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Abstract. The rising demand for renewable energy sources has fueled interest in converting biomass and organic waste into sustainable bioenergy. 
This study employs a bibliometric analysis (2013-2023) of publications to assess trends, advancements, and future prospects in this field. The analysis 
explores seven key research indicators, including publication trends, leading contributors, keyword analysis, and highly cited papers.  We begin with 
a comprehensive overview of biomass as a renewable energy source and various waste-to-energy technologies.  Employing Scopus and Web of 
Science databases alongside Biblioshiny and VOSviewer for analysis, the study investigates publication patterns, citation networks, and keyword 
usage. This systematic approach unveils significant trends in research focus and identifies prominent research actors (countries and institutions). Our 
findings reveal a significant increase in yearly publications, reflecting the growing global focus on biomass and organic waste conversion. Leading 
contributors include China, the United States, India, and Germany.  Analysis of keywords identifies commonly used terms like "biofuels," "pyrolysis," 
and "lignocellulosic biomass." The study concludes by proposing future research directions, emphasizing advanced conversion technologies, 
integration of renewable energy sources, and innovative modelling techniques. 
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1. Introduction 

In today's world, one of the most pressing issues is 
securing a sustainable and reliable energy future. Transitioning 
to sustainable energy sources is essential as we grapple with 
pressing climate change concerns and ever-growing energy 
demands. Bioenergy, produced from biomass and organic 
waste conversion, emerges as a promising and environmentally 
friendly alternative (Holechek et al., 2022; Kabeyi and 
Olanrewaju, 2022b). As the world's most prevalent renewable 
energy source globally, bioenergy plays a significant role in the 
energy transition (IEA, 2020).  

Biomass, primarily consisting of agricultural residues, 
forestry waste, and urban organic matter, is an extensive and 
largely untapped resource with substantial potential for energy 
generation (Anvari et al., 2024; Blasi et al., 2023a; Qin et al., 2021; 
Salleh et al., 2020; Singh et al., 2023). Biomass conversion, the 
process of transforming this organic matter into usable energy 
through thermochemical and biochemical methods, offers 
numerous benefits. It helps mitigate greenhouse gas emissions, 
reduce reliance on fossil fuels, and create employment 
opportunities, fostering economic growth (Garba, 2020; Kataya 
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et al., 2023; Rashidi et al., 2022a). Advancements in bioenergy 
research are driving progress in conversion technologies, 
making them more efficient and cost-effective. Bioenergy 
currently stands as the world's most prevalent renewable 
energy source, contributing over 55% of all renewable energy 
and supplying over 6% of the world's total energy needs 
(Bennett and Buckley, 2022). In 2019, the International 
Renewable Energy Agency (IREA) reported that bioenergy 
employed more than 3.1 million individuals 
worldwide. Furthermore, biomass conversion offers substantial 
waste reduction advantages and promotes a circular economy 
(REN21, 2020). Efficient utilization of biomass resources and 
sustainable organic waste management practices can contribute 
to achieving a sustainable bioenergy system, waste reduction, 
and circular economy goals. 

However, high production costs and environmental 
concerns hinder the immediate widespread use of biomass 
residues and waste as a bioenergy source. The viability of 
bioenergy relies on the prudent management of resources. 
Efficient and affordable biomass conversion technologies are 
essential for scaling up biomass and organic waste conversion 
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to produce sustainable bioenergy (Tshikovhi and Motaung, 
2023). 

Despite these challenges, advancements in feedstock 
preprocessing, biorefinery integration, and advanced 
conversion technologies are dramatically enhancing the 
efficiency and adaptability of bioenergy (Tshikovhi and 
Motaung, 2023; Yamakawa et al., 2018). The bioenergy sector 
presents a promising future, providing renewable energy 
alternatives, economic opportunities, and the potential for 
waste reduction (Chung, 2013). With ongoing efforts to combat 
global warming and explore alternative energy options, 
bioenergy plays a crucial role in promoting a more 
environmentally friendly and sustainable future. As countries 
strive to achieve net-zero emissions by 2050, the demand for 
bioenergy is expected to increase (Junginger, 2013). Biofuels 
are predicted to reduce emissions across various transportation 
sectors, including road transport, aviation, and maritime 
transport (Kabeyi and Olanrewaju, 2022b). Hence, the need for 
biomass resources is likely to persist in the coming years.  

Advancements in bioenergy research are expected to 
revolutionize the energy sector, making it more attractive and 
environmentally friendly. The proliferation of bioenergy 
innovations attracts considerable attention because it can 
change the energy sector by providing renewable energy 
alternatives, creating economic prospects, and minimizing 
waste generation (Jaiswal et al., 2022; Strielkowski et al., 2021). 
The continuous improvement in the efficiency of biomass 
conversion techniques and their combinations has provided the 
renewable energy industry with more environmentally friendly, 
advanced bio-energies and biofuels (Hasan et al., 2023).  

These advancements are crucial as bioenergy research 
generates a massive amount of data through academic 
publications. Researchers can utilize a powerful tool called 
bibliometrics to effectively analyze these vast amounts of 
information and gain valuable insight (Donthu et al., 2021; 
Fakruhayat and Rashid, 2023). Bibliometrics is a technique that 
leverages statistical methods to examine patterns and trends 
within bibliographic data, such as academic publications. It 
allows researchers to assess the research volume objectively, 
identify key focus areas, and map the contributions of different 
countries and institutions. This approach offers a unique 
perspective, comprehensively evaluating the current state of 
biomass and organic waste conversion research. 

By applying bibliometric analysis to bioenergy research, 
we hope to achieve several key objectives. Firstly, we aim to 
identify emerging trends and research focus. Analyzing this data 
will provide valuable insights into areas of active investigation 
and potential knowledge gaps that warrant further exploration. 
Secondly, we will assess the volume of research output to gauge 
global interest in bioenergy development. This analysis can help 
us understand the intensity with which researchers pursue this 
renewable energy source. Thirdly, bibliometrics allows us to 
map the contributions of various countries and institutions. 
Analyzing the challenges and solutions in bioenergy research 
can reveal leading players and potential areas for collaboration. 
Finally, by analyzing publication trends over time, we can 
comprehend the evolution of the bioenergy research landscape. 
This historical perspective sheds light on how research priorities 
have shifted and identifies areas of continuous focus. 

This study first provides a comprehensive overview of 
biomass as a renewable energy source, covering its types, 
sources, benefits, and challenges. We then examine waste-to-
energy technologies, their efficiencies, and environmental 
impacts. Following this, we present our methodology for 
bibliometric analysis and discuss the results, highlighting 
significant trends and contributions. The paper concludes with 

insights into future research directions and the broader 
implications of our findings for the sustainable bioenergy sector. 

1.1 Biomass as a Renewable Energy Source 

Biomass, as a renewable energy source, has a crucial role 
in the worldwide effort to achieve sustainable and 
environmentally friendly energy solutions. Bioenergy utilizes 
the energy contained in organic substances, usually plant 
material, to generate electricity, heat, or fuel. Organic material 
from plants and animals comprises biomass (Garba, 2020; 
Malode et al., 2021). Through photosynthesis, plants transform 
light energy from the sun into chemical energy, which helps 
form biomass. We can then burn or decompose this biomass to 
provide energy in various ways. Through burning or biological 
processing, biomass releases its stored energy, which can be 
used directly or transformed into other energy sources like 
electricity or biofuels (Osman et al., 2021). The key feature that 
makes biomass a renewable energy source is its ability to be 
used directly as energy or converted into other energy forms. 
Unlike fossil fuels, which take millions of years to form, biomass 
resources can be rapidly replenished through sustainable 
agricultural practices or natural processes. A steady supply of 
biomass material can be guaranteed by repeatedly growing and 
harvesting trees, crops, and other plants (Department of Energy, 
2015).  

Biomass is categorized into various types, such as woody 
biomass, agricultural biomass, algal biomass, and urban waste 
biomass. As depicted in Figure 1, these diverse biomass waste 
streams hold immense potential as feedstock for bioenergy 
generation through waste-to-energy conversion processes. 
These waste streams can be converted into bioenergy through 
various technologies, offering a sustainable alternative to fossil 
fuels. Agricultural biomass combines crops and their 
byproducts, such as corn stalks, soybean residues, and sugar 
cane bagasse. In contrast, woody biomass consists of wood and 
waste from wood processing. Cities generate urban waste 
biomass from waste products like sewage, food scraps, and solid 
waste. Algal biomass, on the other hand, comes from algae. 
Various technologies, such as gasification, fermentation, and 
direct combustion, can convert diverse biomass sources into 
energy (Ben-Iwo et al., 2016). The renewable, sustainable, and 
adaptable nature of biomass makes it a desirable resource for 
producing energy. 

It's important to note, however, that the conversion 
efficiency of biomass to usable energy can be lower compared 
to fossil fuels. Despite its potential as a renewable energy 
source, biomass production faces environmental and economic 
challenges. A key concern is the competition between biofuel 
crops and food production, often called the "food vs. fuel" 
debate. Dedicating land to energy crops can increase food 
prices and threaten food security in vulnerable regions, 
particularly those already facing food shortages.  Additionally, 
even with dedicated land, increased demand for biofuels can 
indirectly cause deforestation elsewhere to grow more food 
crops, further exacerbating the issue. Biomass utilization can 
also significantly impact land use through deforestation for 
wood biomass, leading to biodiversity loss, habitat destruction, 
and disruption of natural carbon storage. Converting 
ecosystems to grow energy crop fields can also contribute to 
habitat loss for wildlife and disrupt ecological balance. 

Furthermore, biomass production can be water and 
nutrient-intensive, straining local resources and potentially 
leading to soil degradation if not managed sustainably. Intensive 
production practices can deplete soil nutrients and lead to 
erosion, impacting long-term agricultural productivity. 
Addressing these challenges through careful management and 
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innovative agricultural practices is crucial to maximizing land 
use efficiency and ensuring that biomass remains a viable and 
sustainable energy source. 

This illustrates the vast potential of biomass, ranging from 
agricultural residues and forestry waste to municipal solid waste 
and wastewater treatment byproducts, to be converted into 
valuable renewable energy sources. The depicted conversion 
pathways, including direct combustion, gasification, and 
anaerobic digestion, showcase the versatility of waste-to-energy 
technologies in harnessing the embedded energy within various 
biomass feedstocks. 

Biomass emerges as a promising renewable energy source 
due to its rapid replenishment and diverse forms, including 
agricultural residues, woody biomass, algal biomass, and urban 
waste biomass. However, it's crucial to acknowledge that 
challenges associated with cost, potential land-use conflicts, and 
conversion efficiency must be addressed for widespread 
adoption.  

1.2.  Bioenergy: Advantages, Challenges, and Technological 
Advancements 

Biomass, a versatile and renewable energy source, is positioned 
to have a crucial impact on the worldwide transition to cleaner 
energy models. Biomass has a wide range of uses beyond just 
producing energy. It plays a vital role in sustainable 
development by supporting environmental conservation, 
fostering economic stability, and contributing to social well-
being (Seboka et al., 2023). Biomass is a sustainable substitute 
for fossil fuels, aiding in mitigating carbon emissions and 
providing a dependable electricity supply. Nevertheless, it is 
imperative to tackle obstacles such as maintaining a consistent 
supply chain and implementing sustainable farming practices to 
fully capitalize on the advantages of bioenergy (Clauser et al., 
2021). Moreover, using biomass for energy generation can 
reduce waste and alleviate the environmental consequences of 

conventional energy sources. Although there are advantages 
and disadvantages to utilizing biomass as an energy source, its 
renewable characteristics and ability to minimize waste make it 
a promising element of the worldwide energy framework 
(Saleem, 2022). 

1.3. Advantages of Biomass as a Sustainable Energy Source 

Biomass plays a crucial role in the renewable energy 
industry, providing diverse advantages beyond its function as 
an alternative energy source. It not only meets the immediate 
requirement for sustainable energy but also contributes to the 
preservation of the environment, advancement of the economy, 
and progress of society. Table 1 presents a concise overview of 
the key benefits of biomass, highlighting its role in promoting a 
sustainable energy infrastructure and facilitating wider societal 
advantages.  

However, to fully harness the potential of biomass as a 
sustainable energy source, it's essential to address certain 
challenges. These challenges are not insurmountable, and 
advancements in technology are playing a crucial role in 
mitigating them. The following section explores these 
challenges and the promising solutions emerging from the field 
of bioenergy research. 

1.4. Challenges in Biomass Utilization and Conversion 

Bioenergy holds immense potential as a renewable and 
sustainable energy source. However, achieving widespread 
adoption requires navigating various technical, economic, and 
environmental challenges. 

Improving the efficiency of conversion methods like 
gasification, combustion, and anaerobic digestion is crucial, as 
these methods directly impact the amount of usable energy 
obtained from biomass. Advancements are needed in 
pretreatment technologies to enhance bioenergy density, 

 

Fig 1. Diverse Sources of Biomass and their Conversion Pathways for Renewable Energy Generation through Waste-to-Energy Processes (Olatoyan 
et al., 2023).  
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optimize conversion for different feedstock types, and 
seamlessly integrate bioenergy systems with existing 
infrastructure. These advancements necessitate collaboration 
between researchers, policymakers, and investors to navigate 
the complexities of implementing renewable energy and 
establish biomass as a viable contributor to the global energy 
mix. 

The high initial costs associated with bioenergy 
infrastructure and competition from established energy sources 
pose significant hurdles. Utilizing waste products or dedicated 
energy crops grown on non-arable land can help manage 
feedstock costs, an essential aspect of sustainable bioenergy 
practices. Policy interventions like subsidies, tax breaks, and 
financial innovations like carbon credits or public-private 
partnerships can further incentivize investment and improve the 
economic competitiveness of bioenergy projects. 

While bioenergy can contribute to reducing greenhouse 
gas emissions, it's important to note that bioenergy production 
may not always lead to the desired environmental benefits. 
Potential drawbacks include deforestation, biodiversity loss, 
and increased carbon emissions from land-intensive crops used 
for biofuel production.  Sustainability standards, life cycle 
assessments, and promoting public awareness about 
responsible bioenergy practices are crucial to mitigating these 
environmental risks. Implementing sustainable practices 
throughout the bioenergy life cycle, from cultivation to 
conversion, is essential to minimize net greenhouse gas 
emissions and protect biodiversity. 

Table 2 classifies these challenges, providing a 
comprehensive summary of the barriers that must be overcome 
to fully utilize biomass as a viable and sustainable energy source. 
This subject is crucial for stakeholders, policymakers, and 
researchers promoting and implementing bioenergy solutions. 

By acknowledging and addressing these technical, 
economic, and environmental challenges, bioenergy can 
become a more sustainable and viable contributor to the global 
energy landscape. Continued research and development efforts 
focused on improving conversion technologies, exploring 
sustainable feedstock options, and promoting responsible 
practices are essential for realizing the full potential of bioenergy 
as a renewable energy source. These advancements hold the 
key to unlocking solutions that can mitigate the challenges 
outlined above, paving the way for a more sustainable and 
efficient bioenergy sector. 

1.5. Current Technological Developments in Bioenergy Generation 

Technological developments in bioenergy generation are 
bringing about significant improvements in cost reduction, 
environmental impact minimization, and efficiency. Enhancing 
conversion technologies, making the best use of feedstock, and 
incorporating bioenergy into current energy systems are the 
main goals of recent developments. Some of the critical 
significant technological advancements in the production of 
bioenergy in this area include: 

Table 1 
Multifaceted Benefits of Biomass as a Renewable Energy Source 

Category Advantage Description 

Environmental Advantages Carbon Neutrality Plants absorb CO2 during their growth, compensating for the emissions 
produced by burning biomass and helping maintain an equilibrium in 
carbon emissions (Sharew et al., 2022).  

Waste Management By harnessing organic waste for biomass, the emission of methane and 
the amount of waste disposed in landfills are reduced, decreasing 
environmental impact (How et al., 2019; Williams et al., 2016).  

Biodiversity Preservation Biomass utilization aids in conserving natural habitats and preserving 
biodiversity by diminishing dependence on fossil fuel extraction (Alex, 
2023). 

Economic Benefits Renewable Job Creation Biomass supply chains generate employment opportunities, especially 
in rural regions, promoting local economies (Catherine, 2023; Nunes 
and Silva, 2023).  

Energy Cost Stability Biomass-derived energy exhibits reduced vulnerability to fluctuations in 
the international fuel market, resulting in more predictable energy 
pricing (Saleem, 2022).  

Local Economic 
Development 

Establishing novel biomass-derived supply chains and industries fosters 
regional economic expansion (Catherine, 2023). 

Social and Energy Security 
Advantages 

Reduced Energy Poverty Bioenergy initiatives have the potential to offer energy accessibility to 
communities that are not connected to the main power grid, thereby 
enhancing living standards and mitigating energy deprivation (Zhao, 
2022).  

Diversification of Energy 
Sources 

Integrating biomass into the energy blend diminishes the country's 
dependence on imported fuels, enhancing energy security (Khurram et 
al., 2023). 

Technological and Innovation 
Advantages 

Advancements in 
Conversion Technologies 

Advancements in conversion technologies are crucial to address some 
of the challenges associated with biomass utilization, such as improving 
efficiency and reducing environmental impact (Tshikovhi and Tshwafo, 
2023).  

Integration with Other 
Renewables 

Integrating biomass with solar and wind power can enhance the 
dependability and consistency of renewable energy systems (Speirs et 
al., 2015). 

Policy and Climate Change 
Advantages 

Alignment with Climate 
Policies 

Biomass utilization aligns with global initiatives such as the Paris 
Agreement by aiding in achieving targets for reducing greenhouse gas 
emissions (Sütterlin and Siegrist, 2017).  

Incentives for Renewable 
Energy 

Governments may provide financial assistance and rewards to 
encourage the use of biomass as part of a sustainable energy plan, 
thereby promoting its widespread adoption (EUBA, 2023a; Rashidi et 
al., 2022b). 
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A. Normal Conversion Technologies: 

Normal or conventional biomass converion technologies 
encompass well-established and widely used methods that have 
been a mainstay of bioenergy production for many years. The 
following items are included: 
• Direct Combustion: Direct combustion is the most basic 

and ancient technique for converting biomass into energy 
(Greenvolt, 2023; Luo and Zhou, 2012; Tursi, 2019). The 
process entails combusting biomass material, such as 
wood, agricultural residues, or municipal solid waste, in 
the presence of oxygen to generate heat (Amalina et al., 
2022; Kalak, 2023; Yaashikaa et al., 2020). Subsequently, 
we can then use this thermal energy directly for heating 
applications or convert it into electrical power through 
steam generation. Steam turbines, turbo generators, and 
boilers represent cutting-edge technology by utilizing 
combustion to convert mechanical energy into electricity 
(National Environment Agency, 2019). The process entails 
combusting biomass at temperatures between 800 and 
1000 °C, requiring the burned materials to have a moisture 
content below 50% by weight to achieve optimal efficiency 
(Chen et al., 2021; Zeng and Han, 2023). The net efficiency 
of power generation from biomass combustion ranges 
from 20% to 40%. However, increasing the scale of 
operations to exceed 100 MWe or incorporating 10% co-
firing with coal can significantly improve this efficiency 
(Zamri et al., 2022). Coal-algae co-combustion combines 
microalgae biomass with coal for direct combustion (Ye et 
al., 2020). This approach enhances energy efficiency and 
provides a sustainable solution by potentially decreasing 

CO2 emissions. The process entails diverting CO2 from the 
combustion reaction to stimulate microalgae growth, thus 
facilitating carbon capture in a beneficial cycle (Li et al., 
2023; Tarafdar et al., 2023). 

Additional research is required to evaluate the 
feasibility of coal-algae co-firing despite its potential 
thoroughly. In the global context of addressing climate 
change, implementing carbon credit schemes is a timely 
approach to encourage the reduction of greenhouse gas 
emissions. The utilization of biomass in boilers through 
direct combustion, as described in Green Energy reports, 
serves as evidence of the effectiveness of this method in 
producing steam at high pressure. Steam generation 
systems use the produced steam to power turbines 
connected to electric generators, functioning similarly to 
conventional fossil fuel power plants but with the 
advantage of being renewable. Furthermore, the concept 
of co-generation exemplifies the effective use of waste 
heat and secondary steam in biomass power plants (Abbas 
et al., 2020). Co-generation facilities significantly improve 
the overall energy efficiency of direct combustion by 
utilizing these byproducts for heating and industrial 
processes, such as ethanol production or drying chemicals 
and wood products (Deshmukh et al., 2013). This 
comprehensive approach optimizes power generation and 
enhances the sustainability and energy efficiency of the 
industrial environment. 

• Anaerobic Digestion: Anaerobic digestion is a complex 
biological process where specialized microorganisms 
break down organic materials in oxygen-free 

Table 2 
Key Challenges in Biomass Utilization and Conversion 

Category Challenges Description 

Technical Challenges Conversion 
Efficiency 

Bioenergy conversion exhibits lower efficiency than fossil fuels, necessitating a larger 
quantity of biomass to generate an equivalent amount of energy, resulting in heightened 
resource consumption (Sharew et al., 2022).  

Technology Maturity Several sophisticated biomass technologies are currently in the experimental or 
developmental phases and have not yet been fully implemented commercially  (How et 
al., 2019).  

Feedstock Quality 
and Consistency 

Differences in biomass feedstock, such as the amount of water present and the amount of 
energy it contains, can impact the efficiency of converting it into energy and the stability 
of energy production processes (Williams et al., 2016). 

Economic and 
Financial Challenges 

High Initial Capital 
Costs 

Establishing biomass processing facilities requires substantial initial capital, discouraging 
potential investments (Alex, 2023).  

Competition with 
Fossil Fuels 

High production costs often prevent bioenergy from competing effectively with cheaper 
fossil fuels. (Catherine, 2023).  

Supply Chain and 
Infrastructure 

Establishing a dependable biomass supply chain encompassing biomass gathering, 
processing, and transporting biomass is multifaceted and expensive (Nunes and Silva, 
2023). 

Environmental and 
Social Challenges 

Sustainable Sourcing It is imperative to acquire biomass in a manner that does not cause harm to ecosystems 
or exhaust soils, thus preserving environmental integrity (Saleem, 2022).  

Food vs Fuel Debate The contrast of utilizing land for energy crops instead of food production raises ethical 
and resource allocation concerns (Catherine, 2023).  

Emissions and Air 
Quality 

The combustion of biomass can generate emissions that have the potential to impact air 
quality, thus requiring meticulous management and advanced technology to mitigate the 
consequences (Zhao, 2022). 

Policy and Regulatory 
Challenges 

Lack of Supportive 
Policies 

The lack of comprehensive policy frameworks to promote bioenergy development 
impedes its expansion (Khurram et al., 2023).  

Regulatory 
Uncertainty 

The volatility of regulations and incentives creates an ambiguous investment 
environment, impacting the ability to make long-term plans and implement projects 
(Speirs et al., 2015).  

Public Acceptance Misconceptions and a lack of awareness about bioenergy's benefits contribute to public 
resistance and slow adoption (Sütterlin and Siegrist, 2017). 

Research and 
Development 
Challenges 

Innovation 
Requirement 

Sustained research and innovation are crucial for improving the effectiveness and 
competitiveness of biomass technologies (EUBA, 2023b). 

 
Skilled Workforce Proficient human resources are essential for efficiently managing and operating biomass 

facilities, necessitating specialized education and training initiatives (Rashidi et al., 2022b). 
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environments (Adekunle and Okolie, 2015; Anukam et al., 
2019; Harirchi et al., 2022; Mata-Álvarez et al., 2000). The 
production of biogas, a renewable energy source primarily 
consisting of methane (CH4) and carbon dioxide (CO2), is 
heavily reliant on this process (Kabeyi and Olanrewaju, 
2022a; Sara, 2017). It also contains small quantities of 
other gases. Anaerobic digestion relies on the lack of 
oxygen to efficiently decompose biodegradable 
substances by specialized microorganisms that thrive in 
oxygen-deprived environments (Samir et al., 2022).  

The European Union's Green Paper on Bio-Waste 
Management highlights anaerobic digestion as a crucial 
technology, particularly for treating biomass unsuitable for 
burning. The adoption of this technology for treating 
various organic waste streams is growing at an impressive 
rate of 25% annually, leading to a remarkable expansion 
(EEA, 2020). Despite its long history of use, the 
understanding of anaerobic digestion is still incomplete, 
primarily because of the intricate interaction between 
physicochemical and microbiological factors. Gaining a 
deeper understanding of these fundamental mechanisms 
through theoretical simulations and control models is 
crucial for future research focused on maximizing the 
efficiency of the process.  

Anaerobic digestion transforms a substantial amount 
of organic material into biogas, a highly abundant energy 
resource. This process is highly adaptable and capable of 
handling diverse organic materials, including municipal 
solid waste (MSW), wastewater sludge, and various 
industrial wastes such as oils, fats, grease (FOG), energy 
crops, and agricultural residues (Wang et al., 2023). The 
process commences with decomposing intricate organic 
molecules into less complex compounds such as proteins, 
lipids, and carbohydrates via extracellular enzymatic 
hydrolysis. This results in the production of both short-
chain and long-chain fatty acids, amino acids, and simple 
sugars. Microorganisms, whether in suspension or 
attached to solid particles, produce these enzymes. 
Afterwards, acidogenic bacteria transform these soluble 
substrates into organic acids and alcohols, metabolized by 
acetoclastic methanogens into acetate, methane, and 
carbon dioxide (Ali Shah et al., 2014; Harirchi et al., 2022; 
Wainaina et al., 2019).  

