target for emission reduction strategies. Research indicates that even a 
modest 10% increase in biodiesel’s share of transport fuels could significantly slow 
the growth rate of CO2 emissions from road vehicles. This positions biodiesel not 
merely as a supplementary fuel, but as an immediately deployable mitigation tool in 
the global effort to meet climate targets. The environmental performance of biodiesel, 
however, is highly dependent on the choice of feedstock. For instance, life cycle 
assessment (LCA) studies on rapeseed biodiesel generally report substantial reduc-
tions in greenhouse gas (GHG) emissions compared with conventional fossil diesel. 
However, the extent of these emission savings varies considerably depending on 
factors such as agricultural practices, fertilizer application, crop yield, and the energy 
intensity of biodiesel production and processing stages [48, 49]. This wide range of 
reported values indicates that the environmental performance of rapeseed biodiesel 
is highly dependent on how the feedstock is cultivated and converted. These results 
underscore the critical importance of feedstock selection and management in maxi-
mizing the environmental advantages of biodiesel. In addition, sustainability assess-
ments should not be limited to emission reductions alone, but should also account for 
broader impacts, including land-use changes, soil and water resource management, 
and potential ecological consequences. Therefore, ensuring that biodiesel feedstocks 
are sourced from environmentally responsible and socially equitable supply chains is 
essential for biodiesel to effectively contribute to long-term clean energy and decar-
bonization strategies.

2.3 Limitations of food-based feedstocks and the case for non-food biomass

The production of first-generation biofuel, derived from food crops such as 
corn, sugarcane, soybean, and palm oil, has sparked significant debate due to its 
social, environmental, and economic implications. One of the most prominent 
concerns is the competition between fuel and food production. Diverting staple 
crops to fuel manufacturing can limit their availability for human consumption and 
livestock feed, driving up global food prices. Such price increases disproportion-
ately affect low-income populations, particularly in developing nations where food 
expenditures account for a large share of household income [50]. Beyond economic 
impacts, the rising demand for biofuel feedstocks has contributed to large-scale 
land acquisitions, or “land grabbing,” especially in parts of Africa, Asia, and 
Latin America. These transactions often involve foreign investors or corporations 
acquiring vast tracts of land for biofuel crop cultivation, displacing local farmers 
and indigenous communities. The result is not only the loss of livelihoods but also 
cultural disruption and increased social tensions [51]. Environmental drawbacks are 
also substantial. Expansion of agricultural land to meet biofuel feedstock demand 
has driven deforestation, habitat loss, and ecosystem degradation. Land-use change 
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releases large amounts of stored carbon dioxide, potentially offsetting the climate 
benefits of biofuels. In countries like Indonesia and Brazil, clearing forests or drain-
ing peatlands for oil palm or sugarcane plantations has become a major source of 
GHG emissions [51].

Intensive monoculture farming associated with these crops also consumes 
significant water resources and relies heavily on fertilizers and pesticides, which can 
degrade soil quality, contaminate water supplies, and reduce long-term agricultural 
sustainability. Recognizing these limitations, many governments and international 
bodies have reassessed their biofuel strategies. Some have introduced caps or phase-
out timelines for first-generation biofuels, while others are actively promoting alter-
natives with lower environmental and social risks. This has accelerated interest in 
non-food biomass as the foundation for second-generation biofuels. Such feedstocks 
include agricultural residues (e.g., straw, corn stover), forestry residues, organic 
municipal waste, and non-edible energy crops (Figure 2) [52]. Second-generation 
biofuels offer several advantages: they reduce competition for arable land, make use 
of abundant lignocellulosic materials that are otherwise underutilized, and enable 
the valorization of waste streams. Converting residues and organic waste into fuel 
not only reduces reliance on food crops but also supports circular economy principles 
by minimizing landfill use and lowering methane emissions from decomposition. 
Nonetheless, technical and economic barriers persist. Processing lignocellulosic 
biomass requires complex pretreatment to break down the rigid structure of plant 
cell walls, followed by enzymatic hydrolysis and fermentation. These steps can be 
costly and energy-intensive. However, advances in biotechnology, catalyst design, 
and process engineering are gradually improving conversion yields and reducing 
costs. With sustained research and development, the transition from food-based to 
non-food feedstocks could become both commercially viable and environmentally 
superior, reinforcing the role of biofuels as a sustainable component of the global 
energy transition.

Figure 2. 
Typology of non-food biomass.
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3. �Typology of non-food biomass

The systematic classification of non-food feedstocks for biodiesel production is a 
critical step in advancing sustainable bioenergy systems, particularly in the context 
of global energy transitions. Such classification enables a clearer understanding 
of feedstock availability, conversion potential, and environmental performance, 
while helping to minimize competition with food resources and reduce associated 
socio-economic and ecological impacts. These renewable resources are typically 
categorized into three groups: non-edible crops, organic waste, and microalgae/
macroalgae (Figure 2). Each category presents distinct opportunities and chal-
lenges across the biofuel value chain. Rising global demand for renewable energy 
has stimulated interest in non-edible crops, which avoid competition with food 
resources. Unlike edible oils such as soybean or palm oil, these crops can yield 
substantial oil without compromising food security. Many non-edible crops are 
well-suited to marginal lands, requiring minimal water and fertilizers, enhanc-
ing both their economic viability and environmental sustainability [53]. Their 
oils contain fatty acids suitable for transesterification, producing biodiesel with 
properties comparable to conventional diesel. Non-edible biodiesel also reduces 
greenhouse gas emissions and enhances energy independence. Research continues 
to optimize oil extraction, engine performance, and cost efficiency, positioning 
non-edible crops as key players in the future of clean energy. These crops have 
gained attention as sustainable feedstocks, offering an eco-friendly alternative to 
conventional diesel without competing with food production. For example, Jatropha 
curcas (Figure 3) is particularly promising due to its high oil content and ability 
to thrive in arid conditions with minimal inputs [54]. Similarly, Pongamia pin-
nata provides comparable oil yields while improving soil fertility through natural 
nitrogen fixation (Figure 3) [55]. Castor plants offer high oil content but require 
careful handling due to toxic compounds. Traditional resources such as neem and 
mahua remain important where naturally abundant. Agricultural byproducts, like 
rubber seeds, also represent viable biodiesel sources. Collectively, these non-edible 
feedstocks support renewable energy production on marginal lands, promote 

Figure 3. 
Jatropha as a non-edible feedstock for biodiesel production [54].
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environmental conservation, enhance energy independence, and create economic 
opportunities in rural areas. Their continued development mitigates reliance on 
fossil fuels and reduces the food-versus-fuel dilemma. Jatropha curcas, in particular, 
offers 27–40% oil content, tolerance to marginal lands, and no competition with 
food crops [54–58]. The plant’s oil can be converted through transesterification into 
biodiesel meeting standard fuel specifications and international EN and ASTM 
standards [59]. Key advantages include its substantial oil yield, non-edible status 
that preserves food security, and capacity to grow in poor soil conditions with 
minimal water requirements [60–63]. Environmentally, Jatropha cultivation offers 
carbon sequestration benefits while reclaiming degraded lands [64–66]. However, 
challenges persist including high production costs from labor-intensive harvesting, 
seed toxicity requiring careful handling, and variable yields impacting economic 
viability [67–69]. Recent technological advances are addressing these limitations 
through improved transesterification processes using novel catalysts [70]. The crop 
demonstrates significant socioeconomic potential by creating rural employment 
opportunities and enhancing energy security, particularly in developing regions 
[71, 72]. Recent studies demonstrate that biodiesel derived from Pongamiapinnata, 
offers a viable alternative to fossil diesel, balancing engine performance with 
environmental benefits [73–79]. For example, Gaur and Goyal found that a 20% 
blend of mixed biodiesel (waste cooking oil and Pongamia oil) reduced CO and HC 
emissions by 30% while maintaining engine compatibility, though NOx emissions 
increased due to higher oxygen content [73]. Similarly, Mulla and Shah reported that 
Pongamia biodiesel produced via CaO nanocatalysts achieved 95% yield, with B20 
blends showing a 5.7% increase in indicated power (Figure 4) [74]. Biocatalysts, 
such as banana waste-derived nanocatalysts, further optimized transesterification, 
yielding 96.3% biodiesel from Jatropha-Pongamia blends in just 10 minutes [75]. 
Dolomite-based catalysts also proved effective for Pongamia, achieving 92.3% 
yield while supporting afforestation and SDGs [76]. Coating engines with thermal 
barriers improved combustion efficiency for Pongamia-Azadirachta blends, reduc-
ing HC and CO emissions but increasing NOx by 9% [77]. Statistically optimized 
Pongamia biodiesel met ASTM standards, with a 78.3% yield under mild reaction 

Figure 4. 
Pongamia tree flowering 1.5 years after planting in a trial plot in Buntoi, PulangPisau, Central Kalimantan [55].
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conditions (55°C, 60 minutes) [78]. Lemongrass oil (LGO) has emerged as a promis-
ing non-edible biodiesel feedstock, demonstrating competitive engine performance 
and emission characteristics compared to conventional diesel (Figure 5) [79]. 
Experimental studies on 3.5–5.2 kW diesel engines reveal that LGO blends (10–30% 
v/v) achieve brake thermal efficiency (BTE) comparable to diesel (LG20 ≈ diesel) 
but exhibit higher specific fuel consumption (SFC) due to lower calorific value 
[80]. Emission analyses show significant reductions in nitrogen and carbon oxides 
[80–82], attributed to LGO’s oxygenated combustion and lower peak flame tempera-
tures. Advanced formulations, such as LGO biodiesel with dibutyl ether additive, 
further optimize performance at compression ratio 17.5, reducing CO, CO2, and NOx 
while maintaining mechanical efficiency [83]. Recent studies have explored novel 
approaches that incorporate bio-based multi-wall carbon nanotubes into lemongrass 
oil (LGO) emulsions, revealing multiple performance enhancements. Specifically, 
this addition has been shown to significantly reduce the ignition delay by 17.6% and 
shorten the overall combustion duration by 18.5% [84]. These improvements are pri-
marily attributed to the superior thermal conductivity of additive, which promotes 
more efficient heat transfer within the fuel droplets, leading to faster vaporization, 
improved atomization, and more complete combustion. Consequently, integrating 
BMWCNTs into LGO emulsions not only enhances combustion efficiency but may 
also contribute to reduced pollutant formation and better engine performance.

Another promising non-edible biodiesel source is neem (Azadirachta indica) oil, 
which contains 30–40% oil in its seeds and can be converted to biodiesel through 
transesterification [85, 86]. Optimizing reaction parameters, such as temperature, 
methanol-to-oil ratio, and catalyst concentration, is crucial to achieving high 
biodiesel yield [86]. The resulting neem biodiesel exhibits fuel properties, including 
density, kinematic viscosity, and calorific value, that comply with ASTM standards, 
making it suitable for diesel engines [87, 88]. Studies on biodiesel blends enhanced 
with alumina nanoparticles demonstrate improved combustion efficiency and 
reduced emissions of CO, HC, and particulate matter [89]. Machine learning models 
have been applied to predict engine performance and emission behavior with high 
accuracy, reinforcing the feasibility of neem biodiesel as a sustainable fuel [89]. 
Additionally, neem butyl ester produced via acid-catalyzed transesterification 
has shown comparable performance and emission characteristics to conventional 
diesel in compression ignition engines [90]. Furthermore, the use of organic waste-
derived feedstocks, such as waste cooking oil, provides an eco-friendly and low-cost 

Figure 5. 
Lemongrass plant (A), lemongrass oil (B), and lemongrass stalks (C) [79].
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alternative for biodiesel production, aligning with circular economy principles [89, 
91]. Contemporary research has significantly advanced waste cooking oil (WCO) 
biodiesel production through innovative reactor designs and catalytic processes. 
Jarungwongsathien et al. demonstrated the efficacy of a rotating tube reactor (RTR) 
system, achieving 89.72% biodiesel yield in just 11.23 minutes while reducing 
free fatty acid (FFA) content from 6 to 1.89% - with economic analysis showing 
a remarkably short 3.1-year payback period due to reduced operating costs [92]. 
Catalyst development has been particularly transformative, as shown by Alahmar 
et al. who engineered a bifunctional Ce/Mn/γ-Al2O3 catalyst that attained 97% 
conversion of high-FFA WCO through simultaneous esterification and transesterifi-
cation, leveraging its high basicity (1.543 mmol/g) and surface area (143 m2/g) [93]. 
Further innovations in nanocatalysts include Rezaeifar et al.’s αFe2O3/CuO com-
posite RSM optimization showed the methanol/WCO ratio was the most impactful 
variable yielding a 94.27% biodiesel yield under optimal conditions. The catalyst 
exhibited strong reusability, demonstrating its potential as an effective hetero-
geneous catalyst [94]. Green chemistry approaches have also emerged, with Sahu 
et al. synthesized a heterogeneous CaO nanocatalyst using watermelon peel extract 
for the transesterification of soybean oil into biodiesel. Optimal conditions (20:1 
methanol:oil ratio, 8% catalyst, 2.5 h at 65°C) resulted in a high biodiesel yield [95]. 
Selvam et al. evaluated pentanol-blended WCO-biodiesel. The B30+ blend dem-
onstrated superior performance compared to pure diesel, improving combustion 
(higher heat release and pressure). Crucially, this blend achieved substantial reduc-
tions in CO (31.75%), HC (20.28%), and NO (14.82%) compared to other biodiesel 
blends, proving it to be a sustainable and highly efficient automotive fuel [96]. The 
integration of artificial intelligence has further optimized performance parameters, 
as Biberci et al. investigation utilized artificial neural network (ANN) and Response 
Surface Methodology models to predict and optimize the performance and exhaust 
emissions of a diesel engine fueled by a blend of diesel and waste oil biodiesel. 
The RSM model achieved high accuracy successfully maximizing brake thermal 
efficiency (BTE) while minimizing consumption and emissions. Optimal engine 
operation was achieved at an injection pressure of 180 bar and 100 percent biodiesel 
ratio, demonstrating that the combined use of RSM, ANN, and advanced algorithms 
offers a highly accurate optimization framework [97]. Comparative feedstock 
analyses by Liew et al. using non-edible oils such as soapnut seed kernel oil (SKO) 
and used cooking oil were studied [98]. SKO was extracted via Soxhlet at varying 
durations and characterized for pH, density, and acid number. Transesterification 
produced biodiesel, with SKO outperforming UCO, showing suitable pH (6.5), 
density (780 kg/m3), and acid number (2.43 mg KOH/g) [98].

However, infrastructure costs, particularly for bio-refineries, remain a major 
barrier to large-scale biodiesel production. Innovative feedstock strategies, such 
as integrating waste cooking oil with microalgae, have shown promise in enhanc-
ing process efficiency and reducing overall production costs [99, 100]. Dejene 
demonstrated that hybrid biodiesel feedstocks combining microalgae and WCO can 
achieve high conversion efficiencies while maintaining desirable fuel properties, 
suggesting a feasible approach for sustainable biodiesel supply chains [100]. These 
collective advancements position WCO biodiesel as a technically mature alterna-
tive, though challenges persist in NOx mitigation, cold flow properties, and scaling 
heterogeneous catalyst production [92–99]. Recent studies demonstrate significant 
progress in algal biodiesel production through innovative cultivation and process-
ing techniques [100]. Aboueldahab et al. [101] analyzes eight Red Sea seaweed 
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species for biodiesel potential. Seasonal biochemical analysis revealed significant 
variations in lipids, carbohydrates, and proteins. Caulerpa racemosa was the most 
promising, with high, consistent lipid yields (up to 12.76% CDW) and a favor-
able fatty acid profile rich in saturated fats like palmitic acid. Predictive models 
indicated excellent fuel properties, including high cetane numbers and suitable 
cold-flow characteristics, confirming the seaweed’s strong potential as a sustain-
able biodiesel source [101]. For microalgae, the comparison of Chlorella vulgaris 
biodiesel proves that the in situ transesterification reduced capital costs by 31% 
($3.48 M vs. $5.05 M) and achieved a shorter payback period (1.72 years) compared 
to solvent extraction [102]. Engine performance studies reveal promising results: 
Allasi et al. showed Scenedesmus obliquus biodiesel with 20% n-butanol additive 
improved brake thermal efficiency while reducing CO and hydrocarbon emissions 
though NOx increased due to higher combustion temperatures [103]. Supply chain 
optimization is critical for scalability, as demonstrated by Panwar et al. , whose 
genetic algorithm model reduced costs by prioritizing facility placement and utiliz-
ing mixed feedstocks (macroalgae/WCO), though production facilities [104]. Life 
cycle assessments by Liu et al. revealed wastewater-cultivated microalgae reduced 
environmental impacts by 52% compared to freshwater systems, with carbon 
sequestration potential during cultivation offsetting 69.8% of supply chain emis-
sions [105].

Sun et al. [106] tested Dunaliella salina microalgae biodiesel blends (DSB10-
DSB30) in a diesel engine. Brake thermal efficiency was highest for pure diesel 
(DSB0), but biodiesel blends showed better performance between 2000 and 
2500 rpm due to higher oxygen content, enhancing combustion. However, specific 
fuel consumption increased with biodiesel concentration. Emissions analysis revealed 
lower CO but higher CO2 and NOx for biodiesel blends, particularly at higher speeds 
due to increased combustion temperatures [106]. Advanced cultivation techniques 
further improve yields. Poh et al. [107] investigated post-harvest stress on Chlorella 
vulgaris to increase lipid content for biodiesel. Applying one day of nutrient starva-
tion combined with salinity (6.0 g/L) in darkness achieved the highest lipid yield of 
38.8–40.28% by dry weight. The extracted lipids contained suitable fatty acids (lin-
oleic, linolenic, and palmitic acid), similar to conventional vegetable oils, confirming 
their viability as a biodiesel feedstock [107]. Co-culture systems offer additional 
gains. By combining Chlorella pyrenoidosa and Cutaneotrichosporonoleaginosum, 
Wu et al. [108] achieved a lipid concentration of 18.15 g/L and a lipid productivity of 
4.03 g/L/day. The system enabled pH self-regulation and nutrient synergism, scaling 
effectively even with cassava starch hydrolysate and demonstrating pH self-regulation 
and nutrient synergism [108].

4. �Technologies for converting non-food biomass into biodiesel

The shift from fossil fuels to renewable energy has accelerated the develop-
ment of technologies for converting non-food biomass into biodiesel. While the 
core chemical process of transesterification remains constant, the methods of 
its execution have evolved significantly to address the limitations of traditional 
approaches and improve overall sustainability and economic viability. This evolu-
tion has led to the development of advanced processes utilizing heterogeneous 
catalysts, microwave, and ultrasonic technologies, each offering distinct advan-
tages over the classic use of homogeneous catalysts. Historically, homogeneous 
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catalysts, such as sodium hydroxide and potassium hydroxide, have been the 
standard for biodiesel production. These catalysts dissolve completely in the 
reaction mixture, ensuring excellent contact with the reactants and leading to 
fast reaction rates and high conversion yields. However, this method has signifi-
cant drawbacks. The main challenge lies in the complex and energy-intensive 
downstream processing required to separate the catalyst and purify the biodiesel. 
This typically involves multiple washing steps, which not only consume a lot of 
energy but also generate a large volume of contaminated wastewater, creating 
environmental and disposal challenges. Furthermore, since these catalysts cannot 
be recovered and reused, the process becomes less economically and environ-
mentally sustainable in the long run. The limitations of homogeneous catalysts 
led to a strong push for heterogeneous catalysts. These are solid catalysts that 
do not dissolve in the reaction mixture, which simplifies the separation process 
immensely. They can be easily removed by filtration or centrifugation and, most 
importantly, can be reused, reducing operational costs and waste generation. 
This reusability also facilitates continuous-flow production systems, making the 
technology more scalable for industrial applications. Recent research has yielded 
remarkable results with heterogeneous catalysts [109–124]. For example, Santoso 
et al. [111] optimized biodiesel synthesis from waste cooking oil using a Na2O/γ-
Al2O3 catalyst and ultrasonic assistance. The best yield (83.51%) was achieved 
with a 3% catalyst loading, a 12:1 methanol-to-oil molar ratio, at 65°C for 15 min-
utes. The main biodiesel components identified were methyl elaidate, methyl 
palmitate, and methyl linoleate. The catalyst’s crystal size was 30.59 nm, and the 
process successfully reduced free fatty acids for efficient transesterification [111]. 
The development of green synthesis methods has also emerged, with research-
ers successfully creating calcium oxide (CaO) nanoparticles from waste orange 
peel extract to achieve a 93.4% biodiesel yield from WCO [113]. Other notable 
examples include a nano-magnetic CaO/Fe2O3/feldspar catalyst that provides high 
yields from various wild plant seed oils, with the added benefit of easy magnetic 
separation and reusability [118]. A significant breakthrough is the creation of 
catalysts, like hierarchical porous γ-Al2O3 modified with MoV metal oxides, that 
can perform simultaneous esterification and transesterification in a single step, 
which simplifies the process and enhances cost-effectiveness [123]. Microwave-
assisted transesterification is essential for process efficiency. Unlike conventional 
heating, which heats from the outside in, microwaves directly and rapidly heat 
the polar molecules in the reaction mixture. This targeted and instantaneous 
heating dramatically accelerates reaction kinetics, reducing reaction times from 
hours to mere minutes [124]. This technology offers improved energy efficiency 
by minimizing heat loss. It is particularly effective for in situ transesterification 
of microalgae, as it combines oil extraction and conversion into a single step, 
which is ideal for large-scale, sustainable biofuel production. The use of ultra-
sonic waves is another powerful method of process intensification. Ultrasound 
operates on the principle of acoustic cavitation, where sound waves create and 
collapse microscopic bubbles in the liquid. This violent collapse generates local-
ized high temperatures and pressures, effectively breaking down the immiscible 
oil and alcohol phases and significantly enhancing mass transfer between the 
reactants. This physical action leads to a considerable increase in reaction rate 
and efficiency. Studies have shown that ultrasonic-assisted transesterification can 
achieve high yields while also reducing energy consumption by up to 85% com-
pared to conventional methods [125–128].
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5. �Technological and environmental challenges

Feedstock variability poses a dual challenge and opportunity for the widespread 
adoption of biodiesel derived from non-food biomass. Unlike petroleum, a relatively 
uniform raw material, non-food biomass is a diverse and inconsistent collection 
of materials, including dedicated oilseed crops, agricultural residues, and organic 
wastes. This variability is a defining characteristic of the bioenergy sector, impact-
ing every stage of production from collection and pretreatment to the final quality 
of the biodiesel. The primary challenge stems from compositional differences, such 
as variations in oil content, fatty acid profiles, and impurity levels (e.g., free fatty 
acids and moisture) across different feedstocks. These variations can be influenced 
by species, growing conditions, and storage duration. For example, a feedstock with 
a high free fatty acid content may require a two-step transesterification process 
to prevent soap formation, whereas a different feedstock with lower FFA levels 
might be processed using a single step [129]. This lack of uniformity in feedstock 
composition directly hinders the standardization of conversion processes. A process 
optimized for a specific type of biomass may be inefficient or fail when applied to 
another, leading to increased capital and operational costs. Facilities must be flexible 
enough to handle various feedstocks, requiring more related to feedstock variability 
in biodiesel production.

6. �Summary of key points

This chapite [part 1] highlights for the critical biodiesel production role in tran-
sitioning towards a sustainable energy future. The findings presented across various 
sections of this paper demonstrate that non-food feedstocks—including dedicated 
crops, agricultural wastes, and algae—offer a compelling solution to the “food-ver-
sus-fuel” dilemma, while simultaneously providing a pathway for waste valorization. 
Technological advancements in transesterification have been instrumental in this 
progress. The shift from classic, environmentally problematic homogeneous catalysts 
to more efficient and sustainable heterogeneous catalysts has significantly improved 
biodiesel yields and simplified purification processes. Modern techniques like micro-
wave and ultrasonic assisted transesterification further intensify these processes, 
drastically reducing reaction times and energy consumption. These innovations, 
combined with the strategic application of artificial intelligence and advanced model-
ing, are making non-food biodiesel a technically viable alternative to fossil fuels. 
However, several key challenges remain that must be addressed for widespread adop-
tion. The variability in feedstock composition requires flexible and robust processing 
technologies to ensure consistent biodiesel quality. The economics of production are 
heavily dependent on optimizing the entire value chain, from feedstock sourcing 
and collection to the valorization of co-products in an integrated biorefinery model. 
Furthermore, the environmental impacts of biodiesel must be continuously evaluated 
using life cycle assessments to ensure that benefits such as reduced greenhouse gas 
emissions are not offset by negative effects like increased NOx emissions or unsus-
tainable land use. Finally, the logistical and infrastructural challenges of building a 
new supply chain for a diverse set of biomass feedstocks remain a significant hurdle. 
In summary, the transition to non-food biodiesel is a complex but necessary journey. 
With continued research and development focused on innovative catalysts, efficient 
processing technologies, and integrated, circular-economy-based supply chains, 
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Acknowledgements

The authors gratefully acknowledge the support received from the PYRAGRAF 
project, financed under the European Union’s Horizon Europe framework (Grant 
Agreement ID 101114608), which provided essential insights into decentralized pyro-
lytic conversion of agricultural and forestry residues. We also extend our gratitude 
to the SALTOpower project, financed under the European Union’s Horizon Europe 
framework (GrantAgreement ID 101079303), coordinated by the University of Évora, 
for their contributions on molten salt-based energy storage and its integration with 
biomass pyrolysis-drivenhydrogen/syngas systems. The authors acknowledge the use 
of artificial intelligence tools to enhance the clarity, grammar, and academic style of 
the text. All scientific content, analyses, interpretations, and conclusions presented 
in this chapter were independently developed, verified, and validated by the authors, 
ensuring the accuracy, integrity, and originality of the work.

