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Abstract

:

With increased worldwide energy demand and carbon dioxide emissions from the use of fossil fuels, severe problems are being experienced in modern times. Energy is one of the most important resources for humankind, and its needs have been drastically increasing due to energy consumption, the rapid depletion of fossil fuels, and environmental crises. Therefore, it is important to identify and search for an alternative to fossil fuels that provides energy in a reliable, constant, and sustainable way that could use available energy sources efficiently for alternative renewable sources of fuel that are clean, non-toxic, and eco-friendly. In this way, there is a dire need to develop technologies for biofuel production with a focus on economic feasibility, sustainability, and renewability. Several technologies, such as biological and thermochemical approaches, are derived from abundant renewable biological sources, such as biomass and agricultural waste, using advanced conversion technologies for biofuel production. Biofuels are non-toxic, biodegradable, and recognized as an important sustainable greener energy source to conventional fossil fuels with lower carbon emissions, combat air pollution, empower rural communities, and increase economic growth and energy supply. The purpose of this review is to explain the basic aspects of biofuels and their sustainability criteria, with a particular focus on conversion technologies for biofuel production, challenges, and future perspectives.
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1. Introduction


Today, energy is the most important potential need for humanity, and its requirements have been radically increasing due to increased energy consumption, fossil fuel depletion, and environmental degradation [1]. Likewise, fuels are also of potential importance because they could be burned to produce energy [2]. Worldwide demands for fuel efficiency, instability of oil prices, global warming, energy security, and future requirements are some of the most important problems that we have faced [3]. Worldwide, the maximum (about 90%) energy requirements are met by fossil fuels, but by 2040, it is expected that usage of renewable resources will increase to about 50% [4,5]. To fulfil these requirements, there is a continuous demand to look for an alternative fuel that is renewable, inexpensive, eco-friendly, has lower GHGG emissions, sustainable, and is economically competitive, with several major benefits [6,7].



The use of biomass resources for the production of biofuel has drawn more attention globally. Due to rising prices of oil and climate change, researchers have been interested in renewable technology for biofuel production [8]. One of the sustainable energy sources, biofuel, is derived from biomass and used as an alternative to conventional fuel sources. Additionally, biofuels possess special qualities, such as non-toxicity, biodegradability, economic effectiveness, and being plentifully available [9]. The composition of the biomass and optimal production conditions like temperature, catalytic reaction time, chemicals, and kind of catalyst have all been taken into consideration when using biofuels as energy supplies in an eco-friendly and sustainable manner [10]. There is a dire need to search for alternatives to traditional fuels that provide constant, reliable, and sustainable energy sources which can be utilized efficiently. However, the use of fossil fuels has caused much harm to the environment and human beings due to the development of and increases in modernization, industrialization, economic enlargement, and growth of the population, which leads to economic calamities [11].



In the current scenario, fossil fuels (petrol, diesel, coal, and natural gas) are broadly used for power generation or mechanical energy in different sectors, such as transport, commercial, agriculture, domestic, and industrial [12]. In the transport sector, about 98% of the total energy consumed is derived from fossil fuels. Today, there are several technological challenges to producing renewable energy in sustainable ways. There is an urgent need to search for a substitute for fossil fuels that is renewable, inexpensive, environmentally friendly, and emits fewer greenhouse gases. The potential alternate for fossil fuels is biofuel production [13]. In this direction, developing countries have taken initiatives to replace traditional fuels with biofuels, which are renewable and produced from biomass used as biological substrates [14]. Moreover, biofuels have the potential to substitute for transport fuels like petroleum, jet fuel, and diesel fuel. Secondly, environmental degradation and climate change have led to numerous recent advances that could encourage the application of reliable and useful innovative technologies [5]. In this direction, biofuel is the most favorable alternative that can be produced domestically and can be substituted for gasoline that fulfils the requirements of the transportation sector [15].



In recent years, worldwide, there has been more emphasis on the replacement of petroleum products by the efficient utilization of renewable resources (lignocellulose biomass) into biofuels [16,17,18]. Today, liquid biofuels are gaining more interest as a substitute for fossil fuels derived from petroleum and gasoline in terms of energy requirements, oil prices, health issues, and global warming [19]. Similarly, to develop a sustainable energy matrix and reduce the level of CO2 in the transport division, biofuel has become one of the most promising forms of energy [20]. Mainly, biofuels are solid, liquid, and gaseous fuels that are obtained using feedstocks from different sources, such as animal fats, agriwaste (biomass), waste oils, etc. Biofuel is biodegradable, nontoxic, and carbon-neutral, and it releases less carbon and greenhouse gases with less CO, oxides (nitrogen and sulphur), hydrocarbons (unburnt), and particulate matter as compared to fossil and traditional fuels [21,22].