Hydrogenotrophic methanogens are vital in 
producing methane, as they combine carbon dioxide and 
hydrogen to generate methane, accounting for 
approximately 30% of the overall methane output (Kurth 
et al., 2020; Megonigal et al., 2014). Several factors, such 
as retention time, influence the composition of biogas. 
Retention time strongly correlates with the substrate's 
methane content and carbon oxidation state (Czekała et 
al., 2023). The reactor configuration also influences biogas 
output. Continuous digestion methods promote lower CO2 

levels by expelling dissolved CO2. Additionally, 
temperature affects gas solubility and reaction rate 
(Ceron-Chafla et al., 2020). The concentration of dissolved 
hydrogen has a significant influence on the acid-
genesis/acetogenesis and hydrogenotrophic 
methanogenesis stages, highlighting its crucial role in the 
process of digestion. 

Nevertheless, the reaction network is significantly 
complex, involving supplementary processes such as 
methanol and formate oxidation, nitrate and sulfur 
reduction, siloxane disintegration, and lactic acid 
production, among various others. It is essential also to 
consider factors such as the transfer of mass between 

vapour and liquid, the equilibrium between acids and 
bases, and the growth and decay of microorganisms. 
Anaerobic digestion enables the generation of renewable 
methane and provides a substitute for traditional fossil 
fuels, thereby addressing environmental concerns such as 
acid rain and global warming (Werkneh, 2022a).  

Despite the higher cost of bioenergy than fossil fuel-
derived energy, regulatory measures such as emission 
caps, carbon taxes, and incentives for bioenergy are 
expected to improve its cost competitiveness. Anaerobic 
digestion of biomass produces methane, heat, synthesis 
gases, and ethanol, all of which have similar efficiency and 
cost (IEA, 2020). The study conducted by Kitessa et al., 
(2022) investigates the enhancement of biogas production 
from a combination of wastewater and microalgae through 
anaerobic digestion. The research shows that specific 
ratios of these blends significantly increase the amount of 
methane produced and decrease the levels of total solids 
(TS), volatile solids (VS), and chemical oxygen demand 
(COD), and this demonstrates that co-digestion of these 
substances is indeed feasible. These findings establish the 
foundation for additional investigation into feasible energy 
production applications. 

• Fermentation: Fermentation is a 
biotechnological procedure that converts biomass into 
bioethanol, a sustainable biofuel, through the fermentation 
of sugars derived from plants (Adegboye et al., 2021; Bušić 
et al., 2018; Chin and Hng, 2013; Sindhu et al., 2019). This 
process utilizes the inherent metabolic capabilities of yeast 
and specific bacteria to enzymatically convert sugars, such 
as glucose, fructose, and sucrose, into ethanol and carbon 
dioxide (Maicas, 2020). The underlying principle of 
fermentation is similar to that used in brewing beer, where 
yeast converts sugars in grains into alcohol. However, the 
process for bioethanol production is optimized and 
adapted for large-scale fuel production rather than 
beverage making.  

The conversion of biomass into biofuels involves a 
complex series of processes, with pre-treatment, 
fermentation, and critical stages of hydrolysis (Osman et 
al., 2021). Fermentation is a crucial anaerobic process that 
ingeniously converts glucose in organic matter into acids 
or alcohols through chemical reactions (Britannica, 2023). 
Adding bacteria or yeast to biomass enables conversion, 
as they efficiently consume sugars to produce ethanol and 
carbon dioxide. The ethanol obtained is subjected to 
distillation and dehydration processes to attain the desired 
level of concentration and purity, rendering it suitable for 
use as a fuel in automobiles. Notably, the waste product of 
this process, such as bagasse derived from the 
fermentation of sugar cane, is effectively used as a fuel for 
gasification or boilers and can even be used as feed for 
cattle, showcasing the efficient and cyclical utilization of 
biomass. 

Conventional crops such as corn and sugarcane, 
which are crucial for bio-ethanol production, have 
limitations because they are also important for food and 
animal feed, making it challenging to meet the worldwide 
demand for bio-ethanol (Sarkar et al., 2012). The 
restriction on certain materials makes lignocellulosic 
materials, like abundant and renewable agricultural waste, 
even more attractive as alternative feedstocks. Their 
plentiful nature and ability to be replenished contribute to 
their cost efficiency (Mujtaba et al., 2023). They offer a 
practical solution for sustainably producing bio-ethanol. 
Nevertheless, converting biomass into biofuel is not 
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difficult; notable obstacles include challenges in biomass 
handling and transportation, specifically in the pre-
treatment for effective removal of lignocellulosic lignin 
(Antunes et al., 2019). Improved pre-treatment methods 
enhance the process of breaking down complex 
carbohydrates into simple sugars using enzymes, resulting 
in higher amounts of sugars that can be fermented into 
bio-ethanol, ultimately improving the overall efficiency of 
bio-ethanol production (Bušić et al., 2018). 

For efficient and cost-effective biofuel production, it 
is necessary to develop innovative fermentation 
technologies that can efficiently convert glucose and 
xylose into ethanol (Li et al., 2019). The wide range of 
microbial cultures, which includes pure strains such as 
Clostridium species and mixed cultures, provides various 
fermentation options (Du et al., 2020). An example is the 
bacterium Clostridium aceto-butylicum, which is well-known 
for its exceptional hydrogen production rates (Son et al., 
2021). Moreover, Serratia marcescens and diverse food 
wastes have exhibited encouraging hydrogen yields, 
underscoring the potential of waste components in 
municipal solid waste for bio-hydrogen production (Dong 
et al., 2009; Haque and Azad, 2023). Anaerobic 
fermentation offers a straightforward method for 
hydrogen production from diverse feedstocks, including 
waste materials and microalgae. 

Recent studies have shown that Enterobacter aero-
genes can convert microalgae species such as Anabaena 
and Scenedesmus obliquus into biofuel (Batista et al., 2018; 
Khan et al., 2023). Combining microaerobic dark 
fermentation and photo-fermentation processes using 
Rhodobacter capsulatus JP91 has significantly increased 
hydrogen production (Silva et al., 2019; Su et al., 2009). 
These findings emphasize the impact of factors such as 
oxygen, inoculum, and substrate concentration on bio-
hydrogen production, which can lead to more efficient 
fermentation techniques. When producing ethanol from 
lignocellulosic materials, the industry considers two main 
methods: separate hydrolysis and fermentation (SHF) and 
simultaneous saccharification and fermentation (SSF) 
(Garver and Liu, 2014; Xue and Cheng, 2019). SHF enables 
the separate optimization of hydrolysis and fermentation 
conditions but encounters obstacles such as enzyme 
inhibition caused by hydrolysis products. On the other 
hand, SSF combines the processes of cellulose hydrolysis 
and glucose fermentation processes in one container, 
reducing the harmful effects of end-product inhibition and 
allowing for more effective ethanol production (Beluhan et 
al., 2023; Kotarska et al., 2019). The combination of 
enzymatic hydrolysis and microbial fermentation in SSF 
increases ethanol yields and speeds up the bioconversion 
process, demonstrating the interactive relationship 
between these two processes in the production of biofuels. 

B. Advanced Conversion Technologies: 

Advanced biomass conversion technologies boast increased 
complexity to achieve several goals: enhanced efficiency, 
minimized emissions, and the ability to convert a wider range of 
biomass materials, which include: 
• Gasification: Gasification works by subjecting 

carbonaceous materials, organic or fossil-derived, to high 
temperatures (over 700°C) in an oxygen-limited 
environment with a controlled amount of steam. This 
process transforms the materials into a mixture of carbon 
dioxide, hydrogen, and carbon monoxide (Lam et al., 
2019a; Shadle et al., 2020). Modern gasifiers have 

undergone notable advancements in their design and 
operation, improving efficiency. They can generate 
cleaner, more energy-dense syngas (synthesis gas), mainly 
hydrogen and carbon monoxide (Sikarwar et al., 2017). 
Gasification produces a synthetic gas (syngas) that can be 
used in various ways. It can be combusted directly to heat 
or generate electricity. Alternatively, it can undergo 
additional processing to produce liquid biofuels, 
chemicals, or hydrogen. Gasification is a precious process 
in the bioenergy sector due to its versatility (Erdiwansyah 
et al., 2023). 

• Pyrolysis: Pyrolysis refers to breaking down biomass 
through the application of heat without the presence of 
oxygen. It takes place at elevated temperatures, usually 
ranging from (300-600°C) to (600-1300°C) (Al-Haj 
Ibrahim, 2020; Dawod, 2021; Devi and Rawat, 2021; 
Dhawane et al., 2022; Pahnila et al., 2023; Zaman et al., 
2017). The process converts biomass into three main 
products: bio-oil, syngas, and biochar. Technological 
advancements have enhanced pyrolysis efficiency (Gupta 
et al., 2021). Pyrolysis produces a concentrated, liquid 
energy carrier called bio-oil when performed in modern 
units. This bio-oil can be used directly as fuel or upgraded 
into chemicals and fuels. Additionally, these units are 
designed to optimize bio-oil yield while simultaneously 
generating syngas and high-quality biochar (Al-Rumaihi et 
al., 2022). Biochar, a residue produced through pyrolysis, 
possesses various uses in agriculture as a substance added 
to soil to enhance its quality, aid in the retention of carbon, 
and promote the growth of plants. Syngas, as utilized in 
gasification, can serve as a source of energy or raw 
material for synthesizing various chemicals (Yaashikaa et 
al., 2020). 

• Improvements in Anaerobic Digestion: The process by 
which microorganisms break down organic matter in the 
absence of oxygen is known as anaerobic digestion 
(Jarvie, 2023; Mourshed et al., 2023; Ngan et al., 2020; 
Uddin and Wright, 2023). Anaerobic digestion widely 
treats organic waste and wastewater, producing digestate 
and biogas (primarily methane and carbon dioxide). 
Current advancements prioritize improving the anaerobic 
digestion process's effectiveness, which involves 
optimizing the composition of microbial populations to 
expedite the decomposition of intricate organic 
compounds. Scientists are developing advanced 
bioreactors to handle diverse forms of biomass, such as 
decomposition-resistant lignocellulosic (plant-derived) 
and algal biomass (Sarwer et al., 2022). Biogas, a highly 
adaptable energy resource, can be used on-site for heating 
and electricity generation or purified and injected into the 
natural gas grid. Additionally, the nutrient-rich digestate, 
a byproduct of the process, can be utilized as fertilizer 
(Farghali et al., 2022). 

C. Biofuel Production Improvements: 

• Cellulosic Ethanol: Cellulosic ethanol is a biofuel derived 
from lignocellulose, a plant material that makes up a 
significant portion of its mass. Non-food biomass sources, 
such as agricultural residues (e.g., corn stover, straw), 
forest residues, and grasses, contain lignocellulose 
(Aboudi et al., 2021; Blasi et al., 2023b). This procedure 
entails decomposing intricate carbohydrates (cellulose 
and hemicellulose) in biomass into more basic sugars. 
Biotechnological advancements have created highly 
efficient enzymes capable of effectively decomposing 
these carbohydrates, even from resilient, lignocellulosic 
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biomass. After the sugars are released, they undergo 
fermentation to generate ethanol (Li et al., 2022).  

Recent advancements have concentrated on 
enhancing the fermentation procedure, which involves 
employing genetically modified yeasts or bacteria capable 
of fermenting sugars with greater efficiency and enduring 
higher levels of ethanol (Ahmad and Qazi, 2014; Khan et 
al., 2018; Malode et al., 2021; Sharma et al., 2020). 
Contemporary cellulosic ethanol production facilities 
progressively incorporate hydrolysis and fermentation 
processes to lower expenses and enhance yields (Liu et al., 
2019). An integration method known as simultaneous 
saccharification and fermentation (SSF) can be employed, 
wherein hydrolysis and fermentation processes occur 
simultaneously in a single step (Patel and Shah, 2021). 

• Biodiesel from Algae: Algae are a wide-ranging collection 
of water-dwelling organisms that can carry out 
photosynthesis (Andersen and Lewin, 2023). Some 
specific species of algae contain a significant amount of 
lipids or oils, which makes them well-suited to produce 
biodiesel (Akubude et al., 2019; Bošnjaković and Sinaga, 
2020). Algae can thrive in diverse environments such as 
freshwater, wastewater, and marine (Ebrahimzadeh et al., 
2021). Studies have concentrated on enhancing the 
growth conditions of algae to achieve the highest possible 
lipid productivity (Alishah Aratboni et al., 2019; Mulgund, 
2022; Udayan et al., 2023). Successful algal biofuel 
production relies on carefully choosing appropriate algae 
strains, enhancing growth mediums, and regulating 
environmental variables such as light, temperature, and 
CO2 levels. 

An obstacle associated with algae is the efficient 
extraction of minute organisms from substantial quantities 
of water (Daneshvar et al., 2021). Implementing 
flocculation, centrifugation, and filtration techniques in 
harvesting has increased the process's feasibility and cost-
efficiency (Fasaei et al., 2018). After the algae is collected, 
the lipid content needs to be extracted. Methods such as 
solvent extraction, mechanical pressing, and supercritical 
fluid extraction are being improved to optimize the 
amount of oil obtained (Zhou et al., 2022). The oil that has 
been extracted is subsequently converted into biodiesel 
through the process of transesterification.  Algae-based 
biodiesel is a sustainable alternative because algae can be 
cultivated on infertile land and used as wastewater, 
avoiding competition with food crops and minimizing 
environmental harm (Chhandama et al., 2023). 

C. Efficiency Optimization:  

• Combined Heat and Power (CHP) Systems: Combined 
Heat and Power, or cogeneration, is a system that 
produces electricity and captures the heat generated 
during this process for practical use (Radovanović, 2023). 
Combined heat and power systems employ biomass as a 
primary fuel source within bioenergy. Conventional power 
plants frequently squander a substantial portion of the 
energy they generate as heat. Unlike traditional methods, 
Combined Heat and Power systems utilize the excess heat 
for other purposes, resulting in energy efficiencies of up to 
80% or higher, as opposed to the 40-50% efficiency of 
conventional systems (IEA and OECD, 2011). The thermal 
energy produced in combined heat and power systems 
can be utilized for various purposes, such as industrial 
operations, building space, or district heating systems that 
distribute heat to residential areas (Fuentes-Cortés et al., 
2017). Combined Heat and Power systems situated near 

biomass power plants offer advantages to industries and 
communities. Combined Heat and Power systems 
minimize fuel consumption and the resulting greenhouse 
gas emissions by optimizing energy extraction from 
biomass (Celebi et al., 2019; Pariasamy et al., 2022). They 
play a crucial role in enhancing the sustainability of 
bioenergy generation. 

• Process Integration and Optimization: This approach 
entails amalgamating various biomass conversion 
techniques to enhance efficiency and decrease expenses. 
The objective is to establish a continuous and 
uninterrupted transition from the initial biomass feedstock 
to the ultimate energy output (Garba, 2020; Tshikovhi and 
Motaung, 2023). Combining gasification and pyrolysis 
processes makes it possible to utilize different biomass 
feedstocks and generate diverse products, such as syngas, 
bio-oil, and biochar (Zhou et al., 2022). We can efficiently 
extract significantly more energy from a given amount of 
biomass through synergistic process optimization. 
Following the initial conversion processes, such as 
gasification or pyrolysis, additional refining or upgrading 
of the fuels can be incorporated into the system, including 
tasks like cleaning and improving the quality of syngas or 
bio-oil, and this optimizes the production process, 
enhancing its efficiency and cost-effectiveness. Integrating 
different phases of biomass conversion allows facilities to 
decrease operational expenses related to energy input, 
equipment, and labour (Bolívar Caballero et al., 2022). 

Additionally, synergistic process optimization reduces 
waste and enhances the production of superior final 
products. Continuous advancements in process control, 
materials handling, and conversion techniques are crucial 
for successful integration and optimization (Bähner et al., 
2021). These advancements encompass reactor design, 
thermal process management, and catalyst development. 

D. Feedstock Diversification and Pretreatment 

The latest developments in bioenergy generation have greatly 
expanded the range of viable raw materials while improving the 
efficiency of their transformation into energy (Chen et al., 2021; 
Rashidi et al., 2022b). Technological developments have made 
it possible to use a variety of biomasses, including agricultural 
residues, industrial byproducts, and municipal solid waste. This 
diversification diminishes reliance on conventional biomass 
sources and provides sustainable waste management solutions 
and local economic advantages (Clauser et al., 2021).  
Researchers have developed advanced pretreatment methods 
like steam explosion and acid hydrolysis to improve the 
breakdown of lignocellulosic materials and increase overall 
energy output. These techniques are crucial for analyzing the 
complex compositions of various biomass types (Mujtaba et al., 
2023). Steam explosion disrupts biomass structure using high-
pressure steam, while acid hydrolysis breaks down cellulose and 
hemicellulose into fermentable sugars with acids. These 
advancements in pretreatment are crucial because they enable 
more efficient, cost-effective, and environmentally friendly 
biomass conversion (Bandyopadhyay-Ghosh et al., 2015). By 
implementing these sustainable practices, bioenergy becomes a 
more feasible and sustainable contributor to the renewable 
energy mix. 

E. Integration with Renewable Energy Systems.  

Integrating bioenergy systems with other renewable 
energy sources and smart grid technologies is a pivotal 
advancement in the renewable energy industry (GGI, 2023; 
Østergaard et al., 2023). This integration is vital for improving 
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the effectiveness and dependability of renewable energy 
provision. Smart grids embody sophisticated electricity 
networks that facilitate the bidirectional exchange of electricity 
and data (Kabeyi and Olanrewaju, 2023). These grids can 
effectively regulate the demand and supply of electricity by 
integrating different energy sources and storage systems. 
Integrating bioenergy systems into intelligent grids can have a 
crucial impact on grid balancing (Tan et al., 2021). Smart grids 
become the bridge between bioenergy's dependable power and 
the fluctuating nature of renewables (Khan et al., 2023). With its 
advanced software forecasting energy patterns, this integration 
optimizes bioenergy generation and distribution, guaranteeing 
a reliable and uninterrupted flow of electricity. 

Ultimately, bioenergy represents a significant step 
towards a sustainable energy future. However, to fully realize its 
potential, we must address challenges related to feedstock 
availability, environmental impact, and technological 
advancements. By fostering innovation and implementing 
effective policies, we can overcome these hurdles and maximize 
bioenergy's contribution to a cleaner and more secure energy 
landscape. Integrating bioenergy and smart grids paves the way 
for exploring other promising renewable energy sources, such 
as waste-to-energy technologies. These technologies can 
further optimize resource utilization and revolutionize waste 
management in energy production. 

2. Waste-to-Energy Technologies 

Waste-to-energy technologies are crucial in contemporary 
waste management and energy production strategies. Their 
solution combines waste reduction and energy generation, 
positively contributing to sustainability and environmental 
protection (Alao et al., 2022; Rezania et al., 2023). Waste-to-
energy transforms waste materials, particularly those that 
cannot be recycled, into different types of energy. The energy 
generated can manifest as electricity, heat, or fuel and is 
obtained through various processes that handle and decompose 
waste (Palacio et al., 2018).  

Waste-to-energy technologies possess the capacity to 
manage a wide range of waste types, including municipal solid 
waste, industrial waste, agricultural waste, and even specific 
hazardous wastes. The appropriateness of waste for Waste-to-
Energy processes is contingent upon its calorific value and 
composition (Alao et al., 2022). Landfills, which are the 
prevailing method of waste disposal, have notable 
environmental consequences, such as the utilization of land, the 
release of methane gas, and the potential pollution of soil and 
water.  

Waste-to-energy technologies minimize the waste that is 
ultimately deposited in landfills (Abubakar et al., 2022). Specific 
Waste-to-energy processes facilitate the retrieval and 
reutilization of materials, including metals. Not only does this 
practice help preserve resources, but it also enhances the 
efficiency of waste management. Although the term 'renewable' 
is commonly linked to natural resources such as wind and solar, 
Waste-to-energy also plays a role in renewable energy portfolios 
(Abdel-Shafy and Mansour, 2018). A vast array of waste 
materials hold the potential to be converted into energy. 
Integrating these waste-to-energy processes into the energy 
portfolio reduces reliance on fossil fuels, ultimately facilitating a 
shift towards a more environmentally sustainable energy 
landscape (ADB, 2020). The potential of waste-to-energy to 
reduce reliance on fossil fuels makes it a critical tool in global 
efforts to mitigate climate change. 

2.1 Overview of Biomass Conversion Methods 

Biomass conversion methods refer to the procedures employed 
to convert biomass into practical forms of energy, such as heat, 
electricity, or biofuels (Fiala and Nonini, 2018; Garba, 2020; 
Junginger, 2013; Osman et al., 2021; Pande and Bhaskarwar, 
2012). These methods are crucial for harnessing biomass from 
organic materials such as plant and animal matter for energy 
generation. Comprehending these techniques is essential for 
utilizing biomass as a renewable and sustainable energy 
resource. There are various biomass conversion methods, 
which can be broadly categorized into two main groups: thermal 
and biochemical technologies. 

2.1.1 Thermal Technologies 

Thermal technologies play a crucial role in the conversion 
of biomass into energy. These processes utilize heat to convert 
organic matter into practical forms of energy such as electricity, 
heat, or syngas (synthesis gas). The three leading thermal 
technologies used in biomass conversion are: 

a. Incineration 

Biomass incineration, or direct combustion, is the 
controlled burning of biomass to produce heat (Gumisiriza et al., 
2017). This method is essential for converting organic matter 
into usable energy and is crucial in sustainable waste 
management and energy generation. During incineration, 
organic material combustion occurs, generating heat, carbon 
dioxide, and water vapour (Amulen et al., 2022). The 
effectiveness of this process is contingent upon the calorific 
value of the biomass, which fluctuates based on its type and 
moisture content. The main objective of incineration is to 
harness the generated heat for diverse purposes, such as 
warming structures via district heating systems, supplying 
industrial process heat in sectors like chemical manufacturing, 
food processing, and paper production, and producing 
electricity (Traven, 2023). Electricity utilizes the thermal energy 
from biomass combustion to generate steam, which powers 
turbines connected to electricity generators. 

Modern incineration facilities are outfitted with 
sophisticated emission control technologies aimed at 
minimizing pollutants, including particulate matter, nitrogen 
oxides (NOx), Sulphur oxides (SOx), and dioxins, thereby 
enhancing their environmental safety (Sabin Guendehou et al., 
2006; Schwartz et al., 2020). These technologies are crucial for 
reducing incineration's ecological effects and meeting strict air 
quality regulations. While burning biomass releases CO2, the 
process is considered carbon neutral because plants 
continuously absorb atmospheric CO2 as they grow, offsetting 
the emissions from biomass-based energy production (EIA, 
2022). However, the environmental impact assessment must 
also consider the procurement and processing of biomass.  

Municipal Solid Waste (MSW) incineration utilizes a well-
established thermal treatment technique: deliberate combustion 
in a furnace with a plentiful oxygen supply. The process typically 
operates between 800°C and 1000°C for at least two seconds, 
generating heat and residual ash (bottom and fly ash) (Alao et 
al., 2022). This technology is widely recognized as the most 
advanced and extensively implemented method for global 
waste management. 

An inherent benefit of incineration is its notable capacity 
to decrease waste volume by 80–90% and mass by 70–80% 
(Ding et al., 2022). The high-efficiency level in waste volume 
reduction greatly reduces the land required for landfilling, thus 
prolonging the lifespan of current landfill sites. Annually burning 
1 million tonnes of Municipal Solid Waste (MSW) requires less 
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than 100,000 square meters of land over an average lifespan of 
30 years. In contrast, landfilling the same amount of MSW 
requires roughly 300,000 square meters of space in the area 
(Abubakar et al., 2022).  

Regarding land utilization, a standard incineration facility 
that handles 300 tonnes per day is projected to necessitate 
roughly 0.8 hectares, underscoring the process's efficiency in 
terms of spatial demand (Yong et al., 2019). In addition to 
significantly reducing waste mass and volume, the high 
incineration temperatures effectively neutralize hazardous 
materials, enhancing environmental safety (Tsui and Wong, 
2019). Moreover, incineration technology stands out for its 
adaptability in handling various waste forms. It also boasts 
relatively modest requirements for both technological 
complexity and human resource expertise. 

b. Gasification  

In contrast to incineration, which directly burns biomass 
for heat, gasification offers a thermochemical process that 
partially oxidizes biomass, transforming it into syngas (synthesis 
gas). This process typically operates between 700°C and 1300°C 
and involves simultaneous exothermic oxidation and 
endothermic pyrolysis. A finite oxygen supply facilitates the 
conversion of solid biomass into combustible gas mixtures 
(often called syngas) (Canabarro et al., 2013; Gao et al., 2023; 
Lam et al., 2019b; Sankaran et al., 2018; Hussain et al., 2023). By 
transforming biomass into products with additional value, such 
as charcoal, energy, fertilizers, heat, syngas, and biofuels, 
biomass gasification helps to reduce the adverse environmental 
effects of conventional waste management methods. Advanced 
biofuels, which include dimethyl ether, B. methanol, or Fischer-
Tropsch diesel, can be manufactured in customizable ways 
through the syngas process (Alnouss et al., 2019). The partial 

oxidations of air, water vapour, or oxygen cause gasification to 
typically occur at high temperatures between 800 and 1000 °C 
(Lam et al., 2019b). Gasification sometimes utilizes steam as a 
burning agent. The process produces a gas by-product that can 
be directly used in gas engines and gas turbines for energy 
generation (Salami and Skála, 2015).  