Conflict of interest

The authors declared no conflicts of interest.

© 2026 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
67

mailto:asma.nouira@uevora.pt
mailto:asma.nouira@fst.utm.tn
http://creativecommons.org/licenses/by/4.0


Sustainable Waste Management and Energy Valorization – Challenges and Technological Innovations

14

References

[1] Capgemini. Biofuels: Potential, 
applications, and challenges. 2024. 
Available from: https://www.capgemini.
com/insights/expert-perspectives/
biofuels-potential-applications-and-
challenges/ [Accessed: May 13, 2025]

[2] Parameswaran B, Gnansounou E, 
Raveendran S, Pandey A. Enzymes 
for second generation biofuels: 
Recent developments and future 
perspectives. Bioresource Technology 
Reports. 2018;5:52-61. DOI: 10.1016/j.
biteb.2018.06.005

[3] Biofuels Offer Hope for Hard-to-
Decarbonise Sectors. The Australian. 
Available from: https://www.
theaustralian.com.au/business/
mining-energy/biofuels-offer-hope-for-
hardtodecarbonise-sectors/news-story
/81c37a6602760947a29e6c7d72c91bb1; 
[Accessed: May 13, 2025]

[4] Cultures Sciences Chimie. Les 
biocarburants : de la 1ère à la 3ème 
génération. Disponible sur: https://
culturesciences.chimie.ens.fr/
thematiques/chimie-organique/catalyse/
les-biocarburants-de-la-1ere-a-la-3eme-
generation [Consulted: Mai 13, 2025]

[5] Ministère de l’Agriculture. Tout savoir 
sur les biocarburants. Disponible sur: 
https://agriculture.gouv.fr/tout-savoir-
sur-les-biocarburants [Consulted: Mai 
13, 2025]

[6] Ecosources. Les biocarburants 
de troisième génération. Disponible 
sur: https://www.ecosources.org/
biocarburant-de-troisieme-generation 
[Consulted: Mai 13, 2025]

[7] Deshmukh A. Technical and 
economical feasibility of biofuels for 
engine applications. In: SAE Technical 

Paper 2009-24-0087. Warrendale (PA): 
Society of Automotive Engineers; 2009. 
DOI: 10.4271/2009-24-0087

[8] Vilas Bôas RN, Mendes MF. A 
review of biodiesel production from 
non-edible raw materials using the 
transesterification process with 
a focus on influence of feedstock 
composition and free fatty acids. 
Journal of the Chilean Chemical Society. 
2022;67(1):5433-5444. DOI: 10.4067/
S0717-97072022000105433

[9] Makarevičienė V, Gaidė I, 
Sendžikienė E. Heterogeneous 
catalysts from food waste for biodiesel 
synthesis—A comprehensive review. 
Catalysts. 2025;15(10):957. DOI: 10.3390/
catal15100957

[10] Wengenmayr R. Renewable Energy: 
Sustainable Concepts for the Energy 
Change. 2nd ed. Weinheim: Wiley-VCH; 
2013

[11] Adessi A, De Philippis R. Biodiesel 
from microalgae. In: Hallenbeck PC, 
editor. Microbial Technologies in 
Advanced Biofuels Production. Springer; 
2012. DOI: 10.1007/978-1-4614-1208-3_4

[12] Mahapatra S, Kumar D, Singh B, 
Sachan PK. Biofuels and their sources 
of production: A review on cleaner 
sustainable alternative against 
conventional fuel, in the framework 
of the food and energy nexus. Energy 
Nexus. 2021;4:100036. DOI: 10.1016/j.
nexus.2021.100036

[13] Nowack KF. Biofuels today and 
tomorrow. Hydrocarbon Process. 
2007;86(2):87-95

[14] Ackrill R, Kay A. Biofuels policy 
challenges. In: Ackrill R, Kay A, 

68

https://www.capgemini.com/insights/expert-perspectives/biofuels-potential-applications-and-challenges/
https://www.capgemini.com/insights/expert-perspectives/biofuels-potential-applications-and-challenges/
https://www.capgemini.com/insights/expert-perspectives/biofuels-potential-applications-and-challenges/
https://www.capgemini.com/insights/expert-perspectives/biofuels-potential-applications-and-challenges/
https://www.theaustralian.com.au/business/mining-energy/biofuels-offer-hope-for-hardtodecarbonise-sectors/news-story/81c37a6602760947a29e6c7d72c91bb1
https://www.theaustralian.com.au/business/mining-energy/biofuels-offer-hope-for-hardtodecarbonise-sectors/news-story/81c37a6602760947a29e6c7d72c91bb1
https://www.theaustralian.com.au/business/mining-energy/biofuels-offer-hope-for-hardtodecarbonise-sectors/news-story/81c37a6602760947a29e6c7d72c91bb1
https://www.theaustralian.com.au/business/mining-energy/biofuels-offer-hope-for-hardtodecarbonise-sectors/news-story/81c37a6602760947a29e6c7d72c91bb1
https://www.theaustralian.com.au/business/mining-energy/biofuels-offer-hope-for-hardtodecarbonise-sectors/news-story/81c37a6602760947a29e6c7d72c91bb1
https://culturesciences.chimie.ens.fr/thematiques/chimie-organique/catalyse/les-biocarburants-de-la-1ere-a-la-3eme-generation
https://culturesciences.chimie.ens.fr/thematiques/chimie-organique/catalyse/les-biocarburants-de-la-1ere-a-la-3eme-generation
https://culturesciences.chimie.ens.fr/thematiques/chimie-organique/catalyse/les-biocarburants-de-la-1ere-a-la-3eme-generation
https://culturesciences.chimie.ens.fr/thematiques/chimie-organique/catalyse/les-biocarburants-de-la-1ere-a-la-3eme-generation
https://culturesciences.chimie.ens.fr/thematiques/chimie-organique/catalyse/les-biocarburants-de-la-1ere-a-la-3eme-generation
https://agriculture.gouv.fr/tout-savoir-sur-les-biocarburants
https://agriculture.gouv.fr/tout-savoir-sur-les-biocarburants
https://www.ecosources.org/biocarburant-de-troisieme-generation
https://www.ecosources.org/biocarburant-de-troisieme-generation


The Use of Non-Food Biomass for Biodiesel Production: Technological and Environmental…
DOI: http://dx.doi.org/10.5772/intechopen.1012287

15

editors. The Growth of Biofuels in 
the 21st Century, Energy, climate 
and the environment series. London: 
Palgrave Macmillan; 2014. pp. 180-217. 
DOI: 10.1057/9781137307897_9

[15] Haque SM, Bhat AH, Khan I. 
Biomass: An ageless raw material 
for biofuels. In: Kaur GH, Khan I, 
Bhat AH, editors. Agricultural 
Biomass Based Potential Materials. 
Springer; 2015. pp. 442-466. 
DOI: 10.1007/978-3-319-13847-3_20

[16] Zhang Y, Dube MA, McLean DD, 
Kates M. Biodiesel production from 
waste cooking oil: 2. Economic 
assessment and sensitivity 
analysis. Bioresource Technology. 
2003;90(3):229-240. DOI: 10.1016/
s0960-8524(03)00150-0

[17] Searchinger T, Heimlich R, 
Houghton RA, Dong F, Elobeid A, 
Fabiosa J, et al. Use of U.S. croplands 
for biofuels increases greenhouse gases 
through emissions from land-use change. 
Science. 2008;319(5867):1238-1240. 
DOI: 10.1126/science.1151861

[18] European Commission. Renewable 
Energy – Recast to 2030 (RED II). 
EU Science Hub; 2018. Available 
from: https://joint-research-centre.
ec.europa.eu/welcome-jec-website/
reference-regulatory-framework/
renewable-energy-recast-2030-red-ii_en

[19] US Environmental Protection 
Agency. Overview of the Renewable 
Fuel Standard Program. EPA; 2025. 
Available from: https://www.epa.gov/
renewable-fuel-standard-program/
program-overview-renewable-fuel-
standard-program

[20] US Environmental Protection 
Agency. Final Renewable Fuels Standards 
Rule for 2023, 2024, and 2025. EPA; 
2023. Available from: https://www.epa.

gov/renewable-fuel-standard/final-
renewable-fuels-standards-rule-2023-
2024-and-2025

[21] Baskar G, Aiswarya R. Trends 
in catalytic production of biodiesel 
from various feedstocks. Renewable 
and Sustainable Energy Reviews. 
2016;57:496-504. DOI: 10.1016/j.
rser.2015.12.101

[22] Rezaei R, Mohadesi M, Moradi GR. 
Optimization of biodiesel production 
using waste mussel shell catalyst. Fuel. 
2013;109:534-541. DOI: 10.1016/j.
fuel.2013.03.004

[23] Yaghi M, Chidiac S, Awad S, El 
Rayess Y, Zgheib N. An overview of 
biodiesel production via heterogeneous 
catalysts: Synthesis, current advances, 
and challenges. Clean Technologies. 
2025;7(3):62. DOI: 10.3390/
cleantechnol7030062

[24] Meriatna HH, Riza M, Faisal M, 
Ahmadi S. Biodiesel production using 
waste banana peel as renewable base 
catalyst. Materials Today Proceedings. 
2023;87(Pt. 2):214-217. DOI: 10.1016/j.
matpr.2023.02.400

[25] Lee RA, Lavoie JM. From first- to 
third-generation biofuels: Challenges of 
producing a commodity from a biomass 
of increasing complexity. Animal 
Frontiers. 2013;3(2):6-11. DOI: 10.2527/
af.2013-0010

[26] Kowalski Z, Kulczycka J, Verhé R, 
Desender L, De Clercq G, Makara A, 
et al. Second-generation biofuel 
production from the organic fraction 
of municipal solid waste. Frontiers 
in Energy Research. 2022;25:919415. 
DOI: 10.3389/fenrg.2022.919415

[27] Pramanik A, Sinha A, Chaubey KK, 
Hariharan S, Dayal D, Bachheti RK, 
et al. Second-generation bio-fuels: 

69

https://joint-research-centre.ec.europa.eu/welcome-jec-website/reference-regulatory-framework/renewable-energy-recast-2030-red-ii_en
https://joint-research-centre.ec.europa.eu/welcome-jec-website/reference-regulatory-framework/renewable-energy-recast-2030-red-ii_en
https://joint-research-centre.ec.europa.eu/welcome-jec-website/reference-regulatory-framework/renewable-energy-recast-2030-red-ii_en
https://joint-research-centre.ec.europa.eu/welcome-jec-website/reference-regulatory-framework/renewable-energy-recast-2030-red-ii_en
https://www.epa.gov/renewable-fuel-standard-program/program-overview-renewable-fuel-standard-program
https://www.epa.gov/renewable-fuel-standard-program/program-overview-renewable-fuel-standard-program
https://www.epa.gov/renewable-fuel-standard-program/program-overview-renewable-fuel-standard-program
https://www.epa.gov/renewable-fuel-standard-program/program-overview-renewable-fuel-standard-program
https://www.epa.gov/renewable-fuel-standard/final-renewable-fuels-standards-rule-2023-2024-and-2025
https://www.epa.gov/renewable-fuel-standard/final-renewable-fuels-standards-rule-2023-2024-and-2025
https://www.epa.gov/renewable-fuel-standard/final-renewable-fuels-standards-rule-2023-2024-and-2025
https://www.epa.gov/renewable-fuel-standard/final-renewable-fuels-standards-rule-2023-2024-and-2025


Sustainable Waste Management and Energy Valorization – Challenges and Technological Innovations

16

Strategies for employing degraded land 
for climate change mitigation meeting 
united nation-sustainable development 
goals. Sustainability. 2023;15(9):7578. 
DOI: 10.3390/su15097578

[28] Figueiredo M, Mendes F. Problems 
found in the adaptation of a fluid 
cracking catalytic pilot plant for studying 
second generation biofuel production 
by pyrolysis. Chemical Engineering 
Transactions. 2012;29:691-696. 
DOI: 10.3303/CET1229116

[29] Jintao H, MuhdNoor ND, 
Kamarudin NHA, Ali MSM. Review of 
enzyme catalysis in sustainable biofuel 
production: A comparative study of 
waste oils and alternative feedstocks. 
International Journal of Green Energy. 
2025;22(1):1-15

[30] Tagade A, Kirti N, Sawarkar AN. 
Pyrolysis of agricultural crop residues: 
An overview of researches by Indian 
scientific community. Bioresource 
Technology Reports. 2021;15:100761. 
DOI: 10.1016/j.biteb.2021.100761

[31] Rossi LM, Gallo JMR, Mattoso LHC, 
Buckeridge MS, Licence P, Allen DT. 
Ethanol from sugarcane and the 
Brazilian biomass-based energy and 
chemicals sector. ACS Sustainable 
Chemistry & Engineering. 
2021;9(12):4293-4295. DOI: 10.1021/
acssuschemeng.1c01678

[32] Yacout DMM, Tysklind M, 
Upadhyayula VKK. Socio-economic 
implications of forest-based biofuels 
for marine transportation in the Arctic: 
Sweden as a case study. Frontiers in 
Climate. 2024;6:1414813. DOI: 10.3389/
fclim.2024.1414813

[33] Alam F, Mobin S, Chowdhury H. 
Third generation biofuel from algae. 
Procedia Engineering. 2015;105:763-768. 
DOI: 10.1016/j.proeng.2015.05.068

[34] Behera S, Singh R, Arora R, 
Sharma NK, Shukla M, Kumar S. Scope 
of algae as third generation biofuels. 
Frontiers in Bioengineering and 
Biotechnology. 2015;2:90. DOI: 10.3389/
fbioe.2014.00090

[35] Dragone G, Fernandes BD, 
Vicente AA, Teixeira JA. Third 
generation biofuels from microalgae. 
In: Méndez-Vilas A, editor. Current 
Research, Technology and Education 
Topics in Applied Microbiology and 
Microbial Biotechnology. 2010. pp. 
1355-1366

[36] Lackner M, Köpke M. Third-
generation biofuels: Bacteria and algae 
for better yield and sustainability. 
In: Lackner M, Sajjadi B, Chen W-Y, 
editors. Handbook of Climate Change 
Mitigation and Adaptation. 3rd 
ed. Springer; 2025. pp. 2411-2466. 
DOI: 10.1007/978-3-031-84483-6_90

[37] Li G, Yao J. A review of algae-
based carbon capture, utilization, and 
storage (algae-based CCUS). Gases. 
2024;4(4):376-398. DOI: 10.3390/
gases4040024

[38] Tang Y. Algae used in achieving 
carbon neutrality by treating wastewater. 
International Journal of Energy. 
2025;8(1):61-66. DOI: 10.54097/v8tjht95

[39] Hoque MM, Iannelli V, Padula F, 
Radice RP, Saha BK, Martelli G, et al. 
Microalgae: Green engines for achieving 
carbon sequestration, circular economy, 
and environmental sustainability—A 
review based on last ten years of 
research. Bioengineering. 2025;12(9):909. 
DOI: 10.3390/bioengineering12090909

[40] Veal MW, Caffrey KR, Chinn MS, 
Grunden AM. Algae for Biofuels – 
Economic and Environmental Costs. 
SRAC Publication No. 4310. Southern 
Regional Aquaculture Center, Mississippi 

70



The Use of Non-Food Biomass for Biodiesel Production: Technological and Environmental…
DOI: http://dx.doi.org/10.5772/intechopen.1012287

17

State University; 2013. Available from: 
https://srac.msstate.edu/pdfs/Fact%20
Sheets/4310%20Algae%20for%20
Biofuels-%20Economic%20and%20
Environmental%20Costs.pdf

[41] Hannon M, Gimpel J, Tran M, 
Rasala B, Mayfield S. Biofuels from 
algae: Challenges and potential. Biofuels. 
2010;1(5):763-784. DOI: 10.4155/bfs.10.44

[42] Adeniyi OM, Azimov U, Burluka A. 
Algae biofuel: Current status and future 
applications. Renewable and Sustainable 
Energy Reviews. 2018;90:316-335. 
DOI: 10.1016/j.rser.2018.03.067

[43] Papagianni S, Capellán-Pérez I, 
Adam A, Pastor A. Review and meta-
analysis of energy return on investment 
and environmental indicators of biofuels. 
Renewable and Sustainable Energy 
Reviews. 2024;203:114737. DOI: 10.1016/j.
rser.2024.114737

[44] Rial RC. Biofuels versus climate 
change: Exploring potentials and 
challenges in the energy transition. 
Renewable and Sustainable 
Energy Reviews. 2024;196:114369. 
DOI: 10.1016/j.rser.2024.114369

[45] Kant G, Hasan A, Yadav P, Pandey A, 
Srivastava S. The generational shift in 
biofuels: A path toward sustainable 
energy solutions. Biomass and Bioenergy. 
2025;196:107757. DOI: 10.1016/j.
biombioe.2025.107757

[46] Chowdhury R, Caetano N, 
Franchetti MJ, Hariprasad K. Life cycle 
based GHG emissions from algae based 
bioenergy with a special emphasis on 
climate change indicators and their uses 
in dynamic LCA: A review. Sustainability. 
2023;15(3):1767. DOI: 10.3390/su15031767

[47] International Energy Agency. World 
Energy Outlook 2023. Paris: IEA; 2023. 
DOI: 10.1787/827374a6-en

[48] Yang X, Liu Y, Bezama A, 
Thrän D. Two birds with one stone: 
A combined environmental and 
economic performance assessment of 
rapeseed-based biodiesel production. 
GCB Bioenergy. 2022;14(2):215-241. 
DOI: 10.1111/gcbb.12913

[49] Gupta R, McRoberts R, Yu Z, 
Smith C, Sloan W, You S. Life cycle 
assessment of biodiesel production 
from rapeseed oil: Influence of process 
parameters and scale. Bioresource 
Technology. 2022;360:127532. 
DOI: 10.1016/j.biortech.2022.127532

[50] Fletcher RJ Jr, Robertson BA, 
Evans J, Doran PJ, Alavalapati JRR, 
Schemske DW. The impacts of biofuel 
crops on local biodiversity: A global 
synthesis. Biodiversity and Conservation. 
2021;30(10):2863-2883

[51] Abreu M, Silva L, Ribeiro B, 
Ferreira A, Alves L, Paixão SM, et al. Low 
indirect land use change (ILUC) energy 
crops to bioenergy and biofuels—A 
review. Energies. 2022;15(12):4348. 
DOI: 10.3390/en15124348

[52] Antizar-Ladislao B, Turrion-
Gomez JL. Second-generation biofuels 
and local bioenergy systems. Biofuels 
Bioproducts Biorefining. 2008;2(5):455-
469. DOI: 10.1002/bbb.97

[53] Winberg J, Ekroos J, Eklundh L, 
Smith HG. Constraints on the 
availability of marginal land for 
bioenergy production in southern 
Sweden. Biomass and Bioenergy. 
2024;190:107421. DOI: 10.1016/j.
biombioe.2024.107421

[54] Neupane D, Bhattarai D, Ahmed Z, 
Das B, Pandey S, Solomon JKQ, et al. 
Growing Jatropha (Jatropha curcas L.) as 
a potential second-generation biodiesel 
feedstock. Inventions. 2021;6(4):60. 
DOI: 10.3390/inventions6040060

71

https://srac.msstate.edu/pdfs/Fact%20Sheets/4310%20Algae%20for%20Biofuels-%20Economic%20and%20Environmental%20Costs.pdf
https://srac.msstate.edu/pdfs/Fact%20Sheets/4310%20Algae%20for%20Biofuels-%20Economic%20and%20Environmental%20Costs.pdf
https://srac.msstate.edu/pdfs/Fact%20Sheets/4310%20Algae%20for%20Biofuels-%20Economic%20and%20Environmental%20Costs.pdf
https://srac.msstate.edu/pdfs/Fact%20Sheets/4310%20Algae%20for%20Biofuels-%20Economic%20and%20Environmental%20Costs.pdf


Sustainable Waste Management and Energy Valorization – Challenges and Technological Innovations

18

[55] Leksono B, Rahman SA, 
Larjavaara M, Purbaya DA, Arpiwi NL, 
Samsudin YB, et al. Pongamia: A possible 
option for degraded land restoration 
and bioenergy production in Indonesia. 
Forests. 2021;12(11):1468. DOI: 10.3390/
f12111468

[56] Ruatpuia JVL, Halder G, 
Vanlalchhandama M, Lalsangpuii F, 
Boddula R, Al-Qahtani N, et al. Jatropha 
curcas oil as a potential feedstock for 
biodiesel production: A critical review. 
Fuel. 2024;370:131829. DOI: 10.1016/j.
fuel.2024.131829

[57] Yusuf NNAN, Kamarudin SK, 
Yaakob Z. Overview on the production 
of biodiesel from Jatropha curcas L. 
by using heterogeneous catalysts. 
Biofuels, Bioproducts and Biorefining. 
2012;6(3):319-334. DOI: 10.1002/
bbb.345

[58] Che Hamzah NH, Khairuddin N, 
Siddique BM, Hassan MA. Potential of 
Jatropha curcas L. as biodiesel feedstock 
in Malaysia: A concise review. PRO. 
2020;8(7):786. DOI: 10.3390/pr8070786

[59] Sakthivel R, Ramesh K, 
Purnachandran R, Mohamed SP. A 
review on the properties, performance 
and emission aspects of the third 
generation biodiesels. Renewable 
and Sustainable Energy Reviews. 
2018;82:2970-2992. DOI: 10.1016/j.
rser.2017.10.037

[60] Rodrigues J, Miranda I, 
Furquim L, Gominho J, Vasconcelos M, 
Barradas G, et al. Storage stability of 
Jatropha curcas L. oil naturally rich 
in gamma-tocopherol. Industrial 
Crops and Products. 2015;64:188-193. 
DOI: 10.1016/j.indcrop.2014.10.048

[61] Abou Kheira AA, Atta NMM. 
Response of Jatropha curcas L. to water 
deficits: Yield, water use efficiency and 

oilseed characteristics. Biomass and 
Bioenergy. 2009;33(10):1343-1350. 
DOI: 10.1016/j.biombioe.2008.05.015

[62] Pérez-Vázquez A, Hernández-
Salinas G, Ávila-Reséndiz C, Valdés-
Rodríguez OA, Gallardo-López F, 
García-Pérez E, et al. Effect of the soil 
water content on Jatropha seedlings 
in a tropical climate. International 
Agrophysics. 2013;27(4):351-357. 
DOI: 10.2478/intag-2013-0004

[63] Al-Busaidi A, Ahmed M, 
Chikara J. The impact of heat and 
water stress conditions on the growth 
of the biofuel plant Jatropha curcas. 
International Journal of Environmental 
Studies. 2012;13(1):273-288. 
DOI: 10.1080/00207233.2012.663204

[64] Wani SP, Chander G, Sahrawat KL, 
Srinivasa Rao C, Raghvendra G, 
Susanna P, et al. Carbon sequestration 
and land rehabilitation through Jatropha 
curcas (L.) plantation in degraded 
lands. Agriculture, Ecosystems and 
Environment. 2012;161:112-120. 
DOI: 10.1016/j.agee.2012.07.028

[65] Baumert S, Khamzina A, Vlek PLG. 
Soil organic carbon sequestration in 
Jatropha curcas systems in Burkina Faso. 
Land Degradation and Development. 
2016;27(6):1814-1823. DOI: 10.1002/
ldr.2310

[66] Zhang Z, Li J, Wang Z, Liu H, Wei K. 
Estimating soil carbon sequestration 
of Jatropha for sustainable aviation 
fuel pathway. Water, Air, and Soil 
Pollution. 2024;235(1):47. DOI: 10.1007/
s11270-023-06826-5

[67] Segerstedt A, Bobert J. Revising 
the potential of large-scale Jatropha oil 
production in Tanzania: An economic 
land evaluation assessment. Energy 
Policy. 2013;57:491-505. DOI: 10.1016/j.
enpol.2013.02.023

72



The Use of Non-Food Biomass for Biodiesel Production: Technological and Environmental…
DOI: http://dx.doi.org/10.5772/intechopen.1012287

19

[68] Mehra KS, Singh S, Singh AK, 
Kharkwal H, Avikal S, et al. 
Performance, energy, emission and cost 
analysis of Jatropha (Jatropha Curcas) 
oil as a biofuel for compression ignition 
engine. Materials Today Proceedings. 
2021;43(Part 1):348-354. DOI: 10.1016/j.
matpr.2020.11.675

[69] Liu Y, Zhu Z, Zhang R, Zhao X. 
Life cycle assessment and life cycle cost 
analysis of Jatropha biodiesel production 
in China. Biomass Conversion and 
Biorefinery. 2024;14(22):28635-28660

[70] Shafi ME, Alsabi HA, Almasoudi SH, 
Mufti FAM, Alowaidi SA, Alaswad AA. 
Catalytic conversion of Jatropha curcas oil 
to biodiesel using mussel shell-derived 
catalyst: Characterization, stability, 
and comparative study. Inorganics. 
2024;12(4):109. DOI: 10.3390/
inorganics12040109

[71] Yang L, Zhou J, Pan C, Tu Q, 
Wang G, Duan J, et al. Environmental, 
energy, and economic assessment of 
Jatropha curcas L. biodiesel production 
in China. Journal of Cleaner Production. 
2024;470:143286. DOI: 10.1016/j.
jclepro.2024.143286

[72] Nahar K. Jatropha curcas L: A 
Potential 2G Energy Crop to Produce 
Biofuel in Bangladesh: Agronomy, 
Biotechnology, Biodiesel and Byproducts. 
Cham: Springer Nature Switzerland; 
2025

[73] Gaur RK, Goyal R. Performance, 
emission, combustion and economics 
analysis of CI engine fueled with mixed 
oil biodiesel blends from waste cooking 
oil and pongamia oil. SN Applied 
Sciences. 2025;7(6):365. DOI: 10.1007/
s42452-025-07150-7