Biomass (agriwaste) is composed of abundantly available raw materials which are renewable and eco-friendly, do not increase the level of CO2, produce lesser amounts of sulphur and nitrogen in the environment [23], and are carbon neutral [24]. Biomass is classified as traditional and advanced according to its origin and the type of process adopted. First, traditional/conventional biomass is producing energy from unsustainable resources with low efficiency that release of high amounts of toxic pollutants. Modern biomass is derived from suitable conversion technologies, and under proper management, high quality biofuels, including of biofuels i.e., bioethanol, biogas, bio-oil, and biodiesel, are produced from vegetable oils, industrial and organic wastes [25]. It is one of the oldest energy sources used by humankind. About 90% or one-third of the global population have depended on conventional biomass for a common energy source, drawing from wood, forestry, agricultural residues, livestock etc. However, the problem of deforestation creates problems; it increases the pressure on the local environment, and greenhouse gases emissions could be increased due to fuel production from traditional biomass. Despite these drawbacks, billions of people still use traditional biomass as a source of energy because it is easily available and cheap. So, biofuels act as an energy vector and are produced from modern biomass through physical, chemical, and biological conversion processes. Production of biofuels (liquid) is a promising alternative source of energy that could replace petrol, diesel, and gasoline fuels. Similarly, bio-hydrogen has received significant consideration due to its numerous advantages. Biomass from lignocellulosic materials is used as feedstock for biohydrogen production, which is the best alternative to petroleum-based fossil fuels due to its properties, i.e., being environmentally friendly and emitting no greenhouse gases during combustion [26,27]. It is a safe, clean, and non-toxic biofuel that is sustainable and can be used as a vehicle fuel or to generate heat or electricity, as its burning provides mechanical energy without the emission of CO2. However, the applications of biohydrogen (H2) are still limited due to its capture, storage, and transformation methods on a large scale. Therefore, biohydrogen is a cost-effective as well as eco-friendly approach to resolving this problem. In this way, lignocellulosic and algal (macro and micro) biomass has attracted great research interest with the goal of producing biohydrogen and other biofuels [28]. The development of an economically viable process for biohydrogen production from bioconversion of lignocellulosic biomass (LCB) by applying the consolidated bioprocessing (CBP) method via nanotechnology is the best solution to move toward carbon neutrality and sustainability [29,30]. This review highlights basic information about biofuel production, comparisons between traditional and advanced biofuel conversion technologies, and future prospects and challenges with energy sustainability issues.




2. Biomass Energy


Various biomass resources could be used for energy purposes. These can be divided into four basic categories:




	
Energy crop-based: Biomass from different energy crops such as herbaceous crops, woody, industrial crops, agricultural and aquatic crops are used for energy purposes.



	
Agricultural residues and waste: Agriwaste (rice and wheat straw) and animal farm waste.



	
Forestry waste and residues: Various mill wood waste, logging residues, trees and shrub residues etc.



	
Industrial and municipal wastes: Municipal solid waste (MSW), sewage sludge and different industrial waste.








Consequently, the suitability of various aspirants for biofuel is being continuously researched by scientists and ecologists in terms of economic viability, reliability and future sustainability. Adapting blending capability with gasoline without much alteration makes fuel from plant origin (biofuel) an ideal candidate for an alternative to petroleum-based products. Therefore, the present chapter highlighted the types, classification/generation, and bioconversion processes for biofuel production with their safety challenges and future perspective.




3. Types of Biofuels


Different processes/technologies for energy conversion from various biomass/feedstock are appropriate for pilot and large scales production of biofuels. According to International Energy Agency [31], biofuels are usually divided into two types: conventional (first generation) and advanced biofuels (second and third generation). Figure 1 represents a view of the conventional and advanced biofuels and depicts the number of applications, basic R & D, and commercial production of liquid and gaseous biofuel. The types of biofuel production mainly depend on the types of feedstocks and their conversion process [32].