Biomass gasification offers a promising thermochemical 
technique for converting organic material into a valuable fuel 
source: syngas. This combustible gas mixture, containing 
primarily hydrogen, carbon monoxide, and methane, has 
applications in electricity generation and heat production (Gao 
et al., 2023). As illustrated in Figure 2, the gasification process 
involves drying the biomass feedstock to remove moisture. 
Then, the dried biomass is heated in a controlled environment 
with a limited amount of oxygen (Molino et al., 2016). This 
oxygen-starved environment triggers decomposition instead of 
combustion, generating syngas along with char, tar, and other 
byproducts. The specific composition of syngas can vary, with 
hydrogen, carbon monoxide, and methane concentrations 
ranging from 6% to 53% (Lam et al., 2019b). 

However, the moisture content of the biomass feedstock 
can significantly impact the efficiency and quality of the syngas 
produced. Studies have shown that using biomass with a lower 
moisture content (around 15%) leads to better results compared 
to feedstock with higher moisture levels (up to 40%) (Raheem et 
al., 2015). Higher moisture content in the biomass can reduce 
the gasification efficiency and result in syngas with a lower 
calorific value (heating potential). 

c. Pyrolysis 

Another thermochemical conversion technology is 
pyrolysis. Unlike gasification, which utilizes a limited oxygen 
supply, pyrolysis efficiently decomposes carbonaceous 

 

 

 

Fig. 2. A schematic diagram of the key stages of biomass gasification, a thermochemical process that converts organic material into a 
combustible gas mixture called syngas  (Molino et al., 2016). Biomass is fed into the gasifier, where it undergoes thermal decomposition in a 
controlled environment with limited oxygen. This process generates syngas (gaseous products), char (solid residue), and condensates (liquids), 
all of which have various potential applications like electricity generation, biofuel production, or industrial heat. 

 



K.T.Alao et al  Int. J. Renew. Energy Dev 2024, 13(4), 750-782 

|760 

 

ISSN: 2252-4940/© 2024. The Author(s). Published by CBIORE 

biomass, such as cellulose, lignin, and hemicellulose, through a 
thermochemical process in an oxygen-free environment or with 
very limited oxygen to prevent complete gasification. This 
method is widely recognized as a prevalent thermochemical 
technique (Suresh et al., 2020; Urrutia et al., 2022). The process 
usually operates at elevated temperatures, typically 600 to 900 
°C, with moderate rates of heating and extended periods, which 
helps create syngas enriched with hydrogen (Gao et al., 2023; 
Yaashikaa et al., 2020). 

Biomass conversion offers a pathway to sustainable 
biofuels through various thermochemical processes. Pyrolysis, 
for instance, utilizes high temperatures (400-900 °C) to 
decompose organic materials such as cellulose, lignin, and 
hemicellulose in an oxygen-limited environment, typically 
achieved within a reactor (Yansaneh and Zein, 2022). This 
process, as depicted in Figure 3, breaks down complex biomass 
molecules into bio-oil, a potential renewable fuel source further 
refinable into valuable chemicals and transportation fuels. This 
illustrates the key steps of pyrolysis: heating biomass in a 
limited-oxygen reactor, which breaks down the material to 
produce bio-oil alongside syngas and biochar byproducts. Bio-
oil's potential as a renewable fuel exemplifies the versatility of 
biomass conversion technologies. 

Prior research has primarily concentrated on generating 
bio-oil from microalgae such as Tetraselmis chuii and Chlorella sp. 
using slow pyrolysis, which produces compounds like amides, 
phenol, and alkenes (Grierson et al., 2011). Conversely, Chlorella 
protothecoides has demonstrated the ability to produce 
significant quantities of bio-oil through fast pyrolysis (McIntosh 
et al., 2021). Nevertheless, information concerning syngas 
generation through the catalytic pyrolysis of microalgae is 
scarce. 

Pyrolysis, however, is not limited to microalgae. 
Researchers have additionally investigated the potential of 
pyrolyzing various agricultural biomasses, including rice straw, 

rice husk, wheat straw, and maize straw (Bian et al., 2016). The 
process reached its peak completion temperature of 400 °C. The 
results indicate that biochar derived from rice straw has great 
potential for modifying nutrient-poor, acidic soils. With a yield 
of 43.8%, rice straw produced the most biochar. Moreover, 
biochar, a byproduct of pyrolysis used to make biofuel, has 
many uses and is always coming up with new ones (Bolan et al., 
2021). 

While thermal conversion technologies offer advantages 
in terms of simplicity and high processing rates, biochemical 
conversion methods provide a more targeted approach for 
producing specific biofuels and chemicals. Biochemical 
processes leverage biological processes such as enzymes and 
microorganisms to break down biomass and convert it into 
desired products. 

2.1.2 Biochemical Technologies 

Biochemical conversion technologies for biomass encompass 
converting biomass into targeted products through physical, 
chemical, and biological pretreatments (Adams et al., 2018; 
Gnanasekaran et al., 2023). The purpose of these pretreatments 
is to enhance the conversion process's efficiency rather than 
directly producing the final products. This approach 
differentiates biochemical conversion from solely physical or 
chemical biomass conversion methods. Moreover, biochemical 
conversion processes are typically less severe and more 
moderate than physical and chemical alternatives (Kumar and 
Sharma, 2017a). These techniques prioritize biomass 
preparation to ensure efficient conversion, thus laying the 
foundation for the subsequent production of the desired final 
products. 

Through careful selection of microorganisms, biochemical 
conversion of biomass can yield a diverse range of products, 
including xanthan gum, xylitol, mannitol, hydrogen, biogas, 
ethanol, acetone, butanol, and various organic acids (such as 

 
Fig 3. Schematic Overview of the Biomass Pyrolysis Process for Bio-Oil Production (Yansaneh and Zein, 2022). These fundamental steps depict 
biomass pyrolysis, a thermochemical conversion process that breaks down organic material in the absence of oxygen. Biomass feedstock is 
introduced into a reactor and heated to temperatures ranging from (400-900°C). Under these conditions, the biomass decomposes into various 
gaseous products (bio-gas), a liquid bio-oil fraction, and a solid charcoal residue. Bio-oil, the primary product of interest, is a complex mixture 
of oxygenated hydrocarbons that can be further upgraded into valuable biofuels or chemicals. 
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pyruvate, lactate, oxalic acid, levulinic acid, and citric acid) 
(Chen and Wang, 2017). These products have two advantages: 
they can replace grain-derived products like ethanol and act as 
environmentally friendly substitutes for petroleum-based 
products. 

Biochemical technologies excel in biomass conversion 
compared to other methods due to their moderate, clean, and 
efficient nature. Additionally, these technologies enable 
producing various intermediate products from biomass through 
the strategic selection of specific enzymes or microbes 
(Tshikovhi and Tshwafo, 2023). Numerous platform materials 
necessary to create materials, fuels, and chemicals using 
renewable resources are made possible by this versatility. As a 
result, biomass biochemical conversion technologies are seeing 
a lot of attention and investment. 

a. Anaerobic Digestion  

Anaerobic digestion offers a sustainable solution for waste 
management and renewable energy production. This oxygen-
depleted process decomposes organic matter, primarily animal 
dung, agricultural waste, or energy crops, into biogas (Masud et 
al., 2023). Biogas, a fuel composed mainly of methane and 
carbon dioxide, can be directly burned or upgraded to 
biomethane for use in engines (Tsigkou et al., 2022). Figure 4 
illustrates the various stages of anaerobic digestion, potentially 
depicting the breakdown of complex organic matter into biogas 
by distinct microbial communities. The resulting soluble 
organics are then converted into volatile fatty acids by 
acidogenic bacteria. These acids are further transformed into 
acetate by acetogenic microbes. Finally, methanogenesis, 
facilitated by a distinct microbial group, utilizes the acetate to 

produce the valuable biogas. This breakdown of complex 
organic matter into a clean-burning fuel highlights the potential 
of anaerobic digestion for a circular economy. 

Anaerobic digestion, a biological process that breaks 
down organic matter by microorganisms in an oxygen-free 
environment, involves four key stages: the first stage, 
hydrolysis, involves the breakdown of complex organic 
molecules into simpler sugars and organic acids. The second 
stage, acidogenesis, further ferments these products into 
volatile fatty acids, alcohols, and carbon dioxide. In the third 
stage, acetogenesis, the intermediate products are converted 
into acetate, hydrogen, and carbon dioxide. Finally, the fourth 
stage, methanogenesis, utilizes the acetate and hydrogen to 
produce the final product – methane, also known as biogas 
– alongside carbon dioxide and water. This multi-stage process 
allows for the conversion of various biomass feedstocks into a 
clean-burning renewable fuel source (biogas) and a nutrient-rich 
digestate byproduct. 

In the second phase of anaerobic digestion, called 
acidogenic fermentation, specialized microorganisms 
decompose the less complex compounds obtained from 
hydrolysis, such as simple sugars, fatty acids, and amino acids, 
into volatile fatty acids with short carbon chains. These volatile 
fatty acids include butyric and propanoic acids, acetic acids, 
alcohol, and carbon dioxide. During this stage, approximately 
70% of these compounds undergo conversion into acetate, 
carbon dioxide, and hydrogen, while the remaining 30% are 
transformed into a variety of volatile fatty acids (VFAs) and 
alcohols (Gnanasekaran et al., 2023; Wainaina et al., 2019). 

Acetogenic bacteria convert fermentation products 
unsuitable for direct methane production by methanogens. This 
process involves oxidizing volatile fatty acids (VFAs) and 

 

 
 

Fig. 4. Multi-Stage Process of Anaerobic Digestion for Biomass Conversion (Gnanasekaran et al., 2023). 
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alcohols, primarily yielding acetate, hydrogen, and carbon 
dioxide (CO2). This collaboration between oxidizing bacteria 
and methane-producing archaea in the subsequent 
methanogenesis stage is crucial (Nandi et al., 2023). 

The final stage is methanogenesis, where methanogenic 
bacteria generate methane and CO2. Acetate contributes 
roughly 70% of the methane produced, while the remaining 30% 
stems from the conversion of hydrogen and CO2. 
Methanogenesis is a critical but rate-limiting step in anaerobic 
digestion due to its slow pace. This bottleneck arises from the 
complex interplay required between multiple mesophilic 
bacterial species for efficient conversion (Ali Shah et al., 2014). 

Anaerobic digestion emerges as a compelling technology 
for generating renewable methane, a clean-burning biogas, as 
depicted in Figure 5. This process leverages microorganisms to 
decompose organic matter, like biomass, in an oxygen-depleted 
environment. The resulting product, biogas, is primarily 
composed of methane (CH4) and serves as a clean-burning 
alternative to conventional fossil fuels (Werkneh, 2022b). This 
shift towards bioenergy has the potential to mitigate 
environmental issues like acid rain and global warming 
associated with fossil fuel combustion. While the initial cost of 
bioenergy production might be higher compared to fossil fuels, 
trends are shifting towards making bioenergy more cost-
competitive. Regulations like emission limits and carbon taxes 
on fossil fuels, alongside incentives for bioenergy production, 
are contributing to this change.  

It's important to note that anaerobic digestion produces a 
variety of bioenergy forms beyond just methane. These include 
heat, syngas (a mixture of gases used for fuel production), and 
ethanol. Notably, research by Kitessa et al., (2022) explored the 
potential of co-digesting wastewater (WW) and microalgae 
(MA) to enhance biogas production. Their findings 
demonstrated that combining wastewater (WW) and 
microalgae (MA) in specific ratios yielded significant methane 
production. For example, a 3:2 mixture of wastewater to 
microalgae resulted in 44 mL of CH4 per gram of COD 
(Chemical Oxygen Demand), a measure of organic matter 

content. However, this value was lower than the theoretical 
maximum of 350 mL CH4/g COD achievable under standard 
temperature and pressure (STP) conditions. 
Fig 5 illustrates the key steps involved in anaerobic digestion, a 
biological process that utilizes microorganisms to decompose 
organic matter in an oxygen-free environment. Biomass 
feedstock enters the system and undergoes pre-treatment 
processes, such as size reduction and mixing, to enhance 
biodegradability. The organic material then enters the digester, 
where a consortium of microbes breaks it down through a series 
of interlinked stages. The process ultimately yields biogas, a 
clean-burning renewable fuel composed primarily of methane, 
alongside a nutrient-rich digestate byproduct. The digestate can 
be further processed into fertilizer or soil amendments, 
maximizing resource recovery and contributing to a circular 
bioeconomy. 

b. Fermentation 

Bioethanol production relies on fermentation to convert 
sugars from organic waste into a usable fuel  (Bibra et al., 2023; 
Bušić et al., 2018; Tse et al., 2021). These sugars can come from 
various waste sources, including food scraps (Chow et al., 2020), 
agricultural by-products (Petrovič et al., 2023), and sewage 
sludge (Battista et al., 2019). To facilitate fermentation, certain 
types of waste may necessitate saccharification or hydrolysis 
processes to break down intricate carbohydrates into glucose-
enriched solutions enzymatically (Bardhan et al., 2022). 

The fermentation of glucose to produce ethanol involves 
the utilization of microorganisms such as Saccharomyces 
cerevisiae, E. coli, Zymomonas mobilis, Pachysolen tannophilus, and 
Candida shehatae (Aditiya et al., 2016). Although fermentation 
and anaerobic digestion have similarities, fermentation 
primarily produces alcohols or organic acids rather than 
methane. The presence of cellulose, hemicellulose, and lignin in 
waste directly impacts the efficiency of ethanol production. 
Variables such as pH, oxygenation, and temperature exert a 
substantial influence on the bioethanol fermentation process 

 

 
 

 
Fig. 5. Anaerobic Digestion Process Flowchart: From Biomass to Energy and Products (Serfass, 2018). 
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(Blasi et al., 2023b). Figure 6 illustrates the key stages involved 
in converting diverse feedstocks, like sugarcane or cornstalks, 
into bioethanol fuel. The process begins with a pretreatment 
stage, potentially depicted using equipment such as hammer 
mills or steam explosion chambers. This pretreatment breaks 
down complex molecules in the feedstock, making them 
accessible for microorganisms during fermentation. 

Following the pretreatment stage, fermentation tanks 
come into play. Here, these accessible sugars are converted into 
ethanol by microorganisms. Finally, a distillation process, 
potentially represented by distillation columns, separates the 
ethanol from the fermentation broth, yielding bioethanol fuel as 
the final product. Commercial bioethanol production typically 
utilizes sugar-rich crops, starch-based substrates, and 
lignocellulosic biomass as its primary feedstocks. Additionally, 
bioethanol often undergoes further distillation to meet the 
requirements of vehicle fuel  (Broda et al., 2022; Bušić et al., 
2018).  

The process in large-scale operations involves multiple 
stages: sugar fermentation for ethanol production, distillation 
for ethanol-water separation, dehydration for eliminating 
residual water, and denaturation to render the ethanol 
unsuitable for human consumption (Amornraksa et al., 2020). At 

first, intricate organic molecules undergo hydrolysis to form 
simpler ones (Youcai and Tao, 2021). Microorganisms ferment 
the sugars into ethanol and other byproducts (Mohd Azhar et al., 
2017). Fractional distillation then separates the ethanol from the 
water. This technique leverages the difference in their boiling 
points. Fractional distillation and condensation achieve an 
ethanol purity of around 95% (Monceaux, 2019).  

Fig 6 depicts the key steps involved in bioethanol 
production, a biological process that converts sugary or starchy 
biomass into a clean-burning biofuel. The process begins with 
the selection of a suitable feedstock, such as corn, sugarcane, or 
cellulosic materials. The feedstock undergoes pre-treatment 
processes to enhance its digestibility by enzymes. Subsequently, 
fermentation is carried out using specific microorganisms that 
convert the sugars in the feedstock into bioethanol. The 
fermentation broth is then distilled to separate and purify the 
bioethanol. Finally, co-products like animal feed distillers' grains 
can be recovered, maximizing resource utilization and 
contributing to a sustainable biorefinery approach. Bioethanol 
derived from biomass offers a renewable alternative to fossil 
fuels and can be used in transportation fuels or industrial 
applications. 

 

 
 

Fig. 6. Bioethanol Production Process: From Feedstock to Biofuel and Byproducts (Bera et al., 2020). 
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The overview of biomass conversion methods presented 
delineates the array of strategies employed to transform 
biomass into viable forms of energy, emphasizing thermal and 
biochemical technologies. From incineration and gasification to 
pyrolysis and anaerobic digestion, each method offers specific 
benefits and operates under distinct conditions to facilitate the 
conversion of organic material into energy. These processes 
highlight the versatility of biomass as a renewable energy source 
and underscore the ongoing technological advancements aimed 
at improving efficiency and reducing environmental impacts. 

2.2 Efficiency, Environmental Impact, and Advancements 

Waste-to-energy (WtE) processes play a crucial role in 
modern waste management by simultaneously reducing waste 
volume and generating energy. These processes encompass 
many methods, including traditional incineration and advanced 
bioconversion techniques (Gumisiriza et al., 2017; Sadeghi et al., 
2015). Evaluating the effectiveness of waste-to-energy 
technologies is crucial for optimizing energy recovery and 
maximizing the environmental and economic advantages. 
Maximizing efficiency involves extracting more energy from 
each unit of waste processed, essential for mitigating waste 
disposal expenses and ecological consequences (Alao et al., 
2022). 

Waste-to-energy (WtE) processes require careful 
management and regulation of emissions to ensure efficient 
energy conversion from waste materials (Brunner and 
Rechberger, 2015). These emissions, including greenhouse 
gases and contaminants like particulate matter, dioxins, and 
furans, can have significant health and environmental 
consequences (Zikhathile et al., 2022). Contemporary waste-to-
energy (WtE) facilities are outfitted with sophisticated emission 
control systems engineered to capture and process these 
emissions, guaranteeing adherence to stringent environmental 
regulations. Furthermore, waste-to-energy processes aid in 
reducing waste by redirecting waste away from landfills (Yong 
et al., 2019). By engaging in this action, they contribute to 
reducing methane emissions commonly linked to the 
decomposition of waste, thereby alleviating a significant 
contributor to greenhouse gas emissions. Landfill diversion 
helps conserve land and mitigates the environmental 
disruptions caused by landfill expansion (Abubakar et al., 2022). 

The waste-to-energy (WtE) industry is rapidly advancing 
in various technological areas. These advancements encompass 
enhancements in thermal conversion efficiencies, such as 
refining combustion conditions and devising waste pre-
treatment techniques that augment calorific value (Yong et al., 
2019). Progress in bioconversion technologies, such as 
anaerobic digestion and fermentation, has led to significant 
improvements. These include the modification of 
microorganisms to improve their ability to utilize substrates 
more efficiently and produce higher yields of biogas (Das et al., 
2023). Integrating waste-to-energy solutions into a more 
comprehensive and environmentally friendly waste 
management strategy is key for the sector's future (Yong et al., 
2019). This approach entails developing adaptable processing 
facilities to handle diverse waste streams and generate various 
outputs, such as electricity, heat, liquid fuels, and chemical 
precursors (Mukherjee et al., 2020).  

To thoroughly assess the technical aspects of efficiency, 
environmental impact, and advancements in the waste-to-
energy (WtE) sector, we must analyze the intricate factors 
contributing to these processes' effectiveness and long-term 
viability. 

a. Efficiency 

The efficiency of waste-to-energy (WtE) processes is 
complex and involves more than just converting waste into 
energy (Ferdoush et al., 2024; Klinghoffer et al., 2013). It also 
includes optimizing process parameters to reduce energy input 
and increase energy output. Advanced thermal technologies, 
such as plasma arc gasification, achieve greater energy 
conversion efficiencies by operating at excessively high 
temperatures (Li et al., 2022; Ray et al., 2012; Tamošiūnas et al., 
2023). These high temperatures effectively break down complex 
waste molecules into simpler syngas components, surpassing 
the effectiveness of conventional methods (Fiore et al., 2020). 
Furthermore, incorporating waste pre-treatment methods like 
torrefaction, which entails the gentle pyrolysis of biomass to 
enhance its energy content and grinding characteristics, can 
significantly improve the overall effectiveness of thermal 
conversion processes (Tumuluru et al., 2021). 

b. Environmental Impact 

Regarding the environment, the technical discussions go 
beyond simple emission controls and involve the 
implementation of innovative carbon capture and storage 
technologies. These technologies can effectively reduce the 
carbon footprint of waste-to-energy (WtE) plants (Bisinella et al., 
2021; Wienchol et al., 2020). Integrating carbon capture and 
storage technology into waste-to-energy (WtE) facilities, 
particularly those processing carbon-rich waste streams, could 
transform them into net-negative emitters, aligning them with 
global climate goals (Sara Budinis et al., 2023). In addition, the 
application of biochar, a residue produced through pyrolysis, as 
a soil additive not only stores carbon for long periods but also 
improves soil productivity and decreases reliance on synthetic 
fertilizers, thereby minimizing the environmental consequences 
(Oni et al., 2019). 

c. Advancements 

Research in the waste-to-energy sector is currently 
focused on enhancing the catalytic efficiency of gasification and 
pyrolysis processes to improve the quality and quantity of 
syngas produced (Al-asadi et al., 2020; Lisbona et al., 2023). 
Developing new catalysts that can endure the severe conditions 
of gasification and pyrolysis while improving the selectivity 
towards desired syngas components is a crucial area of 
innovation (Bolívar Caballero et al., 2022). In addition, the 
progress in anaerobic digestion technologies, including high-
rate digesters and the co-digestion of multiple substrates, is 
enhancing biogas production and ensuring a more stable 
process (Rajendran et al., 2020). As a result, this biological 
conversion process is becoming more feasible for a wider 
variety of waste streams.  

The concept of poly-generation, which involves designing 
a single waste-to-energy facility to produce multiple outputs 
such as electricity, heat, and liquid fuels or chemicals, is 
becoming increasingly popular in process integration. This 
strategy not only optimizes the usefulness of the waste materials 
but also improves the financial feasibility of waste-to-energy 
plants by expanding sources of income (Subramanian et al., 
2022). Furthermore, the drive towards digitalization and 
integrating intelligent technologies into Waste-to-Energy (WtE) 
operations will profoundly transform the industry. 
Implementing advanced sensors, data analytics, and machine 
learning algorithms to monitor and optimize processes in real-
time can greatly enhance the efficiency and adaptability of 
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waste-to-energy (WtE) processes, and this, in turn, allows for 
more effective and efficient waste management practices (Said 
et al., 2023). 

The interplay between efficiency, environmental impact, 
and waste-to-energy (WtE) technology advancements has been 
explored. Optimizing energy recovery and minimizing 
environmental consequences is crucial. Advancements in 
thermal and biological conversion processes and innovative 
technologies such as carbon capture and storage (CCS) offer 
promising solutions for a more sustainable waste-to-energy 
future. The emphasis on poly-generation and digitalization 
further underscores the industry's commitment to resource 
recovery and efficient waste management. 

3. Methodology 

Bibliometric analysis is a valuable tool for researchers to 
assess academic and technological contributions and their 
impacts (Donthu et al., 2021; Fakruhayat and Rashid, 2023; 
Moral-Muñoz et al., 2020; Rejeb et al., 2023). This multi-stage 
process begins with a crucial step: selecting the most 
appropriate bibliometric software for the analysis. Next, 
researchers actively gather data from relevant search engines, 

ensuring the chosen databases align with their study's thematic 
focus. Once collected, this data is imported into the selected 
software. In this study, we employed VOSviewer for their 
bibliometric analysis. 

This study gathered relevant literature from bibliographic 
databases, accessing over 34,522 and 25,000 Web of Science 
and Scopus journals, respectively. Biblioshiny and VOSviewer 
were the primary software tools used for analysis. Biblioshiny 
facilitated the creation of science maps and performance 
analyses, while VOSviewer excelled in visualizing research 
trends (AlMallahi et al., 2023; Aria and Cuccurullo, 2017; Moral-
Muñoz et al., 2020). Notably, both tools generated informative 
and illustrative graphics that aided in understanding the 
research landscape. 

This study employed a six-step methodology 
encompassing statistical analysis of the literature, scientific 
research source mapping, citation analysis with word cloud 
creation, examination of citations and contributions by country, 
institutional research to identify top contributors, and finally, 
identification of research gaps and areas of great attention. 

The keywords "biomass conversion" OR "biomass and 
organic waste," OR "waste-to-energy technologies, "OR 
"bioenergy, production," OR "sustainable bioenergy systems," 

 
 

Fig. 7. Flowchart of the Research Process. 
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OR "energy recovery from waste" were included in the list of 
terms used to find the most relevant publications. The search 
spanned from 2013 to 2023. The collected data included 
information such as the year of publication, language, journal 
name, title, author(s), affiliation(s), keywords, document type, 
abstract, and the citation count for each document. There were 
8,321 publications found in the Web of Science database and 
55,635 in the Scopus database that are relevant to this topic.  

After additional filtration removed duplicate and irrelevant 
publications, reducing the numbers to 3,246 and 4,635 
respectively, the research process is visualized in Figure 7 as a 
structured flowchart. This flowchart  outlines the five key phases 
of a research study: Phase 1 focuses on selecting appropriate 
keywords and terminology to ensure data relevance. Phase 2 
involves data acquisition and purification, followed by Phase 3 
where the data is transformed into meaningful insights. Phase 4 
entails a comprehensive evaluation and investigation of these 
insights, culminating in Phase 5 with a comprehensive summary 
and present 

This flowchart outlines the key stages involved in a 
comprehensive research process. Phase 1: Literature Review 
and Keyword Selection emphasizes identifying relevant 
keywords and search terms to ensure retrieved data aligns with 
the research objectives. Phase 2: Data Acquisition and 
Purification focuses on gathering data from credible sources and 
potentially applying techniques to refine the data quality and 
remove irrelevant information. Phase 3: Data Analysis and 
Interpretation involves transforming the data into meaningful 
insights through techniques like statistical analysis or qualitative 
coding. Phase 4: Evaluation and Refinement entails critically 
examining the derived insights to ensure their validity and 
potentially refining them based on further investigation or 
consultation with experts. Phase 5: Conclusion and Reporting 
culminates in a comprehensive summary of the research 
findings, highlighting significant observations and potential 
contributions to the field.   