[74] Mulla AA, Shah AP. Production 
and engine performance analysis of 
biodiesel from Pongamia pinnata using 

PTSA and CaO nanocatalysts. Biomass 
and Bioenergy. 2025;195:107714. 
DOI: 10.1016/j.biombioe.2024.107714

[75] Basumatary SF, Das B, Brahma S, 
Basumatary S. Musa ABB (Kachkal) 
banana waste derived heterogeneous 
nanocatalyst for transesterification of 
binary oil mixture of Jatropha curcas 
and Pongamia pinnata to biodiesel. 
Bioresource Technology Reports. 
2025;29:102018. DOI: 10.1016/j.
biteb.2024.102018

[76] Sudalai S, Devanesan MG, 
Arumugam A. Dolomite as a potential 
source of heterogeneous catalyst for 
biodiesel production from Pongamia 
pinnata. Nature Environment and 
Pollution Technology. 2024;23(4). 
DOI: 10.46488/NEPT.2024.v23i04.042

[77] Suresh R, Ashwin R, Uppuluri K, 
MohanRaj T. Experimental 
investigation and operating 
characteristics of LHR engine 
using Pongamia pinnata and 
Azadirachta indica biodiesel blend 
with industrial waste additive. In: 
SAE Technical Paper 2025-28-0039. 
DOI: 10.4271/2025‑28‑0039

[78] Ali M, Kashif M, Zaidi AA, Jamil R. 
Statistical optimization of biodiesel 
production from non-edible Pongamia 
pinnata oil. Periodica Polytechnica 
Chemical Engineering. 2024;68(3):419-
427. DOI: 10.3311/PPch.36753

[79] Kiani HS, Ali A, Zahra S, 
Hassan ZU, Kubra KT, Azam M, et al. 
Phytochemical composition and 
pharmacological potential of lemongrass 
(Cymbopogon) and impact on gut 
microbiota. AppliedChem. 2022;2(4):16. 
DOI: 10.3390/appliedchem2040016

[80] Gangolu NR, Gopidesi RK, 
Anudeep IM. Effects of lemongrass 
oil as fuel in diesel engine. INCAS 

73



Sustainable Waste Management and Energy Valorization – Challenges and Technological Innovations

20

BULLETIN. 2020;12(4):63-70. 
DOI: 10.13111/2066-8201.2020.12.4.6

[81] Saravana Kumar M, Prabhahar M, 
Prakash S, Senthil J, Thiagarajan C. 
Experimental analysis of lemon grass 
biodiesel (LGB) with different exhaust 
gas recirculation. Materials Today: 
Proceedings. 2020;33(Pt. 1):876-880. 
DOI: 10.1016/j.matpr.2020.06.405

[82] Kumar P, Kumar D, Shankar R, 
Kumar S, Saini P, Kumar N. Effect 
of synthesized lemongrass biodiesel 
on the performance and emission 
characteristics of a CI engine. Sustainable 
Energy Technologies and Assessments. 
2023;57:103221. DOI: 10.1016/j.
seta.2023.103221

[83] Paramasivam P, Balasubramanian A, 
Adeleke AA, Ikubanni PP, Kumar S, 
Prakash C, et al. Exploring alternative 
fuel solutions: Lemon grass oil 
biodiesel blend with dibutyl ether 
additive for VCR diesel engines – An 
experimental analysis. Scientific Reports. 
2024;14:20272

[84] Ooi JB, Kau CC, Manoharan DN, 
Wang X, Tran M-V, Hung YM. Effects of 
multi-walled carbon nanotubes on the 
combustion, performance, and emission 
characteristics of a single-cylinder diesel 
engine fueled with palm-oil biodiesel–
diesel blend. Energy. 2023;281:128350. 
DOI: 10.1016/j.energy.2023.128350

[85] Ali MH, Mashud M, Rubel MR, 
Ahmad RH. Biodiesel from neem oil 
as an alternative fuel for diesel engine. 
Procedia Engineering. 2013;56:625-630. 
DOI: 10.1016/j.proeng.2013.03.169

[86] Dash SK, Elumalai PV, Ranjit PS, 
Das PK, Kumar R, Kunar S, et al. 
Experimental investigation on synthesis 
of biodiesel from non-edible neem 
seed oil: Production optimization and 
evaluation of fuel properties. Materials 

Today Proceedings. 2021;47(10):2463-
2466. DOI: 10.1016/j.matpr.2021.04.551

[87] Fadairo AA, Wong PK, Ip WF, 
Ahmadi Ghadikolaei M, Cai Z, Ng KW, 
et al. Impact of neem oil biodiesel blends 
on physical and chemical properties of 
particulate matter emitted from diesel 
engines. Environmental Pollution. 
2024;362:124972. DOI: 10.1016/j.
envpol.2024.124972

[88] Arslan M, Ayyub H, Jamshaid M, 
Arslan A, Kalam MA, Ahmad F. 
Production, performance and emission 
of biodiesel from a mixture of castor 
oil and neem oil. RSC Advances. 
2025;15(42):35296-35311. DOI: 10.1039/
d5ra04004c

[89] Aswathanrayan MS, Santhosh N, 
Venkataramana SH, Kumar KS, 
Kamangar S, Arabi AIA, et al. Prediction 
of performance and emission features 
of diesel engine using alumina 
nanoparticles with neem oil biodiesel 
based on advanced ML algorithms. 
Scientific Reports. 2025;15:12683. 
DOI: 10.1038/s41598-025-97092-2

[90] Rajak AK, Harikrishna M, 
Zeenath SF, Dalal S, Karuna SL, 
Rajesh K, et al. Transesterification 
of neem seed oil for environmentally 
friendly biolubricants: Promoting 
circular economy in industrial 
processes. Biomass and Bioenergy. 
2025;200:108012. DOI: 10.1016/j.
biombioe.2025.108012

[91] Suzihaque MUH, Alwi H, 
Ibrahim UK, Abdullah S, Haron N. 
Biodiesel production from waste cooking 
oil: A brief review. Materials Today 
Proceedings. 2022;63(S1):S490-S495. 
DOI: 10.1016/j.matpr.2022.04.527

[92] Jarungwongsathien A, Chanthon N, 
Ngaosuwan K, Kiatkittipong W, 
Wongsawaeng D, Mens W, et al. 

74



The Use of Non-Food Biomass for Biodiesel Production: Technological and Environmental…
DOI: http://dx.doi.org/10.5772/intechopen.1012287

21

Cost-effective and simple biodiesel 
production process from waste cooking 
oil using a rotating tube reactor: Kinetic 
study and techno-economic analysis. 
Renewable Energy. 2025;255:123729. 
DOI: 10.1016/j.renene.2025.123729

[93] Alahmar NM, Wan Azelee NI, 
Toemen S. Efficient biodiesel production 
from waste cooking oil using a 
bifunctional Ce/Mn/γ-Al₂O₃ catalysts. 
Scientific Reports. 2025;15:352

[94] Rezaeifar A, Mansouri M, Maleki B. 
Incorporation of CuO on the αFe₂O₃ 
nanoparticles as a heterogeneous 
catalyst for conversion of waste cooking 
oil into biodiesel. Scientific Reports. 
2025;15:7067

[95] Sahu S, Saikia K, Gurunathan B, 
Dhakshinamoorthy A, Rokhum SL. 
Green synthesis of CaO nanocatalyst 
using watermelon peels for biodiesel 
production. Molecular Catalysis. 
2023;547:113342. DOI: 10.1016/j.
mcat.2023.113342

[96] Selvam M, Pragadish N, Harish KA, 
Srinivasan RG, Devarajan Y, 
Kaliappan N. Investigating emission 
characteristics and combustion 
performance of a CRDI engine utilizing 
novel biodiesel derived from waste 
cooking oil and pentanol blends. 
Scientific Reports. 2025;15:14742

[97] Biberci MA, Çelik MB, Ozhuner E. 
Engine performance and emission 
optimization with waste cooking oil 
biodiesel/diesel blend using ANN 
and RSM techniques coupled with 
ACKTR-DE and HHO algorithms. BMC 
Chemistry. 2025;19(1):137. DOI: 10.1186/
s13065-025-01512-3

[98] Liew OI, Razali NF, Mansur SA, 
Fauzi NA, Razak AHA, Abd Aziz MH, 
et al. Comparison of Sapindus Mukorossi 
(soapnut seed kernel oil) and used 

cooking oil via transesterification to 
produce biodiesel in terms of conversion 
percentage. ARAM. 2025;136(1):1220. 
DOI: 10.37934/aram.136.1.1220

[99] Bhran AA. A comparative techno-
economic analysis of waste cooking 
oils and chlorella microalgae for 
sustainable biodiesel production. 
PRO. 2025;13(11):3526. DOI: 10.3390/
pr13113526

[100] Dejene B, Bezu A. Biodiesel from 
blended microalgae and waste cooking 
oils: Optimization, characterization, 
and fuel quality studies. AIMS Energy. 
2024;12(2):408-438. DOI: 10.3934/
energy.2024019

[101] Aboueldahab M, Wu Y, 
Alwaleed E, Twagirayezu G, Xia A, 
Saber H. Maximizing the biodiesel 
production efficiency from Red Sea 
macroalgae: A seasonal and multivariate 
approach. Biomass and Bioenergy. 
2025;201:108050. DOI: 10.1016/j.
biombioe.2025.108050

[102] Pandian PM, Mathew F, Muttu M, 
Perumalsamy M. Techno-economic 
analysis of biodiesel production from 
Chlorella vulgaris using different 
potential biorefinery approaches. 
Bioenergy Research. 2025;18(1):21. 
DOI: 10.1007/s12155-025-10823-1

[103] Allasi HL, Murugan S, Ananda HK, 
Vairavel D. Enhancing diesel engine 
performance and emissions with 
N-butanol enhanced biodiesel derived 
from Scenedesmus obliquus algae. 
Scientific Reports. 2025;15:12924. 
DOI: 10.1038/s41598-025-92369-y

[104] Panwar P, Singh AP, Chauhan A, 
Arora R. Optimization of a macro-
algae-based biodiesel supply chain: A 
multi-objective approach. Discover 
Sustainability. 2025;6:248. DOI: 10.1007/
s43621-025-01022-1

75



Sustainable Waste Management and Energy Valorization – Challenges and Technological Innovations

22

[105] Liu Y, Xia R, Wang Y, Zhao Y, 
Ju M. Life-cycle environmental impact 
assessment of microalgae biodiesel 
derived from different processes. 
Industrial Crops and Products. 
2025;233:121381. DOI: 10.1016/j.
indcrop.2025.121381

[106] Sun H, Devanesan S, Aljawdah HM, 
Rithika M, Jhanani GK. Utilization 
of the Dunaliella salina microalgae by 
transesterification process with NaOH as 
catalyst in diesel combustion. Renewable 
Energy. 2025;250:123344. DOI: 10.1016/j.
renene.2025.123344

[107] Poh ZL, Kadir WNA, Lam MK, 
Uemura Y, Suparmaniam U, Lim JW, 
et al. The effect of stress environment 
towards lipid accumulation in microalgae 
after harvesting. Renewable Energy. 
2020;157:842-853. DOI: 10.1016/j.
renene.2020.03.081

[108] Wu B, Zhou W, Gong Z, Ran S, 
He M, Zhong T, et al. Co-culture 
of Chlorella pyrenoidosa and 
Cutaneotrichosporon oleaginosum with 
enhanced biomass, lipid yield, and 
lipid productivity for micro-biodiesel 
production. Renewable Energy. 
2025;250:123369. DOI: 10.1016/j.
renene.2025.123369

[109] Al-Hamamre Z, Sandouqa A, 
Al-Saida B, Shawabkeh RA, Alnaief M. 
Biodiesel production from waste cooking 
oil using heterogeneous KNO₃/oil 
shale ash catalyst. Renewable Energy. 
2023;211:470-483. DOI: 10.1016/j.
renene.2023.05.025

[110] Karthikeyan M, Sathish S, 
Soosai MR, Prabu D, Venkatesan D. 
Optimized production of biodiesel 
from used (waste) cooking oil by 
utilizing a heterogeneous catalyst, and 
its studies for sustainable development. 
Fuel. 2026;403:136091. DOI: 10.1016/j.
fuel.2025.136091

[111] Santoso A, Kusumah TN, Sumari S, 
Wijaya AR, Retnosari R, Rachman IB, 
et al. Synthesis of biodiesel from waste 
cooking oil using heterogeneous catalyst 
of Na2O/γ-Al2O3 assisted by ultrasonic 
wave. AIMS Energy. 2022;10(5):1059-
1073. DOI: 10.3934/energy.2022049

[112] Moumeni O, Djerad S, Bouranene S, 
Taghri M, Chakroun C. Production 
of biodiesel from waste cooking oils 
using manganese oxide MnO as a 
heterogeneous catalyst. Biofuels. 
DOI: 10.1080/17597269.2025.2544476

[113] Garg R, Garg R, Eddy NO, 
Abdulraheem MI, Hazzan OO, 
Abdi G. Green synthesis of calcium 
oxide nanocatalyst and application in 
transesterification of waste cooking 
oil. Bioresources and Bioprocessing. 
2025;12:52

[114] Mishra R, Shu C-M, Gollakota ARK. 
Transformation of waste cooking oil into 
biodiesel in a microwave reactor using 
nickel-loaded graphitic biochar catalyst. 
Fuel. 2025;397:135369. DOI: 10.1016/j.
fuel.2025.135369

[115] Helmiyati H, Budiman Y, 
Abbas GH, Dini FW, Khalil M. 
Highly efficient synthesis of biodiesel 
catalyzed by a cellulose@hematite-
zirconia nanocomposite. Heliyon. 
2021;7(3):e06622. DOI: 10.1016/j.
heliyon.2021.e06622

[116] Gonzaga VE, Romero R, Gómez-
Espinosa RM, Romero A, Martínez SL, 
Natividad R. Biodiesel production 
from waste cooking oil catalyzed by 
a bifunctional catalyst. ACS Omega. 
2021;6(37):24092-24105. DOI: 10.1021/
acsomega.1c03586

[117] Dhinagaran G, Vijayakumar G, 
Suvaitha SP, Harichandran G, 
Venkatachalam K. Conversion of neem 
oil (Azadirachta indica) to biodiesel 

76



The Use of Non-Food Biomass for Biodiesel Production: Technological and Environmental…
DOI: http://dx.doi.org/10.5772/intechopen.1012287

23

over SBA-15 supported sulphated 
zirconia catalysts. Catalysis Letters. 
2024;154:2124-2139

[118] Hanif M, Bhatti IA, Hanif MA, 
Rashid U, Moser BR, Hanif A, et al. 
Nano-magnetic CaO/Fe₂O₃/feldspar 
catalysts for the production of 
biodiesel from waste oils. Catalysts. 
2023;13(6):998. DOI: 10.3390/
catal13060998

[119] Swarna SR, Srikanth HV, 
Anitha R, Swamy MT, Divakara TR, 
Krishnamurthy KN, et al. Biodiesel 
synthesis from mixed non-edible oil 
feedstock using K₂CO₃ in NH₄OH 
catalyst mixture. Energy Sources, Part A: 
Recovery, Utilization and Environmental 
Effects. 2023;45(3):6901-6917. 
DOI: 10.1080/15567036.2023.2216163

[120] Saad M, Siyo B, Alrakkad H. 
Preparation and characterization of 
biodiesel from waste cooking oils 
using heterogeneous catalyst (Cat.
TS-7) based on natural zeolite. Heliyon. 
2023;9(6):e15836. DOI: 10.1016/j.
heliyon.2023.e15836

[121] Foroutan R, Foroughi M, 
Tutunchi A, Ramavandi B, Terrón D, 
Pazos M. Production of biodiesel from 
waste cooking oil and non-edible 
Moringa oleifera oil utilizing a CaO/
CuFe₂O₄/LaTiO₃ perovskite@Na 
bifunctional heterogeneous nanocatalyst. 
Journal of Environmental Chemical 
Engineering. 2025;13(4):117261. 
DOI: 10.1016/j.jece.2025.117261

[122] Perumal G, Magendradass D, 
Munusamy R, Gopal S. Optimization 
and kinetic studies on novel 
Mg(HPW₁₂O₄₀)/SiO₂ mesoporous solid 
catalysts for biodiesel production from 
Bauhinia variegata seed oil. Chemical 
Engineering Research and Design. 
2025;218:824-838. DOI: 10.1016/j.
cherd.2025.05.029

[123] Hou S, Xie W. Exploring 
hierarchical porous γ-Al₂O₃ modified 
with MoV metal oxides used as a 
high-efficiency solid catalyst for 
sustainable biodiesel production from 
low-cost acidic oils. Renewable Energy. 
2025;250:123303. DOI: 10.1016/j.
renene.2025.123303

[124] Das S, Kaushik B, Chaudhury AP, 
Basumatary S, Pratap P, Mohan S, et al. 
Microwave-assisted biodiesel production 
from WCO using snail shell-derived 
CaO@coal fly ash: Optimization 
via RSM, cost analysis, kinetics, 
thermodynamics, and bibliometrics. 
Renewable Energy. 2025;254:123741. 
DOI: 10.1016/j.renene.2025.123741

[125] Wang Y, Hao X, Da X, Zheng X. 
Ultrasound-assisted dual-enzyme system 
for the preparation of fatty acid ethyl 
esters. Catalysis Letters. 2025;155:74

[126] Abulizi A, Bai H, Saierkejiang N, 
Okitsu K, Maihemuti M, Talifu D. 
Synthesis of biodiesel from waste 
cooking oil using a pulsed high-
intensity ultrasound method. 
Energy Sources, Part A: Recovery, 
Utilization, and Environmental 
Effects. 2025;47(1):9435-9447. 
DOI: 10.1080/15567036.2021.1948935

[127] Yasvanthrajan N, Sivakumar P, 
Muthukumar K, Thanabalan M, 
Arunagiri A. Ultrasound assisted lipase 
catalysed transesterification using 
waste cottonseed oil. Journal of the 
Taiwan Institute of Chemical Engineers. 
2025;177:106076. DOI: 10.1016/j.
jtice.2025.106076

[128] Garuma WB, Bedru TK, 
Gindaba GT, Jayakumar M, Edae IT, 
Meshesha BT, et al. Optimization and 
characterization of ultrasonically 
extracted oil from watermelon seeds 
using response surface methodology: 
A pathway to biodiesel and epoxy oil 

77



Sustainable Waste Management and Energy Valorization – Challenges and Technological Innovations

24

production. Biomass Conversion and 
Biorefinery. 2025;15:23135-23153

[129] Photaworn S, Tongurai C, 
Kungsanant S. Process development 
of two-step esterification plus catalyst 
solution recycling on waste vegetable oil 
possessing high free fatty acid. Chemical 
Engineering and Processing. 2017;118:1-8. 
DOI: 10.1016/j.cep.2017.04.013

78



1

Chapter 5
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Abstract

The global energy transition requires a shift from fossil fuels to sustainable 
alternatives to mitigate climate change and enhance energy security. Biodiesel 
derived from non-food biomass has emerged as a pivotal solution for decarbon-
izing hard-to-abate sectors like transportation, overcoming the critical ethical and 
environmental limitations of first-generation biofuels. This chapter provides a 
comprehensive analysis of the non-food biodiesel sector, building on a foundation 
of advanced feedstocks and conversion technologies. It delves into the economic 
viability, policy frameworks, and socioeconomic dimensions essential for commer-
cial scalability. The analysis highlights the significant opportunities in waste valo-
rization and circular bioeconomy models, job creation in rural economies, and the 
crucial role of supportive policies and certifications. A comparative assessment of 
regulatory approaches in Europe, the United States, and Asia is presented, alongside 
case studies of successful initiatives. The chapter concludes with future perspectives 
on technological innovation, the role of biodiesel in decarbonizing aviation and 
maritime transport, and synergies with other renewables. Finally, it offers strategic 
recommendations for policymakers and industry stakeholders to foster a sustain-
able, equitable, and integrated biodiesel industry.

Keywords: biodiesel, non-food biomass, circular economy, policy incentives, 
sustainability, advanced biofuels, decarbonization, renewable energy

1. �Introduction

The global energy sector stands at a critical juncture, driven by the dual impera-
tives of climate change mitigation and enhanced energy security. For over a century, 
the world’s economic and industrial progress has been overwhelmingly powered 
by fossil fuels, a dependency that has led to profound environmental degradation, 
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geopolitical instability, and resource challenges. In response, a global transition 
toward sustainable, renewable energy sources is not merely an option but an urgent 
necessity [1]. Within this broader transformation, biofuels have emerged as a corner-
stone of the strategy to decarbonize hard-to-abate sectors, most notably transporta-
tion. Among these, biodiesel, a renewable alternative to conventional diesel fuel, has 
gained considerable traction due to its potential to significantly reduce greenhouse 
gas emissions and leverage existing fuel infrastructure [2]. Historically, the devel-
opment of biofuels has progressed through distinct generations, each seeking to 
overcome the limitations of its predecessor. First-generation biofuels, derived from 
edible crops like corn, palm oil, and sugarcane, provided a proof of concept but also 
ignited widespread public and scientific debate. The “food versus fuel” dilemma 
underscored significant ethical and environmental concerns, as large-scale cultiva-
tion of energy crops competed with land use for food production, contributing to 
food price volatility and driving deforestation in many regions [2]. The realization 
that the carbon savings from these fuels were often negated by emissions from 
agricultural practices and land-use change catalyzed a critical re-evaluation of the 
entire biofuel paradigm. This pivotal shift has propelled the industry toward a more 
sustainable and ethical pathway, focusing on second- and third-generation biofuels 
derived from non-food biomass [3]. This chapter subdivided into two parts compre-
hensively explores this new frontier, building on a foundational understanding of 
the feedstocks and conversion technologies. The first part of chapter has provided 
a detailed typology of these advanced feedstocks, highlighting their clear environ-
mental and social advantages. It explored the immense potential of agricultural 
and forestry residues (such as rice husk, sugarcane bagasse, and wood chips) that 
offer a low-cost supply with minimal land-use impact. Additionally, it examined the 
promise of non-edible energy crops (like Jatropha curcas and Pongamiapinnata) that 
can thrive on marginal land, thereby avoiding competition with food systems. The 
chapter also delved into the valorization of organic waste (including used cooking 
oil and animal fats) as a key component of a circular bioeconomy model, and the 
innovative use of micro- and macroalgae, which boast exceptionally high oil content 
and can sequester carbon dioxide. Furthermore, the first part of this chapter also 
provided an in-depth analysis of the technological landscape for converting these 
diverse feedstocks into biodiesel. We have discussed the evolution from conventional 
homogeneous catalysis, to more advanced and sustainable methods. Building on this 
critical foundation, the second part of this review chapter delves into the economic, 
policy, and social dimensions that are essential for the widespread commercializa-
tion and long-term success of the non-food biodiesel industry. This section will 
begin by analyzing the key economic opportunities, focusing on waste valorization 
and the principles of a circular bioeconomy as a framework for creating new revenue 
streams and fostering rural development. We will then critically examine the crucial 
role of regulatory frameworks and policy incentives, including international stan-
dards, sustainability certifications, subsidies, and carbon credit systems, providing 
a comparative analysis of public policies across Europe, the United States, and Asia. 
We will also present case studies of successful initiatives to distill key lessons learned 
and best practices. Ultimately, this review aims to provide a holistic and forward-
looking perspective on the multifaceted challenges and opportunities facing the 
non-food biodiesel industry, charting a clear and sustainable path towards its full 
integration into a global energy system that is both equitable and environmentally 
responsible.
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2. �Economic opportunities and business models for biodiesel

2.1 Waste valorization and circular economy

Economic opportunities in the biodiesel industry are significantly enhanced 
through waste valorization and the adoption of circular economy principles [1]. 
This approach not only provides a sustainable alternative to fossil fuels but also 
addresses environmental challenges by converting waste into valuable resources [2]. 
A key aspect of this business model involves utilizing diverse waste sources, such 
as used cooking oil, animal fats, and agricultural residues, which often have low or 
even negative acquisition costs. For example, the valorization of defatted cottonseed 
into biochar, which then acts as a catalyst for biodiesel production, demonstrates a 
closed-loop system that enhances the economic viability of the cotton industry and 
can potentially replace fossil fuel requirements for cotton cultivation [2]. Similarly, 
the recycling of used cooking oil for biodiesel production, along with other value-
added products like waste plastics, integrates waste management with resource 
recovery, aligning with circular economy practices [3]. Furthermore, advancements 
in catalyst reuse, such as the application of heterogeneous ion-exchange resin 
catalysts for esterification, significantly lower the environmental footprint and offer 
substantial cost efficiencies, leading to quick payback periods and high returns-on 
investment [4]. Innovative approaches like using deep eutectic solvents (DES) 
for biodiesel synthesis from greasy wastewater sludge highlight the potential for 
greener solutions and considerable reductions in greenhouse gas emissions through 
efficient waste remediation [5]. The concept of a circular bioeconomy is further 
strengthened by integrating carbon capture and waste remediation using micro-
algae, which can harness both inorganic CO2 and organic agro-wastes to produce 
sustainable biodiesel, offering triple benefits of carbon sequestration, waste treat-
ment, and biofuel production [6]. Even waste agricultural by-products like rice husk 
ash and orange peel can be transformed into effective heterogeneous catalysts for 
biodiesel production, showcasing the excellent recyclability and addressing waste 
disposal issues [7]. These examples underscore how waste valorization and circular 
economy models are not just environmentally beneficial but also create signifi-
cant economic opportunities, making biodiesel production more sustainable and 
competitive [8, 9].

2.2 Job creation and rural development

The growth of the biodiesel industry presents significant opportunities for job 
creation and rural development, particularly in regions undergoing sustainable 
energy transitions [10]. By leveraging locally available biomass and waste feedstocks, 
biodiesel production can stimulate rural economies, generate additional income 
streams for smallholder farmers, and create the employment opportunities across the 
entire value chain. This includes activities such as feedstock cultivation, collection, 
processing, transportation, and distribution [11, 12]. Such a decentralized approach 
to energy production not only empowers rural communities but also reduces 
dependence on imported fossil fuels, enhancing energy security [10]. The optimiza-
tion of supply chains within the biodiesel sector further amplifies these benefits. 
Improved transparency, strengthened quality control, and streamlined logistics 
reduce production losses, ensure consistent fuel quality, and support sustainable 
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resource management. These enhancements translate into increased employment 
opportunities in rural areas, as skilled labor is required for monitoring, quality 
assurance, and efficient transportation [13]. Additionally, adopting circular economy 
practices—such as reusing by-products and integrating waste streams—fosters 
sustainable agricultural development while reinforcing local job markets. Policy 
frameworks play a crucial role in maximizing these socioeconomic benefits. National 
strategies, such as Ghana’s Bioenergy Policy, explicitly recognize job creation and 
economic growth as the essential outcomes of biofuel integration [14]. Moreover, the 
expansion of bio-based industries in the Global South is increasingly seen as a vital 
driver for sustainable economic development, enabling communities to capitalize on 
renewable biological resources, diversify local economies, and improve livelihoods 
[15]. Overall, the biodiesel sector represents a multifaceted opportunity to stimulate 
rural development, enhance employment, and contribute to broader sustainability 
objectives.

2.3 Integration into national and international energy policies

The integration of biodiesel into national and international energy policies is 
a critical step toward achieving sustainable development goals, enhancing energy 
security, and mitigating climate change (Table 1) [14]. Governments worldwide are 
increasingly recognizing biodiesel’s potential and are implementing diverse policy 
measures to support its production and adoption [14, 15]. These policies often include 
blending mandates, fiscal incentives like tax subsidies, and strategic investments in 
infrastructure [14–16].

For instance, India has initiated various policies, such as the National Policy on 
Biofuels and an ethanol blending program, to reduce its reliance on fossil fuels and 
meet ambitious blending targets [16]. Similarly, Indonesia’s biofuel policy, centered 
on palm oil-based biodiesel, has seen blending reach significant levels (B35), with 
further efforts to enhance palm oil productivity through replanting schemes that 
also aim to reduce poverty and boost regional economies [17]. Brazil, a major biofuel 
producer, is strategically positioning biofuels as drivers for decarbonization and 
economic transformation, with policies that favor advanced biofuels and align with 
no-regret approaches to ensure food security [18]. The European transport sector 

Country/region 
or policy area

Policy strategies Primary objectives

India National Policy on Biofuels, ethanol blending 
mandates, fossil fuel reduction targets.

Reduce fossil fuel reliance, meet 
blending targets.

Indonesia Palm oil-based biodiesel blending (B35), 
replanting schemes to boost productivity and 
regional development.

Enhance energy security, reduce 
poverty, promote economic growth.

Brazil Support for advanced biofuels, alignment 
with food security, economic decarbonization 
strategy.

Decarbonize economy, ensure 
sustainable energy and food 
systems.

European Union Carbon pricing, GHG intensity targets, 
mandates for renewable fuel share in transport.

Create low-carbon fuel supply 
chains, enhance sustainability in 
transport.

Table 1. 
Policy strategies supporting biodiesel integration.
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is also exploring various policy measures, including carbon pricing, GHG intensity 
reduction, and renewable fuel share mandates, to establish robust renewable fuel 
supply chains [19]. Beyond national policies, the concept of a circular economy is 
influencing urban planning and port diversification strategies, transforming fossil 
fuel hubs into circular economy centers that integrate biowaste supply with biofuel 
demand [20]. These policies collectively aim to create a benign market environment, 
optimize supply chains, and reduce the carbon footprint of biodiesel, demonstrating a 
global commitment to a more sustainable energy future [21–23].

2.4 Case studies: Successful initiatives and lessons learned

Successful initiatives and valuable lessons learned from various case studies high-
light the diverse pathways to establishing a viable biodiesel industry. In Indonesia, an 
optimization study for the palm oil-sourced biodiesel supply chain focused on mini-
mizing costs by strategically determining the locations of blending terminals and new 
biodiesel plants, demonstrating the importance of detailed supply chain modeling for 
national mandates [24]. Consumer satisfaction in Southern Thailand indicated high 
acceptance of biodiesel products and pricing, underscoring the significance of prod-
uct availability and effective promotion in market penetration [25]. Iran has explored 
complex, multimodal, and multi-period biodiesel supply chain networks, integrating 
various feedstocks like Jatropha, waste cooking oil, and microalgae, proving the appli-
cability of mixed-integer linear programming models for optimizing design under 
uncertainty [26]. Further case studies reveal the critical technical and operational 
insights. Research on modeling biodiesel properties, such as cetane number from fatty 
acid methyl esters, helps in predicting performance and optimizing composition, 
reducing the need for extensive experimental trials [27]. Economic assessments, as 
seen in Brazil, have analyzed the production costs of biodiesel from different feed-
stocks like soybean, sunflower, chicken oil, and beef tallow, finding that beef tallow 
offered the lowest production costs in their experimental plant [28]. Efforts in waste 
valorization, such as using waste carbon sources and blended non-edible/waste oils 
with carbon-based catalysts, demonstrate how feedstock flexibility and cost-effective 
catalysts can enhance the industry’s economic viability [29]. Life cycle assessments, 
including a study on Jatropha-based biodiesel in Thailand and soybean/algae biodiesel 
for US marine vessels, emphasize the need to evaluate the environmental and social 
impacts comprehensively, from cultivation to end-use, to ensure true sustainability 
and inform policy [30, 31]. In Mexico, analysis of the castor oil plant supply chain 
highlighted the feasibility of establishing biofuel supply chains by organizing farmers 
and managing the process from cultivation to sale [32]. Furthermore, studies in China 
on optimizing waste cooking oil for biodiesel supply chains, integrating economic 
and environmental objectives with GIS modeling, show how advanced frameworks 
can manage location, production, inventory, and distribution decisions [33]. Lessons 
from South Africa emphasize the importance of occupational health and safety in 
small-scale biodiesel plants, pointing to resource limitations for compliance [34]. 
Brazilian case studies also demonstrate how institutional arrangements, particularly 
farmer collective action and technical/financial support, are crucial for integrating 
small family farmers into the emerging biodiesel industry [35]. Finally, Fiat’s plant in 
Brazil successfully implemented a case study on producing biodiesel from frying oil 
for their employee transport minibuses, showcasing a practical application of waste-
to-energy conversion and assessing its environmental viability through a life cycle 
assessment [36].
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3. �Regulatory framework and policy incentives

3.1 Standards and certifications for biodiesel from non-food biomass

For biodiesel to achieve widespread commercialization and market acceptance, 
it must adhere to stringent quality assurance standards and certifications [37, 38]. 
These standards ensure the fuel’s performance, protect engine durability, and verify 
its environmental benefits [37]. Key international standards-setting bodies include 
the American Society for Testing and Materials (ASTM), the European Committee for 
Standardization (CEN), and the International Organization for Standardization (ISO) 
[38]. For instance, ASTM D6751 is the primary standard for biodiesel fuel blend stock 
(B100) in the United States, while EN 14214:2002 (and its subsequent revisions) is 
the European standard [39–43]. These standards specify various properties, includ-
ing flash point, water and sediment content, viscosity, sulfated ash, sulfur content, 
corrosion, cetane number, acid number, carbon residue, and most importantly, free 
and total glycerin content [39, 40, 42]. Beyond product specifications, sustainability 
certifications play a crucial role in validating environmentally and socially responsible 
production practices. The Roundtable on Sustainable Biomaterials (RSB) certifica-
tion, for example, has been earned by leading producers of waste-based biodiesel, 
signifying adherence to sustainability criteria throughout the production process 
[44]. Similarly, the Indonesian Sustainable Palm Oil (ISPO) certification system aims 
to ensure the sustainability of palm oil production, which is a major feedstock for 
biodiesel in Indonesia [45]. The evolving nature of these standards necessitates con-
tinuous review and improvement, as seen in China’s efforts to establish and refine its 
biodiesel standard system band in Indonesia’s validation of monoglyceride and water 
content for B30 implementation [46, 47]. The challenges of maintaining biodiesel 
purity, especially with varying feedstocks and production processes, underscore the 
importance of robust analytical methodologies and calibration standards to ensure 
compliance with these regulations [48]. The ongoing development and adherence to 
these standards and certifications are vital for fostering trust in biodiesel as a sustain-
able and reliable alternative fuel.

3.2 Subsidies, carbon credits, and support mechanisms

Subsidies, carbon credits, and various support mechanisms play a crucial role in 
enhancing the economic viability and promoting the adoption of biodiesel, particu-
larly in its early stages of development and expansion [49]. Governments globally are 
implementing policies that recognize the environmental benefits of biodiesel, such 
as reduced greenhouse gas emissions, by offering incentives that bridge the cost gap 
with fossil fuels [49–51]. Carbon credits, often generated through mechanisms like 
Brazil’s National Biofuels Policy (RenovaBio), provide a significant financial incentive 
by allowing biodiesel producers to sell “decarbonization credits” to fossil fuel distrib-
utors or other interested parties [50–52]. This system quantifies the environmental 
benefit of biofuels, translating GHG emission reductions into a marketable commod-
ity [50–52]. For instance, a Brazilian case study estimated that mandatory biodiesel 
blending could prevent the emission of at least 170 million tons of carbon dioxide 
equivalent between 2023 and 2030, with an average carbon intensity significantly 
lower than pure diesel [50]. Such credits can substantially reduce the operating costs 
of biodiesel production, making the process more economically attractive [49, 51, 52]. 
Beyond carbon credits, direct subsidies and other financial support mechanisms 
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are essential. These can include grants for plant construction, tax exemptions, and 
guaranteed purchase prices or blending mandates that create a stable market demand 
for biodiesel [50–52]. For example, the integration of microalgae biodiesel production 
with sugarcane biorefineries in Brazil, while currently less profitable than traditional 
ethanol production, becomes economically viable when carbon credits are consid-
ered [51]. Similarly, analyses in Brazil demonstrate how the sale of excess biodiesel, 
glycerin, and carbon credits from waste frying oil conversion can generate significant 
profits and contribute to urban sustainability [52]. These support mechanisms are 
vital for de-risking investments in biodiesel infrastructure and fostering innovation 
in feedstock utilization and production processes [53].

3.3 Comparison of public policies: Europe, United States, and Asia

Public policies regarding biodiesel exhibit significant variations across conti-
nents, reflecting diverse energy priorities, agricultural landscapes, and environmen-
tal goals (Table 2). In Europe, early and robust support for biodiesel development 
has made it the world’s largest production and consumption region [54, 55, 72]. 
European policies have emphasized reducing greenhouse gas emissions and decreas-
ing reliance on fossil fuels, often through blending mandates and tax incentives 
[55–58]. The focus has largely been on first-generation feedstocks like rapeseed 
(winter rape) in Southern Europe, though concerns about nitrous oxide emissions 
from fertilizer use and the sustainability of crop-based biofuels have led to a shift 
toward waste-based feedstocks, such as used cooking oil [56, 57]. The European 
Union has also established a sophisticated and continuously evolving standard sys-
tem (e.g., EN 14214) for biodiesel products, playing a crucial role in regulating and 
safeguarding the industry’s development and influencing standards in other regions 
like China [58]. In the United States, biodiesel policy approaches have varied at 
both federal and state levels. Federal policies, such as the Renewable Fuel Standard, 
have driven demand through renewable identification number (RIN) credits, 
while state-level policies have focused on infrastructure development and produc-
tion support [59–61]. The US market has seen a significant emphasis on soybean 
oil-based biodiesel, with projections of substantial demand from sectors like federal 
fleets, mining, and marine areas [62]. However, the efficacy of policies, particularly 
concerning the interconnectedness of fuel and food markets, is a continuous area of 
study [63]. Quality standards, primarily ASTM D6751, are critical for ensuring fuel 
performance and engine compatibility, with ongoing efforts to monitor and improve 
the quality of biodiesel blends [64–66]. Challenges remain in expanding pipeline 
transport for biodiesel and fully understanding its impact on NOx emissions [66]. 
Asia, particularly Southeast Asia, is emerging as a major player in global biodiesel 
production, largely driven by its abundant palm oil resources [67, 68]. Countries 
like Indonesia and Malaysia have invested heavily in developing their biodiesel 
industries, with policies centered on increasing domestic blending mandates and 
promoting sustainable palm oil certification [67–69]. While palm oil offers signifi-
cant production potential, its environmental impacts, such as deforestation for new 
plantations, are growing concerns [68, 69]. Efforts are also underway in East Asia to 
harmonize biodiesel fuel standards to facilitate regional trade and maximize ben-
efits from production and utilization, although practical implementation can face 
political hurdles [70]. Furthermore, research into alternative feedstocks like rubber 
seed oil demonstrates a drive to diversify production and enhance regional energy 
security [71].
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4. �Future perspectives and recommendations

4.1 Technological innovations toward 2030–2050

Technological innovations are rapidly shaping the future of biodiesel production, 
with a clear trajectory toward more sustainable, efficient, and cost-effective methods 
for the period 2030–2050 [73]. A primary focus is on diversifying feedstocks beyond 
traditional edible oils to address concerns about food security and land use. Industrial 
sludge, for instance, is emerging as a viable and readily available feedstock, offering sig-
nificant potential for waste reduction and greenhouse gas emission mitigation, though 
scalability remains a challenge [74, 75]. Similarly, the potential of fat, oil, and grease 
(FOG) from various waste streams is being critically reviewed, with advancements 
needed in efficient conversion methods for high free fatty acid content [76]. Non-edible 
oils, such as those from Camelina sativa and various other plant sources, are gaining 

Feature Europe (EU) United States (US) Asia (primarily 
Southeast Asia)

Overall stance/
focus

Early and robust 
support; world’s largest 
producer/consumer. 
Emphasis on GHG 
reduction and fossil fuel 
reliance decrease.

Varied approaches (federal 
and state). Emphasis on 
demand creation (RINs) 
and production support.

Emerging major player, 
driven by abundant palm 
oil. Focus on domestic 
blending and sustainable 
certification.

Key policies/
mechanisms

Blending mandates, 
tax incentives. 
Sophisticated and 
evolving standard 
system (e.g., EN 14214).

Renewable Fuel Standard 
(federal) with RIN credits. 
State-level infrastructure 
development and 
production support.

Increasing domestic 
blending mandates. 
Promotion of sustainable 
palm oil certification.

Primary 
feedstocks

Historically rapeseed 
(winter rape); shifting 
toward waste-based 
feedstocks (e.g., used 
cooking oil).

Predominantly soy bean oil. Primarily palm oil. 
Research into alternative 
feedstocks (e.g., 
rubber seed oil) for 
diversification.

Environmental/
sustainability 
concerns

Nitrous oxide 
emissions from 
fertilizer (rapeseed); 
sustainability of crop-
based biofuels. Shift 
to waste-based due to 
these concerns.

Interconnectedness of 
fuel and food markets 
(continuous study). Impact 
on NOx emissions (ongoing 
challenge).

Environmental impacts 
of palm oil (e.g., 
deforestation for new 
plantations).

Quality standards Continuously evolving 
EN 14214 (influences 
other regions).

ASTM D6751. Ongoing 
efforts to monitor and 
improve quality.

Efforts to harmonize 
biodiesel fuel standards 
for regional trade.

Challenges/notes Shifting from crop-
based to waste-based 
feedstocks.

Expanding pipeline 
transport; fully 
understanding NOx impact.

Environmental impacts 
of palm oil cultivation; 
practical implementation 
hurdles for harmonized 
standards.

References cited [54–58] [59–66] [67–71]

Table 2. 
Comparison of public policies: Europe, United States, and Asia.
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prominence due to their high yield, low production cost, and reduced competition with 
food crops [77, 78]. Microbial oils, derived from microalgae, fungi, and bacteria, are 
also seen as a promising third-generation feedstock, offering advantages such as a small 
footprint, high lipid content, and efficient CO2 uptake, despite current challenges in 
cultivation, harvesting, and extraction for cost-effective production [79, 80].

Beyond feedstock diversification, significant advancements are expected in conver-
sion technologies and catalytic processes. Supercritical transesterification, a catalyst-
free method, is being explored for its faster reaction rates, high conversion efficiency, 
and environmental friendliness, with ongoing research into optimizing parameters and 
integrating energy recycling [81]. The development of novel catalysts, particularly het-
erogeneous catalysts like calcium oxide (CaO)-based materials, is crucial for improving 
reaction efficiency, reusability, and reducing purification costs [82, 83]. Additionally, 
advancements in biorefinery concepts are integrating biodiesel production with other 
valuable co-products, enhancing overall economic viability. The role of advanced 
reactor technologies, such as plug-flow and microwave reactors, is also being compre-
hensively reviewed to identify the optimal designs for energy and time efficiency in 
large-scale biodiesel synthesis [84]. Finally, the broader energy transition, particularly 
in countries like Brazil, is seeing renewable diesel emerge as a complementary biofuel 
to traditional biodiesel, offering the enhanced properties and further contributing to 
environmental goals within existing biofuel policies [85]. These innovations collectively 
aim to overcome current economic and technical hurdles, making biodiesel a more 
competitive and sustainable alternative to fossil fuels in the coming decades [86, 87].

4.2 �Potential role in decarbonizing hard-to-electrify sectors (aviation and 
maritime transport)

Biodiesel is increasingly recognized for its crucial role in decarbonizing hard-to-
electrify sectors like aviation and maritime transport, where direct electrification 
remains challenging [87, 88]. In the maritime transport sector, biodiesel, particularly 
derived from waste vegetable oils and animal fats, is emerging as a viable short-term 
solution for immediate emission reductions [87, 89]. Studies have confirmed biodies-
el’s potential to significantly reduce CO2 emissions (by about 30%) and CO emissions 
(up to 94%) in marine diesel engines, while maintaining engine performance, though 
a trade-off of increased NOx emissions (around 30%) is a known factor [89]. The 
International Maritime Organization (IMO) has highlighted the importance of alter-
native marine fuels like biodiesel and renewable diesel as “drop-in fuels” that can be 
used with existing engine systems with minimal or no modifications, helping to meet 
the initial greenhouse gas (GHG) reduction targets [90]. From a refinery perspective, 
pathways to produce very low sulfur fuel oil (VLSFO) for marine applications include 
direct blending of biodiesel and renewable diesel, as well as co-processing pyrolysis 
oils, with bio-VLSFO production often proving cost-effective compared to fossil 
VLSFO at crude oil prices [91]. This cost-effectiveness, combined with the relatively 
relaxed specifications for marine fuels and the low sulfur content of biofuels, posi-
tions marine fuels as a favorable entry point for refiners to begin decarbonizing with 
biofuels [91]. For the aviation sector, sustainable aviation fuels (SAF), which include 
biojet fuel derived from waste feedstocks such as used cooking oils and lignocellulosic 
materials, represent the most viable solution to address the climate change and meet 
growing fuel demand [87]. While first- and third-generation biofuels face challenges, 
second-generation biodiesel (e.g., from used cooking oil) demonstrates a significantly 
lower carbon and environmental footprint compared to petrodiesel, making it a 
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promising stepping-stone for decarbonizing the transport sector [88]. Furthermore, 
advancements in biofuel blends, such as hydrotreated used cooking oil (HVO) 
blended with biodiesel and diesel, show the promising results in enhancing thermal 
efficiency and reducing emissions of hydrocarbons (HC), carbon monoxide (CO), 
and smoke in compression ignition engines [92]. The integration of gasoline into 
biodiesel-diesel mixtures is also being explored as a solution to reduce GHG emissions 
in engines, by improving combustion characteristics and suppressing soot, CO, and 
unburned hydrocarbon emissions, although favorable legislation and incentives are 
needed for wider deployment [93]. Even the rail sector, despite being largely electri-
fied, still relies on oil for a significant portion of its energy consumption, making 
biodiesel a high-potential alternative fuel for reducing carbon footprint in locomotive 
engines through the adoption of drop-in fuels [94]. The continuous research and 
development efforts across various transportation modes underscore the biodiesel’s 
increasing importance as a multi-sector decarbonization strategy.

4.3 Synergies with other renewable energy sources

Biodiesel, as a versatile biofuel, offers significant opportunities for synergy with 
other renewable energy sources, contributing to a more robust and diversified sus-
tainable energy system. These synergies can manifest in various ways, from utilizing 
renewable energy to power biodiesel production to using biodiesel as a flexible energy 
source in hybrid systems. One key synergy lies in powering biodiesel production with 
renewable energy. The transesterification process, a common method for biodiesel 
synthesis, requires energy inputs, particularly for heating. Integrating solar thermal 
energy, for instance, through parabolic trough collectors, can directly supply the heat 
needed for the reaction, significantly reducing the carbon footprint of the production 
process and enhancing overall energy efficiency [95]. This creates a truly “green” bio-
diesel, as the entire lifecycle, from feedstock to fuel, is powered by renewable sources. 
Biodiesel also plays a vital role in hybrid energy systems, particularly for managing 
the intermittency of other renewables such as solar and wind. While solar and wind 
are excellent for electricity generation, their output fluctuates depending on weather 
conditions. Biodiesel-powered generators can provide reliable, on-demand power to 
balance these fluctuations, acting as a form of energy storage that can be dispatched 
when needed [96]. Beyond direct power generation, biodiesel can be the strategic 
component in waste-to-energy pathways. The utilization of waste feedstocks, such 
as used cooking oil or industrial sludge, for biodiesel production not only provides 
a renewable fuel but also addresses the waste management challenges. This aligns 
with circular economy principles, maximizing resource utilization and minimizing 
environmental impact. The by-products of biodiesel production, like glycerin, can 
even be utilized in other biomass conversion processes, such as anaerobic digestion 
for biogas production, creating a “hybrid biorefinery” concept that leverages the 
economic and energy synergies. Finally, the inherent characteristics of biodiesel, such 
as its liquid form and relatively high energy density, make it a valuable energy carrier 
and storage medium. Unlike electricity from solar or wind, which requires expensive 
battery storage for large-scale, long-duration applications, biodiesel can be stored 
and transported relatively easily. This makes it particularly suitable for sectors where 
liquid fuels are essential, such as heavy-duty transport (trucking, rail, maritime) 
and aviation, where direct electrification is technically challenging or economically 
prohibitive in the short to medium term.
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4.4 Recommendations for policymakers and industry stakeholders

4.4.1 Develop clear and consistent long-term policy frameworks

Policymakers are urged to establish clear and consistent long-term policy frame-
works to foster the sustainable growth of the biodiesel industry. This includes imple-
menting ambitious yet realistic blending mandates, such as B20, B30, or B100 where 
feasible, with defined long-term targets stretching to 2030, 2040, and 2050, thereby 
providing the predictability necessary for industry to confidently invest in the pro-
duction capacity and infrastructure. Furthermore, policies should differentiate and 
specifically support advanced biofuels derived from waste feedstocks such as used 
cooking oil, industrial sludge, and agricultural residues, as well as non-edible crops, 
to prevent the competition with food production and mitigate indirect land-use 
change impacts [76, 78]. It is also crucial to promote the adoption of internationally 
recognized quality standards, such as ASTM D6751 and EN 14214, alongside sustain-
ability certifications such as RSB and ISPO, which are essential for ensuring product 
quality, facilitating international trade, and verifying environmental and social 
benefits [37, 38, 41]. To bridge the cost gap with fossil fuels and stimulate invest-
ment, policymakers should strengthen carbon pricing mechanisms and carbon credit 
schemes, drawing inspiration from models like Brazil’s RenovaBio, which directly 
reward greenhouse gas emission reductions achieved by biodiesel [50]. Finally, 
offering targeted tax exemptions, grants, and subsidies for biodiesel production, 
especially for small- and medium-scale enterprises and those employing innovative 
feedstocks or technologies, will de-risk investments and foster innovation across the 
sector [49].

4.4.2 Invest in research, development, and demonstration (RD&D)

To achieve sustainable biodiesel production, it is essential to invest in Research, 
Development, and Demonstration (RD&D). First, supporting novel feedstock 
development through funding for high-yield, sustainable, and non-food-competing 
sources—such as microalgae, Jatropha, Camelina, and waste streams—can reduce 
land-use conflicts and enhance feedstock availability [33, 77, 79]. Second, advancing 
conversion technologies via R&D in supercritical transesterification, enzymatic pro-
cesses, and catalytic improvements can increase efficiency and reduce costs, making 
biodiesel more competitive [81–83].

4.4.3 Facilitate infrastructure development

To enable the widespread adoption of biodiesel, infrastructure development must 
be prioritized. First, investments should be made in blending, storage, and distribu-
tion infrastructure, including upgrades to existing facilities and the expansion of 
dedicated biodiesel pipelines where feasible, ensuring seamless integration into fuel 
supply chains. Second, for hard-to-electrify sectors such as aviation and maritime, 
policies should support the development of refueling infrastructure for sustainable 
aviation fuels (SAF) while recognizing biodiesel’s role as a transitional or complemen-
tary fuel [87, 88]. By strengthening both conventional and specialized infrastructures, 
biodiesel can be efficiently scaled, meeting demand across transportation sectors and 
facilitating a smoother transition to low-carbon alternatives.
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4.4.4 Promote public awareness and education

To accelerate biodiesel adoption, the targeted efforts in public awareness and 
workforce development are crucial. First, clear communication campaigns should 
highlight the biodiesel’s environmental and economic benefits—such as reduced 
greenhouse gas emissions, energy security, and rural job creation [25]. Engaging con-
sumers, fleet operators, and policymakers can build confidence and drive demand. 
Second, workforce training programs must be established to cultivate expertise across 
the biodiesel value chain, including feedstock production, advanced conversion tech-
nologies, and distribution logistics. By investing in education and skills development, 
the industry can ensure a capable workforce to support scaling efforts while foster-
ing long-term economic growth. Together, these initiatives will strengthen market 
acceptance and industry readiness for biodiesel expansion.