4. Results and Discussions 

An analysis of data from the past ten years reveals a persistent 
and steady increase in research focused on converting biomass 
and organic waste. Table 3 showcases this trend, indicating that 
Scopus and Web of Science databases yielded 3,246 and 4,635 
studies on biomass and organic waste conversion between 2013 
and 2023. 

4.1 Annual Publication Trends 

Figures 8a and 8b illustrate the publication trends in biomass 
and organic waste conversion from 2013 to 2024. These figures 
depict line graphs, showcasing the steady increase in 
publications from both Web of Science (3,246 publications, 
peaking at 728 in 2022) and Scopus (4,635 publications), 
reflecting the growing research interest in this field. 

Nevertheless, there is a significant decline to 374 
publications in 2023, followed by a mere four publications in 
2024, suggesting incomplete data for the latter year. The high 
number of citations in 2016 (8,961) suggests significant 
referencing to research published during that period. After 2016, 
there has been a noticeable decrease in citation figures despite 
the rising number of publications. The decline in citation 
numbers after reaching the peak, significantly the significant 
decrease observed in recent years (2022-2023), can be 
attributed to the fact that newer publications have not yet 
accumulated a substantial number of citations. The significantly 
diminished figures for 2024 in terms of publications and 
citations suggest that the data collection for that particular year 
was incomplete, potentially because it was either the present or 
a forthcoming year at the time of data retrieval.  

The publication count for Scopus begins at 81 in 2013 and 
steadily increases to 1004 in 2023, demonstrating a consistent 
growth in research within the topic area throughout the years. 
The significant number of citations in 2016 (15,452) suggests 
that research published during that period has been extensively 
referenced. Following 2016, despite the rise in publication 
quantity, there is a noticeable variability in citation counts. 
There is a peak in 2018 with 18,999 citations, followed by a 
decrease, a slight rise in 2020 and 2021, and a substantial 
decline in 2022 and 2023. The significant reduction of citations 
during 2022-2023, along with the notably low numbers for 2024, 
could be attributed to the insufficient time for the publications 
from these years to accumulate citations.  

The data for 2024 exhibits a significant decline in 
publications and citations, potentially attributable to the year's 
incompleteness or a delay in the indexing process. Both the 
Web of Science and Scopus databases show an increasing 
research focus on biomass and organic waste conversion from 
2013 to 2024. The web of science data exhibits a notable surge 
in publications in 2022, followed by a subsequent decrease. This 
pattern indicates a potential change in research emphasis or the 

Table 3 
Obtained data from the primary sources of the examined publications. 

Parameters Web of Science Scopus  

Search String  Results for ALL=("biomass conversion" OR 
"biomass and organic waste" OR "Waste-to-
energy technologies" OR "Bioenergy 
production" OR "Sustainable bioenergy 
systems" OR "Energy recovery from waste") 

ALL("biomass conversion" OR "biomass and 
organic waste" OR "Waste-to-energy technologies" 
OR "Bioenergy production" OR "Sustainable 
bioenergy systems" OR "Energy recovery from 
waste") AND PUBYEAR > 2012 AND PUBYEAR < 
2025 

Number of documents after 
filtration 

3,246 4,635 

Top publication journal  Biomass conversion and biorefinery Energies  
Top publication country  China United States 
Top publication author in the 
citation 

Li, hu  Ragauskas, Arthur, J 

Keywords with the highest 
occurrences  

Biomass  Biomass 

Most relevant affiliation  University of Chinese Academy of Science, 
Beijing, China 

School of Chemical and Processing Engineering, 
University of Leeds, United Kingdom 
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possibility of incomplete data for the most recent years. Scopus 
consistently rises in research productivity, reaching its highest 
point in 2023. Analysis of citations across both databases 
reveals a peak around 2016, indicating researchers heavily 
referenced earlier publications during that period. The recent 
decline in citations stems from newer publications having 
limited time to accumulate citations. 

The conversion of biomass and organic waste presents a 
compelling strategy for achieving several sustainable 
development goals (SDGs) established by the UN General 
Assembly in 2015. This approach transcends environmental 
benefits, fostering economic development and social well-being. 

Fossil fuels remain a dominant energy source, contributing 
significantly to greenhouse gas emissions. Biomass conversion 
offers a renewable and sustainable alternative. Providing a clean 
energy source can significantly reduce dependence on fossil 
fuels and their associated emissions (Aidonojie et al., 2023; Blair 
et al., 2021) – directly addressing SDG 7 (Affordable and Clean 
Energy) and SDG 13 (Climate Action).  Biomass also contributes 
to a sustainable carbon cycle by promoting carbon 
sequestration through plant growth, effectively balancing 
carbon emissions and absorption (Gabrielli et al., 2023). 

The bioenergy sector is a powerful economic driver, 
particularly in rural areas. Cultivating feedstock (plants used for 
energy) and operating conversion plants create numerous job 
opportunities (Review of SDG Implementation and 
Interrelations among Goals Discussion on SDG 8-Decent Work 
and Economic Growth, 2019).  Furthermore, this industry 
stimulates economic growth (SDG 8) by providing new revenue 
streams for farmers and landowners. Investments in renewable 
energy technologies further drive development by fostering 
innovation and infrastructure creation. 

Biomass conversion tackles the growing organic waste 
problem, contributing to SDG 12 (Responsible Consumption 
and Production). By utilizing agricultural residues or waste as 
feedstock, we minimize the need for landfills and their 
associated environmental burdens (Mohd Hanafiah et al., 2022; 
Muscat et al., 2020). Biomass cultivation can sustainably 
contribute to land-use sustainability and biodiversity 
preservation (SDG 15). Practices like crop rotation and 

responsible land management ensure long-term benefits for 
ecosystems. 

Studies estimate that biomass could contribute 20-30% of 
global energy needs by 2050, significantly impacting SDG 7 
(Affordable and Clean Energy). The bioenergy sector also 
employs millions globally, with projections for continued growth 
(IRENA, 2022). These figures highlight the significant potential 
of biomass conversion for achieving multiple SDGs. 

While promising, challenges exist. Competition for land 
and water resources requires careful management to ensure 
responsible use and avoid impacting SDG 6 (Clean Water and 
Sanitation). Sustainable practices such as utilizing marginal 
lands and efficient water management are crucial. Responsible 
forestry practices are essential to avoid deforestation, protect 
ecosystems, and contribute to SDG 15 (Life on Land). 

Biomass conversion, when implemented thoughtfully, 
serves as a powerful tool for achieving multiple SDGs. It 
promotes clean energy (SDG 7), fosters economic growth (SDG 
8), minimizes waste (SDG 12), and contributes to climate change 
mitigation (SDG 13) and biodiversity preservation (SDG 15). By 
addressing challenges and adopting sustainable practices, we 
can unlock the full potential of this technology for a more secure 
and sustainable future. 

4.2 Analysis of Major Contributing Countries  

Between 2013 and 2023, contributions from 109 countries in 
Web of Science and 122 countries in Scopus were made to 
biomass and organic waste conversion. According to the data 
from Web of Science (Fig. 9a), China has the highest number of 
publications with 708, followed by India with 535, USA with 442, 
Germany with 177, Brazil with 153, Malaysia with 152, Canada 
with 122, Italy with 107, Spain with 101, and South Korea with 
97. The countries with the highest number of citations are China 
(16,450), the USA (15,635), India (9,635), Germany (4,348), 
Canada (4,084), Malaysia (3,785), Sweden (3,277), France 
(3,119), England (3,075), South Korea (2,861), and Japan (2,600) 
(Table 4).  

According to the data from Scopus (Fig. 9b), the United 
States has the highest number of publications with 813, followed 
by China with 640, the United Kingdom with 478, Spain with 

 

 

(a)                                                                                            (b) 

Fig 8. Number of Publications and Citations Indexed by Web of Science (a) and Scopus (b) from 2013 to 2024. This shows the 
publication trends and citation impact of research output in the field of biomass and organic waste conversion over an eleven-
year period (2013-2024), as indexed by both the Web of Science and Scopus databases. This allows for a valuable comparison 
of publication trends across these two major bibliographic databases.  
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320, India with 311, Germany with 298, Sweden with 238, Italy 
with 234, the Netherlands with 203, Poland with 201, and 
Malaysia with 187. The nations with the highest number of 

citations are as follows: USA (34,069), UK (22,280), China 
(19,849), India (11,335), Spain (10,203), Germany (9,729), 
Australia (9,337), Netherlands (7,302), Sweden (6,727), France 

 
(a) 

 

 
(b) 

Fig. 9. Top Research Countries in Web of Science (a)  and Scopus (b). This figure unveils the most prolific countries in biomass and organic 
waste conversion research. It analyzes publications indexed by the Web of Sciences and Scopus database from 2013 to 2023, offering a glimpse 
into publication trends within this specific field on the Web of Sciences and Scopus platform during this timeframe. 
 

 

Table 4 
Major contributing countries based on citations (Web of Science) 

Rank Countries  Citations  

1 China 16450 

2 United States 15635 

3 India 9635 

4 Germany 4348 

5 Canada 4084 

6 Malaysia 3785 

7 Sweden 3277 

8 France 3119 

9 England 3075 

10 South Korea 2861 

11 Japan 2600 

 
 
 

Table 5  
Major contributing countries based on citations (Scopus) 

Rank  Countries Citations 

1 United States 34069 

2 United Kingdom 22280 

3 China 19849 

4 India 11335 

5 Spain 10203 

6 Germany 9729 

7 Australia 9337 

8 Netherlands 7302 

9 Sweden 6727 

10 France 6158 

11 Malaysia 5966 
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(6,158), and Malaysia (5,966) (Table 5). Asian countries 
collectively contribute to 49% of the highest-ranked 
publications in Web of Science, whereas North America, 
specifically the USA, contributes to 24% of the most referenced 
research in Scopus. Both databases emphasize the worldwide 
involvement in this research field, with numerous countries 
making substantial contributions. 

4.3 Analysis of Scientific Mapping Sources  

3,246 and 4,635 papers were published in 359 and 322 
journals, respectively, in both the Web of Science and Scopus 
databases from 2013 to 2023. Figures 10a and 10b focus on the 
most prolific journals in this field, presenting a ranking or list 
format. These figures reveal the journals with the highest 
publication counts in biomass and organic waste conversion 

research. The Journal of Biomass Conversion and Biorefinery 
has been the leading publication over the past decade, with 
1335 papers indexed in the Web of Science. The Journal of 
Energies held the top position in Scopus with 567 papers. The 
source with the highest publishing output among the sources in 
the Web of Science, as indicated in Table 6, is Biomass 
Conversion and Biorefinery, accounting for 41.1% of the total. 
Following are Bioresource Technology at 3.39%, ACS 
Sustainable Chemistry and Engineering at 3.20%, Renewable 
and Sustainable Energy Reviews at 1.97%, Biomass and 
Bioenergy at 1.79%, Fuel at 1.79%, and Biotechnology for 
Biofuels at 1.48%. The source with the highest publishing output 
among the sources in Scopus, as indicated in Table 7, is 
Energies, accounting for 12.23% of the total and this is followed 
by Biomass Conversion and Biorefinery (7.36%), Biotechnology 

 
(a) 

 
(b) 

Fig. 10. Bibliometric Network of Journals. This presents a ranking of the most prolific journals in biomass and organic waste conversion research 
based on the Web of Sciences (a) and Scopus (b) database from 2013 to 2023. This network established the relationship between the past studies.  

 

Table 6 
Top 10 sources in terms of publications and citations (Web of Science) 

Rank Source (Journals) Citations  Documents 

1 Biomass Conversion and Biorefinery  13985 1335 
2 Bioresource Technology 5804 110 
3 ACS Sustainable Chemistry and Engineering 3284 104 
4 Renewable and Sustainable Energy Reviews 5476 64 
5 Biomass and Bioenergy 1941 58 
6 Fuel 1322 58 
7 Biotechnology for Biofuels 2071 48 
8 Renewable Energy 1657 48 
9 Chemical Engineering Journal 818 45 
10 Journal of Cleaner Production 1619 44 
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for Biofuels (5.54%), Bioresource Technology (4.96%), 
Sustainability (Switzerland) (4.23%), Fuel (3.73%), and Biomass 
and Bioenergy (2.48%). 

According to our data from the Web of Science, over 50% 
of the papers were published in prestigious journals focusing on 
biomass and bioenergy, while 40% were published in Scopus. 
The field of study received its most significant contributions 
from publications on biomass and journals covering various 
disciplines. Biomass and organic waste conversion have been 
extensively covered in scientific journals on biomass conversion 
and biorefinery. This research is motivated by the worldwide 
necessity to shift from fossil fuels to sustainable energy sources. 

4.4 Analysis of Keywords 

Keywords are crucial indicators of the central themes of a 
research paper (Tullu, 2019). Performing a keyword analysis 
assists in uncovering the main areas of focus, patterns of trends, 
and thematic paths within a specific field (Donthu et al., 2021; 
Rejeb et al., 2023). This systematic approach can analyze 
specific time intervals within a given period, allowing for a 
thorough examination of the changing research landscape. A 
keyword investigation was conducted on 3,246 articles from the 
Web of Science and 4,635 articles from Scopus between 2013 
and 2023.  

 
(a) 

 
(b) 

Fig. 11. Bibliometric Analysis of Keywords in Web of Sciences (a) and Scopus (b) Publications. This figure utilizes a word cloud to depict 
prominent keywords associated with biomass and organic waste conversion research, based on the Scopus database. The size of each word 
reflects its relative frequency within the analyzed publications. 

 

Table 7 
Top 10 sources in terms of publications and citations (Scopus).   

Rank Source (Journals) Citations  Documents 

1 Energies 7862 567 
2 Biomass Conversion and Biorefinery  3424 341 
3 Biotechnology for Biofuels 11523 257 
4 Bioresource Technology 11698 230 
5 Sustainability (Switzerland) 1936 196 
6 Fuel 3991 173 
7 Biomass and Bioenergy 4007 115 
8 ACS Sustainable Chemistry and Engineering 3868 113 
9 Renewable and Sustainable Energy Review 9384 110 
10 Journal of Analytical and Applied Pyrolysis  2557 102 
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Figures 11a and 11b demonstrate the most frequently 
used keywords over the past decade, potentially highlighting 
terms like 'biomass,' 'pyrolysis,' and 'gasification.' This aligns 
with Table 8, which shows 'biomass' as the most common term 
in Web of Science (WOS) and Scopus databases, with 828 and 
2,304 instances, respectively. This strong emphasis on 'biomass' 
suggests a robust research focus on this renewable energy 
source. 

The prominence of 'biomass conversion' and 'pyrolysis' as 
keywords indicates a specific research interest in these areas. 
Notably, 'pyrolysis' appears more frequently in the Web of 
Science data, suggesting a potential research strength in this 
biomass conversion technology. The term 'Lignocellulosic 
biomass' is prominently featured in both databases, highlighting 
the significant role of these raw materials in research. The terms 
'biofuel,' 'pretreatment,' and 'optimization' indicate the diverse 
methodologies and processes that form the foundation of this 

field. This keyword analysis identifies the main substances and 
methods used in research on converting biomass and organic 
waste and demonstrates the wider strategies employed in 
developing renewable energy solutions. 
 
4.5 Analysis of Highly Cited Papers 

The Web of Science and Scopus databases' top-cited papers in 
biomass and organic waste conversion from 2013 to 2023 are 
shown in Tables 9 and 10, along with further information such 
as journal, number of citations received, and country. The study 
with the most citations in Web of Science is " A comprehensive 
review on the pyrolysis of lignocellulosic biomass” by Dhyani 
and Bhaskar, published in Renewable Energy Journal in 2018. 
The study examined and assessed recent advancements in 
lignocellulosic biomass pyrolysis efficiency. Additionally, 
examining publications with many references points out areas 

Table 8 
Top 10 keywords used in biomass and organic waste research.  

Rank Keywords (WOS) Occurrences Keywords (SCOPUS) Occurrences 

1 biomass 828 biomass 2304 

2 biomass conversion 494 pyrolysis 855 

3 lignocellulosic biomass 384 biofuels 698 

4 conversion 319 cellulose 592 

5 pyrolysis 312 bioconversion 579 

6 cellulose 291 gasification 562 

7 pretreatment 271 biofuel 554 

8 gasification 230 lignin 554 

9 optimization 219 feedstocks 454 

10 lignin 207 lignocellulosic biomass 436 

 

Table 9 
Top 10 cited publications in biomass and organic waste conversion in Web of Science.  

Rank Ref. Country Journal Total 
citations 

1 (Dhyani and Bhaskar, 2018) India Renewable Energy 822 
2 (López Barreiro et al., 2013) Belgium Biomass and Bioenergy 536 
3 (Zhang et al., 2016) United States Bioresource Technology 515 
4 (Singhania et al., 2013) France Bioresource Technology 453 
5 (Ruiz et al., 2013) Portugal Renewable and Sustainable Energy Reviews  451 
6 (Zeng et al., 2014) United States Current Opinion on Biotechnology 413 
7 (Cai et al., 2017) China Renewable and Sustainable Energy Reviews  387 
8 (Yu and Tsang, 2017) China Bioresource Technology 370 
9 (Yoo et al., 2020) United States Bioresource Technology 331 
10 (Dimitriadis and Bezergianni, 

2017) 
Greece Renewable and Sustainable Energy Reviews 325 

 
Table 10 
Top 10 cited publications in the biomass and organic waste conversion field in Scopus.  

Rank Ref. Country Journal Total 
citations 

1 (Bui et al., 2018) United Kingdom Energy and Environmental Science 2213 
2 (Mariscal et al., 2016) United States Energy and Environmental Science 1161 
3 (Porosoff et al., 2016) Spain Energy and Environmental Science 900 
4 (Kumar and Sharma, 2017b) India Bioresources and Bioprocessing 836 
5 (Sikarwar et al., 2016) China Energy and Environmental Science 791 
6 (Gollakota et al., 2018) United Kingdom Renewable and Sustainable Energy Reviews  756 
7 (Elliott et al., 2015) United States Bioresource Technology  696 
8 (Destek and Sinha, 2020) Turkey Journal of Cleaner Production 631 
9 (Sheldon, 2018) Netherlands ACS Sustainable Chemistry and Engineering 586 
10 (Baruah et al., 2018) India Frontiers in Energy Research  585 
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needing further research and gaps that need to be filled. The 
article "Carbon capture and storage" by Mai Bui, published in 
the Energy and Environmental Science Journal in 2018, is also 
the most cited in Scopus. The most recent developments in 
carbon capture and storage were also examined in the study.  
 
4.6 Analysis of Institutions and Authors 

The number of publications from the top 8 most cited 
institutions was evaluated using data from Web of Science and 
Scopus records, as depicted in Figures 11 and 12. The 
assessment was conducted for the period spanning from 2013 
to 2023. This phenomenon can be attributed to the substantial 
level of interest in biomass within Asian and United States 
countries.  

In comparison, the top eight institutions have collectively 
published over 339 documents in Web of Science and 95 
documents in Scopus. Most of the eight affiliations presented in 

Tables 11 and 12 are attributed to China and the United 
Kingdom. China and Malaysia are the primary Asian nations in 
terms of publications in this research field, with 199 documents 
combined in Web of Science. On the other hand, the United 
States is the leading North American country in this field, with 
44 documents in Scopus.  

4.7 Research Gaps 

The highly cited publications discussed in this study serve 
a valuable purpose for researchers, not only by identifying 
prominent areas within related scientific fields but also by 
offering insights and methodologies that can enhance the 
recognition and visibility of new research, particularly for early-
career scholars. This can be achieved by strategically adopting 
relevant keywords within the same research domain. 
Furthermore, the sources mentioned in this study offer an 
extensive platform for publishing research findings in biomass 

Table 11 
Top eight affiliations in the chosen research string in Web of Science 

No Affiliations Country Documents 

1 Chinese Academy of Sciences China 92 
2 Huaiyin Institute Technology China 47 
3 National Renewable Energy Lab United States 37 
4 University Sao Paulo Brazil  37 
5 Technology University Denmark 37 
6 University of Chinese Academy of Sciences China 31 
7 Aalborg University Denmark  29 
8 Universiti Teknologi Malaysia Malaysia 29 

 
 
Table 12 
Top eight affiliations in the chosen research string in Scopus 

No Affiliations Country Documents 

1 University of Leeds United Kingdom  13 
2 University of Chinese Academy of Sciences China  13 
3 Hamad bin Khalifa University Qatar 13 
4 Best-bioenergy and Sustainable Technologies, GmbH Austria 12 
5 Iowa State University United States 12 
6 Iowa State University United States 12 
7 Iowa State University United States 10 
8 National Renewable Energy Laboratory  United States 10 

 

 
Fig. 11. Progress of Top Affiliations in Biomass and Organic Waste Conversion Research. This shows the publication output of the eight leading 
affiliations in biomass and organic waste conversion research according to the Web of Science database. This visualization allows researchers 
to compare the publication productivity of different affiliations within this field. 
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and organic waste conversion due to their established 
reputations. 

The study's findings unveil numerous exciting avenues for 
future biomass and organic waste conversion research. A key 
focus should be developing sustainable and integrated systems 
that transform these materials into valuable products like 
energy or commodities. Such systems could involve 
investigating innovative biomass processing approaches, such 
as exploring novel pretreatment techniques (e.g., microwave, 
ultrasonic) to enhance digestibility or employing advanced 
oxidation processes to break down complex molecules for 
efficient conversion.  Waste treatment approaches prioritizing 
ecological sustainability and economic efficiency should also be 
explored. This could involve investigating the integration of 
biological processes like composting or anaerobic digestion 
alongside thermochemical conversion technologies for a 
holistic waste management strategy. 

Further research should prioritize improvements in 
biomass conversion technology, such as developing novel 
catalysts for thermochemical conversion processes or 
optimizing enzymatic hydrolysis techniques to enhance the 
efficiency of breaking down lignocellulosic biomass into 
fermentable sugars for biofuel production. Additionally, 
exploring the integration of renewable energy sources like solar 
or geothermal power into these systems holds promise for 
establishing more environmentally friendly and self-sufficient 
processes. Energy and cost analysis modeling is a crucial field 
of study in this context. Research in this domain can 
significantly improve biomass and organic waste conversion 
systems by minimizing operational expenses while maximizing 
production output. These involve investigating novel 
approaches to decrease energy consumption during 
conversion, such as optimizing reaction conditions or exploring 
the use of waste heat for preheating purposes, and developing 
more economical materials and technologies for reactor design 
and construction. 

Finally, broadening the research agenda to encompass the 
social and environmental impacts of biomass and organic waste 
conversion is critical. This expanded scope could involve 
investigating the societal ramifications of large-scale 
implementation, such as potential land-use changes or 
economic impacts on local communities.  Evaluating the 

sustainability of conversion processes throughout their lifecycle 
assessments is crucial.  This includes analyzing factors such as 
water usage, greenhouse gas emissions, and potential air or soil 
pollution throughout the entire process, from feedstock 
cultivation to final product disposal. Researching the 
environmental footprint of converted products is also important 
to ensure their overall sustainability. By adopting a holistic 
approach, we can ensure that technologies for converting 
organic waste and biomass are developed responsibly and 
sustainably, meeting the needs of both present and future 
generations. 

4.8 Research Limitations 

This study aimed to comprehensively review biomass and 
organic waste conversion literature, focusing on development 
patterns and emerging research hotspots. However, the review 
has limitations. Firstly, the literature review is confined to the 
Web of Science and Scopus databases. This selection was made 
due to their extensive coverage of peer-reviewed scientific 
literature, but it inevitably excludes potentially relevant studies 
on other platforms such as Google Scholar. These limitations 
restrict the scope of our analysis, particularly in capturing grey 
literature or the latest unpublished research. 
Additionally, our study primarily focuses on publications in 
English, which omits significant contributions in other 
languages. These limitations suggest that while our findings 
provide valuable insights into the current state of research in 
this field, they may not fully encapsulate the global research 
landscape. Future research could include a broader range of 
databases and languages, offering a more holistic view of the 
subject matter. 

5. Future Directions for Research and Development 

Biomass, organic matter such as plants and animal waste, 
offers a promising renewable energy solution capable of 
generating electricity, heat, or transportation fuels sustainably. 
However, limitations such as low efficiency, feedstock 
specificity, and high processing costs hinder widespread 
adoption and necessitate technological advancements to 
overcome these barriers. 

 
Fig. 12. Progress of Top Affiliations in Biomass and Organic Waste Conversion Research. This depicting the publication output of the eight 
leading affiliations in biomass and organic waste conversion research, based on the Scopus database. This visualization allows researchers to 
compare the publication productivity of different affiliations within the field according to Scopus data and potentially identify trends in 
institutional research output over time. 
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The future of biomass energy lies in embracing innovation. 
New technologies such as advanced gasification, which offers 
high thermal conversion efficiency and syngas production 
suitable for further conversion into liquid fuels, and fast 
pyrolysis, which efficiently breaks down biomass into bio-oil 
usable for direct combustion or upgrading to fuels, are 
emerging.  Other promising areas include enzymatic 
conversion, which utilizes enzymes to break down biomass into 
fermentable sugars for biofuel production, and microbial fuel 
cells, which harness the power of microorganisms to directly 
convert biomass into electricity. These technologies offer 
improved efficiency, broader feedstock compatibility, and a 
more environmentally friendly approach to biofuel production. 
However, scaling up these new technologies requires further 
research and development, focusing on economic feasibility and 
technical challenges associated with large-scale 
implementation. Integration with existing infrastructure, such as 
power grids and transportation networks, and utilizing waste 
biomass streams like agricultural residues and municipal solid 
waste, can further improve viability and economic feasibility. 