4.4.5 Prioritize sustainable feedstock sourcing

To ensure the long-term viability of biodiesel, sustainable feedstock strategies 
must be a top priority. First, waste-to-biodiesel production should be expanded by 
maximizing the use of waste cooking oil, animal fats, and other waste lipid streams, 
reducing landfill burdens while enhancing circularity in fuel production [76]. Second, 
non-edible oilseed cultivation—such as Jatropha and Camelina—should be promoted 
through investments in agronomic research and marginal land utilization, avoid-
ing competition with food crops [78]. Finally, robust traceability and certification 
systems must be implemented to verify sustainable sourcing, prevent deforestation-
linked feedstocks, and strengthen consumer and regulatory confidence [44, 45]. By 
prioritizing these measures, the biodiesel industry can minimize its environmental 
footprint while securing a scalable, ethically sourced supply chain.

4.5 Optimize production processes for efficiency and cost-effectiveness

To strengthen biodiesel’s competitiveness, continuous improvements in produc-
tion efficiency and cost reduction are essential. First, advanced catalytic technolo-
gies—particularly reusable heterogeneous catalysts—should be prioritized to 
enhance reaction efficiency, lower costs, and minimize waste generation [82, 83]. 
Second, adopting integrated biorefinery models can maximize economic returns by 
co-producing high-value by-products (e.g., purified glycerin for pharmaceuticals or 
cosmetics), turning waste streams into revenue streams [29]. Finally, energy-efficient 
production practices, such as heat recovery systems and renewable energy integra-
tion (e.g., solar thermal), can significantly reduce both operational expenses and the 
carbon footprint of biodiesel facilities. By refining these processes, the industry can 
achieve greater scalability, sustainability, and economic resilience.

4.6 Improve catalytic technologies

To enhance the sustainability and economic viability of biodiesel production, a 
multi-faceted approach to process optimization is essential. First, significant advance-
ments in catalytic technologies, particularly the development of robust, reusable 
heterogeneous catalysts, can dramatically improve reaction efficiency while reducing 
both production costs and environmental impact [82, 83]. Second, the implementa-
tion of integrated biorefinery models presents an opportunity to maximize resource 
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utilization by co-producing high-value by-products such as pharmaceutical-grade 
glycerin from biodiesel by-products, thereby improving overall process economics 
[29]. Third, prioritizing energy efficiency through the adoption of advanced process 
engineering and renewable energy integration—such as solar thermal systems for 
heating requirements—can significantly reduce both operational costs and the carbon 
footprint of production facilities [1, 2]. These synergistic improvements in catalysis, 
biorefinery concepts, and energy management collectively contribute to a more com-
petitive and sustainable biodiesel industry, better positioned to meet both economic 
and environmental objectives while adhering to circular economy principles.

5. �Invest in product quality and diversification

To strengthen biodiesel’s market position and versatility, strategic investments 
in product quality and diversification are critical. First, the industry must exceed 
existing quality standards (such as ASTM D6751 and EN 14214) through rigor-
ous testing and process refinement, ensuring seamless engine compatibility while 
minimizing maintenance concerns [38, 39, 65]. Second, application-specific fuel 
formulations should be developed—including cold-weather additives or marine/
aviation-optimized blends—to address niche markets and expand biodiesel’s usability 
across sectors [55, 89]. By combining stringent quality control with tailored fuel solu-
tions, biodiesel can enhance its reliability, consumer trust, and adaptability to diverse 
the operational demands. These efforts will be particularly vital for competing with 
conventional fuels and supporting decarbonization in hard-to-electrify transport 
sectors.

5.1 Meet and exceed quality standards

To solidify biodiesel’s role in the energy transition, a dual focus on quality excel-
lence and application-specific innovation is paramount. First, the industry must 
not only meet but surpass global quality benchmarks (ASTM D6751, EN 14214) 
through advanced refining processes and stringent testing protocols. This ensures 
superior engine performance, reduces wear, and builds consumer confidence—par-
ticularly crucial for gaining OEM approvals and competing with petroleum diesel 
[38, 39]. Second, the targeted blend development can unlock new markets: Cold-
weather formulations with improved low-temperature flow properties, or marine/
aviation-optimized blends with enhanced stability, could decarbonize sectors where 
electrification remains challenging [55, 58]. These efforts should be coupled with 
collaborative R&D between fuel producers, engine manufacturers, and policymakers 
to validate the performance and accelerate adoption. By marrying uncompromising 
quality with tailored solutions, biodiesel can transition from a generic alternative to a 
precision fuel capable of meeting diverse sectoral needs while supporting the broader 
emission reduction goals.

6. �Foster collaboration and partnerships

To accelerate the sustainable growth of biodiesel, fostering robust partnerships 
across sectors and borders is essential. The industry should prioritize the cross-sector 
alliances that connect agricultural innovators, waste management specialists, engine 
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designers, and transportation leaders to create a seamless, optimized value chain—
from feedstock sourcing to end-use applications. Concurrently, global knowledge-
sharing initiatives can propel the sector forward, enabling countries to exchange the 
technical breakthroughs, policy frameworks, and market intelligence that accelerate 
worldwide adoption. These collaborative approaches not only strengthen domestic 
biodiesel ecosystems but also position renewable fuels as the key players in inter-
national climate solutions. When combined with the previously outlined strategies 
in feedstock development, production optimization, and quality enhancement, 
such partnerships create a powerful framework for transforming biodiesel into a 
cornerstone of the low-carbon energy transition—delivering measurable benefits for 
energy security, emission reduction, and circular economic principles across local and 
global scales. By implementing these recommendations, policymakers and industry 
stakeholders can collectively drive the sustainable growth of the biodiesel sector, 
contributing significantly to energy security, climate change mitigation, and a more 
circular economy.

7. �Summary of key points

The global transition toward renewable energy has positioned biodiesel as a 
critical solution for reducing greenhouse gas emissions, enhancing energy security, 
and promoting sustainable development. Derived from non-food biomass—such as 
agricultural residues, waste oils, and microalgae—biodiesel offers a viable alterna-
tive to fossil fuels without compromising food supplies or exacerbating the land-use 
conflicts. This chapter has explored the economic and policy dimensions of biodiesel 
production, highlighting its potential to decarbonize hard-to-electrify sectors while 
fostering circular economy principles. Below, we summarize key findings, emphasize 
the strategic importance of non-food biomass, and outline the actionable recommen-
dations for stakeholders.

7.1 Economic and environmental benefits

Biodiesel offers substantial environmental and socioeconomic benefits, making 
it a key component of sustainable energy strategies. From an ecological perspective, 
biodiesel derived from waste feedstocks can reduce the lifecycle greenhouse gas emis-
sions by 50–80% compared to conventional petroleum diesel, significantly mitigating 
climate change impacts. Economically, localized biodiesel production stimulates rural 
development by generating employment opportunities across the supply chain—from 
feedstock cultivation and collection to processing and distribution—particularly 
benefiting agrarian economies. Additionally, biodiesel enhances energy security 
by diversifying fuel sources and reducing reliance on imported fossil fuels, thereby 
strengthening national energy independence. Despite these advantages, challenges 
such as high production costs, feedstock variability, and insufficient infrastructure 
continue to hinder widespread adoption. Addressing these barriers through techno-
logical innovation, policy support, and investment in supply chain development will 
be crucial to unlocking biodiesel’s full potential as a sustainable and economically 
viable fuel alternative. Biodiesel presents a compelling sustainable energy solution 
with multiple benefits. Environmentally, it offers the substantial greenhouse gas 
reductions of 50–80% across its lifecycle compared to petroleum diesel, with waste-
derived feedstocks providing the most significant climate benefits. The economic 
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advantages are equally noteworthy, as decentralized biodiesel production stimulates 
rural economies by creating employment opportunities throughout the value chain—
from agricultural feedstock cultivation to processing and distribution networks, 
particularly benefiting developing regions. From an energy security perspective, 
biodiesel diversification reduces reliance on volatile global fossil fuel markets while 
strengthening domestic energy independence. Despite these advantages, key chal-
lenges persist, including higher production costs relative to conventional diesel, 
inconsistent feedstock quality and availability, and underdeveloped distribution 
infrastructure. Addressing these barriers through technological innovation, policy 
support, and strategic investments will be critical to realizing biodiesel’s full potential 
as a sustainable transportation fuel alternative. The combination of environmental 
benefits, rural economic development, and enhanced energy security makes biodiesel 
an important component of the global transition to cleaner energy systems, though 
overcoming current limitations remains essential for broader market adoption. 
Biodiesel production offers significant socioeconomic and strategic benefits, particu-
larly for rural communities and energy security. By establishing localized biodiesel 
value chains, developing economies can generate employment opportunities across 
agricultural production, processing facilities, and distribution networks, helping to 
revitalize rural economies. This decentralized approach to fuel production simul-
taneously strengthens national energy security by reducing reliance on imported 
petroleum and insulating countries from volatile global oil markets. The development 
of domestic biodiesel industries creates a virtuous cycle—farmers gain new markets 
for oilseed crops, processing plants create skilled manufacturing jobs, and local fuel 
distribution networks improve energy access in remote areas. However, realizing this 
potential requires overcoming persistent challenges including high production costs 
relative to fossil diesel, inconsistent availability of quality feedstocks, and inadequate 
refining and distribution infrastructure. Strategic investments in agricultural exten-
sion programs, processing technology, and fuel logistics will be essential to make 
biodiesel a viable contributor to both rural development and energy independence 
goals. When properly supported, biodiesel production can serve as an engine for 
sustainable economic growth while reducing the energy vulnerabilities faced by many 
developing nations.

7.2 Policy and regulatory frameworks driving biodiesel market growth

Effective policy interventions have proven instrumental in accelerating biodiesel 
adoption worldwide. Leading biodiesel markets have demonstrated the power of 
blending mandates, with Indonesia’s B35 program (35% biodiesel blend) and Brazil’s 
RenovaBio policy serving as successful models that combine regulatory targets with 
market mechanisms [17, 50]. Carbon credit systems have emerged as another power-
ful tool, creating financial incentives that improve biodiesel’s economic competitive-
ness by monetizing its emission reduction benefits. Standardization has played an 
equally crucial role, with internationally recognized specifications such as ASTM 
D6751 and EN 14214 ensuring fuel quality, engine compatibility, and consumer confi-
dence. However, the global biodiesel market faces significant challenges due to policy 
fragmentation. Disparate national regulations, inconsistent subsidy schemes, and 
varying sustainability criteria create trade barriers and investment uncertainty. This 
lack of harmonization particularly affects developing countries seeking to establish 
biodiesel industries, as they struggle to navigate complex export requirements while 
meeting domestic energy needs. The absence of unified international standards for 
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advanced biofuels and waste-derived feedstocks further complicates market develop-
ment. Addressing these policy inconsistencies through multilateral cooperation and 
harmonized sustainability frameworks could unlock significant growth potential in 
the global biodiesel sector.

7.3 Strategic importance of non-food biomass in energy transition

Effective policy interventions have proven instrumental in accelerating biodiesel 
adoption worldwide. Leading biodiesel markets have demonstrated the power of 
blending mandates, with Indonesia’s B35 program (35% biodiesel blend) and Brazil’s 
RenovaBio policy serving as successful models that combine regulatory targets with 
market mechanisms. Carbon credit systems have emerged as another powerful tool, 
creating financial incentives that improve biodiesel’s economic competitiveness by 
monetizing its emission reduction benefits. Standardization has played an equally 
crucial role, with internationally recognized specifications such as ASTM D6751 and 
EN 14214 ensuring fuel quality, engine compatibility, and consumer confidence. 
However, the global biodiesel market faces significant challenges due to policy frag-
mentation. Disparate national regulations, inconsistent subsidy schemes, and varying 
sustainability criteria create trade barriers and investment uncertainty. This lack 
of harmonization particularly affects the developing countries seeking to establish 
biodiesel industries, as they struggle to navigate complex export requirements while 
meeting domestic energy needs. The absence of unified international standards for 
advanced biofuels and waste-derived feedstocks further complicates market develop-
ment. Addressing these policy inconsistencies through multilateral cooperation and 
harmonized sustainability frameworks could unlock significant growth potential in 
the global biodiesel sector.

7.4 �Call to action for enhanced collaboration among research, industry, and 
governance

The transition to a sustainable bioeconomy demands unprecedented collaboration 
among researchers, industries, and policymakers to overcome existing barriers and 
unlock the full potential of non-food biomass. To drive meaningful progress, stake-
holders must establish integrated innovation ecosystems that combine cutting-edge 
research with scalable industrial applications, supported by forward-looking policies. 
Researchers should prioritize developing high-yield, climate-resilient feedstocks and 
efficient conversion technologies, while industries must invest in pilot projects and 
supply chain infrastructure to bridge the gap between lab-scale innovations and com-
mercial deployment. Governments play a critical role in creating enabling environ-
ments through stable regulatory frameworks, financial incentives, and international 
standards that ensure sustainability and interoperability. A coordinated approach 
should include knowledge-sharing platforms to disseminate best practices, public-
private funding mechanisms to de-risk investments, and workforce development 
programs to build technical capacity across the value chain. By aligning these efforts 
through multi-stakeholder partnerships, we can accelerate the commercialization of 
advanced biofuels, create inclusive economic opportunities in rural communities, and 
establish biodiesel as a competitive, low-carbon alternative for hard-to-decarbonize 
sectors. The time for isolated initiatives has passed—only through systemic collabora-
tion can we overcome technical, economic, and regulatory hurdles to make bioenergy 
a cornerstone of the global energy transition.
98



The Use of Non-Food Biomass for Biodiesel Production: Economic Opportunities and Regulatory…
DOI: http://dx.doi.org/10.5772/intechopen.1012612

17

Acknowledgements

The authors gratefully acknowledge the support received from the PYRAGRAF 
project, financed under the European Union’s Horizon Europe framework (Grant 
Agreement ID 101114608), which provided essential insights into decentralized pyro-
lytic conversion of agricultural and forestry residues. We also extend our gratitude 
to the SALTOpower project, financed under the European Union’s Horizon Europe 
framework (Grant Agreement ID 101079303), coordinated by the University of Évora, 
for their contributions on molten salt-based energy storage and its integration with 
biomass pyrolysis-driven hydrogen/syngas systems.

Conflict of interest

The authors declared no conflicts of interest.

Acronyms and abbreviations

ASTM	 American Society for Testing and Materials
B100	 100%
Biodiesel	 pure biodiesel fuel blend stock
B20	 20% biodiesel, 80%
Diesel	 a common biodiesel blend
B30	 30% biodiesel, 70%
Diesel	 a biodiesel blend mandate
B35	 35% biodiesel, 65%
Diesel	 a high-level biodiesel blend mandate
CaO	 calcium oxide
CO	 carbon monoxide
CO2	 carbon dioxide
DES	 deep eutectic solvents
GHG	 greenhouse gas
GIS	 geographic information system
HC	 hydrocarbons
HVO	 hydrotreated vegetable oil
IMO	 International Maritime Organization
ISO	 International Organization for Standardization
LCA	 life cycle assessment
NOx	 nitrogen oxides
OEM	 original equipment manufacturer
RD&D	 research, development, and demonstration
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Chapter 6

Environmental Sustainability 
through the Bioremediation of 
Petroleum Pollutants Using Gamma 
Radiation
Razia Tahseen, Muhammad Ravish Khan 
and Muhammad Imran

Abstract

Petroleum contamination harms the environment and human health because of 
its persistence, toxicity, and carcinogenic nature. Traditional remediation methods, 
including physicochemical treatments, are often incompetent, costly, or result in 
additional pollution. Bioremediation through microbial degradation presents a 
more sustainable option but often lacks efficiency due to low metabolic rates and 
set environmental conditions. This chapter focuses on the new idea of using gamma 
radiation to enhance bacterial activity for petroleum bioremediation. Gamma 
irradiation makes microbial enzymatic activity, stress resistance, and hydrocarbon 
degradation pathways more favorable through genetic mutations. Additionally, the 
hydrocarbons are made more accessible for microbial uptake through bio-oxidation 
and fragmentation, increasing the likelihood of altered hydrocarbon structures. 
Irradiated bacterial strains, particularly mutant 300-B, are recognized to demonstrate 
greater efficiency in degradation processes than their wild-type counterparts. Soil 
microcosm studies demonstrate that the gamma-irradiated bacteria increased the rate 
of petroleum hydrocarbons degradation and, under optimal conditions, can yield 
up to 53.45% total petroleum hydrocarbon (TPH) removal as compared to the wild 
strain (30%). Increased hydrocarbon mineralization possibly through upregulated 
enzymes such as alkane hydroxylases and dioxygenases. This chapter discusses the 
primary components of the processes of bacteria enhancement by gamma radiation, 
optimal dosage radiation strategies, and the molecular mechanisms of gamma-
assisted bioremediation. Although there are issues such as optimization of dose and 
the possible lethal effects on beneficial microbes from high-radiation levels as well 
as other environmental safety issues, gamma-assisted bioremediation is an attractive 
and easily implemented strategy to remove petroleum contamination.

Keywords: bacteria, gamma radiation, bioremediation, petroleum contaminants, 
environmental sustainability
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1. �Introduction

Petroleum is made up of multiple complex hydrocarbon-derived compounds 
from fossil fuel products. Chemically speaking, it is a complex mixture of organic 
compounds mainly composed of hydrogen and carbon atoms, with trace amounts 
of nitrogen, oxygen, sulfur, and metallic elements. The four fractions of petroleum-
derived hydrocarbons are the asphaltene fraction (phenols, fatty acids, ketones, 
esters, and porphyrins), the aliphatic fraction (saturates), the aromatic fraction, and 
the resins (pyridines, quinolines, carbazoles, sulfoxides, and amides) [1]. Each of 
these groups is described below in Figure 1.

The primary constituents of crude oil and petroleum products are aliphatic 
hydrocarbons. Based on their chemical structure, saturates can be categorized into 
cycloalkanes (naphthene) and alkanes (paraffin). Aliphatic hydrocarbons differ 
from aromatic hydrocarbons, methane derivatives, and non-aromatic and non-cyclic 
organic molecules in saturated and unsaturated linear or branched open-chain 
structures. Two to six aromatic rings (such as a fused benzene ring) with or without 
alkyl substituents arranged in linear, cluster, or angular configurations within their 
structure are how aromatic fractions of organic compounds are categorized. The 
characteristics of resins (pyridines, quinolines, carbazoles, sulfoxides, and amides) 
and asphaltenes (phenols, fatty acids, ketones, esters, and porphyrins) affect the 
behavior during production and refinement [2].

The environment becomes contaminated through spills, industrial discharges, and 
improper disposal methods, seriously affecting ecosystems and human health [3]. 
The endurance of organic pollutants, which tend to accumulate in the biological food 
chain, hurts biodiversity and lowers environmental quality because of their highly 

Figure 1. 
Constituents of crude oil categorized into four classes hydrocarbons.
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toxic, carcinogenic, mutagenic, and teratogenic properties. The lethal effects of the 
petroleum hydrocarbons are shown in Figure 2.

Petroleum contamination in the soil also negatively affects seed germination, 
decreasing photosynthetic pigments while slowing absorption, inhibiting root 
growth, and causing plant leaf defects and cell damage. The harmful effects of petro-
leum on plants include biological membrane destruction, impairment of signaling in 
metabolic pathways, and deformation of root structures [4].

Multiple studies prove that plant cells accept low molecular weight hydrocar-
bons, which destroy the complete plant structure. A range of physicochemical tech-
niques, such as coagulation, flocculation, UV degradation, adsorption, ion exchange, 
electrochemical techniques, membrane filtration, ozonation, and photocatalysis, 
were applied to remove traces of organic pollutants from the biosphere. All of these 
techniques have some shortcomings, including failure to remove organic constituents, 
excessive space requirements for biological treatment, secondary pollution resulting 
from the spatial or modal transfer of contaminants after adsorption or precipitation, 
high-energy costs, steep expenditure, and low longevity of membranes or membrane 
filtration systems.

Researchers define bioremediation as “biodegradation through the biological 
process, simplifying chemical compounds.” Bioremediation is a promising and eco-
friendly approach to mitigating petroleum pollution in contaminated environments. 
This method employs microorganisms, such as bacteria, to degrade hydrocarbons 
into less harmful compounds. The microbial degradation of the organic compounds 
produces minimally complex end-products that resolve their chemical defects [5].

Figure 2. 
Effect of organic pollutants on living organisms.
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Figure 3. 
Use of gamma radiation in environmental sustainability.

The traditional approach involving microbial decomposition encounters two main 
drawbacks: it happens at a slow rate and shows poor effectiveness against challeng-
ing pollutants. The efficiency of natural microbial populations can be limited by 
environmental factors and the metabolic capabilities of microbes [6]. Therefore, the 
breakdown of organic petroleum and different aromatic compounds in the environ-
ment requires sophisticated methods.

Gamma-ray irradiation has emerged as a potential tool to enhance bacterial per-
formance by inducing beneficial mutations, increasing tolerance to pollutants, and 
improving metabolic pathways for hydrocarbon degradation. This chapter explores 
the application of gamma irradiation to bacteria, its effects on microbial physiology, 
its impact on the bioremediation of petroleum pollutants, and ultimately enhancing 
environmental sustainability. Additionally, gamma radiation has been found to induce 
dehydrogenation and carboxylation reactions of hydrocarbons, which further enhance 
microbial accessibility. The formation of new oxygenated functional groups enables 
enzymatic attack by oxidative microbes, thereby expediting biodegradation (Figure 3).

Ionizing radiation, called gamma radiation, appears to be a modern technology 
for environmental safety, as shown in Figure 4. Gamma radiation functions with 
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biological processes by delivering combined benefits to microorganisms through 
mutation-based enhancement and hydrocarbon substance degradation. For example, 
irradiated Alcanivorax spp. in marine spills to avoid risks associated with invasive 
species.

2. �Fundamentals of gamma-ray irradiation

Gamma rays are emitted from radioactive isotopes like cobalt-60 (Co-60) and 
cesium-137 (Cs-137). These isotopes and other emitters of high-energy electromag-
netic waves suffer mutations to their genetic structure because they can penetrate 
biological tissues [7]. In bacterial cells, exposure to gamma radiation can:

i.	Induce mutations that enhance metabolic pathways for hydrocarbon 
degradation.

ii.	Increase bacterial resistance to toxic petroleum components.

iii.	Improve survival rates in harsh environmental conditions.

iv.	Enhance enzymatic functions, leading to faster breakdown of hydrocarbons.

v.	Stimulate adaptive responses, allowing microbes to thrive in contaminated sites.

3. �Mechanism of gamma-ray-induced mutations in microbes

i.	Gamma rays interact with cellular components, leading to DNA damage and 
repair processes that introduce mutations. These mutations can result in 
enhanced enzymatic activity, improved stress resistance, and increased adapt-
ability to hydrocarbon-rich environments. These processes reduce molecular 
weight and increase functionalized hydrocarbons, facilitating microbial 
uptake and metabolism.

Figure 4. 
Use of gamma radiations for environmental safety.
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ii.	Additionally, gamma radiation has been found to induce dehydrogenation and 
carboxylation reactions, which further enhance microbial accessibility. The 
formation of new oxygenated functional groups enables enzymatic attack by 
oxidative microbes, thereby expediting biodegradation.

4. �Exposure of gamma radiation to hydrocarbon degradation

Gamma radiation interacts with hydrocarbons through direct and indirect 
mechanisms:

i.	Direct interaction: High-energy photons break carbon-carbon and carbon-
hydrogen bonds, leading to fragmentation of hydrocarbon molecules. The intense 
electromagnetic energy of gamma rays performs radiolysis by converting complex 
organic materials into less toxic and essential products such as CO2 and H2O [8].

ii.	Indirect interaction: Ionization of water molecules generates reactive oxygen 
species (ROS), such as hydroxyl radicals and hydrogen peroxide, which oxidize 
hydrocarbons, making them more accessible to microbial degradation, as 
shown in Figure 5 [9].

5. �Dose optimization for bioremediation

Low to moderate doses (0.1–5 kGy) induce beneficial mutations without signifi-
cantly impairing the viability of microorganisms [10]. Higher doses (>10 kGy) can be 
detrimental, leading to cell death and loss of functional traits. Radiation doses must 
be carefully optimized to balance genetic improvement with cell viability, typically 
between 100 and 1000 Gy. High-dose can be lethal; exposure can lead to excessive 
DNA damage, reducing bacterial efficiency, and controlled irradiation can enhance 
microbial traits beneficial for bioremediation [11].

Figure 5. 
Mechanism of gamma radiation on hydrocarbon degradation.
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6. �Microbial responses to gamma radiation

Microbial consortia, including bacteria and fungi, play a pivotal role in petroleum 
biodegradation. Gamma radiation alters hydrocarbon properties, leading to:

i.	Enhanced microbial enzymatic activity:

ii.	Oxidized and fragmented hydrocarbons are more susceptible to enzymatic 
breakdown.

iii.	Increased microbial growth:

iv.	Gamma irradiation promotes microbial proliferation by reducing toxicity and 
increasing bioavailability.

v.	Induction of stress-response mechanisms:

vi.	Some microbes exhibit increased resistance and adaptability to radiation-
induced hydrocarbon modifications.

Key microbial genera such as Pseudomonas, Bacillus, Acinetobacter, and 
Mycobacterium have shown enhanced degradation of irradiated petroleum hydrocar-
bons. Studies indicate that when exposed to irradiated hydrocarbons, these microbes 
produce higher concentrations of hydrocarbon-degrading enzymes such as monooxy-
genases and dioxygenases [11, 12]. This enhanced enzymatic activity leads to faster 
mineralization and detoxification of petroleum contaminants. The process of gamma 
stress results in the selection of strains that feature stronger hydrocarbon degradation 
genes such as alkB and nahAc. The irradiated P. putida populations degrade 30% more 
crude oil than wild strains within 14 days [13].

7. �Bioremediation of petroleum pollutants

Bioremediation leverages microorganisms, plants, or enzymes to detoxify petro-
leum-contaminated environments. Bioaugmentation introduces hydrocarbon-degrad-
ing microbes (e.g., Pseudomonas, Acinetobacter) to polluted sites. Biostimulation 
enhances microbial activity via nutrient amendments (e.g., nitrogen and phosphorus) 
[14]. Due to their structural complexity, petroleum hydrocarbons vary in biodegrad-
ability: alkanes degrade faster than aromatic or asphaltene compounds. For instance, 
n-alkanes (C10–C25) are metabolized within weeks, while polycyclic aromatic hydro-
carbons (PAHs) like benzo[a] pyrene may persist for decades. Challenges include 
oxygen limitation in anaerobic environments, nutrient scarcity, and toxicity of hydro-
carbon byproducts. Gamma radiation addresses these issues by pre-conditioning 
pollutants and microbes, improving bioavailability and enzymatic efficiency.

7.1 Optimal radiation doses vary by pollutant and microbial strain

Low doses (1–3 kGy) enhance enzyme activity, while higher doses (>10 kGy) 
risk microbial mortality. A meta-analysis identified 2–5 kGy as ideal for mixed 
microbial communities, maximizing mutation rates without significant biomass 
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loss. Temperature (20–35°C), pH (6–8), and nutrient availability (C: N: P 
ratio = 100:10:1) critically influence outcomes. Bioaugmentation with irradiated 
strains and biostimulation using nitrogen fertilizers synergizes with gamma treat-
ment, achieving 90% TPH (total petroleum hydrocarbons) removal in marine 
sediments [15].

A trial in the Gulf of Mexico used gamma-irradiated (3 kGy) Alcanivorax borku-
mensis to degrade 70% of stranded oil in 4 months, outperforming traditional disper-
sants [16]. At a former refinery site in India, five key pretreatment and biostimulation 
methods reduced TPH from 12,000 to 1200 mg/kg in 8 months, meeting regulatory 
standards [17]. Soil heterogeneity required site-specific radiation dosing, increasing 
costs by 20%. Gamma-assisted bioremediation in Alaska achieved 55% diesel degra-
dation at 5°C, compared to <10% in unirradiated plots by cold-adapted Psychrobacter 
strains.

Recent lab-scale experiments demonstrate gamma radiation’s potential to optimize 
bioremediation. Rhodococcus erythropolis exposed to 2.5 Gy gamma rays showed a 
50% increase in alkB gene expression, enhancing hexadecane degradation by 65% 
in 10 days [18]. Gamma irradiation (5 Gy) of crude oil reduced its viscosity by 40%, 
enabling Aspergillus flavus to degrade 80% of PAHs in 21 days, compared to 45% in 
untreated controls [19].

Combining gamma radiation (3 kGy) with biochar in diesel-contaminated soil 
increased microbial diversity and accelerated TPH removal by 2.5-fold. These studies 
highlight dose-dependent effects; low doses (1–5 kGy) enhance microbial activity, 
while higher doses (>10 kGy) may inhibit growth due to DNA damage.

7.2 Gamma radiation significantly accelerates degradation kinetics

Gamma radiation increases the degradation speed; in irradiated marine sediments, 
n-C18 degradation rates increased from 0.12 to 0.35 mg/kg/day. Pretreatment with 
4 kGy reduced pyrene’s half-life from 120 to 28 days in soil, attributed to hydroxyl 
radical-mediated cleavage. Asphaltenes, typically resistant to biodegradation, showed 
30% degradation after 60 days when irradiated (7 Gy) and inoculated with Bacillus 
subtilis [20]. Mixed communities outperform monocultures; irradiated Pseudomonas-
Streptomyces consortia degraded 95% of crude oil in 30 days. Aerobic systems achieve 
faster degradation than anaerobic setups due to oxygen-dependent oxygenase [21].

7.3 Molecular insights into gamma-assisted bioremediation

Gamma radiation induces molecular changes in microbial communities and 
hydrocarbon structures, enabling efficient bioremediation.

8. �Microbial genetic adaptations

8.1 DNA repair mechanisms

Radiation-resistant microbes like Deinococcus radiodurans employ RecA-mediated 
homologous recombination and nucleotide excision repair to fix double-strand 
breaks. These pathways upregulate stress-response genes (e.g., katA for catalase) that 
mitigate oxidative damage. Gamma photons induce single- and double-strand DNA 
breaks, triggering error-prone repair systems like (save our souls) SOS response. 
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This mutagenesis can upregulate catabolic enzymes, such as oxygenase and dehydro-
genases, which oxidize hydrocarbons into water-soluble intermediates. For instance, 
laccase activity in Aspergillus niger increases by 40% after two key exposures, enhanc-
ing PAH breakdown [22].

8.2 Catabolic gene induction

Sublethal gamma doses (1–5 kGy) activate promoters for hydrocarbon degrada-
tion genes. For example, alkB (alkane hydroxylase) in Pseudomonas spp. is over-
expressed by 200% under gamma stress, enhancing hexadecane metabolism [23]. 
Gamma photons (energy ~1.25 MeV) generate hydroxyl radicals (•OH) via water 
radiolysis, which oxidize PAHs into quinones and carboxylic acids [24]. For instance, 
5 kGy irradiation cleaves benzo[a] pyrene’s aromatic rings, reducing its carcinoge-
nicity by 80% [25]. Heavy hydrocarbons like asphaltenes undergo desulfurization 
and dementalization, breaking metal-porphyrin complexes that inhibit microbial 
uptake. Irradiated microbes activate SoxRS and OxyR systems to neutralize reactive 
oxygen species (ROS), preventing cellular damage while promoting hydrocarbon 
oxidation.

8.3 Extremophile enzymes

Gamma irradiation selects for extremophiles producing robust enzymes like lac-
cases and cytochrome P450 oxygenase, which remain active in high-radiation, high-
salinity environments. Under aerobic conditions, most organic pollutants undergo 
subsequent rapid and complete degradation [26]. Oxidation and activation are the 
first intracellular attacks that occur because of oxidation and enzymatic motivation 
by peroxides and oxygenates, and oxygen implementation is crucial.

Organic pollutants are dissolved into soluble, peripheral intermediary stages 
that can be used for intermediate catabolism, such as the tricarboxylic acid cycle 
[27]. Metabolites of major precursors, acetyl-CoA, pyruvate, and succinate, 
produce the cell biomass metabolism. Gluconeogenesis synthesizes the saccharides 
that are required for various biosynthesis and growth. This could be brought about 
through a particular enzyme system for pH reduction. Other processes, such as 
microbial cell adhesion to substrates and the formation of biosurfactants, are 
also involved. The consortium has proven that there are different mechanisms to 
metabolize or degrade petroleum hydrocarbons than simply what individual cul-
tures can use. Pilot studies reveal heterogeneous soil matrices and radiation safety 
as key hurdles [28].

9. �Bioremediation of soil contaminated with petroleum using gamma-
irradiated bacteria—A case study

9.1 Irradiation of bacteria strain 33 by gamma rays

Shake flasks batch culture in nutrient broth were centrifuged at 8000 rpm 
(10,000 G) for 15 minutes. The cells were washed and suspended in normal saline to 
an OD of 0.7 at 600 nm wavelength and transferred to 30 ml McCartney vials. The 
cells were exposed to 200, 300, 400, and 500 Gy gamma radiation in a 60Co irradiator 
(Mark-IV, USA) available at the Nuclear Institute of Agriculture and Biology (NIAB), 
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Faisalabad. At the exposure rate of 40 Gy/hour. These treated cultures were irradiated 
to three log kills [29].

9.2 Test for three log kill

To find the best dose (with three log kill) for mutation, the exposed cells to 
gamma-ray doses, that is, 200, 300, 400, and 500 Cy, were serially diluted, plated on 
nutrient agar plates, and incubated at 37°C. After counting the colonies, the survival 
rate was checked, and three log kills were observed at the dose level of 300 Gy, and 
the strain was named 300-B as shown in Figure 6.

The graph illustrates a negative linear trend, with bacterial survival (measured in 
Log CFU/ml) decreasing as the radiation dosage (Gray) increases from 0 to 500 Gy. 
Larger radiation doses significantly impair bacterial viability, with an exponential 
decay rate. The effect of gamma radiation on bacterial survivability demonstrates that 
as radiation dosage increases, bacterial viability drops dramatically. This indicates 
a robust relationship between radiation exposure and bacterial cell death, with a 
logarithmic decline trend.

9.3 The bioremediation of petroleum-contaminated soil

This research aimed to determine how effective the mutant strain (300-B) is 
compared to its parent strain (33) in bioremediating petroleum-contaminated soil in 
the local environment. Several environmental factors, such as soil moisture content, 
nitrogen, phosphorus, and potassium metabolism relative to the consumption of 
hydrocarbons within the soil microcosms, were studied. The assessment of the parent 
and mutant strains centered on estimating their biodegradation potential concerning 
the concentration of petroleum hydrocarbons in the soil.

The soil’s physicochemical and biological properties were analyzed before and 
after biodegradation. The petrophysical and ecological composition of the native 

Figure 6. 
The oil-degrading bacterial strain (strain 33) survival curve subjected to gamma radiation from a cobalt-60 
source.
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Variable Treatments Weeks

0 1 2 3 4 5 6 7 8 9 10

Oil degradation (ppm) Control 0 0 20.6 40 60 100.5 152 200.6 413 507 510

f f f f g g g g g

Parent strain 0 0 100 150 508 270 3704 6006 7790 7835 9000

f g g g g f e e d

Mutant strain 0 0 101 1552 3420 7900 11,550 11,626 15,201 15,896 16,017

f g e e c c b a a

Nitrogen utilization (ppm) Control 0 0 0 0 0 10 14.1 14 14 14 14

d d d d d d d

Parent strain 0 0 13.3 28 40 55.33 84.66 94 112 140 140

d d d d d d d d d

Mutant strain 0 44 55 86 108 423 574 602 610.6 614 614

d d d d c b a a a a

Phosphorus utilization (ppm) Control 0 6.45 19 43 105 206 230 240 247 247 247

y x v s r p o n n n

Parent strain 0 277 58 206 2257 264 270.8 275.1 277 299.6 280

w u q m l k j i d g

Mutant strain 0 96.66 206 247 264 277 281 288 318 320 325

t r n L h k e c b a
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Variable Treatments Weeks

0 1 2 3 4 5 6 7 8 9 10

Potassium utilization (ppm) Control 0 16 16 16 55 94 195 211 222 250 250

p p p o m j i h g b

Parent strain 0 16 55 55 90 172 289 280 300 300 300

p o o n k e f d d a

Mutant strain 0 16 55 94 289 289 320 320 320 327 323

p o m e e e e b a a

Table 1. 
The effect of gamma-ray treated soil on the degradation of petroleum hydrocarbons and utilization of other nutrients. The same letters mean those values are not significantly different 
from each other.
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soil and the soil sample undergoing the experiments was investigated regarding total 
petroleum hydrocarbons, nitrogen, phosphorus, potassium, moisture, and bacte-
riological activity regarding solid-in-colony count per unit volume. The results in 
Table 1 displayed the effect of gamma-ray-treated soil on the degradation of petro-
leum hydrocarbons.

The soil collected from the un-augmented bacteria (control) and augmented with 
the bacteria unirradiated (33 strain), and irradiated bacteria (300-B) microcosms 
were observed to be blackish-gray at the initial time point (0 hour). Due to bacte-
rial action, the soil color in the control microcosm remained the same; however, the 
treated microcosm showed a significant decrease in the intensity of soil discoloration.

Furthermore, the soil inoculated with the parent strain also showed a reduction in 
intensity, but not to the same extent as the treated microcosm. The results of the oil 
degradation for different enduring intervals indicate that the mutant strain 300-B is 
the most effective petroleum degrading agent, followed by the parent strain (33) and 
control at all times. The peak western oil destruction occurred at 10 weeks, with the 
lowest at 1 week.

9.4 Bioremediation of hydrocarbons

In this study, adding the specific irradiated bacteria improved the rate of degrada-
tion of hydrocarbons in soil over time. Treatment 3 involves augmentation with the 
mutant bacterial culture and nutrients. Treatment 1, with no nutrients, is controlled 
without bacteria, while in Treatment 2, the soil was augmented with unirradiated 
bacteria.

The best results relative to bioremediation were observed in Treatment 3, which 
shifted from a total hydrocarbon concentration of 30,000 mg/kg (3%) to 14,000 mg/
kg (1.4%), a volumetric reduction of 53.45%. In comparison, the soil with the parental 
strain and nutrients decreased by only 30% after 75 days.

Hydrocarbon loss was markedly slow in the soil in control, untreated microcosms 
at 300 mg/kg (0.3%). The rest of the hydrocarbon volume from Treatment 1 came 

Figure 7. 
Presence of microorganism in different soil microcosms for petroleum decontamination.
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solely from the spiking solution. A notable statistical change was also present in the 
time and type of strain used. The soil was checked for the utilization of essential 
nutrients such as nitrogen (N), phosphorus (P), and potassium (K). Results suggest 
that the gamma-ray irradiated bacteria effectively utilized more nutrients, resulting 
in efficient hydrocarbon degradation.

9.5 Counts of microorganisms and colony-forming units (CFU/g)

Upon augmentation, the total viable counts for both the parent and mutant strains 
were noted as 1.0 × 106 CFU/g (dry weight) in bacterial augmented microcosms. 
A marked increase in microbial cell counts indicated that petroleum hydrocarbons 
could be metabolized and utilized as the sole carbon source. Without bacterial inocu-
lation, a separate microcosm was kept as a control.

Both parent and mutant strain microbial populations remained similar during the 
first fortnight. However, differences in population enhancement became apparent in 
week three (Figure 7). Between the strains, marked differences in microbial growth 
were found during the sampling done after 3 weeks, which increased as time passed, 
resulting in the degradation of petroleum contents in contaminated soil.

10. �Challenges and future directions

For a long time, petroleum hydrocarbons have been phytotoxic and zootoxic. 
Contamination by oil necessitates a coordinated effort from scientists and industry 
policymakers to formulate acceptable solutions to the issue of the petroleum-con-
taminated media effect. Studies on degradation techniques (specifically, the biore-
mediation of petroleum hydrocarbons in soil and water) indicate that some fractions 
(60–90%) of petroleum’s constituents are biodegradable.

Encapsulating gamma sources in mobile units and combining them with 
nanotechnology (e.g., TiO2 nanoparticles for pollutant adsorption) improves effi-
ciency and safety. Strict licensing for radioactive materials delays implementation. 
Misconceptions about radiation risks necessitate community engagement. Horizontal 
gene transfer between irradiated and native microbes is mitigated using non-patho-
genic strains.

Gene-edited strains can be designed using CRISPR with radiation-inducible 
degradation pathways: gamma + electrokinetic remediation for clay soils. Machine 
learning models predict optimal doses (e.g., 3.2 kGy for diesel, 4.5 kGy for 
crude oil) based on pollutant composition. Synthetic communities combining 
Pseudomonas (alkane degradation) and Streptomyces (PAH breakdown) achieve 
95% TPH removal.

11. �Conclusion

As previously mentioned, the synergistic application of gamma irradiation and 
bioremediation strategies is one of the novel approaches developed to tackle the 
bioremediation of petroleum pollution. The phenomenon of radionuclide-gamma-ray 
interference can enhance the metabolic activity of bacteria by mutation-selection, 
which results in more efficient degradation of complex petroleum hydrocarbon 
compounds in a petroleum hydrocarbon-contaminated environment. This chapter 
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is dedicated to the radiation-induced pathways of elevating microflora enzymatic 
degradation processes, such as incorporating functional groups into hydrocarbons 
that make them accessible to enzymes for cleavage.

Experimental evidence has been obtained that microbes exposed to gamma radia-
tion possess greater tolerance levels of petroleum pollutants and perform more rapid 
biodegradation. Furthermore, substantial improvements in treating soils and seawa-
ter contaminated with petroleum products have been achieved by combining gamma 
radiation with bioremediation techniques like bioaugmentation and biostimulation.

Even though there are still difficulties, such as optimizing the radiation dose and 
possibly other secondary effects on the environment, laboratory and field studies 
provide insights regarding gamma-biological remediation, which is quite promising. 
The focus must be on constructing mobile modular systems in different environments 
along with advanced technologies such as nanotechnology and clustered regularly 
interspaced short palindromic repeats (CRISPR) gene editing for more effective 
microbial modification. Such developments could enable the creation of inexpensive 
yet effective strategies to prevent petroleum pollution and promote long-term eco-
logical health.
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Abstract

Hazardous plastic wastes are formed as byproducts of several industrial pro-
ductions, or end-of-life materials such as end life tire (PFU), plastic packaging, 
contaminated plastic wastes, wind turbine blades containing glass or carbon fibers, 
or perfluoroalkyl substances (PFAS). All these materials are potentially hazardous to 
the environment or human health, especially if they are not properly treated. These 
hazardous waste materials may be disposed of through Microwave Assisted Pyrolysis 
(MAP), because this process may convert these products into valuable compounds. 
The waste is completely disposed of, avoiding the formation of a residue. The gas 
contains hydrogen, carbon monoxide, and light hydrocarbons; the liquid, also called 
SynOil, may be employed as a substitute for mineral oil, while the solid contains a 
large amount of carbon and/or glass or carbon fibers. The energy required by the 
MAP may be obtained from the products formed, so it is a self-sufficient process. The 
affordability of the process is very good and in some cases the return on investment is 
calculated at 1.6 years. Our results together with several literature data and our con-
siderations are reported. Furthermore laboratory data and some of the proposed pilot 
or industrial plants developed up to now are illustrated. In conclusion, MAP converts 
hazardous waste materials into new products, reducing their impact and obtaining 
products considered as green materials because their carbon footprint is negative due 
to their formation from hazardous end-of-life or waste materials.

Keywords: microwave assisted pyrolysis, hazardous waste, contaminated waste, 
plastic, end life tire

1. �Introduction

1.1 Hazardous plastic waste

Hazardous plastic wastes are present as solid, liquid, or gas, and they may be 
potentially dangerous for human health or the environment. They may be dangerous 
from a biological, chemical, or physical point of view, and many of them at the same 
time. They may also be formed as byproducts of several industrial productions, or 
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end-of-life products such as tires, plastic packaging, contaminated plastic waste, wind 
turbine blades containing glass or carbon fibers, residual plastics from car demolition, 
and, finally, as perfluoroalkyl substances (PFAS). PFAS are a class of compounds 
that are very useful for several applications, but they are persistent organic pollutants 
causing health and environmental problems. All these materials are potentially haz-
ardous to either the environment or human health, especially if they are not properly 
disposed of.

1.2 Microwave assisted pyrolysis (MAP)

1.2.1 Microwave heating

Electromagnetic radiations may be absorbed by some materials and converted into 
heat, and the efficiency of this conversion is attributed to a property of the material 
defined as dissipation factor. This property is defined as tan 𝛿 = e”/e’, where e’ is the 
real component of the dielectric permittivity, while e” is the imaginary component of 
the dielectric permittivity. The dissipation factor is connected with the ability of the 
material to promote electrons from the conduction bands. Many parameters affect 
this property, such as the radiation frequency, the type of material, and the tempera-
ture [1, 2]. If the temperature at which this phenomenon takes place is increased, the 
loss factor improves because more electrons are promoted into the conduction bands. 
The influence of temperature on the loss factor is characteristic for each material, and 
remarkable differences are observed among different materials [3].

Two classical microwave (MW) frequencies of 2.45 GHz and 915 MHz are com-
mercially employed in MW heating, avoiding interference with other commercial 
apparatus, even if all MW frequencies may be employed for heating purposes. 
Experiments reported in this chapter employ the most common 2.45 GHz frequency. 
The design of the MW oven affects the efficiency of the oven because the electromag-
netic field is increased when the in-phase not absorbed radiation is reflected by the 
internal wall of the oven [4].

Detection of temperature is quite a challenging problem inside an MW oven 
because each component of the detector is heated, and a heterogeneous temperature 
profile is supplied. Furthermore, spark discharge may be observed in the oven with 
a spot heating of the material at a temperature over 1300 K [3], and this is another 
problem in temperature detection. A classical thermocouple may be employed only 
if it is placed in an appropriate cavity not reached by MW. Otherwise, the metals 
of the thermocouple absorb the MW radiation and are heated, so the temperature 
measured is related to the thermocouple and not to the material. A fiber optic ther-
mometer may be used, but a close contact between the fiber and the solid sample is 
required, and this contact is not easily realized. Selecting an infrared temperature 
detector, the reported value is related to the temperature of the vapors inside the 
oven, while a different temperature is reached by the solid material [5]. Other, more 
sophisticated methodologies are reported, but they are not commercially available 
and are hard to realize. The temperature reached in each experiment is reported, but 
due to the above-reported problems on its determination, usually, it is not employed 
for interpretation of results. An MW oven (Bi.Elle s.r.l. - Italy), having 4 × 1.5 KW 
magnetrons with a total MW emission of 6 KW, was mainly employed in our labora-
tory experiments reported in this chapter. Two set-up equipments were used [3]: 
In the first arrangement (called set-up A), a 1000 mL borosilicate Erlenmeyer flask 
containing the sample was placed inside the oven, while two condensing systems 
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cooled at 298 and 263 K, respectively, were connected to the flask. A round-bottom 
flask was employed to collect liquids, while the gas was sent into a gasometer. Another 
arrangement (called set-up B) was employed, where a fractionating column was 
present between the oven and the condensing system. Using this arrangement, high-
boiling products remained inside the oven for a long time. A 0.2 m length × 0.03 m 
internal diameter column was employed, and it was filled with glass spheres (0.004 m 
diameter).

Different ovens were sometimes employed and the characteristics of these ovens 
were reported where the results are described.

2. �Results

The most common option to recycle plastic waste is mechanical recycling. This 
process takes place through the selection of plastic wastes by type and color, followed 
by washing, drying, pelletizing, and finally printing to obtain new products from 
recycled plastic. These new products show lower properties than the same products 
obtained from virgin plastic, so the applications of these recycled plastics may be 
reduced. Using chemical recycling, monomers may be obtained, and they may be 
employed to obtain new plastics having the same properties as virgin plastic. These 
recycled monomers may be also employed for different utilization, such as chemical 
feedstocks and fuels.

2.1 End life Tire (ELT)

Worn tires that are not suitable for use on a vehicle, as well as defected tires—that 
is, products having deviations from the specifications of the original manufacturer 
are defined as End Life Tire (ELT). This definition does not include tire-derived 
products. Every year, around 1.5 billion ELT are produced [6], and their disposal is 
problematic because they are not biodegradable, require a large amount of space, and 
take a very long time for degradation when they are disposed of in a rubbish dump. At 
the same time, a strong attention must be devoted to the storage of this waste because 
ELT are flammable, and if burned in the air without any control, severe pollution is 
caused by the release of highly toxic products.

Several technologies are proposed for a suitable and convenient disposal of ELT. 
A re-manufacturing process for old tires replacing the tread on worn tires with new 
tread and called “retread (recap or remold),” may be followed. This is one of the most 
environmentally friendly ways to recycle ELT because it gives an additional life to ELT. 
However, this process cannot be repeated more than three times, and it is not possible 
with very old or damaged tires.

The main end use for ELT is the production of ground crumb rubber, employed 
in the realization of asphalt for highways or as pavement sealers, to obtain a large 
number of recycled rubber-containing products, as a filler for new tire production, as 
a feedstock for chemical devulcanization or pyrolysis processes [7].

ELT can also be employed to realize roads or harborside barriers. Finally, whole or 
chopped ELT may be employed to produce energy in the manufacturing of Portland 
cement [8, 9], or in other processes where a high amount of energy is required. ELT, in 
fact, has a high heating value (HHV), close to commercial petroleum coke, but with 
lower carbon dioxide production if correlated with carbon. In the production of elec-
tricity, ELT may be employed to supply the energy for thermoelectric power plants; 
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however, during the combustion, sulfur-containing compounds present in ELT 
produce sulfur dioxide, and a depuration apparatus is required to remove this con-
taminant from the emissions. In 1990, the amount of ELT waiting for disposal in the 
USA was around 1 billion, but in 2015, storage of ELT strongly decreased to 67 million 
tires [10] because part of them were employed to produce energy. Tires recycled in the 
European Union increased from 25 wt% in 1994 to 95 wt% in 2010, even if half of this 
waste was used for energy production, mostly in cement manufacturing. However, 
these processes led to recovery of only the energy content of the ELT, while its chemi-
cal content was completely lost.