Sustainable biomass utilization requires a holistic 
approach. While these technologies hold immense potential, 
environmental concerns such as greenhouse gas emissions and 
land-use change must be addressed. Advanced gasification with 
carbon capture and storage (CCS) technologies can mitigate 
emissions by capturing carbon dioxide produced during the 
process and storing it underground. Dedicated energy crops 
grown on non-arable land and prioritizing waste biomass 
sources can minimize land-use change. Life cycle assessments 
are crucial for understanding the overall environmental impact 
of biomass energy systems, including cultivation, processing, 
transportation, and emissions. 

Several key areas require further exploration to unlock the 
full potential of biomass energy. Research and development 
efforts should focus on developing more efficient and cost-
effective conversion technologies that can handle diverse 
feedstock types,  including agricultural residues, forestry waste, 
and energy crops. Integrating biomass energy systems with 
existing grids is essential for efficient distribution and utilization 
of the generated biofuels. Exploring novel feedstock sources like 
algae and dedicated energy crops with minimal environmental 
impact holds promise for the future. Additionally, research on 
advanced biomass harvesting, transportation, and storage 
techniques is needed for optimal supply chain management. By 
focusing on these key areas, we can pave the way for a future 
where biomass energy plays a significant role in a sustainable 
and clean energy future. Investing in research and development 
of biomass technologies is not just about innovation; it's about 
creating a cleaner environment, reducing our reliance on fossil 
fuels, and ensuring energy security for future generations, while 
also considering the social and economic implications of large-
scale implementation. 

6. Conclusions 

The conversion of biomass and organic waste offers a 
crucial solution to the pressing challenge of energy scarcity. 
This challenge is further amplified by factors such as population 
growth, rising living standards, and industrial expansion. These 
factors contribute to a decline in the availability of conventional 
energy sources while simultaneously driving up energy 
demand. Traditional energy production heavily relies on fossil 
fuels, which exacerbate global warming and environmental 
degradation. Consequently, there's a growing focus on 
exploring renewable energy sources such as solar, wind, and 
geothermal for power generation. 

Among these renewable options, biomass and organic 
waste conversion stands out due to its ability to effectively 
utilize agricultural residues, municipal waste, and other organic 
materials. The substantial increase in research activity in this 
field, particularly over the past five years, underscores the 
growing interest in this environmentally friendly energy 
solution. This shift is driven by a heightened awareness of the 
tangible effects of climate change and the urgent need to reduce 
dependence on fossil fuels for energy production. 

This study aimed to comprehensively analyze biomass 
and organic waste conversion technologies, explore emerging 
trends, and highlight key areas of potential and innovation. The 
analysis revealed that China, the United States, India, and 
several European countries are leading contributors to research 
in this field.  A bibliometric analysis of research publications 
identified "biomass," "biomass conversion," "lignocellulosic 
biomass," "conversion," and "pyrolysis" as the top five keywords 
in the Web of Science database.  Scopus results yielded 
"biomass," "pyrolysis," "biofuels," "cellulose," and 
"bioconversion" as the leading keywords. The prominence of 
"biomass" as the most frequent keyword across both databases 
emphasizes the research community's focus on biomass and its 
conversion processes. 

The study also examined the most highly cited papers 
published between 2013 and 2023, providing details such as 
journal, citation count, country of origin, and contribution. It 
further evaluated the top universities contributing the most 
publications. This analysis effectively maps the evolving themes 
and trends in biomass and organic waste conversion research 
over time. The performed bibliometric analysis offers valuable 
insights into potential future research directions, sheds light on 
the current areas of focus in this field, and serves as a roadmap 
for researchers pursuing future advancements in organic waste 
and biomass conversion.  This comprehensive review highlights 
significant progress made in this field and suggests promising 
avenues for future research, contributing to a deeper 
understanding of the evolution and direction of this important 
area of study. 

Acknowledgements 

The authors of this work profoundly acknowledge the financial 
assistance received from PETRONAS – Malaysia via grant 
YUTP – FRG, Cost Center No: 015LC0-404. 

Authors contributions 

K.T. Alao: Conceptualization, Methodology, Writing – original 
draft, Writing – review & editing, Proofreading. SIU Gilani: 
Writing – review & editing, Supervision, K Sopian: Proofreading 
and grammar, T.O. Alao: Writing – review & editing, D.S. 
Oyebamiji: Writing – review & editing,  T.L. Oladosu: Writing – 
review & editing, Proofreading. 

Conflicts of Interest 

The authors declare no conflict of interest.  
 
 
References 

Abbas, T., Issa, M., & Ilinca, A. (2020). Biomass Cogeneration 
Technologies: A Review. Journal of Sustainable Bioenergy Systems, 
10(01), 1–15. https://doi.org/10.4236/jsbs.2020.101001 

Abdel-Shafy, H. I., & Mansour, M. S. M. (2018). Solid waste issue: 
Sources, composition, disposal, recycling, and valorization. 

https://doi.org/10.4236/jsbs.2020.101001


K.T.Alao et al  Int. J. Renew. Energy Dev 2024, 13(4), 750-782 

|775 

 

ISSN: 2252-4940/© 2024. The Author(s). Published by CBIORE 

Egyptian Journal of Petroleum, 27(4), 1275–1290. 
https://doi.org/10.1016/j.ejpe.2018.07.003 

Aboudi, K., Álvarez-Gallego, C. J., Romero-García, L. I., & Fernández-
Güelfo, L. A. (2021). Biogas, biohydrogen, and 
polyhydroxyalkanoates production from organic waste in the 
circular economy context. Sustainable Biofuels: Opportunities and 
Challenges, 305–343. https://doi.org/10.1016/B978-0-12-
820297-5.00002-5 

Abubakar, I. R., Maniruzzaman, K. M., Dano, U. L., AlShihri, F. S., 
AlShammari, M. S., Ahmed, S. M. S., Al-Gehlani, W. A. G., & 
Alrawaf, T. I. (2022). Environmental Sustainability Impacts of 
Solid Waste Management Practices in the Global South. In 
International Journal of Environmental Research and Public Health 
19(19). https://doi.org/10.3390/ijerph191912717 

Adams, P., Bridgwater, T., Lea-Langton, A., Ross, A., & Watson, I. (2018). 
Biomass Conversion Technologies. In Greenhouse Gas Balances of 
Bioenergy Systems (pp. 107–139). https://doi.org/10.1016/B978-
0-08-101036-5.00008-2 

ADB. (2020). Waste to Energy in the Age of the Circular Economy: 
https://doi.org/10.22617/TIM200330-2 

Adegboye, M. F., Ojuederie, O. B., Talia, P. M., & Babalola, O. O. (2021). 
Bioprospecting of microbial strains for biofuel production: 
metabolic engineering, applications, and challenges. 
Biotechnology for Biofuels, 14(1), 5. 
https://doi.org/10.1186/s13068-020-01853-2 

Adekunle, K. F., & Okolie, J. A. (2015). A Review of Biochemical Process 
of Anaerobic Digestion. Advances in Bioscience and Biotechnology, 
06(03), 205–212. https://doi.org/10.4236/abb.2015.63020 

Aditiya, H. B., Mahlia, T. M. I., Chong, W. T., Nur, H., & Sebayang, A. H. 
(2016). Second generation bioethanol production: A critical 
review. Renewable and Sustainable Energy Reviews, 66, 631–653. 
https://doi.org/10.1016/j.rser.2016.07.015 

Ahmad, Q. ul A., & Qazi, J. I. (2014). Thermophilic fermentations of 
lignocellulosic substrates and economics of biofuels: Prospects in 
Pakistan. In International Journal of Energy and Environmental 
Engineering, 5(2–3), 1–14. https://doi.org/10.1007/s40095-014-
0094-4 

Aidonojie, P. A., Ukhurebor, K. E., Oaihimire, I. E., Ngonso, B. F., 
Egielewa, P. E., Akinsehinde, B. O., Kusuma, H. S., & 
Darmokoesoemo, H. (2023). Bioenergy revamping and 
complimenting the global environmental legal framework on the 
reduction of waste materials: A facile review. Heliyon, 9(1), 
e12860. https://doi.org/10.1016/j.heliyon.2023.e12860 

Akubude, V. C., Nwaigwe, K. N., & Dintwa, E. (2019). Production of 
biodiesel from microalgae via nanocatalyzed transesterification 
process: A review. Materials Science for Energy Technologies, 2(2), 
216–225. https://doi.org/10.1016/j.mset.2018.12.006 

Alao, M. A., Popoola, O. M., & Ayodele, T. R. (2022). Waste‐to‐energy 
nexus: An overview of technologies and implementation for 
sustainable development. Cleaner Energy Systems, 3, 100034. 
https://doi.org/10.1016/j.cles.2022.100034 

Al-asadi, M., Miskolczi, N., & Eller, Z. (2020). Pyrolysis-gasification of 
wastes plastics for syngas production using metal modified zeolite 
catalysts under different ratio of nitrogen/oxygen. Journal of 
Cleaner Production, 271, 122186. 
https://doi.org/10.1016/j.jclepro.2020.122186 

Alex Ryzhkov. (2023). The Complete Guide to Biomass Power Plant Business 
Financing and Raising Capital. 
https://finmodelslab.com/blogs/rising-capital/biomass-power-
plant-rising-capital 

Al-Haj Ibrahim, H. (2020). Introductory Chapter: Pyrolysis. In Recent 
Advances in Pyrolysis. IntechOpen. 
https://doi.org/10.5772/intechopen.90366 

Ali Shah, F., Mahmood, Q., Maroof Shah, M., Pervez, A., & Ahmad Asad, 
S. (2014). Microbial ecology of anaerobic digesters: The key 
players of anaerobiosis. In The Scientific World Journal (Vol. 2014). 
Hindawi Limited. https://doi.org/10.1155/2014/183752 

Alishah Aratboni, H., Rafiei, N., Garcia-Granados, R., Alemzadeh, A., & 
Morones-Ramírez, J. R. (2019). Biomass and lipid induction 
strategies in microalgae for biofuel production and other 
applications. Microbial Cell Factories, 18(1), 178. 
https://doi.org/10.1186/s12934-019-1228-4 

AlMallahi, M. N., Asaad, S. M., Inayat, A., Harby, K., & Elgendi, M. (2023). 
Analysis of solar-powered adsorption desalination systems: 
Current research trends, developments, and future perspectives. 

International Journal of Thermofluids, 20. 
https://doi.org/10.1016/j.ijft.2023.100457 

Alnouss, A., Mckay, G., & Al-Ansari, T. (2019). Superstructure Optimization 
for the Production of Fuels, Fertilizers and Power using Biomass 
Gasification (pp. 301–306). https://doi.org/10.1016/B978-0-12-
818634-3.50051-5 

Al-Rumaihi, A., Shahbaz, M., Mckay, G., Mackey, H., & Al-Ansari, T. 
(2022). A review of pyrolysis technologies and feedstock: A 
blending approach for plastic and biomass towards optimum 
biochar yield. Renewable and Sustainable Energy Reviews, 167, 
112715. https://doi.org/10.1016/j.rser.2022.112715 

Amalina, F., Razak, A. S. A., Krishnan, S., Sulaiman, H., Zularisam, A. W., 
& Nasrullah, M. (2022). Biochar production techniques utilizing 
biomass waste-derived materials and environmental applications 
– A review. Journal of Hazardous Materials Advances, 7, 100134. 
https://doi.org/10.1016/j.hazadv.2022.100134 

Amornraksa, S., Subsaipin, I., Simasatitkul, L., & Assabumrungrat, S. 
(2020). Systematic design of separation process for bioethanol 
production from corn stover. BMC Chemical Engineering, 2(1), 10. 
https://doi.org/10.1186/s42480-020-00033-1 

Amulen, J., Kasedde, H., Serugunda, J., & Lwanyaga, J. D. (2022). The 
potential of energy recovery from municipal solid waste in 
Kampala City, Uganda by incineration. Energy Conversion and 
Management: X, 14, 100204. 
https://doi.org/10.1016/j.ecmx.2022.100204 

Andersen, R. A., & Lewin, R. A. (2023). “algae.” Encyclopedia Britannica. 
https://www.britannica.com/science/algae/Physical-and-
ecological-features-of-algae 

Antunes, F. A. F., Chandel, A. K., Terán-Hilares, R., Ingle, A. P., Rai, M., 
dos Santos Milessi, T. S., da Silva, S. S., & dos Santos, J. C. (2019). 
Overcoming challenges in lignocellulosic biomass pretreatment 
for second-generation (2G) sugar production: emerging role of 
nano, biotechnological and promising approaches. 3 Biotech , 9(6). 
https://doi.org/10.1007/s13205-019-1761-1 

Anukam, A., Mohammadi, A., Naqvi, M., & Granström, K. (2019). A 
review of the chemistry of anaerobic digestion: Methods of 
accelerating and optimizing process efficiency. In Processes, 7(8), 
1–19. https://doi.org/10.3390/PR7080504 

Anvari, S., Aguado, R., Jurado, F., Fendri, M., Zaier, H., Larbi, A., & Vera, 
D. (2024). Analysis of agricultural waste/byproduct biomass 
potential for bioenergy: The case of Tunisia. Energy for Sustainable 
Development, 78, 101367. 
https://doi.org/10.1016/j.esd.2023.101367 

Aria, M., & Cuccurullo, C. (2017). bibliometrix: An R-tool for 
comprehensive science mapping analysis. Journal of Informetrics, 
11(4), 959–975. https://doi.org/10.1016/j.joi.2017.08.007 

Bähner, F. D., Prado-Rubio, O. A., & Huusom, J. K. (2021). Challenges in 
Optimization and Control of Biobased Process Systems: An 
Industrial-Academic Perspective. In Industrial and Engineering 
Chemistry Research, 60(42), 14985–15003.. 
https://doi.org/10.1021/acs.iecr.1c01792 

Bandyopadhyay-Ghosh, S., Ghosh, S. B., & Sain, M. (2015). 19 - The use 
of biobased nanofibres in composites. In O. Faruk & M. Sain 
(Eds.), Biofiber Reinforcements in Composite Materials (pp. 571–647). 
Woodhead Publishing. 
https://doi.org/10.1533/9781782421276.5.571 

Bardhan, P., Deka, A., Bhattacharya, S. S., Mandal, M., & Kataki, R. 
(2022). Chapter 18 - Economical aspect in biomass to biofuel 
production. In S. Yusup & N. A. Rashidi (Eds.), Value-Chain of 
Biofuels, 395–427. https://doi.org/10.1016/B978-0-12-824388-
6.00003-8 

Baruah, J., Nath, B. K., Sharma, R., Kumar, S., Deka, R. C., Baruah, D. C., 
& Kalita, E. (2018). Recent trends in the pretreatment of 
lignocellulosic biomass for value-added products. In Frontiers in 
Energy Research, 6. https://doi.org/10.3389/fenrg.2018.00141 

Batista, A. P., Gouveia, L., & Marques, P. A. S. S. (2018). Fermentative 
hydrogen production from microalgal biomass by a single strain 
of bacterium Enterobacter aerogenes – Effect of operational 
conditions and fermentation kinetics. Renewable Energy, 119, 203–
209. https://doi.org/10.1016/j.renene.2017.12.017 

Battista, F., Frison, N., Pavan, P., Cavinato, C., Gottardo, M., Fatone, F., 
Eusebi, A., Majone, M., Zeppilli, M., Valentino, F., Fino, D., 
Tommasi, T., & Bolzonella, D. (2019). Food wastes and sewage 
sludge as feedstock for an urban biorefinery producing biofuels 

https://doi.org/10.1016/j.ejpe.2018.07.003
https://doi.org/10.1016/B978-0-12-820297-5.00002-5
https://doi.org/10.1016/B978-0-12-820297-5.00002-5
https://doi.org/10.3390/ijerph191912717
https://doi.org/10.1016/B978-0-08-101036-5.00008-2
https://doi.org/10.1016/B978-0-08-101036-5.00008-2
https://doi.org/10.22617/TIM200330-2
https://doi.org/10.1186/s13068-020-01853-2
https://doi.org/10.4236/abb.2015.63020
https://doi.org/10.1016/j.rser.2016.07.015
https://doi.org/10.1007/s40095-014-0094-4
https://doi.org/10.1007/s40095-014-0094-4
https://doi.org/10.1016/j.heliyon.2023.e12860
https://doi.org/10.1016/j.mset.2018.12.006
https://doi.org/10.1016/j.cles.2022.100034
https://doi.org/10.1016/j.jclepro.2020.122186
https://finmodelslab.com/blogs/rising-capital/biomass-power-plant-rising-capital
https://finmodelslab.com/blogs/rising-capital/biomass-power-plant-rising-capital
https://doi.org/10.5772/intechopen.90366
https://doi.org/10.1155/2014/183752
https://doi.org/10.1186/s12934-019-1228-4
https://doi.org/10.1016/j.ijft.2023.100457
https://doi.org/10.1016/B978-0-12-818634-3.50051-5
https://doi.org/10.1016/B978-0-12-818634-3.50051-5
https://doi.org/10.1016/j.rser.2022.112715
https://doi.org/10.1016/j.hazadv.2022.100134
https://doi.org/10.1186/s42480-020-00033-1
https://doi.org/10.1016/j.ecmx.2022.100204
https://www.britannica.com/science/algae/Physical-and-ecological-features-of-algae
https://www.britannica.com/science/algae/Physical-and-ecological-features-of-algae
https://doi.org/10.1007/s13205-019-1761-1
https://doi.org/10.3390/PR7080504
https://doi.org/10.1016/j.esd.2023.101367
https://doi.org/10.1016/j.joi.2017.08.007
https://doi.org/10.1021/acs.iecr.1c01792
https://doi.org/10.1533/9781782421276.5.571
https://doi.org/10.1016/B978-0-12-824388-6.00003-8
https://doi.org/10.1016/B978-0-12-824388-6.00003-8
https://doi.org/10.3389/fenrg.2018.00141
https://doi.org/10.1016/j.renene.2017.12.017


K.T.Alao et al  Int. J. Renew. Energy Dev 2024, 13(4), 750-782 

|776 

 

ISSN: 2252-4940/© 2024. The Author(s). Published by CBIORE 

and added value bio‐products. Journal of Chemical Technology & 
Biotechnology, 95. https://doi.org/10.1002/jctb.6096 

Beluhan, S., Mihajlovski, K., Šantek, B., & Ivančić Šantek, M. (2023). The 
Production of Bioethanol from Lignocellulosic Biomass: 
Pretreatment Methods, Fermentation, and Downstream 
Processing. Energies, 16(19).. 
https://doi.org/10.3390/en16197003 

Ben-Iwo, J., Manovic, V., & Longhurst, P. (2016). Biomass resources and 
biofuels potential for the production of transportation fuels in 
Nigeria. Renewable and Sustainable Energy Reviews, 63, 172–192. 
https://doi.org/https://doi.org/10.1016/j.rser.2016.05.050 

Bennett, P and Buckley, P. (2022). IEA-Bioenergy-Annual-Report-2021. 
https://www.ieabioenergy.com/wp-
content/uploads/2022/04/IEA-Bioenergy-Annual-Report-
2021.pdf 

Bera, T., Inglett, K., & Wilkie, A. (2020). Biofuel: Concepts and 
Considerations. EDIS, 2020. https://doi.org/10.32473/edis-
ss688-2020 

Bharadwaj, G., Chopde, S., Taluja, R., Lalitha, G., Chandrashekar, R., & 
Dhahi, H. A. (2023). Closing the Loop: Advances in Materials, 
Energy, and Waste Management. E3S Web of Conferences, 453, 
01024. https://doi.org/10.1051/e3sconf/202345301024 

Bian, R., Ma, B., Zhu, X., Wang, W., Li, L., Joseph, S., Liu, X., & Cheng, 
K. (2016). Pyrolysis of crop residues in a mobile bench-scale 
pyrolyser: Product Characterization and Environmental 
Performance. Journal of Analytical and Applied Pyrolysis, 119. 
https://doi.org/10.1016/j.jaap.2016.03.018 

Bibra, M., Samanta, D., Sharma, N. K., Singh, G., Johnson, G. R., & Sani, 
R. K. (2023). Food Waste to Bioethanol: Opportunities and 
Challenges. In Fermentationm 9(1). 
https://doi.org/10.3390/fermentation9010008 

Bisinella, V., Hulgaard, T., Riber, C., Damgaard, A., & Christensen, T. H. 
(2021). Environmental assessment of carbon capture and storage 
(CCS) as a post-treatment technology in waste incineration. Waste 
Management, 128, 99–113. 
https://doi.org/10.1016/j.wasman.2021.04.046 

Blair, M. J., Gagnon, B., Klain, A., & Kulišić, B. (2021). Contribution of 
biomass supply chains for bioenergy to sustainable development 
goals. Land, 10(2), 1–28. https://doi.org/10.3390/land10020181 

Blasi, A., Verardi, A., Lopresto, C. G., Siciliano, S., & Sangiorgio, P. (2023). 
Lignocellulosic Agricultural Waste Valorization to Obtain 
Valuable Products: An Overview. Recycling, 8(4). 
https://doi.org/10.3390/recycling8040061 

Bolan, N., Hoang, A., Beiyuan, J., Gupta, S., Hou, D., Karakoti, A., Joseph, 
S., Jung, S., Kim, K.-H., Kirkham, M., Kua, H., Kumar, M., Kwon, 
E., Ok, Y. S., Perera, V., Rinklebe, J., Shaheen, S., Sarkar, B., 
Sarmah, A., & Van Zwieten, L. (2021). Multifunctional 
applications of biochar beyond carbon storage. International 
Materials Reviews, 67, 150–200. 
https://doi.org/10.1080/09506608.2021.1922047 

Bolívar Caballero, J. J., Zaini, I. N., & Yang, W. (2022). Reforming 
processes for syngas production: A mini-review on the current 
status, challenges, and prospects for biomass conversion to fuels. 
Applications in Energy and Combustion Science, 10, 100064. 
https://doi.org/10.1016/j.jaecs.2022.100064 

Bošnjaković, M., & Sinaga, N. (2020). The perspective of large-scale 
production of algae biodiesel. Applied Sciences, 10(22), 1–26. 
https://doi.org/10.3390/app10228181 

Britannica. (2023, November 7). fermentation . Encyclopedia Britannica. 
https://www.britannica.com/science/fermentation 

Broda, M., Yelle, D. J., & Serwańska, K. (2022). Bioethanol Production 
from Lignocellulosic Biomass—Challenges and Solutions. In 
Molecules, 27 (24). https://doi.org/10.3390/molecules27248717 

Brunner, P. H., & Rechberger, H. (2015). Waste to energy – key element 
for sustainable waste management. Waste Management, 37, 3–12. 
https://doi.org/10.1016/j.wasman.2014.02.003 

Bui, M., Adjiman, C. S., Bardow, A., Anthony, E. J., Boston, A., Brown, S., 
Fennell, P. S., Fuss, S., Galindo, A., Hackett, L. A., Hallett, J. P., 
Herzog, H. J., Jackson, G., Kemper, J., Krevor, S., Maitland, G. C., 
Matuszewski, M., Metcalfe, I. S., Petit, C., … Mac Dowell, N. 
(2018). Carbon capture and storage (CCS): The way forward.  
Energy and Environmental Science, 11(5), 1062–1176. 
https://doi.org/10.1039/c7ee02342a 

Bušić, A., Mardetko, N., Kundas, S., Morzak, G., Belskaya, H., Šantek, M. 
I., Komes, D., Novak, S., & Šantek, B. (2018). Bioethanol 

production from renewable raw materials and its separation and 
purification: A review. Food Technology and Biotechnology ,56(3), 
289–311. https://doi.org/10.17113/ftb.56.03.18.5546 

Cai, J., He, Y., Yu, X., Banks, S. W., Yang, Y., Zhang, X., Yu, Y., Liu, R., 
& Bridgwater, A. V. (2017). Review of physicochemical properties 
and analytical characterization of lignocellulosic biomass. In 
Renewable and Sustainable Energy Reviews, 76, 309–322. 
https://doi.org/10.1016/j.rser.2017.03.072 

Canabarro, N., Soares, J. F., Anchieta, C. G., Kelling, C. S., & Mazutti, M. 
A. (2013). Thermochemical processes for biofuels production 
from biomass. Sustainable Chemical Processes, 1(1), 22. 
https://doi.org/10.1186/2043-7129-1-22 

Catherine Lane. (2023, November 9). Biomass energy pros and cons. 
Solar Reviews. https://www.solarreviews.com/blog/biomass-
energy-pros-and-cons 

Celebi, A. D., Sharma, S., Ensinas, A. V., & Maréchal, F. (2019). Next 
generation cogeneration system for industry – Combined heat 
and fuel plant using biomass resources. Chemical Engineering 
Science, 204, 59–75. https://doi.org/10.1016/j.ces.2019.04.018 

Ceron-Chafla, P., Kleerebezem, R., Rabaey, K., Van Lier, J. B., & 
Lindeboom, R. E. F. (2020). Direct and Indirect Effects of 
Increased CO2Partial Pressure on the Bioenergetics of Syntrophic 
Propionate and Butyrate Conversion. Environmental Science and 
Technology, 54(19), 12583–12592. 
https://doi.org/10.1021/acs.est.0c02022 