Through thermal treatments in an anoxic atmosphere, such as pyrolysis and 
devulcanization, ELT was disposed of [11–13] obtaining three useful products: a gas, 
a liquid, and a char. Several heating technologies may be employed, such as classical 
heating, internal partial combustion of tires, heat transported by an inert material, 
microwave heating, laser heating, solar heating, and so on. Different apparatus may be 
employed depending on the heat source and the time required by the process, affect-
ing the amount and composition of the three compounds formed [14]. Pyrolysis is 
one of the possible ways to undergo thermal treatment of ELT to generate value-added 
products. However, a crucial problem for all of these processes is the heat transfer 
technology because ELTs are very poor heat conductors. MW irradiation, due to its 
ability to heat quickly and directly any MW-absorbing material, is one of the most 
promising technologies to carry out pyrolysis. ELT can absorb MW because it con-
tains a high amount of carbon black, able to convert MW into heat. Most of the MAP 
experiments reported in this chapter were carried out on a laboratory scale using a 
batch process, using a frequency of 2.45 GHz and a variable energy up to 6 kW. A pilot 
plant was also used, equipped with an oven having a power of 32 KW. The influence of 
operating variables on the recovery of the three products formed was tested. Typical 
MAP products of ELT were a gas containing a large amount of hydrogen, carbon mon-
oxide, and light hydrocarbons; a liquid having a low viscosity (< 2.9 cP), containing 
hydrocarbons (aliphatic and single ring aromatic); and a solid residue rich in carbon 
black (up to 92.03 wt% of carbon), iron (5 wt%), and ash (inorganic oxides).

The process does not produce byproducts because all the compounds formed may 
be easily employed as “re-cycled raw materials.” They have an HHV of 34 MJ/kg for 
solids, 45 MJ/kg for liquid, and 46 MJ/kg for the gas. These products may be consid-
ered bio-attributed materials because they are obtained from waste ELT.

MAP, as reported by Undri et al. [3], was run using different MW power and 
amounts of chopped ELT. Even if the temperature of MAP strongly affects the results 
of the process, it is not an affordable parameter in MAP, as above mentioned. MAP 
was run without any flux of an inert gas, with the aim of collecting a gas having a high 
HHV because it contains only combustible gas. At the same time, the consumption of 
the inert gas was eliminated. Experiments were interrupted when gas evolution was not 
further evidenced. A pyrolysis was considered completed if the FT-IR analyses did not 
evidence the presence of organic materials in the residue, and the hydrogen detected by 
ultimate analyses in the bio-attributed carbon black (bCB) was lower than 1 wt%.

Results of some representative tests performed using MAP are reported in the 
following Table 1.

The best conditions for a complete pyrolysis of ELT were obtained using an MW 
power of 3 KW and a reaction time of 32 min, obtaining a solid (43.2 wt% yield, metal 
wire depleted), a liquid (42.6 wt% yield), and a gas (14.1 wt% yield). The solid was an 
odorless black powder (bCB), containing fully pyrolyzed material, while not-fully 
pyrolyzed residue was a sticky, hard-to-handle solid. Hydrogen was always present in 
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the solid in low amounts (<1 wt%) due to traces of volatile organic substances (VOCs) 
present. These VOCs were due to the batch process in the absence of a carrier gas 
because the small amount of vapors remained in the oven at the end of the experiment 
and were absorbed by the residue. Anyway, traces of VOCs in the bCB are not a 
problem for any further application because VOCs are present in commercial petro-
leum coke (up to 14 wt%) [15], and hydrogen was higher than 1 wt%. In not-com-
pleted pyrolysis (runs 4 and 5), appreciable amounts of VOCs were detected in the 
residue. Using low MW energy or a large amount of ELT the pyrolysis was not com-
pleted and a high amount of VOCs was present in the solid, as confirmed by the IR 
spectrum. Different initial ELT compositions affect the ultimate analysis of char as 
reported by many authors [16, 17], especially for what concerns the carbon amount. 
Sulfur-containing compounds were present in the bCB; they were formed from the 
products used for vulcanization of rubber. The amount of sulfur in bCB was lower 
than 50 wt% of the initial sulfur present in ELT, and these results are close to those 
reported for classical pyrolysis. Anyway, several petroleum cokes contain a higher 
amount of sulfur than bCB, while other petroleum cokes contain a lower amount of 
sulfur than bCB. The hydrogen content of bCB was not in the range of regular green 
coke [12, 18]. The composition of bCB (evaluated through ultimate analysis) is 
intermediate between bitumen and anthracite coal [15]. The use of bCB to produce 
energy is possible only if the plant is equipped with an apparatus for the depuration of 
emissions due to the presence of sulfur oxides. The bCB had a low heating value 
(LHV) higher than ELT and petroleum coke, and the amount of sulfur is lower than 
many raw petroleum cokes [15]. The solid shows an apparent density of 0.40–0.56 g/
mL, higher than exfoliated graphite [19], but the density of a commercial petroleum 
coke is about 0.8 g/mL [15], and that one of native or synthetic graphite is about 2.5 g/
mL. Probably, the grain size of the virgin carbon black (vCB) employed to produce 
ELT affects the density of bCB obtained after MAP, and the complete pyrolysis avoids 
the presence of residual rubber in the bCB. The amount of ash in bCB is in the range 
of 5.88–9.50 wt%, lower than that reported by several authors [20–23], but higher 
than vCB. These values may be attributed to the residues of iron in bCB after electro-
magnetic separation or to inorganic compounds present in other fillers employed in 
the production of tires. The bCB shows higher ash than the value required for vCB 
(below 0.5 wt%) employed for tire manufacturing [24]. However, the maximum 
value of ash for their use as carbon black for tire production must be reconsidered, 

Run Tire 
(g)

MW 
power 
(KW)

Reaction 
time (min)

T 
(K)

Gas fraction 
*(Yield 
wt%)

Liquid 
fraction* 

(Yield wt%)

Solid 
fraction* 

(Yield wt%)

1 208.8 6.0 14 872 27.4 31.5 41.1

2 212.8 4.8 15 814 16.3 43.1 40.6

3 233.3 3.0 39 764 14.1 42.6 43.2

4 252.1 1.5 100 766 14.3 20.7 65.0

5 1501.1 3.0 70 787 9.0 39.3 50.7

6 502.8 3.0 59 744 13.4 44.0 40.6

7 64.1 3.0 47 617 22.4 30.1 47.5
*Metal wire depleted.

Table 1. 
MAP of ELT using set-up A [3].
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taking into account the suggestions reported by the major firms for tire production, as 
cited in the following lines. The surface area (BET test) of all samples shows close 
values, among 45–72 m2/g; however in samples containing a higher amount of VOCs, 
the lowest surface area was evidenced. Furthermore, the surface area shows a linear 
correlation with respect to the hydrogen content. A very close total pore volume (VT) 
was shown in runs 4 and 5: 0.35 mL/g and 0.38 mL/g, respectively. The VT of runs 1 
and 3 was higher (0.82–1.67 mL/g), and much higher than the VT of the samples 
obtained by López et al. (0.3–0.5 mL/g) [21], suggesting different vCB used for tire 
productions. Runs 4 and 5 showed a mesopore structure (pore in the range 2–50 nm) 
of the microporosity of bCB, while the analysis of runs 1 and 3 was not run due to the 
limitations of the available instrumentation. The inorganic materials in the bCB, 
detected by ICP-MS analysis after magnetic iron wires removal, showed the presence 
of residual Fe and Zn as the most abundant metals and a lower amount of Cu. Fe was 
attributed to part of the original metal wire or non-ferromagnetic particles or mic-
roparticles of Fe pasted with carbon and not attracted by the magnet. Zn compounds 
were formed using the additive ZnO used in tire formulation and/or using the brass 
coating of metal wires. Cu was leaked from the brass coating of the metal wire. Very 
low amounts of other metal-containing compounds were shown in the carbon black, 
and their amounts were lower than the limits required by the European Community. 
The scanning electron microscopy (SEM) and microanalysis (X-EDS) of bCB do not 
show any significant morphological variation among the samples obtained from a 
complete pyrolysis. The results do not evidence any influence of MAP on the starting 
vCB employed as filler, as well as on vCB morphology. A macropore structure (run 1), 
which was left after pyrolysis of the polymeric matrix, confirmed the granular 
structure, with grain diameters in the range of 2–50 𝜂m together with bright spots and 
large dark areas. X-EDS microanalysis showed differently colored areas having almost 
the same composition. Large amounts of C, Fe, Zn Cu, together with Mg, Si, O, and S, 
were evidenced both by microanalysis as well as ICP-MS analysis. Different results 
were reported by Ucar et al. [22]; they showed a homogenous distribution of particles, 
attributable to a different pyrolysis procedure and conditions. The metal wire present 
in the end life tire (ELF) before and after pyrolysis suggests the following consider-
ation: The starting wire was coated with Zn and Cu to obtain a strong adhesion of the 
polymeric matrix to the wire. After pyrolysis, a cracked surface was shown by residual 
wire, while a compact material was present in the deep layers. A mild bending of the 
damaged surface led to removal of the coating. After pyrolysis, Cu was partially 
removed, and it was present in the bCB. Cu, Zn, and Fe reacted with sulfur-contain-
ing compounds present in the tire, giving amorphous compounds and crystalline ZnS. 
Sulfur was present in higher amounts on the external surface than in the inner layers 
of the wire, suggesting a sulfur reaction with the brass coating and the iron wire. The 
brass coating was modified, causing partial leak of Cu. The brass coating and ZnO 
filler react with sulfur-containing compounds giving different crystalline forms of 
ZnS. Runs 1, 3, and 4 showed an analogous X-ray pattern, where the strong and broad 
peak at 25° is due to amorphous carbon, as reported for SEM morphological analyses 
[25]. Similar crystalline compositions were shown, and the only peaks evidenced by 
X-ray were due to zinc compounds. Zinc sulfide crystallized in the cubic system 
(wurtzite, 𝛼 ZnS), together with a trace of zinc oxide (zincite, ZnO), were the main 
compounds present, while sphalerite (𝛽-ZnS) and only traces of wurtzite (𝛼-ZnS) and 
zincite (ZnO) were evidenced in run 5. Some crystalline forms of Fe compounds were 
present together with the crystalline forms of Zn in minor amounts. Other elements 
were shown by ICP-MS and SEM microanalysis, even if in trace amounts, such as zinc 
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silicate (Zn2SiO4), which was evidenced by SEM microanalysis, even if it was not 
shown by X-ray analysis, as also reported by Darmstadt et al. [26]. On the contrary, 
silicates were evidenced by López et al. in the bCB. The presence of the crystalline 
form of ZnS was a big challenge to obtain an indication of the temperature reached in 
MAP. ZnO is stable below 973 K and it reacted in the course of MAP giving sphalerite 
(𝛽- ZnS), stable up to 1273 K, while if the reaction temperature is improved, sphalerite 
is converted into wurtzite (𝛼-ZnS), in agreement with results reported by Darmstadt 
et al. [26]. In run 5, sphalerite was evidenced, while the other samples showed wurtz-
ite as the main Zn compound. Taking into account the presence of these crystalline Zn 
compounds, it is possible to confirm a MAP temperature between 973 and 1273 K in 
run 5, while the other runs (1, 3, and 4) contain almost exclusively wurtzite, that is, a 
temperature higher than 1273 K is required to obtain wurtzite. In agreement with 
these data sample 5 obtained with the lowest MW power (P) with respect to the 
weight of ELT (M) [P/M2: 1.3 × 10−3 W/g2], was heated in a range of temperatures 
between 793 and 1273 K, and this range of temperature is close to the values detected 
by Undri et al. [3]. The high amount of ELT led to more efficient heat dissipation 
(MAP was run using 1.5 kg of ELT), and a lower temperature was reached in run 5. 
The presence of wurtzite and sphalerite in MAP of tire confirms, sometimes as a spot, 
the high temperatures obtained during MAP [2, 27–29].

The commercial applications of bCB (sometimes called recycled carbon black: 
rCB) are of great interest [30], because the economicity of the MAP of ELT on an 
industrial scale depends on the revenue due to the uses of bCB [18, 22]. bCB may 
be applied for the production of active carbons after demineralization and physical 
or chemical activation [17–20]. These applications were very recently reported by 
Zainal et al. [31] in a review. The carbon black from pyrolysis of ELT (bCB) usually 
has a higher content of ash if correlated to virgin carbon black (vCB), depending on 
the kind of ELT used for MAP. A very important application of bCB, as reported by 
Contec [32], is the production of new tires due to the following considerations:

•	 bCB can provide 100 wt% replacement for rubber and nonrubber applications of 
vCB;

•	 bCB has fewer polycyclic aromatic hydrocarbons (PAHs) compared to vCB;

•	 Local and regional collection and recycling of ELT can provide an assured source 
of bCB;

•	 Prices of bCB are stable, as it does not depend on fossil hydrocarbons;

•	 Prices for bCB are lower than vCB;

•	 Pioneer tire manufacturing businesses can enjoy a head start from bCB use;

•	 The carbon footprint was reduced by 80–90%. For example, the production of 
bCB requires an estimated formation of 439 kg CO2 per ton, while 2500 Kg CO2 
per ton of vCB are produced [25];

•	 Transition from vCB toward bCB meets the requirements for a circular 
economy, the EU Green Deal requirements, and the United Nations Sustainable 
Development Goals [33].
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Furthermore, the following considerations are reported by many companies:

•	 Volvo announced in 2016 [34] “Volvo Car Corporation (Volvo Cars) has 
approved the use of Enviro’s recycled carbon black (rCB) chassis plugs that AnVa 
Polytech supplies to the car manufacturer.”

•	 Bridgestone and Michelin, two of the major leaders in tire production, proposed 
a Shared Vision for safer, cleaner, and more sustainable mobility, and this 
involves the use of bCB.

•	 Volvo’s chassis plugs were planned to be realized from rubber containing 100% 
“recycled carbon black” and the idea was confirmed in 2021 with the announce-
ment “Volvo has provided details of what it believes its ultra-green electric cars will 
be made from by around 2030; The bumper panels are constructed from a material 
that consists of fibers made from linseed plants; Interior parts are recycled plastic, 
seats use ‘responsibly-sourced wool’ and they are made from old rubber” [35]

•	 Bridgestone and Michelin estimated a potential market for up to 1.000.000 tons 
of bCB in 2030 [36].

•	 Pirelli announced the production of the tire P Zero E, devoted mainly to electric 
cars, obtained using a 55 wt% mix of biobased and recycled materials as certified 
by Bureau Veritas. The biobased materials (29–31 wt%) will contain natural rub-
ber, reinforcing textiles, chemicals, biobased resins, and lignin, while recycled 
materials will be obtained from metallic reinforcement, chemicals, silica, and 
bCB. In this way, the emission of CO2 equivalent will be reduced by 24 wt% 
compared to the previous tire produced. The use of virgin material having fossil 
origins will be reduced by 3 Kg for each tire [37].

•	 bCB obtained by Tyrebirth from MAP of ELT has the same performance as vCB 
for the production of new tires.

The gas formed during the MAP of ELT may be employed for the production of 
electricity, and this energy is sufficient for the needs of the plant.

Recently, Shao et al. [38] reported a study of the process parameters of MAP with 
the aim of improving the performance of the liquid fraction obtained. They also sug-
gested the utilization of catalysts such as ZSM-5 and SAPO-34 to improve the amount 
of olefins and cycloolefins, with the best results using SAPO-34. However, the catalyst 
must be separated and recycled at the end of the process to allow for the utilization of 
the bCB formed and to avoid the improved cost due to the catalyst supply, so an evalu-
ation between cost and benefit must be taken into account.

The liquid formed during MAP of ELT (sometimes called “SynOil” [39]) has 
recently improved its interest as a substitute for virgin oil. There are many companies 
interested in employing SynOil from different sources:

•	 BASF and Braven Environmental signed a long-term agreement for the use of 
advanced recycled feedstock [40];

•	 LyondelBasell claims the production of resin called “Circulen Revive” in 
Wesseling (Germany) using SynOil obtained from end-of-life plastics, through 
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cracking to ethylene and propylene, and their polymerization to polyethylene 
and polypropylene. These polymers were bio-attributed through a mass balance 
certified by International Sustainability & Carbon Certification (ISCC) plus [41];

•	 BP and Saudi Basic Industries Corporation (SABIC) announced the production 
in Gelsenkirchen (Germany) of circular plastic called TrueCircle from SynOil. 
This feedstock, obtained by pyrolysis of end-of-life plastics, was employed to 
produce olefin and through polymerization the new plastic [42];

•	 OMV has received support of 81.6 million € from the European Community to 
develop an industrial plant with a planned production of 200,000 tons/year of 
SynOil, using its ReOil technology. This production is planned to be used for the 
production of polyolefin, chemical intermediates, or fuel [43];

•	 DOW, together with ING, Invest-NL, Polestar Capital, and Vopak, was involved 
in supporting Xycle in the realization of a new plant in Rottherdam’s port to 
obtain a SynOil through pyrolysis of different plastics [44];

•	 FreePoint Eco-System (Ohio), a new firm, obtained PyOil (a synonymous of 
SynOil) in the new plant in Hebron, Ohio (USA), from end plastics waste, and 
they send it using railway, to Shell USA’s refining facility in Norco, Louisiana [45];

•	 Bridgestone start the tests, as announced at WasteExpo 2025 [46], on a new 
green tire containing 33% of recycled materials and 37% of biobased material 
[47], for a total of 70% of green products, as certified by ISCC plus.

Very recently, a review on the thermochemical utilization of ELT has been pub-
lished by Wang et al. [48] with the aim of promoting an efficient utilization of ELT 
and environmental protection.

2.2 MAP of plastic waste

The global plastic production was 413.8*106 tons in 2023, as reported in Table 2 
[49], and consequently, the amount of end-of-life plastic waste is continuously 
growing.

At the same time, the alliance to end plastic estimated 360*106 tons of waste 
plastic, deriving 50% from packaging and 30% from construction, industry, and 
agriculture. In 2023, 70% of plastic waste remained uncollected; it was dumped into 
landfills or burned. Europe was the leader in recycling, with a rate of 15%, followed 
by Asia with 12%, and North America with 5% [50]. Half of the plastic waste col-
lected for recycling by the EU member states (about 3*106 tons in 2011) was exported 
to Asia, mostly to China, but recently, China has strongly reduced the import of waste 
plastics. In the UK, the household plastics collected in 2015 were 500,000 tons. These 
statistics show an improvement in the waste plastic collection worldwide, without any 
decrease in mixed, nonrecyclable plastic waste.

One of the possibilities to dispose of plastic waste was thermal treatments, where 
all kinds of plastic may be disposed of. Among these treatments, MAP of end-of-life 
plastic materials has been proposed and reviewed many times in the last 10 years [51, 
52]. These plastics show low efficiency in converting microwave radiation into heat, 
but in the presence of an MW absorber, sometimes called “catalyst,” efficient MAP 
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may be realized. The main employed MW absorbers are silicon carbide, carbon, iron, 
and so on, even if other absorbers—each one with specific features—are reported in 
the literature.

The liquid formed during MAP (usually called “SynOil” [39]) has recently 
improved its interest as a substitute for virgin oil. The technical and economic fea-
sibility of the use of SynOil from the pyrolysis of plastic waste was evaluated in a 
specific project supported by the European Community studying a 40,000 tons/year 
plant located in Belgium. The results are reported in Table 3.

These data are a strong indication that a 40,000 ton/year SynOil plant is finan-
cially attractive for private investors due to the following parameters: (a) the econom-
ics of the plant have an IRR over 20%, taking into account oil prices evaluated in 
August 2015; (b) waste plastics are largely available; and (c) all products obtained 
from SynOil are requested by the market. Six main variables affect the economic 
viability of a SynOil plant: (i) the available amount and quality of plastic waste, (ii) 
the costs of waste plastics, (iii) the cost of capital and operation, (iv) the income 
from the sale of the products, (v) the tipping fees, and (vi) the location of the plant 

Type# World (413.8*106 ton) (%) Europe (54.0*106 ton) (%)

PP 19.0 15.7

LDPE 14.0 13.1

PVC 12.8 8.4

HDPE 12.2 8.3

PET 6.2 4.7

PUR 5.3 5.5

PS 5.2 5.2

Thermosetting plastic 8.6 7.6

Other thermoplastic 7.1 10.9

Mechanical recycled 8.7 19.0*

Biobased and bio-attributed plastic 0.7 1.4

Chemically recycled 0.1 0.2
#PP: Polyopropylene; LDPE: Low density polyethylene; PVC: Polyvinylchloride; HDPE: High density polyethylene; 
PET: Poly(ethylene therephtalate); PUR: Polyurethane; PS: Polystyrene;
*As the sum of pre- (5.8%) and postconsumer (13.2%) plastic.

Table 2. 
Plastic production in 2023.

Code Unity

Plant capacity ton/y 40.000

Capital cost € 20.8*106–27.0*106 €

Operating expenditure OPEX € 2.9*106 €

International rate of return IRR % 20

Net present value NPV € 1.47*106

Table 3. 
Results of the SynOil project.
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with respect to the collection of waste plastic to reduce transportation. For instance, 
the sorting plant of a municipal waste plastic collection, the pyrolysis plant, and the 
SynOil refining plant are close to one another.

Finally, Kima et al. [53] report the use of SynOil obtained by pyrolysis of waste 
plastic for the synthesis of olefins, the raw material for the production of plastics.

2.2.1 MAP of single or mixed plastics

Plastic, especially polyolefins, are transparent to MW radiation, so if these 
materials are irradiated by an MW, they do not efficiently convert the radiation into 
heat. A MW absorber, such as carbon, iron, SiC, or another absorber mixed with the 
plastic, is required to perform MAP. In this way, the MW absorber is heated, and the 
heat is transferred to plastic materials in contact with the MW absorber. The MAP of 
single or mixed plastic has been realized, and representative results are reported in 
Table 4 [54–58].

2.2.2 Municipal solid waste (MSW)

Trash or garbage in the United States and rubbish in Britain is the common name 
for municipal solid waste (MSW), and it is an everyday item discarded by the public. 
In the European Waste Catalog [59], MSW is defined as “mixed municipal waste” 
and coded as 20 03 01. MSW may be derived from many sources; its composition 
may change with the location where it is collected and during the course of the year. 
When significant recycling activity is absent, the composition of MSW in developed 
countries includes waste derived from residue of food, market, garden, plastic, and 
packaging materials, together with other solid wastes deriving from residential, 
commercial, institutional, and industrial sources. In a well-developed country having 
a good waste recycling system, the main components of MSW are plastic films and 
nonrecyclable packaging materials. Usually, classical MSW does not include waste 

Polymers* MW 
absorber

Polymer/adsorber 
(Ratio)

Gas Liquid Solid Refs.

HDPE Carbon 1 15.7 83.9 0.4 [52]

PP Carbon 1 13.3 74.7 12.0 [52]

PS Carbon 1 6.7 92.3 1.0 [39]

PS Carbon 1 3.0 96.1 0.9 [53]

PLA Carbon 1 48.9 48.4 2.7 [54]

ELT // // 10.3 39.2 50.5 [55]

PET ELT 2 25.4 26.3 48.3 [55]

PE (2.25)/PP(2.5)/
PET(1)

ELT 1 15.3 49.7 35.0 [55]

PVC ELT 2 27.1 19.7 53.2 [55]
*HDPE: High density polyethylene; PP: Polypropylene; PS: Polystyrene; PLA: Poly(lactic acid); ELT: End life tire; PET: 
Polyethylene terephatalate; PE: Polyethylene; PVC: Polyvinyl chloride.

Table 4. 
MAP of single or mixed plastics.
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from industry, agricultural production, medical activity, radioactive compounds, and 
sewage sludge [60].

MSW may be employed for the production of methane via fermentation, a potent 
greenhouse gas but useful for the production of energy. MSW may also be employed 
for the production of energy in a cleaner and economical way, such as direct combus-
tion, gasification, plasma arc gasification [61, 62], pyrolysis, and landfill gas capture. 
Among these technologies, MAP may also be employed to convert MSW into interest-
ing products, taking into account the possibility to convert both plastic materials and 
biomass present in MSW [63]. As previously reported, plastics are easily converted 
into the three classical products of pyrolysis, and they may be employed in chemi-
cal synthesis and classified as bio-attributed compounds by mass balance, or used 
for energy production. As reported in several papers, biomass eventually present in 
MSW is converted into bio-gas, bio-oil, and bio-char, having several applications: 
For instance, in a bio-refinery, it is possible to separate interesting products, while 
the residue may be employed for energy production. The process is very interest-
ing because harmful chemicals, such as PFAS, or biological contamination due to 
pathogens or pollutants, are completely destroyed in the course of MAP, taking into 
account the results reported in the following paragraphs. Furthermore, the presence 
of microplastics in MSW, as reported by Ma et al. [64] will be completely eliminated 
facilitating an environmentally friendly disposal process. Wei et al. [65] very recently 
reported a strong improvement in gas production using a catalytic MAP technology, 
has been reported, even if in this way a Ni catalyst is required (15%), and it remains 
in the solid or must be separated at the end of the process to employ the biochar 
obtained.

Tannery sludge (TS) eventually present in MSW may be efficiently and safely 
removed through MAP as reported by Du et al. [66]. In the condition adopted by 
these authors, there is a weight reduction up to 43% with toxic organic materials 
transformed into gas and liquid compounds. At the same time, toxic inorganic materi-
als such as Cr(VI) and Cr(III) compounds were converted into FeCr2O4 and Cr2O3, 
that is, they were immobilized in the residue.

2.3 Contaminated plastic waste

Contaminated plastic waste may contain harmful chemicals, pollutants, or 
pathogens, such as Covid-19 masks, posing significant environmental and health 
risks, impacting ecosystems, wildlife, and potentially human health. These products 
cannot be treated using mechanical recycling, but they may be successfully treated 
using MAP as an environmentally friendly alternative to dispose of them and to close 
the circular economy.

The mechanical recycling of contaminated, as well as mixed plastic waste, cannot 
be followed for economic and technical problems, while MAP, in the presence of an 
MW absorber, may be run with particular advantage. It is an environmentally friendly 
process because it allows for transforming plastic waste into useful products with the 
formation of a minimum/absent amount of residue, closing the circle of the economy 
of plastic.

Contaminated and/or mixed plastic waste has been pyrolyzed, respecting the prin-
ciples of green chemistry, particularly the atom economy (Principle 2) and the design 
for energy efficiency (Principle 6) [67]. Because all atoms are present in the products 
of pyrolysis, Principle 2 is completely satisfied: The products (gas, oil, and char) may 
be reused to produce useful chemicals. Among thermal treatments, MAP may be 
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successfully employed due to the efficient way to transfer the energy supplied from 
the microwave generators to the MW absorber (carbon), and then to the contami-
nated plastic. The heat transfer efficiency is very high because it takes place through 
direct contact between the MW absorber and plastic avoiding any dispersion.

MAP usually works in an anoxic atmosphere, that is, in the absence of oxygen or 
the presence of a low amount of oxygen, working between 673 and 873 K, forming 
three products: a gas, an oil, and a char through chemical reactions. Methane, carbon 
monoxide, light hydrocarbons, and hydrogen are the main components of the gas; 
hydrocarbons are the main components of the oil, and they can be used as a fuel or as 
sources of chemicals; a carbon-rich solid material is the prevalent compound in the 
char, and it may be employed as a precursor for the production of activated carbon. 
Taking into account the temperature reached in the process, the contamination and 
the plastic are rapidly destroyed. The energy required for the process may be obtained 
using the gas products formed in the process itself, because the gas may be efficiently 
converted, using a turbine, into electric energy. This energy is supplied to magnetrons 
and converted into MW to perform the MAP.

The E-factor (mass of residual waste formed with respect to the mass of product 
treated), connected with green chemistry requirements, is completely satisfied by 
MAP because this process takes place without or with a minimal amount of final waste.

Recent studies have shown the low environmental impact of plastic pyrolysis 
through a study on the life cycle assessment (LCA).

The thermochemical recycling of contaminated face masks (FM) shows great 
potential for harmless treatment, rapid quantity reduction, and resource utilization as 
reported by the following results:

1.	Techwave, using MAP and carbon as microwave absorber has pyrolyzed face-
masks (FM) used in the course of the COVID-19 pandemic [68]. The facemasks 
were converted into the classical three products of a MAP [liquid (75%), solid 
(12%), and gas (12%)]. The liquid showed the same composition as that ob-
tained from pyrolysis of PP, the solid contains carbon as the main component 
(>98%), and the gas contains hydrogen, CO, and light hydrocarbons. Products 
were checked for any possible residual contamination, but, as expected, con-
taminants and/or pathogens were absent, as expected, taking into account the 
conditions of the MAP.

2.	A dedicated pyrolysis plant was employed by the Fraunhofer Institute UMSI-
CHT, in cooperation with SABIC and Procter & Gamble (P&G) to dispose of 
used facemasks (it is not specified what kind of heating was employed) [69]. 
The masks were automatically shredded and subsequently pyrolyzed, obtaining 
a pyrolysis oil. Analysis of this product did not show any residual pollutants or 
pathogens, such as the Coronavirus. SABIC employed the pyrolysis oil to produce 
new plastic, obtaining a high-quality PP.

3.	The environmental waste international (EWI) [70] reports the ability to use 
the proprietary MAP plant to eliminate any contamination and toxic/infectious 
compounds in materials coming from hospitals and clinics. Furthermore, EWI 
affirms its ability to safely eliminate any pathogens present in the contaminated 
waste, avoiding any risk for the public. The plants were carefully designed with 
the aim of strongly reducing any handling of the materials and completely steril-
izing every effluent from the contaminated wastes.
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2.4 Per- and polyfluoroalkyl substances (PFAS)

In synthetic organo-fluorine compounds, there are many C-F bonds (the stron-
gest bonds in chemistry) and some oxygen (O), hydrogen (H), nitrogen (N), and 
sulfur (S) containing functional groups. These compounds are called “Per- and 
polyfluoroalkyl substances (PFAS),” [71, 72] they are very stable and they are some-
times defined as “forever chemicals” [73, 74]. In consideration of their stability, they 
remain in the environment, moving through soil, groundwater, and surface water. 
Contamination of drinking water by PFAS is reported, as well as their bioaccumula-
tion in fish, wildlife, and humans. A possible ecotoxicity and human toxicity of PFAS 
is reported because their presence was evidenced in the liver, thyroid, and reproduc-
tive systems. PubChem reports around 7 million products having these character-
istics [75]. The first PFAS was Teflon (Polytetrafluoroethylene (PTFE) reported in 
1938 by Chemours, a spin-off from DuPont), having interesting performances such 
as a very high hydrorepellency and nonsticking properties; furthermore, it resists 
heat, oil, grease, water, and practically it is chemically inert. Several fluorine-con-
taining compounds showing properties very close to Teflon, and reported as PFAS, 
are synthesized in the course of years and are presently commercially available. In 
consideration of the characteristics of PFAS, these products are traditionally used 
in fabrics and industrial materials to improve the nonstick and oil/water repellent 
properties of carpets, food packaging, Teflon coatings, and fire-fighting foams 
coating [76–78]. Furthermore, several cosmetics and personal care products, among 
which nail polish, foundation, concealer, lip balm, lipstick, eyeliner, and mascara 
[79, 80] contain PFAS.

The United States Environmental Protection Agency (USEPA), in consideration 
of the above-reported properties of PFAS, imposes the maximum contaminant 
level (MCL) of oxygen-containing PFAS (PFOA) at 4.0 ppt and PFOS (oxygen and 
sulfur-containing PFAS) at 4.0 ppt, and sets a goal of the complete elimination 
of them, as well as the other PFAS compounds [81] in the future. Likewise, the 
European Union (EU) targeted a limit value of 500 ng/L in 2021 for each PFAS in 
drinking water [82].

PFAS are products very persistent in the environment and in the human body and 
very difficult to eliminate, due to their characteristics. The main way to remove PFAS 
is through absorption on activated carbon or reverse osmosis if they are present in 
water. PFAS are removed by washing when they are present in the soil. However, these 
methods transfer the PFAS from one medium (water or soil) into another medium 
(carbon or water or membrane), but they do not eliminate PFAS. PFAS are also pres-
ent in sewage sludge.

Thermal treatments, such as combustion, pyrolysis, gasification, and hydro-
thermal liquefaction, were considered as emerging technologies to destroy PFAS 
compounds. Bamdad et al. [83], using a high-temperature pyrolysis process, were 
able to destroy the chemical structures of PFAS, breaking the C-C and C-F bonds. 
Incineration, carried out at temperatures ranging between 1700 and 2300 K destroys 
the PFOA and PFOS adsorbed by granular activated carbon (GAC), but danger-
ous emissions with possible long lifetime effects, such as dioxins and furans, were 
formed, ruling out this process among those possible to follow for the elimination 
of PFAS. Pyrolysis was tested for the thermochemical upgrade of PFAS-containing 
waste biomass, forming a gas, a liquid, and a solid product. The feedstock was heated 
at temperatures between 800 and 1100 K in an anoxic atmosphere or in the presence 
of a low amount of oxygen. Bamdad et al. tested the possibility of eliminating PFAS 
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eventually present in carbon-containing PFAS, demonstrating the destruction of 
PFAS from biosolids using a pyrolysis process carried out at elevated temperature 
(HTP). A -continuous bench scale HTP system, using a mixed-bed reactor, was able 
to process three types of PFAS-containing biosolids. The samples were obtained from 
water recovery sites across the US, and the process was carried out at temperatures 
between 780 and 1000 K. Working at 1000 K, PFAS were completely eliminated from 
the solid residue, and only 10% of them remained in the gas as low molecular weight 
PFAS, that is, low-toxic compounds. The fate of the other PFAS was not reported; 
they were presumably converted into inorganic compounds.

Hušek et al. [84] reported the possibility of pyrolyzing PFAS-containing sewage 
sludge. They prepared and pyrolyzed an artificial PFAS-contaminated sewage sludge. 
It was necessary to work at T > 700 K to remove PFAS and other organofluorine com-
pounds. The results were confirmed by employing a commercial sludge in a pyrolysis 
unit at the Bohuslavice-Trutnov waste water treatment plant (WWTP) (Poland) 
working at a temperature between 500 and 900 K to evaluate the lower temperature 
required for effective PFASs elimination. Working at T > 1000 K, PFAS was not only 
cleaved but also mineralized.

Taking into account the results reported by Bambdad et al. and by Hušek et al., it 
is possible to propose the elimination of PFAS using the MAP process. This technol-
ogy, in fact, works with a very efficient heat transfer at temperatures largely higher 
than 700 K [25], and in these conditions, the PFAS will be completely destroyed and 
mineralized.

2.5 End life glass or carbon fibers

2.5.1 End life glass fibers (ELGF)

Today, glass-reinforced fibers (GF) are commonly employed in industries such 
as aerospace, automotive, marine, and construction. Furthermore, ELGF use is 
improved due to the diffusion of wind turbines for the production of electric energy. 
Wind turbine blades are predominantly composed of glass-reinforced fiber com-
posites, and at the end of their use, they must be disposed of. MAP as a method to 
recycle ELGF was reported by Zhang et al. [85] using SiC as adsorbent and recovering 
84–88% of solid material, 5% of tar, and 17% of gas. Also, Akesson et al. [86] recov-
ered glass fiber through MAP, obtaining 70% of the starting composite, while the 
glass fiber preserves 75% of its tenacity. These fibers may be employed to prepare new 
GF composites, where the amount of recycled fiber was 25%, as well as polypropylene 
reinforced glass fiber composites [87].

An overview is recently reported by Xu et al. [88] on the methods suggested to 
dispose and recover glass fibers from end life wind turbine blades (ELWTB-GF). 
Among the several processes proposed, there is pyrolysis, with special attention to 
the possibility to recycle the glass fibers and utilizing these materials for a second life 
cycle. The review examines the possible degradation of recovered glass fibers (rGF) 
in the course of the processes employed. Obviously, there is a correlation between the 
characteristics of the rGF and their future potential application, because the eco-
nomic viability of the recycling method is strongly affected by the sustainable appli-
cation of rGF. Several suggestions on the direction of future research are reported, as 
well as technological advancements needed in this field. Finally, Jasinska et al. [89] 
report a review on recycling methods of wind turbine blades (WTB) and they analyze 
the application of rGF in cementitious composites.
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2.5.2 End life carbon fiber (ELCF)

Carbon fibers (CF) are employed in all fields of glass ones, that is, in aerospace, 
automotive, marine, and construction industries, with a lot of advantages because 
they are lighter, stronger, safer, and offer a higher aesthetic value, even if the main 
drawback is the higher cost. However, the durability and performances of carbon 
fibers often overcome material costs. One of the fields where carbon fibers were 
employed is the production of wind turbine blades. As reported for glass fibers, it 
is a necessity to recover carbon fibers and resin from wind turbine blades (WTB) at 
the end of their life cycle. Recycling of unsaturated polyester resin (UPR) contain-
ing ELCF has been reported by many authors, and pyrolysis is considered the main 
process for their recycling [90]. As expected, in the course of the recovery process, 
the properties of carbon fibers (rCF) were partially lost. Presumably, thermal dam-
age is the main cause and the loss of performances was lower using thermal heating 
than microwave heating. This result suggests an inadequate temperature monitoring 
during microwave pyrolysis, causing a fiber overheating and, consequently, a thermal 
damage. In the development of the process, control of process parameters must be 
improved to overcome the damage of rCF. However, MAP of ELCF offers attractive 
areas of application where the mechanical properties of the recovered fibers are not 
the main characteristics, taking into account the short processing time. In a few min-
utes, ELCF may be quickly reduced, and rCF are employed as fillers or additives for 
plastics. The aim of this utilization is an improvement of the electrical conductivity of 
the composites rather than the mechanical properties of the fiber. An improvement of 
this method was recently reported using a high-power laser radiation to remove the 
resin matrix without damaging the rCF [91]. Yousef et al. [92], with the aim to obtain 
energy and rCF by decomposition of the resin matrix in ELCF, test a pyrolysis process 
using 250 g of ELCF at 900 K. The resin ligand was decomposed, forming a liquid and 
a gas, together with a rCF-containing residue. An analogous process may be realized 
using MAP as a heating technology.

The catalyzed MAP of ELCF from WTB was reported by Yao et al. [93] with spe-
cial attention to the products formed by the pyrolysis of epoxy-resins. They obtained 
phenols as the main products working at 723 K and using the zeolite ß30, a phenol 
yield of 36% was reported.

Chin et al. [94] study at the MAP of ELCF with the aim of analyzing the gas 
formed and the mechanical properties of rCF. The MAP was carried out at 1220 K, 
and the gas, as expected, contains CO, CO2, and particulates. The crystallite size 
of rCF was reduced from 0.297 to 0.2333 Å while the tensile strength and tensile 
modulus were improved. Finally, Dega et al. [95] report a maximum resin elimination 
of 80% and they obtain a 100% elimination of the resin if the MAP is followed by a 
chemical dissolution.

A CF pre-impregnated with a resin, typically an epoxy resin, and the proper cur-
ing agent (called prepreg-CF), is an intermediate material in the form of sheets, ready 
to obtain final reinforced CF materials. A large amount of waste is formed in the 
working process to obtain the final products. A possible way to dispose of the waste 
prepreg-CF was reported by Hao et al. [96] through a MAP obtaining rCF having a 
reduced strength (lower than 20%). Controlling the temperature of the process, they 
obtain a lower reduction of strength while the profile of the surface remains clean, 
soft, and almost the same functional groups are present.

Li et al. [97] report the MAP of ELCF and the use of rCF to improve the per-
formance of concrete. The specimens obtained using 10% of rCF showed an 
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improvement of impact resistance over 23 times that of the benchmark specimen, 
while other mechanical properties, such as compressive, flexural, and splitting tensile 
strength, were improved by 14.2, 565.5, and 22.5%, respectively.

2.6 Waste electric and electronic equipment (WEEE)

Waste electric and electronic equipment (WEEE) are the residue of electric and 
electronic apparatus. These products should not be disposed of among MSW, but they 
must be sent to a specialized waste collection, where they are separated and recycled. 
Taking into account the diffusion of electric and electronic apparatuses, the amount 
of WEEE was strongly improved. Today, a part of this residue cannot be recycled and 
is sent to a landfill. A possible way to reduce the amount of WEEE is the MAP, obtain-
ing a gas, an oil, and a residue. Six different solid fractions of WEEE (from light dust 
to particles sized 7–12 mm) were tested by Anderson et al. [98], showing a reduction 
of the residue correlated with the reaction time, while the temperature of the process 
does not show any influence.

MAPs of the end-of-life computer cases were run by Rosi et al., using differ-
ent MW absorbers and setups [99], obtaining a liquid fraction in a large amount 
(yield 76.6 wt%) containing a lot of aromatic compounds (styrene, xylenes), while 
halogenated compounds present in the starting WEEE, were completely destroyed. 
The solid was strongly reduced (yield of solid 14.2 wt%), while the gas fraction 
was 9.2%.

Another fraction of WEEE, formed by waste printed circuit boards (WPCB), was 
disposed of by Suriapparao et al. through MAP using graphite or activated carbon as 
MW absorber [100]. A high amount of residue was formed (yield 58 wt%), and the 
amount of MW absorber tar and gas was reduced. A significant amount of phenolic 
compounds and phenylphosphates were present in the solid residue, while CO2 was 
the main component of the gas. Using activated carbon as the MW absorber, the 
concentration of H2 in the gas was improved. The residue contains a large amount of 
Cu, Pb, Ti, and a minor amount of Bi, Fe, and Ca.

MAP of WPCB was reported by Liu et al. [101], using a flux of nitrogen (0.2 lt/
min), obtaining, at 873 K, a solid (75%), a liquid (15%), and a gas (10%). The break-
ing of the C-Br and C-O bonds in brominated epoxy resins was promoted, and C6–C9 
compounds, among which phenols and 4-isopropylphenol are the main components. 
The residue contains Cu (22.8%), Sn (0.84%), Ag (0.025%), and bromine-containing 
compounds (2.8%).

A very large conversion of bromine-containing compounds, present in WEEE 
as flame retardants, was reached by Zhang et al., working at 1023 K [102], and the 
conversion was increased by running at higher MAP temperature. If basic compounds 
such as K2CO3, Na2CO3, and NaOH were mixed with the WEEE, bromide compounds 
(KBr and NaBr) were present in the residue, while the amount of HBr in the gas 
was strongly reduced. The conversion was improved with an increase in the time of 
the pyrolysis. Phenolic compounds were the main compounds present in the liquid 
fraction (91.1%) when the temperature of the MAP was 623 K, while polycyclic and 
monocyclic aromatic hydrocarbons (except phenols) were improved to 20.5% and 
19.0%, respectively, when the MAP was carried out at an higher temperature (923 K). 
CO2, CO, CH4, and H2 were present in the non-condensable gas fraction, and these 
compounds were significantly increased if a higher temperature was employed to 
carry out the process. If the MAP was run in the presence of a catalyst (ZSM-5 or 
kaolin), the liquid contains a large amount of monocyclic aromatic hydrocarbons 
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(except phenols) and C11–C20 compounds. On the contrary, the amount of the gas 
formed was reduced.

A review about the pyrolysis process devoted to the recycling of plastic compo-
nents present in the WEEE was reported. Special attention was paid to the liquid 
fraction (monomers, hydrocarbons, phenols, etc.) [103] and to the elimination of 
bromine-containing compounds in the WEEE through solvent extraction, supercriti-
cal fluid technology, and so on.

Finally, the waste from end-of-life solar cells and photovoltaic apparatus  
must be considered as WEEE. MAP and other treatments of waste crystalline-
silicon solar modules were reported by Huang et al. [104], obtaining a recovery  
of Al (94.9%), Ag (95.7%), and Si (83.0%). Other metals such as Cu, Ga, In,  
Se were recovered from waste solar cells using a MAP followed by thermal 
processes [105].

2.7 Car fluff

Residual crushing of vehicles, usually called “car fluff,” is the residue of vehicle 
scraps. This waste includes seals, rubbers, textiles, plastics, and tire fragments from 
end-of-life vehicles. In the demolition of end-of-life cars, the metal components were 
initially separated together with metals strongly linked to plastic parts. The residue 
of this crushing is usually called “car fluff,” and it includes seals, rubbers, textiles, 
plastics, and tire fragments from end-of-life vehicles. The amount of this residue is 
around 25% of the starting weight of the car.

Camoter International, for instance, sells apparatuses devoted to shredding 
and separation of car fragments, as well as extruders to obtain briquettes from 
the “car fluff.” These briquettes may be employed as a source of energy because 
they have a high HHV, but in this way, only the heating value of the briquette was 
recovered. Taking into account the results of MAP of mixed polymeric compounds 
reported in Table 2, “car fluff ” has been pyrolyzed through the MAP, using 
carbon as MW absorber, obtaining the classical three fractions of a pyrolysis 
process. These fractions have a composition close to those obtained from mixed 
plastics, that is, a gas rich in hydrogen and light hydrocarbons, a liquid containing 
aliphatic and aromatic hydrocarbons, and a residue containing high amounts of 
carbon [106].

3. �From laboratory experiments toward industrial plants

MAP was carried out in many laboratory tests, as reported in the literature, using 
a household MW-modified oven with an electric power absorption of 1 KW and 
supplying a MW power of 0.8 KW, or different MW ovens specifically realized for 
laboratory use, such as that one above reported by Frediani et al. [3]. This last oven 
was realized by Bi.Elle (Italy) and absorbs 8 KW of electric energy, giving an MW 
power of 6 KW. Another oven was employed by Tyrebirth (Italy), using electric 
energy of 4 KW, able to supply an MW of 3.2 KW. Other MW ovens were employed 
by Environmental Waste Technology, Canada (EWI) [75], Pyrowave (Canada) [107], 
Molectra (Australia) [108], and so on.

One pilot plant was realized by Tyrebirth using an oven fed by 32 generators [109], 
each of them absorbing an electric energy of 1 KW and able to supply 0.8 MW.  
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The total emission was 25.6 MW, and this oven was able to pyrolyze 5 full ELT 
(almost 50 Kg) every cycle (30 min) (Figure 1). Other plants were reported by 
the Scandinavian Biofuel Company (SBC) [110], EWI, Molectra, Techwave [111], 
Pyrowave, and very recently by Resynergi [112]. Finally, there were several proposed 
industrial plants in the course of their realization, among which those proposed by 
Tyrebirth, Techwave, EWI, Pyrowave, or Resynergi.

a.	Environmental Waste International - Canada (EWI): Located in Whitby, Ontario 
(Canada), since 1992, supplied proprietary systems for eco-friendly waste reduc-
tion, using patented reverse polymerization processes. These plants have been 
able to recycle scrap ELT since 1994, demonstrating their capabilities. Following 
their results, EWI realized a continuous feed system, then EWI amplified their 
field of expertise with plants able to dispose of contaminated products.

b.	Molectra technologies - Au: Realized MAP of ELT. Waste management review 
reports a speech on molectra technologies’ John Dobozy about “his unique 
approach to tire recycling and the development of several niche products for 
wide-ranging customers and markets” [111]

c.	Scandinavian biofuels company (SBC) reports MAP, as well suited process to 
recycle a variety of waste fractions such as tires, sewage sludge, agricultural 
waste, waste wood, electronic scrap, cables, plastic waste, etc.

d.	Tyrebirth s.r.l. - Italy: Tyrebirth has developed, following proprietary patents 
[113–115] a very highly efficient recycling process that allows the creation of 
high-quality products through the MAP of ELT (Figure 2). The Tyrebirth process 
was carried out at reduced pressure to avoid any gas leaking in the atmos-
phere, and it produces solid, liquid, and gaseous products: (a) Solid - carbon 
black (rCB) - (40% of tire treated) having high performances because it is dry, 

Figure 1. 
Some pictures of the prototype plant of Techwave s.r.l. (by curtesy of Techwave s.r.l.).
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unpolluted and with quality characteristics 95% close to virgin carbon black. The 
rCB can be directly reused to produce new tyres, or employed as pigments, fillers 
for plastics, in textile printing, toner, and so on. (b) Solid - harmonic steel - (10% 
of ELT) easily separated and delivered to steelwork. (c) Liquid - SynOil with low 
sulfur content (< 1%) (35% of ELT). The SynOil is a low-sulfur diesel marine oil 
and may be employed in ships’ diesel engines, in thermal plants for electricity 
production, and in other specific installations. (d) The gas (15% of ELT) contains 
liquid petroleum gas (LPG) and hydrogen. It may be used to produce more than 
70% of the plant’s electric energy required through cogeneration. The capacity of 
the plant is 540 Kg/h.

e.	Techwave s.r.l. - Italy: This Italian start-up, founded in 2018, following an innova-
tive technological solution and using proprietary patent [58, 116], has developed 
a MAP process to realize an industrial plant to recover materials and energy from 
waste plastic (Figures 1 and 3). The process is innovative, energetically sustain-
able, and has a very low environmental impact. The innovation of the process is 
the use of a microwave to supply the energy for plastic pyrolysis using an MW 
absorber, obtaining uniform heating of the material and avoiding the problems 
of classical thermal heating. Furthermore, the process is carried out at a reduced 
pressure, avoiding any dispersion of the gas in the atmosphere. Finally, another 
characteristic of the plant is its compactness because it may be installed in two 
standard containers.

f.	Pyrowave - Canada: This company claims a MAP process [117], to regenerate 
post-consumer plastics by breaking into products useful to produce new plastics, 
restoring their full value. Pyrowave paves the way to a truly circular economy 
of plastics. The regeneration of plastics allows for infinite recycling and avoids 
the Green greenhouse gases associated with the extraction of virgin material. 

Figure 2. 
A picture of the Tyrebirth plant (by curtesy of Tyrebirth s.r.l.).
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Recently, they extended their activity and proposed the recovery of carbon fiber 
present in WTB or aircraft fuselages.

g.	Resynergi - USA: This group initially patented a “Distillation system and method 
using MAP” [118] to obtain hydrocarbons from MAP of soapstock, followed by 
another patent on “Microwave system for converting Hydrocarbon Base Waste 
Materials into oil and fuel” [119]. A proprietary Resynergi modules was offered 
(Figure 4), and these modules are supplied, serviced, and warrantied by innova-
tion partner Lummus Technology. The Resynergi modules utilize the Continuous 
Microwave Assisted Pyrolysis (CMAP) Technology engineered by Lummus, 
offering a decentralized, cost-effective solution to plastic recycling. Even if in the 
presentation the MAP of polyethylene and polypropylene is only reported, in the 
Resinergy presentation, “a groundbreaking technology makes easy the transfor-
mation of hard-to-recycle plastic waste into high quality circular pyrolysis oil to 
accelerate the circular economy” is reported.

Figure 3. 
Part of Techwave for gas purification, if required. (By courtesy of Techwave).
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4. �Conclusion

This chapter reports many MAP applications where hazardous/contaminated waste 
plastics were friendly and economically disposed of, reducing the carbon footprint and 
obtaining valuable products useful to produce new plastic or other very interesting chem-
ical compounds, giving a strong contribution to the realization of a circular economy.

The proposal of MAP is a very interesting way because all products obtained (char, 
oil, and gas) may be reutilized, so no waste is obtained from chemical recycling. 

Figure 4. 
The Resynergi reactor and a picture where some modules are linked together (by courtesy of Resynergi).
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The process is self-sustainable from an energetic point of view, rendering the process 
economically sustainable.

The interest of industrial companies in this field is improving day by day, as 
reported in the last part of the chapter, because this is an important step for the 
realization of a truly circular economy and the reduction of the greenhousegas in the 
atmosphere.
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Amid rapid industrialization and technological advancement, the generation of 
hazardous waste is becoming an ever-increasing threat to environmental integrity and 
human health. Treating is no longer an optional matter of compliance, but a global task 

for sustainable development. This book serves as a bridge between existing practice 
and current research, covering much ground in the field. It provides a pedagogical 
framework that is particularly useful to scientists, engineers, policymakers, and 

students for developing strategies to reduce the hazards posed by hazardous waste.
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