Chen, H., & Wang, L. (2017). Chapter 1. Introduction. 
https://doi.org/10.1016/B978-0-12-802417-1.00001-6 

Chen, W.-H., Lin, B.-J., Lin, Y.-Y., Chu, Y.-S., Ubando, A. T., Show, P. L., 
Ong, H. C., Chang, J.-S., Ho, S.-H., Culaba, A. B., Pétrissans, A., & 
Pétrissans, M. (2021). Progress in biomass torrefaction: 
Principles, applications and challenges. Progress in Energy and 
Combustion Science, 82, 100887. 
https://doi.org/10.1016/j.pecs.2020.100887 

Chhandama, M. V. L., Ruatpuia, J. V. L., Ao, S., Chetia, A. C., Satyan, K. 
B., & Rokhum, S. L. (2023). Microalgae as a sustainable feedstock 
for biodiesel and other production industries: Prospects and 
challenges. Energy Nexus, 12, 100255. 
https://doi.org/10.1016/j.nexus.2023.100255 

Chin, K. L., & Hng, P. S. (2013). A Real Story of Bioethanol from Biomass: 
Malaysia Perspective. In Biomass Now - Sustainable Growth and 
Use. InTech. https://doi.org/10.5772/51198 

Chow, W. L., Chong, S., Lim, J. W., Chan, Y. J., Chong, M. F., Tiong, T. 
J., Chin, J. K., & Pan, G. T. (2020). Anaerobic co-digestion of 
wastewater sludge: A review of potential co-substrates and 
operating factors for improved methane yield.  Processes, 8(1). 
https://doi.org/10.3390/pr8010039 

Chung, J. N. (2013). Grand challenges in bioenergy and biofuel research: 
Engineering and technology development, environmental impact, 
and sustainability. Frontiers in Energy Research, 1(SEP). 
https://doi.org/10.3389/fenrg.2013.00004 

Clauser, N. M., González, G., Mendieta, C. M., Kruyeniski, J., Area, M. C., 
& Vallejos, M. E. (2021). Biomass waste as sustainable raw 
material for energy and fuels. Sustainability (Switzerland), 13(2), 1–
21. https://doi.org/10.3390/su13020794 

Czekała, W., Nowak, M., & Bojarski, W. (2023). Characteristics of 
Substrates Used for Biogas Production in Terms of Water 
Content. In Fermentation, 9(5). 
https://doi.org/10.3390/fermentation9050449 

Daneshvar, E., Sik Ok, Y., Tavakoli, S., Sarkar, B., Shaheen, S. M., Hong, 
H., Luo, Y., Rinklebe, J., Song, H., & Bhatnagar, A. (2021). Insights 
into upstream processing of microalgae: A review. Bioresource 
Technology, 329, 124870. 
https://doi.org/10.1016/j.biortech.2021.124870 

Das, A., Das, S., Das, N., Pandey, P., Ingti, B., Panchenko, V., Bolshev, V., 
Kovalev, A., & Pandey, P. (2023). Advancements and Innovations 
in Harnessing Microbial Processes for Enhanced Biogas 
Production from Waste Materials. Agriculture (Switzerland), 13, (9). 
https://doi.org/10.3390/agriculture13091689 

Dawod, A. (2021). Pyrolysis of biomass. 
https://hdl.handle.net/11250/2774693 

Department of Energy. (2015). Biomass Basics: The Facts About Bioenergy. 
https://www.energy.gov/sites/prod/files/2015/07/f24/bioma
ss_basics.pdf 

Deshmukh, R., Jacobson, A., Chamberlin, C., & Kammen, D. (2013). 
Thermal gasification or direct combustion? Comparison of 

https://doi.org/10.1002/jctb.6096
https://doi.org/10.3390/en16197003
https://doi.org/https:/doi.org/10.1016/j.rser.2016.05.050
https://www.ieabioenergy.com/wp-content/uploads/2022/04/IEA-Bioenergy-Annual-Report-2021.pdf
https://www.ieabioenergy.com/wp-content/uploads/2022/04/IEA-Bioenergy-Annual-Report-2021.pdf
https://www.ieabioenergy.com/wp-content/uploads/2022/04/IEA-Bioenergy-Annual-Report-2021.pdf
https://doi.org/10.32473/edis-ss688-2020
https://doi.org/10.32473/edis-ss688-2020
https://doi.org/10.1051/e3sconf/202345301024
https://doi.org/10.1016/j.jaap.2016.03.018
https://doi.org/10.3390/fermentation9010008
https://doi.org/10.1016/j.wasman.2021.04.046
https://doi.org/10.3390/land10020181
https://doi.org/10.3390/recycling8040061
https://doi.org/10.1080/09506608.2021.1922047
https://doi.org/10.1016/j.jaecs.2022.100064
https://doi.org/10.3390/app10228181
https://www.britannica.com/science/fermentation
https://doi.org/10.3390/molecules27248717
https://doi.org/10.1016/j.wasman.2014.02.003
https://doi.org/10.1039/c7ee02342a
https://doi.org/10.17113/ftb.56.03.18.5546
https://doi.org/10.1016/j.rser.2017.03.072
https://doi.org/10.1186/2043-7129-1-22
https://www.solarreviews.com/blog/biomass-energy-pros-and-cons
https://www.solarreviews.com/blog/biomass-energy-pros-and-cons
https://doi.org/10.1016/j.ces.2019.04.018
https://doi.org/10.1021/acs.est.0c02022
https://doi.org/10.1016/B978-0-12-802417-1.00001-6
https://doi.org/10.1016/j.pecs.2020.100887
https://doi.org/10.1016/j.nexus.2023.100255
https://doi.org/10.5772/51198
https://doi.org/10.3390/pr8010039
https://doi.org/10.3389/fenrg.2013.00004
https://doi.org/10.3390/su13020794
https://doi.org/10.3390/fermentation9050449
https://doi.org/10.1016/j.biortech.2021.124870
https://doi.org/10.3390/agriculture13091689
https://hdl.handle.net/11250/2774693
https://www.energy.gov/sites/prod/files/2015/07/f24/biomass_basics.pdf
https://www.energy.gov/sites/prod/files/2015/07/f24/biomass_basics.pdf


K.T.Alao et al  Int. J. Renew. Energy Dev 2024, 13(4), 750-782 

|777 

 

ISSN: 2252-4940/© 2024. The Author(s). Published by CBIORE 

advanced cogeneration systems in the sugarcane industry. 
Biomass and Bioenergy, 55, 163–174. 
https://doi.org/10.1016/j.biombioe.2013.01.033 

Destek, M. A., & Sinha, A. (2020). Renewable, non-renewable energy 
consumption, economic growth, trade openness and ecological 
footprint: Evidence from organisation for economic Co-operation 
and development countries. Journal of Cleaner Production, 242. 
https://doi.org/10.1016/j.jclepro.2019.118537 

Devi, M., & Rawat, S. (2021). A comprehensive review of the pyrolysis 
process: From carbon nanomaterial synthesis to waste treatment. 
In Oxford Open Materials Science, 1(1). 
https://doi.org/10.1093/oxfmat/itab014 

Dhawane, S. H., Al-Sakkari, E. G., & Yadav, D. (2022). Chapter 15 - Cost-
effective viable solutions for existing technologies. In D. Yadav, 
P. Kumar, P. Singh, & D. A. Vallero (Eds.), Hazardous Waste 
Management (pp. 381–395). Elsevier. 
https://doi.org/10.1016/B978-0-12-824344-2.00033-1 

Dhyani, V., & Bhaskar, T. (2018). A comprehensive review on the 
pyrolysis of lignocellulosic biomass. Renewable Energy, 129, 695–
716. https://doi.org/10.1016/j.renene.2017.04.035 

Dimitriadis, A., & Bezergianni, S. (2017). Hydrothermal liquefaction of 
various biomass and waste feedstocks for biocrude production: A 
state of the art review. Renewable and Sustainable Energy Reviews, 
68,113–125. https://doi.org/10.1016/j.rser.2016.09.120 

Ding, Y., Xi, Y., Gao, H., Wang, J., Wei, W., & Zhang, R. (2022). Porosity 
of municipal solid waste incinerator bottom ash effects on asphalt 
mixture performance. Journal of Cleaner Production, 369, 133344. 
https://doi.org/10.1016/j.jclepro.2022.133344 

Dong, L., Qi, W., Sun, Y., Kong, X., & Zhang, Y. (2009). Hydrogen 
production characteristics of the organic fraction of municipal 
solid wastes by anaerobic mixed culture fermentation. 
International Journal of Hydrogen Energy - INT J HYDROGEN 
ENERG, 34, 812–820. 
https://doi.org/10.1016/j.ijhydene.2008.11.031 

Donthu, N., Kumar, S., Mukherjee, D., Pandey, N., & Lim, W. M. (2021). 
How to conduct a bibliometric analysis: An overview and 
guidelines. Journal of Business Research, 133. 
https://doi.org/10.1016/j.jbusres.2021.04.070 

Du, Y., Zou, W., Zhang, K., Ye, G., & Yang, J. (2020). Advances and 
Applications of Clostridium Co-culture Systems in Biotechnology. 
Frontiers in Microbiology, 11. 
https://doi.org/10.3389/fmicb.2020.560223 

Ebrahimzadeh, G., Alimohammadi, M., Kahkah, M. R. R., & Mahvi, A. H. 
(2021). Relationship between algae diversity and water quality- a 
case study: Chah Niemeh reservoir Southeast of Iran. Journal of 
Environmental Health Science and Engineering, 19(1), 437–443. 
https://doi.org/10.1007/s40201-021-00616-x 

EEA. (2020). Bio-waste in Europe-turning challenges into opportunities. 
European Environment Agency. https://doi.org/10.2800/630938 

EIA. (2022). Biomass explained: Biomass and the environment. U.S. Energy 
Information Administration. 
https://www.eia.gov/energyexplained/biomass/biomass-and-
the-environment.php 

Elliott, D. C., Biller, P., Ross, A. B., Schmidt, A. J., & Jones, S. B. (2015). 
Hydrothermal liquefaction of biomass: Developments from batch 
to continuous process. Bioresource Technology,178, 147–156).. 
https://doi.org/10.1016/j.biortech.2014.09.132 

Erdiwansyah, Gani, A., Zaki, M., Mamat, R., Nizar, M., Rosdi, S. M., Yana, 
S., & Sarjono, R. E. (2023). Analysis of technological 
developments and potential of biomass gasification as a viable 
industrial process: A review. Case Studies in Chemical and 
Environmental Engineering, 8, 100439. 
https://doi.org/10.1016/j.cscee.2023.100439 

EUBA. (2023a). Environmental benefits of biomass. European Biomass 
Industry Association. https://www.eubia.org/cms/wiki-
biomass/employment-potential-in-figures/environmental-
benefits/ 

EUBA. (2023b). R&D orientations to bioenergy. European Biomass Industry 
Association. https://www.eubia.org/cms/wiki-biomass/r-d-
orientations/ 

Fakruhayat, M., & Rashid, A. (2023). How to Conduct a Bibliometric 
Analysis using R Packages: A Comprehensive Guidelines. In 
Journal of Tourism, Hospitality & Culinary Arts ,15(1). 

Farghali, M., Osman, A. I., Umetsu, K., & Rooney, D. W. (2022). 
Integration of biogas systems into a carbon zero and hydrogen 

economy: a review. Environmental Chemistry Letters , 20(5), 2853–
2927). https://doi.org/10.1007/s10311-022-01468-z 

Fasaei, F., Bitter, J. H., Slegers, P. M., & van Boxtel, A. J. B. (2018). 
Techno-economic evaluation of microalgae harvesting and 
dewatering systems. Algal Research, 31, 347–362. 
https://doi.org/10.1016/j.algal.2017.11.038 

Ferdoush, Md. R., Aziz, R. Al, Karmaker, C. L., Debnath, B., Limon, M. 
H., & Bari, A. B. M. M. (2024). Unraveling the challenges of waste-
to-energy transition in emerging economies: Implications for 
sustainability. Innovation and Green Development, 3(2), 100121. 
https://doi.org/10.1016/j.igd.2023.100121 

Fiala, M., & Nonini, L. (2018). Biomass and biofuels. EPJ Web of 
Conferences, 189, 00006. 
https://doi.org/10.1051/epjconf/201818900006 

Fiore, M., Magi, V., & Viggiano, A. (2020). Internal combustion engines 
powered by syngas: A review. Applied Energy, 276, 115415. 
https://doi.org/10.1016/j.apenergy.2020.115415 

Fuentes-Cortés, L. F., Zavala, V. M., González-Campos, J. B., & Ponce-
Ortega, J. M. (2017). Optimal Coupling of Demand Patterns for 
Improving the Performance of CHP Systems. In A. Espuña, M. 
Graells, & L. Puigjaner (Eds.), Computer Aided Chemical 
Engineering, 40, 1909–1914. Elsevier. 
https://doi.org/10.1016/B978-0-444-63965-3.50320-2 

Gabrielli, P., Rosa, L., Gazzani, M., Meys, R., Bardow, A., Mazzotti, M., & 
Sansavini, G. (2023). Net-zero emissions chemical industry in a 
world of limited resources. One Earth, 6(6), 682–704. 
https://doi.org/10.1016/j.oneear.2023.05.006 

Gao, Y., Wang, M., Raheem, A., Wang, F., Wei, J., Xu, D., Song, X., Bao, 
W., Huang, A., Zhang, S., & Zhang, H. (2023). Syngas Production 
from Biomass Gasification: Influences of Feedstock Properties, 
Reactor Type, and Reaction Parameters. ACS Omega, 8(35), 
31620–31631. https://doi.org/10.1021/acsomega.3c03050 

Garba, A. (2020). Biomass Conversion Technologies for Bioenergy 
Generation: An Introduction. www.intechopen.com 

Garver, M. P., & Liu, S. (2014). Chapter 27 - Development of 
Thermochemical and Biochemical Technologies for Biorefineries. 
In V. K. Gupta, M. G. Tuohy, C. P. Kubicek, J. Saddler, & F. Xu 
(Eds.), Bioenergy Research: Advances and Applications (pp. 457–
488). Elsevier. https://doi.org/10.1016/B978-0-444-59561-
4.00027-9 

GGI Insights. (2023). Bioenergy: Sustainable Solutions for Renewable 
Energy. Gray Group International. 
https://www.graygroupintl.com/blog/bioenergy#:~:text=The%
20integration%20of%20bioenergy%20in,energy%20system%20c
an%20be%20achieved. 

Gnanasekaran, L., Priya, A. K., Thanigaivel, S., Hoang, T. K. A., & Soto-
Moscoso, M. (2023). The conversion of biomass to fuels via 
cutting-edge technologies: Explorations from natural utilization 
systems. Fuel, 331, 125668. 
https://doi.org/10.1016/j.fuel.2022.125668 

Gollakota, A. R. K., Kishore, N., & Gu, S. (2018). A review on 
hydrothermal liquefaction of biomass. In Renewable and 
Sustainable Energy Reviews, 81, 1378–1392. 
https://doi.org/10.1016/j.rser.2017.05.178 

Greenvolt. (2023). Energy from Biomass: Why Does Transforming 
Matter? Biomass Energy. https://greenvolt.com/biomass-
energy/ 

Grierson, S., Strezov, V., & Shah, P. (2011). Properties of oil and char 
derived from slow pyrolysis of Tetraselmis chui. Bioresource 
Technology, 102, 8232–8240. 
https://doi.org/10.1016/j.biortech.2011.06.010 

Gumisiriza, R., Hawumba, J. F., Okure, M., & Hensel, O. (2017). Biomass 
waste-to-energy valorisation technologies: A review case for 
banana processing in Uganda. Biotechnology for Biofuels, 10(1). 
https://doi.org/10.1186/s13068-016-0689-5 

Gupta, S., Mondal, P., Borugadda, V. B., & Dalai, A. K. (2021). Advances 
in upgradation of pyrolysis bio-oil and biochar towards 
improvement in bio-refinery economics: A comprehensive 
review. Environmental Technology & Innovation, 21, 101276. 
https://doi.org/10.1016/j.eti.2020.101276 

Haque, N., & Azad, A. K. (2023). Comparative Study of Hydrogen 
Production from Organic Fraction of Municipal Solid Waste and 
Its Challenges: A Review. Energies, 16(23). 
https://doi.org/10.3390/en16237853 

https://doi.org/10.1016/j.biombioe.2013.01.033
https://doi.org/10.1016/j.jclepro.2019.118537
https://doi.org/10.1093/oxfmat/itab014
https://doi.org/10.1016/B978-0-12-824344-2.00033-1
https://doi.org/10.1016/j.renene.2017.04.035
https://doi.org/10.1016/j.rser.2016.09.120
https://doi.org/10.1016/j.jclepro.2022.133344
https://doi.org/10.1016/j.ijhydene.2008.11.031
https://doi.org/10.1016/j.jbusres.2021.04.070
https://doi.org/10.3389/fmicb.2020.560223
https://doi.org/10.1007/s40201-021-00616-x
https://doi.org/10.2800/630938
https://www.eia.gov/energyexplained/biomass/biomass-and-the-environment.php
https://www.eia.gov/energyexplained/biomass/biomass-and-the-environment.php
https://doi.org/10.1016/j.biortech.2014.09.132
https://doi.org/10.1016/j.cscee.2023.100439
https://www.eubia.org/cms/wiki-biomass/employment-potential-in-figures/environmental-benefits/
https://www.eubia.org/cms/wiki-biomass/employment-potential-in-figures/environmental-benefits/
https://www.eubia.org/cms/wiki-biomass/employment-potential-in-figures/environmental-benefits/
https://www.eubia.org/cms/wiki-biomass/r-d-orientations/
https://www.eubia.org/cms/wiki-biomass/r-d-orientations/
https://doi.org/10.1007/s10311-022-01468-z
https://doi.org/10.1016/j.algal.2017.11.038
https://doi.org/10.1016/j.igd.2023.100121
https://doi.org/10.1051/epjconf/201818900006
https://doi.org/10.1016/j.apenergy.2020.115415
https://doi.org/10.1016/B978-0-444-63965-3.50320-2
https://doi.org/10.1016/j.oneear.2023.05.006
https://doi.org/10.1021/acsomega.3c03050
www.intechopen.com
https://doi.org/10.1016/B978-0-444-59561-4.00027-9
https://doi.org/10.1016/B978-0-444-59561-4.00027-9
https://www.graygroupintl.com/blog/bioenergy%23:~:text=The%20integration%20of%20bioenergy%20in,energy%20system%20can%20be%20achieved
https://www.graygroupintl.com/blog/bioenergy%23:~:text=The%20integration%20of%20bioenergy%20in,energy%20system%20can%20be%20achieved
https://www.graygroupintl.com/blog/bioenergy%23:~:text=The%20integration%20of%20bioenergy%20in,energy%20system%20can%20be%20achieved
https://doi.org/10.1016/j.fuel.2022.125668
https://doi.org/10.1016/j.rser.2017.05.178
https://greenvolt.com/biomass-energy/
https://greenvolt.com/biomass-energy/
https://doi.org/10.1016/j.biortech.2011.06.010
https://doi.org/10.1186/s13068-016-0689-5
https://doi.org/10.1016/j.eti.2020.101276
https://doi.org/10.3390/en16237853


K.T.Alao et al  Int. J. Renew. Energy Dev 2024, 13(4), 750-782 

|778 

 

ISSN: 2252-4940/© 2024. The Author(s). Published by CBIORE 

Harirchi, S., Wainaina, S., Sar, T., Nojoumi, S. A., Parchami, M., 
Parchami, M., Varjani, S., Khanal, S. K., Wong, J., Awasthi, M. K., 
& Taherzadeh, M. J. (2022). Microbiological insights into 
anaerobic digestion for biogas, hydrogen or volatile fatty acids 
(VFAs): a review. Bioengineered,13(3), 6521–6557). 
https://doi.org/10.1080/21655979.2022.2035986 

Hasan, M., Abedin, M. Z., Amin, M. Bin, Nekmahmud, Md., & Oláh, J. 
(2023). Sustainable biofuel economy: A mapping through 
bibliometric research. Journal of Environmental Management, 336, 
117644. 
https://doi.org/https://doi.org/10.1016/j.jenvman.2023.11764
4 

Holechek, J. L., Geli, H. M. E., Sawalhah, M. N., & Valdez, R. (2022). A 
Global Assessment: Can Renewable Energy Replace Fossil Fuels 
by 2050? Sustainability (Switzerland), 14(8). 
https://doi.org/10.3390/su14084792 

How, B. S., Ngan, S. L., Hong, B. H., Lam, H. L., Ng, W. P. Q., Yusup, S., 
Ghani, W. A. W. A. K., Kansha, Y., Chan, Y. H., Cheah, K. W., 
Shahbaz, M., Singh, H. K. G., Yusuf, N. R., Shuhaili, A. F. A., & 
Rambli, J. (2019). An outlook of Malaysian biomass industry 
commercialisation: Perspectives and challenges. Renewable and 
Sustainable Energy Reviews, 113, 109277. 
https://doi.org/10.1016/j.rser.2019.109277 

IEA. (2020). Outlook for biogas and Prospects for organic growth World 
Energy Outlook Special Report biomethane. 
https://www.iea.org/reports/outlook-for-biogas-and-
biomethane-prospects-for-organic-growth/an-introduction-to-
biogas-and-biomethane 

IEA, & OECD. (2011). Key points FACT SHEET Low Carbon Green Growth 
Roadmap for Asia and the Pacific. 
https://www.iea.org/G8/CHP/docs/IEA_India.pdf 

Jaiswal, K. K., Chowdhury, C. R., Yadav, D., Verma, R., Dutta, S., Jaiswal, 
K. S., SangmeshB, & Karuppasamy, K. S. K. (2022). Renewable 
and sustainable clean energy development and impact on social, 
economic, and environmental health. Energy Nexus, 7, 100118. 
https://doi.org/10.1016/j.nexus.2022.100118 

Jarvie, M. E. (2023). “anaerobic digestion.” Encyclopedia Britannica. 
https://www.britannica.com/science/anaerobic-digestion. 

Junginger, M. (2013). Key messages bioenergy- A Sustainable and reliable 
energy source:A review of status and prospects. 

Kabeyi, M. J. B., & Olanrewaju, O. A. (2022a). Biogas Production and 
Applications in the Sustainable Energy Transition. Journal of 
Energy, 2022, 1–43. https://doi.org/10.1155/2022/8750221 

Kabeyi, M. J. B., & Olanrewaju, O. A. (2022b). Sustainable Energy 
Transition for Renewable and Low Carbon Grid Electricity 
Generation and Supply. Frontiers in Energy Research (Vol. 9). 
https://doi.org/10.3389/fenrg.2021.743114 

Kabeyi, M. J. B., & Olanrewaju, O. A. (2023). Smart grid technologies and 
application in the sustainable energy transition: a review. 
International Journal of Sustainable Energy, 42(1), 685–758. 
https://doi.org/10.1080/14786451.2023.2222298 

Kalak, T. (2023). Potential Use of Industrial Biomass Waste as a 
Sustainable Energy Source in the Future. In Energies 16, (4). 
https://doi.org/10.3390/en16041783 

Kataya, G., Cornu, D., Bechelany, M., Hijazi, A., & Issa, M. (2023). 
Biomass Waste Conversion Technologies and Its Application for 
Sustainable Environmental Development—A Review. Agronomy, 
13(11), 2833. https://doi.org/10.3390/agronomy13112833 

Khan, K. A., Quamar, M. M., Al-Qahtani, F. H., Asif, M., Alqahtani, M., & 
Khalid, M. (2023). Smart grid infrastructure and renewable energy 
deployment: A conceptual review of Saudi Arabia. Energy Strategy 
Reviews, 50, 101247. https://doi.org/10.1016/j.esr.2023.101247 

Khan, M. I., Shin, J. H., & Kim, J. D. (2018). The promising future of 
microalgae: Current status, challenges, and optimization of a 
sustainable and renewable industry for biofuels, feed, and other 
products. Microbial Cell Factories 17(1). 
https://doi.org/10.1186/s12934-018-0879-x 

Khan, S., Das, P., Abdul Quadir, M., Thaher, M. I., Mahata, C., Sayadi, S., 
& Al-Jabri, H. (2023). Microalgal Feedstock for Biofuel 
Production: Recent Advances, Challenges, and Future 
Perspective. Fermentation 9(3).. 
https://doi.org/10.3390/fermentation9030281 

Khurram Shahzad, Baozhou Lu, Daud Abdul, Adnan Safi, Muhammad 
Umar, & Numan Khan Afridi. (2023). Assessment of biomass 

energy barriers towards sustainable development: Application of 
Pythagorean fuzzy AHP. Geological Journal, 58(4), 1607–1622. 

Kitessa, W. M., Fufa, F., & Abera, D. (2022). Biogas Production and 
Biofertilizer Estimation from Anaerobic Co-Digestion of Blends of 
Wastewater and Microalgae. International Journal of Chemical 
Engineering, 2022. https://doi.org/10.1155/2022/3560068 

Kitessa, W. M., Fufa Feyessa, F., & Abera, D. (2022). Biogas Production 
and Biofertilizer Estimation from Anaerobic Co-Digestion of 
Blends of Wastewater and Microalgae. International Journal of 
Chemical Engineering, 2022, 1–10. 
https://doi.org/10.1155/2022/3560068 

Klinghoffer, N. B., Themelis, N. J., & Castaldi, M. J. (2013). 1 - Waste to 
energy (WTE): an introduction. In N. B. Klinghoffer & M. J. 
Castaldi (Eds.), Waste to Energy Conversion Technology (pp. 3–14). 
Woodhead Publishing. 
https://doi.org/10.1533/9780857096364.1.3 

Kotarska, K., Dziemianowicz, W., & Swierczyńska, A. (2019). Study on 
the sequential combination of bioethanol and biogas production 
from corn straw. Molecules, 24(24). 
https://doi.org/10.3390/molecules24244558 

Kumar, A. K., & Sharma, S. (2017a). Recent updates on different methods 
of pretreatment of lignocellulosic feedstocks: a review. 
Bioresources and Bioprocessing, 4(1), 7. 
https://doi.org/10.1186/s40643-017-0137-9 

Kumar, A. K., & Sharma, S. (2017b). Recent updates on different methods 
of pretreatment of lignocellulosic feedstocks: a review. In 
Bioresources and Bioprocessing 4(1).. 
https://doi.org/10.1186/s40643-017-0137-9 

Kurth, J. M., Huub, &, Op Den Camp, J. M., & Welte, C. U. (2020). Several 
ways one goal-methanogenesis from unconventional substrates. 
https://doi.org/10.1007/s00253-020-10724-7/Published 

Lam, M. K., Loy, A. C. M., Yusup, S., & Lee, K. T. (2019a). Chapter 9 - 
Biohydrogen Production From Algae. In A. Pandey, S. V. Mohan, 
J.-S. Chang, P. C. Hallenbeck, & C. Larroche (Eds.), Biohydrogen 
(Second Edition) (pp. 219–245). Elsevier. 
https://doi.org/10.1016/B978-0-444-64203-5.00009-5 

Lam, M. K., Loy, A. C. M., Yusup, S., & Lee, K. T. (2019b). Chapter 9 - 
Biohydrogen Production From Algae. In A. Pandey, S. V. Mohan, 
J.-S. Chang, P. C. Hallenbeck, & C. Larroche (Eds.), Biohydrogen 
(Second Edition) (pp. 219–245). Elsevier. 
https://doi.org/10.1016/B978-0-444-64203-5.00009-5 

Lee, S. Y., Sankaran, R., Chew, K. W., Tan, C. H., Krishnamoorthy, R., 
Chu, D.-T., & Show, P.-L. (2019). Waste to bioenergy: a review on 
the recent conversion technologies. BMC Energy, 1(1). 
https://doi.org/10.1186/s42500-019-0004-7 

Li, G., Xiao, W., Yang, T., & Lyu, T. (2023). Optimization and Process 
Effect for Microalgae Carbon Dioxide Fixation Technology 
Applications Based on Carbon Capture: A Comprehensive 
Review. In C-Journal of Carbon Research 9(1). 
https://doi.org/10.3390/c9010035 

Li, H., Sun, C., Zhang, Y., Li, T., & Wei, X. (2022). Performance 
investigation of the gasification for the kitchen waste powder in a 
direct current plasma reactor. Journal of the Energy Institute, 100, 
170–176. https://doi.org/10.1016/j.joei.2021.11.006 

Li, X., Chen, Y., & Nielsen, J. (2019). Harnessing xylose pathways for 
biofuels production. Current Opinion in Biotechnology, 57, 56–65. 
https://doi.org/10.1016/j.copbio.2019.01.006 

Li, X., Shi, Y., Kong, W., Wei, J., Song, W., & Wang, S. (2022). Improving 
enzymatic hydrolysis of lignocellulosic biomass by bio-
coordinated physicochemical pretreatment—A review. Energy 
Reports, 8, 696–709. https://doi.org/10.1016/j.egyr.2021.12.015 

Lisbona, P., Pascual, S., & Pérez, V. (2023). Waste to energy: Trends and 
perspectives. Chemical Engineering Journal Advances, 14, 100494. 
https://doi.org/10.1016/j.ceja.2023.100494 

Liu, C.-G., Xiao, Y., Xia, X.-X., Zhao, X.-Q., Peng, L., Srinophakun, P., & 
Bai, F.-W. (2019). Cellulosic ethanol production: Progress, 
challenges and strategies for solutions. Biotechnology Advances, 
37(3), 491–504. 
https://doi.org/10.1016/j.biotechadv.2019.03.002 

López Barreiro, D., Prins, W., Ronsse, F., & Brilman, W. (2013). 
Hydrothermal liquefaction (HTL) of microalgae for biofuel 
production: State of the art review and future prospects. Biomass 
and Bioenergy, 53, 113–127. 
https://doi.org/10.1016/j.biombioe.2012.12.029 

https://doi.org/10.1080/21655979.2022.2035986
https://doi.org/https:/doi.org/10.1016/j.jenvman.2023.117644
https://doi.org/https:/doi.org/10.1016/j.jenvman.2023.117644
https://doi.org/10.3390/su14084792
https://doi.org/10.1016/j.rser.2019.109277
https://www.iea.org/reports/outlook-for-biogas-and-biomethane-prospects-for-organic-growth/an-introduction-to-biogas-and-biomethane
https://www.iea.org/reports/outlook-for-biogas-and-biomethane-prospects-for-organic-growth/an-introduction-to-biogas-and-biomethane
https://www.iea.org/reports/outlook-for-biogas-and-biomethane-prospects-for-organic-growth/an-introduction-to-biogas-and-biomethane
https://www.iea.org/G8/CHP/docs/IEA_India.pdf
https://doi.org/10.1016/j.nexus.2022.100118
https://www.britannica.com/science/anaerobic-digestion
https://doi.org/10.1155/2022/8750221
https://doi.org/10.3389/fenrg.2021.743114
https://doi.org/10.1080/14786451.2023.2222298
https://doi.org/10.3390/en16041783
https://doi.org/10.3390/agronomy13112833
https://doi.org/10.1016/j.esr.2023.101247
https://doi.org/10.1186/s12934-018-0879-x
https://doi.org/10.3390/fermentation9030281
https://doi.org/10.1155/2022/3560068
https://doi.org/10.1155/2022/3560068
https://doi.org/10.1533/9780857096364.1.3
https://doi.org/10.3390/molecules24244558
https://doi.org/10.1186/s40643-017-0137-9
https://doi.org/10.1186/s40643-017-0137-9
https://doi.org/10.1007/s00253-020-10724-7/Published
https://doi.org/10.1016/B978-0-444-64203-5.00009-5
https://doi.org/10.1016/B978-0-444-64203-5.00009-5
https://doi.org/10.1186/s42500-019-0004-7
https://doi.org/10.3390/c9010035
https://doi.org/10.1016/j.joei.2021.11.006
https://doi.org/10.1016/j.copbio.2019.01.006
https://doi.org/10.1016/j.egyr.2021.12.015
https://doi.org/10.1016/j.ceja.2023.100494
https://doi.org/10.1016/j.biotechadv.2019.03.002
https://doi.org/10.1016/j.biombioe.2012.12.029


K.T.Alao et al  Int. J. Renew. Energy Dev 2024, 13(4), 750-782 

|779 

 

ISSN: 2252-4940/© 2024. The Author(s). Published by CBIORE 

Luo, Z., & Zhou, J. (2012). Thermal Conversion of Biomass. In W.-Y. 
Chen, J. Seiner, T. Suzuki, & M. Lackner (Eds.), Handbook of 
Climate Change Mitigation (pp. 1001–1042). Springer US. 
https://doi.org/10.1007/978-1-4419-7991-9_27 

Maicas, S. (2020). The role of yeasts in fermentation processes. In 
Microorganisms (Vol. 8, Issue 8, pp. 1–8). MDPI AG. 
https://doi.org/10.3390/microorganisms8081142 

Malode, S. J., Prabhu, K. K., Mascarenhas, R. J., Shetti, N. P., & 
Aminabhavi, T. M. (2021). Recent advances and viability in 
biofuel production. Energy Conversion and Management: X, 10, 
100070. https://doi.org/10.1016/j.ecmx.2020.100070 

Mariscal, R., Maireles-Torres, P., Ojeda, M., Sádaba, I., & López 
Granados, M. (2016). Furfural: A renewable and versatile platform 
molecule for the synthesis of chemicals and fuels. In Energy and 
Environmental Science 9(4), 1144–1189. 
https://doi.org/10.1039/c5ee02666k 

Masud, M. H., Rashid, M., Hossan, Md. N., & Ahmed, M. M. (2023). 
Domestic Waste To Energy, Technologies, Economics, and 
Challenges. Reference Module in Earth Systems and Environmental 
Sciences. Elsevier. https://doi.org/10.1016/B978-0-323-93940-
9.00026-8 

Mata-Álvarez, J., Mace, Ş., & Llabrés, P. (2000). Anaerobic Digestion of 
Organic Solid Wastes. An Overview of Research Achievements 
and Perspectives. Bioresource Technology, 74, 3–16. 
https://doi.org/10.1016/S0960-8524(00)00023-7 

McIntosh, S., Nabi, M. N., Moghaddam, L., Brooks, P., Ghandehari, P. S., 
& Erler, D. (2021). Combined pyrolysis and sulphided 
NiMo/Al2O3 catalysed hydroprocessing in a multistage strategy 
for the production of biofuels from milk processing waste. Fuel, 
295, 120602. https://doi.org/10.1016/j.fuel.2021.120602 

Megonigal, J. P., Hines, M. E., & Visscher, P. T. (2014). 10.8 - Anaerobic 
Metabolism: Linkages to Trace Gases and Aerobic Processes. In 
H. D. Holland & K. K. Turekian (Eds.), Treatise on Geochemistry 
(Second Edition) (pp. 273–359). Elsevier. 
https://doi.org/10.1016/B978-0-08-095975-7.00808-1 

Mohd Azhar, S. H., Abdulla, R., Jambo, S. A., Marbawi, H., Gansau, J. A., 
Mohd Faik, A. A., & Rodrigues, K. F. (2017). Yeasts in sustainable 
bioethanol production: A review. Biochemistry and Biophysics 
Reports, 10, 52–61. https://doi.org/10.1016/j.bbrep.2017.03.003 

Mohd Hanafiah, K., Abd Mutalib, A. H., Miard, P., Goh, C. S., Mohd Sah, 
S. A., & Ruppert, N. (2022). Impact of Malaysian palm oil on 
sustainable development goals: co-benefits and trade-offs across 
mitigation strategies. Sustainability Science, 17(4), 1639–1661. 
https://doi.org/10.1007/s11625-021-01052-4 

Molino, A., Chianese, S., & Musmarra, D. (2016). Biomass gasification 
technology: The state of the art overview. Journal of Energy 
Chemistry, 25(1), 10–25. 
https://doi.org/10.1016/j.jechem.2015.11.005 

Monceaux, D. A. (2019). Bioethanol from Starch: The US Experience. In 
M. Kaltschmitt (Ed.), Energy from Organic Materials (Biomass): A 
Volume in the Encyclopedia of Sustainability Science and Technology, 
Second Edition (pp. 955–996). Springer New York. 
https://doi.org/10.1007/978-1-4939-7813-7_1035 

Moral-Muñoz, J. A., Herrera-Viedma, E., Santisteban-Espejo, A., & Cobo, 
M. J. (2020). Software tools for conducting bibliometric analysis 
in science: An up-to-date review. Profesional de la Informacion 29, 
(1).. https://doi.org/10.3145/epi.2020.ene.03 

Mourshed, M., Kamal, M., Masuk, N. I., Chowdhury, S. A., & Masud, M. 
H. (2023). Anaerobic Digestion Process of Biomass. In Reference 
Module in Earth Systems and Environmental Sciences. Elsevier. 
https://doi.org/10.1016/B978-0-323-93940-9.00025-6 

Mujtaba, M., Fernandes Fraceto, L., Fazeli, M., Mukherjee, S., Savassa, 
S. M., Araujo de Medeiros, G., do Espírito Santo Pereira, A., 
Mancini, S. D., Lipponen, J., & Vilaplana, F. (2023). 
Lignocellulosic biomass from agricultural waste to the circular 
economy: a review with focus on biofuels, biocomposites and 
bioplastics. Journal of Cleaner Production, 402, 136815. 
https://doi.org/10.1016/j.jclepro.2023.136815 

Mukherjee, C., Denney, J., Mbonimpa, E. G., Slagley, J., & Bhowmik, R. 
(2020). A review on municipal solid waste-to-energy trends in the 
USA. Renewable and Sustainable Energy Reviews, 119, 109512. 
https://doi.org/10.1016/j.rser.2019.109512 

Mulgund, A. (2022). Increasing lipid accumulation in microalgae through 
environmental manipulation, metabolic and genetic engineering: 

a review in the energy NEXUS framework. Energy Nexus, 5, 
100054. https://doi.org/10.1016/j.nexus.2022.100054 

Muscat, A., de Olde, E. M., de Boer, I. J. M., & Ripoll-Bosch, R. (2020). 
The battle for biomass: A systematic review of food-feed-fuel 
competition. Global Food Security, 25, 100330. 
https://doi.org/10.1016/j.gfs.2019.100330 

Nandi, S., Ahmed, S., & Khurpade, P. D. (2023). Chapter 5 - Anaerobic 
digestion of fruit and vegetable waste for biogas and other 
biofuels. In S. A. Mandavgane, I. Chakravarty, & A. K. Jaiswal 
(Eds.), Fruit and Vegetable Waste Utilization and Sustainability (pp. 
101–119). Academic Press. https://doi.org/10.1016/B978-0-
323-91743-8.00007-1 

National Environment Agency. (2019). Combined Heat and Power Systems 
Professional Level Elective Module of Singapore Certified Energy 
Manager (SCEM) Programme Acknowledgements The reference 
manual Combined Heat and Power (CHP) Systems for the Professional 
Level elective module of the Singapore Certified Energy Manager 
Programme was developed for the National Environment Agency. 
SCEM Reference Manual for Combined Heat and Power (CHP) 
Systems. 

Ngan, N. V. C., Chan, F. M. S., Nam, T. S., Van Thao, H., Maguyon-
Detras, M. C., Hung, D. V., Cuong, D. M., & Van Hung, N. (2020). 
Anaerobic Digestion of Rice Straw for Biogas Production. In M. 
Gummert, N. Van Hung, P. Chivenge, & B. Douthwaite (Eds.), 
Sustainable Rice Straw Management (pp. 65–92). Springer 
International Publishing. https://doi.org/10.1007/978-3-030-
32373-8_5 

Nunes, L. J. R., & Silva, S. (2023). Optimization of the Residual Biomass 
Supply Chain: Process Characterization and Cost Analysis. 
Logistics, 7(3). https://doi.org/10.3390/logistics7030048 

Olatoyan, O. J., Kareem, M. A., Adebanjo, A. U., Olawale, S. O. A., & 
Alao, K. T. (2023). Potential use of biomass ash as a sustainable 
alternative for fly ash in concrete production: A review. Hybrid 
Advances, 4, 100076. 
https://doi.org/10.1016/j.hybadv.2023.100076 

Oni, B. A., Oziegbe, O., & Olawole, O. O. (2019). Significance of biochar 
application to the environment and economy. Annals of 
Agricultural Sciences, 64(2), 222–236. 
https://doi.org/10.1016/j.aoas.2019.12.006 

Osman, A. I., Mehta, N., Elgarahy, A. M., Al-Hinai, A., Al-Muhtaseb, A. 
H., & Rooney, D. W. (2021). Conversion of biomass to biofuels 
and life cycle assessment: a review. In Environmental Chemistry 
Letters ,19 (6), 4075–4118). https://doi.org/10.1007/s10311-021-
01273-0 

Østergaard, P. A., Duic, N., Noorollahi, Y., & Kalogirou, S. (2023). 
Advances in renewable energy for sustainable development. 
Renewable Energy, 219, 119377. 
https://doi.org/10.1016/j.renene.2023.119377 

Pahnila, M., Koskela, A., Sulasalmi, P., & Fabritius, T. (2023). A Review 
of Pyrolysis Technologies and the Effect of Process Parameters 
on Biocarbon Properties. In Energies (Vol. 16, Issue 19). 
Multidisciplinary Digital Publishing Institute (MDPI). 
https://doi.org/10.3390/en16196936 

Palacio, J. C. E., Santos, J. J. C. S., Renó, M. L. G., Júnior, J. C. F., Monica 
Carvalho, Reyes, A. M. M., & Rúa Orozco, D. J. (2018). Municipal 
Solid Waste Management and Energy Recovery. In I. H. Al-
Bahadly (Ed.), Energy Conversion (p. Ch. 8). IntechOpen. 
https://doi.org/10.5772/intechopen.79235 

Pande, M., & Bhaskarwar, A. (2012). Biomass Conversion to Energy. In 
Biomass Conversion: The Interface of Biotechnology, Chemistry and 
Materials Science (pp. 1–90). https://doi.org/10.1007/978-3-642-
28418-2_1 

Pariasamy, S. G., Venkiteswaran, V. K., Kumar, J., & Awad, M. M. (2022). 
Industrial CHP with Steam Systems: A Review of Recent Case 
Studies, Trends and Relevance to Malaysian Industry. In Energies 
15(20). https://doi.org/10.3390/en15207491 

Patel, A., & Shah, A. R. (2021). Integrated lignocellulosic biorefinery: 
Gateway for production of second generation ethanol and value 
added products. Journal of Bioresources and Bioproducts, 6(2), 108–
128. https://doi.org/10.1016/j.jobab.2021.02.001 

Petrovič, A., Cenčič Predikaka, T., Škodič, L., Vohl, S., & Čuček, L. 
(2023). Hydrothermal co-carbonization of sewage sludge and 
whey: Enhancement of product properties and potential 
application in agriculture. Fuel, 350, 128807. 
https://doi.org/10.1016/j.fuel.2023.128807 

https://doi.org/10.1007/978-1-4419-7991-9_27
https://doi.org/10.3390/microorganisms8081142
https://doi.org/10.1016/j.ecmx.2020.100070
https://doi.org/10.1039/c5ee02666k
https://doi.org/10.1016/B978-0-323-93940-9.00026-8
https://doi.org/10.1016/B978-0-323-93940-9.00026-8
https://doi.org/10.1016/S0960-8524(00)00023-7
https://doi.org/10.1016/j.fuel.2021.120602
https://doi.org/10.1016/B978-0-08-095975-7.00808-1
https://doi.org/10.1016/j.bbrep.2017.03.003
https://doi.org/10.1007/s11625-021-01052-4
https://doi.org/10.1016/j.jechem.2015.11.005
https://doi.org/10.1007/978-1-4939-7813-7_1035
https://doi.org/10.3145/epi.2020.ene.03
https://doi.org/10.1016/B978-0-323-93940-9.00025-6
https://doi.org/10.1016/j.jclepro.2023.136815
https://doi.org/10.1016/j.rser.2019.109512
https://doi.org/10.1016/j.nexus.2022.100054
https://doi.org/10.1016/j.gfs.2019.100330
https://doi.org/10.1016/B978-0-323-91743-8.00007-1
https://doi.org/10.1016/B978-0-323-91743-8.00007-1
https://doi.org/10.1007/978-3-030-32373-8_5
https://doi.org/10.1007/978-3-030-32373-8_5
https://doi.org/10.3390/logistics7030048
https://doi.org/10.1016/j.hybadv.2023.100076
https://doi.org/10.1016/j.aoas.2019.12.006
https://doi.org/10.1007/s10311-021-01273-0
https://doi.org/10.1007/s10311-021-01273-0
https://doi.org/10.1016/j.renene.2023.119377
https://doi.org/10.3390/en16196936
https://doi.org/10.5772/intechopen.79235
https://doi.org/10.1007/978-3-642-28418-2_1
https://doi.org/10.1007/978-3-642-28418-2_1
https://doi.org/10.3390/en15207491
https://doi.org/10.1016/j.jobab.2021.02.001
https://doi.org/10.1016/j.fuel.2023.128807


K.T.Alao et al  Int. J. Renew. Energy Dev 2024, 13(4), 750-782 

|780 

 

ISSN: 2252-4940/© 2024. The Author(s). Published by CBIORE 

Porosoff, M. D., Yan, B., & Chen, J. G. (2016). Catalytic reduction of CO2 
by H2 for synthesis of CO, methanol and hydrocarbons: 
Challenges and opportunities. In Energy and Environmental Science 
9(1), 62–73).. https://doi.org/10.1039/c5ee02657a 

Qin, L., Wang, M., Zhu, J., Wei, Y., Zhou, X., & He, Z. (2021). Towards 
Circular Economy through Waste to Biomass Energy in 
Madagascar. Complexity, 2021. 
https://doi.org/10.1155/2021/5822568 

Radovanović, M. (2023). Chapter 7 - Strategic priorities of sustainable 
energy development. In M. Radovanović (Ed.), Sustainable Energy 
Management (Second Edition) (pp. 181–277). Academic Press. 
https://doi.org/https://doi.org/10.1016/B978-0-12-821086-
4.00004-0 

Raheem, A., Wan Azlina, W. A. K. G., Taufiq Yap, Y. H., Danquah, M. K., 
& Harun, R. (2015). Thermochemical conversion of microalgal 
biomass for biofuel production. Renewable and Sustainable Energy 
Reviews, 49, 990–999. https://doi.org/10.1016/j.rser.2015.04.186 

Rajendran, K., Mahapatra, D., Venkatraman, A. V., Muthuswamy, S., & 
Pugazhendhi, A. (2020). Advancing anaerobic digestion through 
two-stage processes: Current developments and future trends. 
Renewable and Sustainable Energy Reviews, 123, 109746. 
https://doi.org/10.1016/j.rser.2020.109746 

Rashidi, N. A., Chai, Y. H., & Yusup, S. (2022). Biomass Energy in 
Malaysia: Current Scenario, Policies, and Implementation 
Challenges. Bioenergy Research.15(3), 1371–1386). 
https://doi.org/10.1007/s12155-022-10392-7 

Ray, R., Taylor, R., & Chapman, C. (2012). The deployment of an 
advanced gasification technology in the treatment of household 
and other waste streams. Process Safety and Environmental 
Protection, 90(3), 213–220. 
https://doi.org/10.1016/j.psep.2011.06.013 

Rejeb, A., Rejeb, K., & Treiblmaier, H. (2023). Mapping Metaverse 
Research: Identifying Future Research Areas Based on 
Bibliometric and Topic Modeling Techniques. Information 
(Switzerland), 14, (7). https://doi.org/10.3390/info14070356 

REN21. (2020). gsr_2020_full_report_en. RENEWABLES 2020. 
https://www.ren21.net/wp-
content/uploads/2019/05/gsr_2020_full_report_en.pdf 

Rezania, S., Oryani, B., Nasrollahi, V. R., Darajeh, N., Lotfi Ghahroud, M., 
& Mehranzamir, K. (2023). Review on Waste-to-Energy 
Approaches toward a Circular Economy in Developed and 
Developing Countries. Processes,11(9). 
https://doi.org/10.3390/pr11092566 

Ruiz, H. A., Rodríguez-Jasso, R. M., Fernandes, B. D., Vicente, A. A., & 
Teixeira, J. A. (2013). Hydrothermal processing, as an alternative 
for upgrading agriculture residues and marine biomass according 
to the biorefinery concept: A review. Renewable and Sustainable 
Energy Reviews, 21, 35–51). 
https://doi.org/10.1016/j.rser.2012.11.069 

Sabin Guendehou G.H., Matthias Koch, Leif Hockstad, Riitta Pipatti, & 
Masato Yamada. (2006). INCINERATION AND OPEN BURNING 
OF WASTE. https://www.ipcc-
nggip.iges.or.jp/public/2006gl/pdf/5_Volume5/V5_5_Ch5_IOB
.pdf 

Sadeghi, O., Fazeli, A., Bakhtiari-Nejad, M., & Che Sidik, N. A. (2015). An 
Overview of Waste-to-Energy in Malaysia. In Applied Mechanics 
and Materials, 695. 
https://doi.org/10.4028/www.scientific.net/AMM.695.792 

Said, Z., Sharma, P., Thi Bich Nhuong, Q., Bora, B. J., Lichtfouse, E., 
Khalid, H. M., Luque, R., Nguyen, X. P., & Hoang, A. T. (2023). 
Intelligent approaches for sustainable management and 
valorisation of food waste. Bioresource Technology, 377, 128952. 
https://doi.org/10.1016/j.biortech.2023.128952 

Salami, N., & Skála, Z. (2015). Use of the steam as gasifying agent in 
fluidized bed gasifier. Chemical and Biochemical Engineering 
Quarterly, 29(1), 13–18. 
https://doi.org/10.15255/CABEQ.2014.2120 

Saleem, M. (2022). Possibility of utilizing agriculture biomass as a 
renewable and sustainable future energy source. Heliyon, 8(2), 
e08905. https://doi.org/10.1016/j.heliyon.2022.e08905 

Salleh, S. F., Mohd Roslan, M. E., Abd Rahman, A., Shamsuddin, A. H., 
Tuan Abdullah, T. A. R., & Sovacool, B. K. (2020). Transitioning 
to a sustainable development framework for bioenergy in 
Malaysia: policy suggestions to catalyse the utilisation of palm oil 

mill residues. In Energy, Sustainability and Society, 10(1). BioMed 
Central Ltd. https://doi.org/10.1186/s13705-020-00269-y 

Samir, A., Ashour, F. H., Hakim, A. A. A., & Bassyouni, M. (2022). Recent 
advances in biodegradable polymers for sustainable applications. 
In npj Materials Degradation 6 (1). Nature Publishing Group. 
https://doi.org/10.1038/s41529-022-00277-7 

Sankaran, R., Show, P. L., Nagarajan, D., & Chang, J.-S. (2018). Chapter 
19 - Exploitation and Biorefinery of Microalgae. In T. Bhaskar, A. 
Pandey, S. V. Mohan, D.-J. Lee, & S. K. Khanal (Eds.), Waste 
Biorefinery (pp. 571–601). Elsevier. 
https://doi.org/10.1016/B978-0-444-63992-9.00019-7 

Sara Budinis, Mathilde Fajardy, & Carl Greenfield. (2023, July 11). Carbon 
Capture, Utilisation and Storage. https://www.iea.org/energy-
system/carbon-capture-utilisation-and-storage 

Sara Tanigawa. (2017). Biogas: Converting Waste to Energy. www.eesi.org 
Sarkar, N., Ghosh, S. K., Bannerjee, S., & Aikat, K. (2012). Bioethanol 

production from agricultural wastes: An overview. Renewable 
Energy, 37(1), 19–27. 
https://doi.org/10.1016/j.renene.2011.06.045 

Sarwer, A., Hamed, S. M., Osman, A. I., Jamil, F., Al-Muhtaseb, A. H., 
Alhajeri, N. S., & Rooney, D. W. (2022). Algal biomass valorization 
for biofuel production and carbon sequestration: a review. In 
Environmental Chemistry Letters (Vol. 20, Issue 5, pp. 2797–2851). 
Springer Science and Business Media Deutschland GmbH. 
https://doi.org/10.1007/s10311-022-01458-1 

Schwartz, N. R., Paulsen, A. D., Blaise, M. J., Wagner, A. L., & Yelvington, 
P. E. (2020). Analysis of emissions from combusting pyrolysis 
products. Fuel, 274, 117863. 
https://doi.org/10.1016/j.fuel.2020.117863 

Seboka, A. D., Ewunie, G. A., Morken, J., Feng, L., & Adaramola, M. S. 
(2023). Potentials and prospects of solid biowaste resources for 
biofuel production in Ethiopia: a systematic review of the 
evidence. In Biomass Conversion and Biorefinery. Springer Science 
and Business Media Deutschland GmbH. 
https://doi.org/10.1007/s13399-023-04994-0 

Serfass, P. (2018). Biogas as a Waste Management Solution Turning “Waste” 
into Resources. 
https://www.eesi.org/files/Patrick_Serfass_052318.pdf 

Shadle, L. J., Indrawan, N., Breault, R. W., & Bennett, J. (2020). 
Gasification Technology. In M. Lackner, B. Sajjadi, & W.-Y. Chen 
(Eds.), Handbook of Climate Change Mitigation and Adaptation (pp. 
1–90). Springer New York. https://doi.org/10.1007/978-1-4614-
6431-0_40-4 

Sharew, S., Montastruc, L., Yimam, A., Negny, S., & Ferrasse, J.-H. 
(2022). Alternative Energy Potential and Conversion Efficiency of 
Biomass into Target Biofuels: A Case Study in Ethiopian Sugar 
Industry- Wonji-Shoa. Biomass, 2(4), 279–298. 
https://doi.org/10.3390/biomass2040019 

Sharma, R., Garg, P., Kumar, P., Bhatia, S. K., & Kulshrestha, S. (2020). 
Microbial fermentation and its role in quality improvement of 
fermented foods. In Fermentation, 6, (4).. 
https://doi.org/10.3390/fermentation6040106 

Sheldon, R. A. (2018). Metrics of Green Chemistry and Sustainability: 
Past, Present, and Future. In ACS Sustainable Chemistry and 
Engineering 6(1), 32–48).. 
https://doi.org/10.1021/acssuschemeng.7b03505 

Sikarwar, V. S., Zhao, M., Clough, P., Yao, J., Zhong, X., Memon, M. Z., 
Shah, N., Anthony, E. J., & Fennell, P. S. (2016). An overview of 
advances in biomass gasification. In Energy and Environmental 
Science 9(10), 2939–2977). https://doi.org/10.1039/c6ee00935b 

Sikarwar, V. S., Zhao, M., Fennell, P. S., Shah, N., & Anthony, E. J. (2017). 
Progress in biofuel production from gasification. Progress in Energy 
and Combustion Science, 61, 189–248. 
https://doi.org/10.1016/j.pecs.2017.04.001 

Silva, F. T. M., Bessa, L. P., Vieira, L. M., Moreira, F. S., de Souza Ferreira, 
J., Batista, F. R. X., & Cardoso, V. L. (2019). Dark fermentation 
effluent as substrate for hydrogen production from Rhodobacter 
capsulatus highlighting the performance of different fermentation 
systems. 3 Biotech, 9(4). https://doi.org/10.1007/s13205-019-
1676-x 

Sindhu, R., Binod, P., Pandey, A., Ankaram, S., Duan, Y., & Awasthi, M. 
K. (2019). Chapter 5 - Biofuel Production From Biomass: Toward 
Sustainable Development. In S. Kumar, R. Kumar, & A. Pandey 
(Eds.), Current Developments in Biotechnology and Bioengineering 

https://doi.org/10.1039/c5ee02657a
https://doi.org/10.1155/2021/5822568
https://doi.org/https:/doi.org/10.1016/B978-0-12-821086-4.00004-0
https://doi.org/https:/doi.org/10.1016/B978-0-12-821086-4.00004-0
https://doi.org/10.1016/j.rser.2015.04.186
https://doi.org/10.1016/j.rser.2020.109746
https://doi.org/10.1007/s12155-022-10392-7
https://doi.org/10.1016/j.psep.2011.06.013
https://doi.org/10.3390/info14070356
https://www.ren21.net/wp-content/uploads/2019/05/gsr_2020_full_report_en.pdf
https://www.ren21.net/wp-content/uploads/2019/05/gsr_2020_full_report_en.pdf
https://doi.org/10.3390/pr11092566
https://doi.org/10.1016/j.rser.2012.11.069
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/5_Volume5/V5_5_Ch5_IOB.pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/5_Volume5/V5_5_Ch5_IOB.pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/5_Volume5/V5_5_Ch5_IOB.pdf
https://doi.org/10.4028/www.scientific.net/AMM.695.792
https://doi.org/10.1016/j.biortech.2023.128952
https://doi.org/10.15255/CABEQ.2014.2120
https://doi.org/10.1016/j.heliyon.2022.e08905
https://doi.org/10.1186/s13705-020-00269-y
https://doi.org/10.1038/s41529-022-00277-7
https://doi.org/10.1016/B978-0-444-63992-9.00019-7
https://www.iea.org/energy-system/carbon-capture-utilisation-and-storage
https://www.iea.org/energy-system/carbon-capture-utilisation-and-storage
www.eesi.org
https://doi.org/10.1016/j.renene.2011.06.045
https://doi.org/10.1007/s10311-022-01458-1
https://doi.org/10.1016/j.fuel.2020.117863
https://doi.org/10.1007/s13399-023-04994-0
https://www.eesi.org/files/Patrick_Serfass_052318.pdf
https://doi.org/10.1007/978-1-4614-6431-0_40-4
https://doi.org/10.1007/978-1-4614-6431-0_40-4
https://doi.org/10.3390/biomass2040019
https://doi.org/10.3390/fermentation6040106
https://doi.org/10.1021/acssuschemeng.7b03505
https://doi.org/10.1039/c6ee00935b
https://doi.org/10.1016/j.pecs.2017.04.001
https://doi.org/10.1007/s13205-019-1676-x
https://doi.org/10.1007/s13205-019-1676-x


K.T.Alao et al  Int. J. Renew. Energy Dev 2024, 13(4), 750-782 

|781 

 

ISSN: 2252-4940/© 2024. The Author(s). Published by CBIORE 

(pp. 79–92). https://doi.org/10.1016/B978-0-444-64083-
3.00005-1 

Singh, A. K., Pal, P., Rathore, S. S., Sahoo, U. K., Sarangi, P. K., Prus, P., 
& Dziekański, P. (2023). Sustainable Utilization of Biowaste 
Resources for Biogas Production to Meet Rural Bioenergy 
Requirements. Energies, 16(14). 
https://doi.org/10.3390/en16145409 

Singhania, R. R., Patel, A. K., Sukumaran, R. K., Larroche, C., & Pandey, 
A. (2013). Role and significance of beta-glucosidases in the 
hydrolysis of cellulose for bioethanol production. In Bioresource 
Technology, 127, 500–507. 
https://doi.org/10.1016/j.biortech.2012.09.012 

Son, Y.-S., Jeon, J.-M., Kim, D.-H., Yang, Y.-H., Jin, Y.-S., Cho, B.-K., 
Kim, S.-H., Kumar, S., Lee, B.-D., & Yoon, J.-J. (2021). Improved 
bio-hydrogen production by overexpression of glucose-6-
phosphate dehydrogenase and FeFe hydrogenase in Clostridium 
acetobutylicum. International Journal of Hydrogen Energy, 46(74), 
36687–36695. https://doi.org/10.1016/j.ijhydene.2021.08.222 

Speirs, J., McGlade, C., & Slade, R. (2015). Uncertainty in the availability 
of natural resources: Fossil fuels, critical metals and biomass. 
Energy Policy, 87, 654–664. 
https://doi.org/10.1016/j.enpol.2015.02.031 

Strielkowski, W., Civín, L., Tarkhanova, E., Tvaronavičienė, M., & 
Petrenko, Y. (2021). Renewable energy in the sustainable 
development of electrical power sector: A review. Energies, 
14(24). https://doi.org/10.3390/en14248240 

Su, H., Cheng, J., Zhou, J., Song, W., & Cen, K. (2009). Combination of 
dark- and photo-fermentation to enhance hydrogen production 
and energy conversion efficiency. International Journal of 
Hydrogen Energy, 34, 8846–8853. 
https://doi.org/10.1016/j.ijhydene.2009.09.001 

Subramanian, A. S. R., Gundersen, T., Barton, P. I., & Adams, T. A. 
(2022). Global optimization of a hybrid waste tire and natural gas 
feedstock polygeneration system. Energy, 250, 123722. 
https://doi.org/10.1016/j.energy.2022.123722 

Suresh, A., Kumar, P., Kumar, N., & Siddarth, N. (2020). Conversion of 
green algal biomass into bioenergy by pyrolysis. A review. 
Environmental Chemistry Letters, 18. 
https://doi.org/10.1007/s10311-020-00990-2 

Sütterlin, B., & Siegrist, M. (2017). Public acceptance of renewable 
energy technologies from an abstract versus concrete perspective 
and the positive imagery of solar power. Energy Policy, 106, 356–
366. https://doi.org/10.1016/j.enpol.2017.03.061 

Tamošiūnas, A., Gimžauskaitė, D., Aikas, M., Uscila, R., Snapkauskienė, 
V., Zakarauskas, K., & Praspaliauskas, M. (2023). Biomass 
gasification to syngas in thermal water vapor arc discharge 
plasma. Biomass Conversion and Biorefinery, 13(18), 16373–16384. 
https://doi.org/10.1007/s13399-023-03828-3 

Tan, K. M., Babu, T. S., Ramachandaramurthy, V. K., Kasinathan, P., 
Solanki, S. G., & Raveendran, S. K. (2021). Empowering smart 
grid: A comprehensive review of energy storage technology and 
application with renewable energy integration. Journal of Energy 
Storage, 39, 102591. https://doi.org/10.1016/j.est.2021.102591 

Tarafdar, A., G., S., K., Y., Rattu, G., Negi, T., Awasthi, M. K., Hoang, A., 
& Sirohi, R. (2023). Environmental pollution mitigation through 
utilization of carbon dioxide by microalgae. Environmental 
Pollution, 328. https://doi.org/10.1016/j.envpol.2023.121623 

Traven, L. (2023). Sustainable energy generation from municipal solid 
waste: A brief overview of existing technologies. Case Studies in 
Chemical and Environmental Engineering, 8, 100491. 
https://doi.org/10.1016/j.cscee.2023.100491 

Tse, T. J., Wiens, D. J., & Reaney, M. J. T. (2021). Production of 
bioethanol—a review of factors affecting ethanol yield. In 
Fermentation 7(4). 
https://doi.org/10.3390/fermentation7040268 

Tshikovhi, A., & Motaung, T. E. (2023). Technologies and Innovations 
for Biomass Energy Production. In Sustainability (Switzerland), 
15(16). https://doi.org/10.3390/su151612121 

Tshikovhi, A., & Tshwafo, M. (2023). Technologies and Innovations for 
Biomass Energy Production. Sustainability, 15, 12121. 
https://doi.org/10.3390/su151612121 

Tsigkou, K., Zagklis, D., Parasoglou, M., Zafiri, C., & Kornaros, M. (2022). 
Proposed protocol for rate-limiting step determination during 
anaerobic digestion of complex substrates. Bioresource 

Technology, 361, 127660. 
https://doi.org/10.1016/j.biortech.2022.127660 

Tsui, T.-H., & Wong, J. (2019). A critical review: emerging bioeconomy 
and waste-to-energy technologies for sustainable municipal solid 
waste management. Waste Disposal & Sustainable Energy, 1. 
https://doi.org/10.1007/s42768-019-00013-z 

Tullu, M. (2019). Writing the title and abstract for a research paper: Being 
concise, precise, and meticulous is the key. In Saudi Journal of 
Anaesthesia 13(5), S12–S17). Wolters Kluwer Medknow 
Publications. https://doi.org/10.4103/sja.SJA_685_18 

Tumuluru, J. S., Ghiasi, B., Soelberg, N. R., & Sokhansanj, S. (2021). 
Biomass Torrefaction Process, Product Properties, Reactor 
Types, and Moving Bed Reactor Design Concepts. Frontiers in 
Energy Research, 9. https://doi.org/10.3389/fenrg.2021.728140 

Tursi, A. (2019). A review on biomass: Importance, chemistry, 
classification, and conversion. Biofuel Research Journal (Vol. 6(2), 
962–979).. https://doi.org/10.18331/BRJ2019.6.2.3 

Udayan, A., Pandey, A. K., Sirohi, R., Sreekumar, N., Sang, B. I., Sim, S. 
J., Kim, S. H., & Pandey, A. (2023). Production of microalgae with 
high lipid content and their potential as sources of nutraceuticals. 
In Phytochemistry Reviews, 22(4), 833–860). 
https://doi.org/10.1007/s11101-021-09784-y 

Uddin, M. M., & Wright, M. M. (2023). Anaerobic digestion fundamentals, 
challenges, and technological advances. 8(9), 2819–2837. 
https://doi.org/doi:10.1515/psr-2021-0068 

Urrutia, R. I., Gutierrez, V. S., Stefanazzi, N., Volpe, M. A., & Werdin 
González, J. O. (2022). Pyrolysis liquids from lignocellulosic 
biomass as a potential tool for insect pest management: A 
comprehensive review. Industrial Crops and Products 177). 
https://doi.org/10.1016/j.indcrop.2022.114533 

Wainaina, S., Lukitawesa, Kumar Awasthi, M., & Taherzadeh, M. J. 
(2019). Bioengineering of anaerobic digestion for volatile fatty 
acids, hydrogen or methane production: A critical review. In 
Bioengineered,10(1), 437–458). 
https://doi.org/10.1080/21655979.2019.1673937 

Wang, Z., Hu, Y., Wang, S., Wu, G., & Zhan, X. (2023). A critical review 
on dry anaerobic digestion of organic waste: Characteristics, 
operational conditions, and improvement strategies. Renewable 
and Sustainable Energy Reviews, 176, 113208. 
https://doi.org/10.1016/j.rser.2023.113208 

Werkneh, A. A. (2022a). Biogas impurities: environmental and health 
implications, removal technologies and future perspectives. In 
Heliyon, 8, (10). https://doi.org/10.1016/j.heliyon.2022.e10929 

Werkneh, A. A. (2022b). Biogas impurities: environmental and health 
implications, removal technologies and future perspectives. 
Heliyon, 8(10), e10929. 
https://doi.org/10.1016/j.heliyon.2022.e10929 

Wienchol, P., Szlęk, A., & Ditaranto, M. (2020). Waste-to-energy 
technology integrated with carbon capture – Challenges and 
opportunities. Energy, 198, 117352. 
https://doi.org/10.1016/j.energy.2020.117352 

Williams, C. L., Westover, T. L., Emerson, R. M., Tumuluru, J. S., & Li, C. 
(2016). Sources of Biomass Feedstock Variability and the 
Potential Impact on Biofuels Production. Bioenergy Research 9(1), 
1–14. https://doi.org/10.1007/s12155-015-9694-y 

Xue, C., & Cheng, C. (2019). Chapter Two - Butanol production by 
Clostridium. In Y. Li & X. Ge (Eds.), Advances in Bioenergy, 4, 35–
77, https://doi.org/10.1016/bs.aibe.2018.12.001 

Yaashikaa, P. R., Kumar, P. S., Varjani, S., & Saravanan, A. (2020). A 
critical review on the biochar production techniques, 
characterization, stability and applications for circular 
bioeconomy. Biotechnology Reports, 28, e00570. 
https://doi.org/10.1016/j.btre.2020.e00570 

Yamakawa, C. K., Qin, F., & Mussatto, S. I. (2018). Advances and 
opportunities in biomass conversion technologies and 
biorefineries for the development of a bio-based economy. 
Biomass and Bioenergy, 119, 54–60. 
https://doi.org/10.1016/j.biombioe.2018.09.007 

Yansaneh, O. Y., & Zein, S. H. (2022). Recent Advances on Waste Plastic 
Thermal Pyrolysis: A Critical Overview. Processes 10(2).. 
https://doi.org/10.3390/pr10020332 

Ye, B., Zhang, R., Cao, J., Lei, K., & Liu, D. (2020). The study of co-
combustion characteristics of coal and microalgae by single 
particle combustion and TGA methods. Journal of the Energy 

https://doi.org/10.1016/B978-0-444-64083-3.00005-1
https://doi.org/10.1016/B978-0-444-64083-3.00005-1
https://doi.org/10.3390/en16145409
https://doi.org/10.1016/j.biortech.2012.09.012
https://doi.org/10.1016/j.ijhydene.2021.08.222
https://doi.org/10.1016/j.enpol.2015.02.031
https://doi.org/10.3390/en14248240
https://doi.org/10.1016/j.ijhydene.2009.09.001
https://doi.org/10.1016/j.energy.2022.123722
https://doi.org/10.1007/s10311-020-00990-2
https://doi.org/10.1016/j.enpol.2017.03.061
https://doi.org/10.1007/s13399-023-03828-3
https://doi.org/10.1016/j.est.2021.102591
https://doi.org/10.1016/j.envpol.2023.121623
https://doi.org/10.1016/j.cscee.2023.100491
https://doi.org/10.3390/fermentation7040268
https://doi.org/10.3390/su151612121
https://doi.org/10.3390/su151612121
https://doi.org/10.1016/j.biortech.2022.127660
https://doi.org/10.1007/s42768-019-00013-z
https://doi.org/10.4103/sja.SJA_685_18
https://doi.org/10.3389/fenrg.2021.728140
https://doi.org/10.18331/BRJ2019.6.2.3
https://doi.org/10.1007/s11101-021-09784-y
https://doi.org/doi:10.1515/psr-2021-0068
https://doi.org/10.1016/j.indcrop.2022.114533
https://doi.org/10.1080/21655979.2019.1673937
https://doi.org/10.1016/j.rser.2023.113208
https://doi.org/10.1016/j.heliyon.2022.e10929
https://doi.org/10.1016/j.heliyon.2022.e10929
https://doi.org/10.1016/j.energy.2020.117352
https://doi.org/10.1007/s12155-015-9694-y
https://doi.org/10.1016/bs.aibe.2018.12.001
https://doi.org/10.1016/j.btre.2020.e00570
https://doi.org/10.1016/j.biombioe.2018.09.007
https://doi.org/10.3390/pr10020332


K.T.Alao et al  Int. J. Renew. Energy Dev 2024, 13(4), 750-782 

|782 

 

ISSN: 2252-4940/© 2024. The Author(s). Published by CBIORE 

Institute, 93(2), 508–517. 
https://doi.org/10.1016/j.joei.2019.07.001 

Yong, Z. J., Bashir, M. J. K., Ng, C. A., Sethupathi, S., Lim, J. W., & Show, 
P. L. (2019). Sustainable waste-to-energy development in 
Malaysia: Appraisal of environmental, financial, and public issues 
related with energy recovery from municipal solid waste.  
Processes 7(10). https://doi.org/10.3390/pr7100676 

Yoo, C. G., Meng, X., Pu, Y., & Ragauskas, A. J. (2020). The critical role 
of lignin in lignocellulosic biomass conversion and recent 
pretreatment strategies: A comprehensive review. Bioresource 
Technology, 301. 
https://doi.org/10.1016/j.biortech.2020.122784 

Youcai, Z., & Tao, Z. (2021). Chapter 5 - Combined anaerobic 
fermentation biohydrogen and biomethane production for 
sewage sludge and food waste. In Z. Youcai & Z. Tao (Eds.), 
Biohydrogen Production and Hybrid Process Development (pp. 311–
444). Elsevier. https://doi.org/10.1016/B978-0-12-821728-
3.00005-0 

Yu, I. K. M., & Tsang, D. C. W. (2017). Conversion of biomass to 
hydroxymethylfurfural: A review of catalytic systems and 
underlying mechanisms. Bioresource Technology, 238,  716–732.  
https://doi.org/10.1016/j.biortech.2017.04.026 

Zaman, C. Z., Pal, K., Yehye, W. A., Sagadevan, S., Shah, S. T., Adebisi, 
G. A., Marliana, E., Rafique, R. F., & Johan, R. Bin. (2017). 
Pyrolysis: A Sustainable Way to Generate Energy from Waste. In 
Pyrolysis. InTech. https://doi.org/10.5772/intechopen.69036 

Zamri, M. F. M. A., Milano, J., Shamsuddin, A. H., Roslan, M. E. M., 
Salleh, S. F., Rahman, A. A., Bahru, R., Fattah, I. M. R., & Mahlia, 
T. M. I. (2022). An overview of palm oil biomass for power 
generation sector decarbonization in Malaysia: Progress, 
challenges, and prospects. Wiley Interdisciplinary Reviews: Energy 
and Environment, 11(4). https://doi.org/10.1002/wene.437 

Zeng, Y., & Han, X. (2023). Co-Processing Biomass With Fossil Fuels. In 
Reference Module in Earth Systems and Environmental Sciences. 
Elsevier. https://doi.org/10.1016/B978-0-323-93940-9.00060-8 

Zeng, Y., Zhao, S., Yang, S., & Ding, S. Y. (2014). Lignin plays a negative 
role in the biochemical process for producing lignocellulosic 
biofuels. In Current Opinion in Biotechnology, 27,  98–45. 
https://doi.org/10.1016/j.copbio.2013.09.008 

Zhang, K., Pei, Z., & Wang, D. (2016). Organic solvent pretreatment of 
lignocellulosic biomass for biofuels and biochemicals: A review. 
Bioresource Technology, 199, 21–33. 
https://doi.org/10.1016/j.biortech.2015.08.102 

Zhao, H. (2022). Chapter 18 - Biomass burning emission and impacts on 
air pollution in China. In R. P. Singh (Ed.), Asian Atmospheric 
Pollution (pp. 335–347). https://doi.org/10.1016/B978-0-12-
816693-2.00024-X 

Zhou, C., Chen, L., Liu, C., Wang, J., Xing, X., Liu, Y., Chen, Y., Chao, L., 
Dai, J., Zhang, Y., Yu, M., Yuan, Y., Yao, B., & Li, Y. (2022). 
Interconnected pyrolysis and gasification of typical biomass in a 
novel dual fluidized bed. Energy Conversion and Management, 271, 
116323. https://doi.org/10.1016/j.enconman.2022.116323 

Zhou, J., Wang, M., Saraiva, J. A., Martins, A. P., Pinto, C. A., Prieto, M. 
A., Simal-Gandara, J., Cao, H., Xiao, J., & Barba, F. J. (2022). 
Extraction of lipids from microalgae using classical and 
innovative approaches. Food Chemistry, 384, 132236. 
https://doi.org/10.1016/j.foodchem.2022.132236 

Zikhathile, T., Atagana, H., Bwapwa, J., & Sawtell, D. (2022). A Review 
of the Impact That Healthcare Risk Waste Treatment 
Technologies Have on the Environment. In International Journal 
of Environmental Research and Public Health19, (19). 
https://doi.org/10.3390/ijerph191911967 

 
 

© 2024. The Author(s). This article is an open access article distributed under the terms and conditions of the Creative Commons 
Attribution-ShareAlike 4.0 (CC BY-SA) International License (http://creativecommons.org/licenses/by-sa/4.0/

https://doi.org/10.1016/j.joei.2019.07.001
https://doi.org/10.3390/pr7100676
https://doi.org/10.1016/j.biortech.2020.122784
https://doi.org/10.1016/B978-0-12-821728-3.00005-0
https://doi.org/10.1016/B978-0-12-821728-3.00005-0
https://doi.org/10.1016/j.biortech.2017.04.026
https://doi.org/10.5772/intechopen.69036
https://doi.org/10.1002/wene.437
https://doi.org/10.1016/B978-0-323-93940-9.00060-8
https://doi.org/10.1016/j.copbio.2013.09.008
https://doi.org/10.1016/j.biortech.2015.08.102
https://doi.org/10.1016/B978-0-12-816693-2.00024-X
https://doi.org/10.1016/B978-0-12-816693-2.00024-X
https://doi.org/10.1016/j.enconman.2022.116323
https://doi.org/10.1016/j.foodchem.2022.132236
https://doi.org/10.3390/ijerph191911967
http://creativecommons.org/licenses/by-sa/4.0/