3.1. Conventional/Traditional Biofuels


These biofuels have well established processes/technologies for bioethanol production from sugars and starchy feedstock via fermentation and biodiesel production from transesterification of vegetable/edible oils. Basically, the conventional biofuels (bioethanol and biodiesel) are based on planting materials and share only 4% of the total transport fuel consumption due to several main constraints, viz., shortage of feedstock, low CO2 abatement, blending limit, and low cost [33]. These biofuels possess many advantages, including being carbon neutral and having low emission of greenhouse gases [34]. The first generation of biofuels, also called conventional biofuels, are made from sugar, starch, grains, maize, and vegetable oil. Typical feedstocks for biofuel production include sugarcane, sugar beet, corn and wheat grains, rapeseed, soybean oil crops, oil palm, animal fats, vegetable oil and municipal waste, and they are produced through optimized fermentation, distillation, and transesterification processes [35]. Another biofuel, called biodiesel, is produced from cooking oils, plant oil, and animal fat using transesterification with alcohol and methanol used as catalysts. The conventional biofuels are bioethanol, biodiesel, and biogas. Conventional biofuel pathway/technologies are well-known processes which are standardized at a commercial scale for biofuel production.




3.2. Advanced Biofuels


These types of biofuels mainly refer to second generation (from non-consumable materials), third generation (from micro and macro algae), and fourth generation (from genetically modified organisms) biofuels that are more sustainable and have low greenhouse gas emissions [36,37]. Advanced biofuels offer improved properties, compatibility with existing infrastructure, and greater potential for reducing greenhouse gas emissions [38]. Feedstocks mainly contain lignin cellulosic residues, which are obtained from agriculture and forest residues (eucalyptus, poplar, robinia etc.), non-food crops, which are grown on marginal and non-arable land, organic waste, woody parts of urban waste and perennial shrubs and grasses (e.g., jatropha, miscanthus, switch grass), agro and agri by-products, seaweed, and macro and micro-algae [39]. These biofuel production technologies mainly focus on non-food-based feed stock, including agriculture and genetically modified crops, and are grown on marginal, non-arable land with moderate crop yields. Advanced biofuels resources are LC-based biomass, algae/microbes-based biomass, biodiesel and bio-synthetic gas, animal fat-based biofuels (hydro treated vegetable) such as 2G ethanol, biomass-to-liquids (BTLs) biodiesel, biobutanol, DME, and bio-synthetic gas (bio-SG). More research and development should be required at pilot or demonstration phases for the production of advanced biofuels [19,40]. However, advanced biofuels offer a promising route towards a cleaner and more sustainable energy future [41,42]. These biofuels have a significantly lower carbon footprint and reduce climate change and global warming greenhouse gas emissions that help to mitigate of climate change and promote sustainable land use [33].



Currently, new technology should be designed for process improvements that are more efficient and cost effective [43].



Advances and recent separation technologies (wet and dry milling)



	
Enzymatic dry milling



	
Dry fractionation



	
Ammoniation process in the wet mill



	
Continuous membrane reactor for starch hydrolysis



	
High-gravity fermentation



	
Improved and efficient yeast (recombinant DNA techniques)



	
Conversion of pentose and hexoses sugars to ethanol



	
New enzymes for liquefaction and saccharification



	
Optimized systems/conditions








4. Biofuels Generations/Classifications


Biofuels are recognized as vital renewable and sustainable energy sources that are alternatives to traditional or fossil fuel [44]. These are produced by biological process like anaerobic digestion and fermentation. Biofuel use as energy and fuel resources have been depending on the class, nature, and types of biomasses, feedstock, production technologies, standardized conditions for the production processes (temperature, pH, catalytic reaction time, reagents/solutions) and type of catalyst used in an eco-friendly and sustainable manner [45].



Biofuels are classified into first generation, second generation, third generation, and fourth generation (Table 1).



The composition and calorific value of biofuels depend upon the type of biomass and process employed. Successfully using advance technologies for the large-scale for biofuel production from biomass would help save energy [46]. Basically, there are two types of biofuels: primary and secondary. The primary biofuels are mainly fuel from wood, wood chips, pellets, and organic waste materials, which are normally used for cooking in households and heating and electricity generation in industries. Likewise, secondary biofuels are generally developed from biomass (cultured), which consists of liquid fuels that are widely used in transportation and industrial sectors [47].



Further, biofuels are subdivided into four generations/classifications/categories (Figure 2) of biofuels: The first generation includes: biodiesel, bioethanol, vegetable oil, bio- ethers, solid biofuels, and biogas [48,49]. The various edible sources, like food crops, sugar, starch, animal or oil fats, and grains, are mostly used for producing first generation of biofuels [48].



Generally, the second generation of biofuels is based on non-food crops like lignocellulosic biomass (agricultural residues such as straw, stover, sugarcane bagasse, and husk), wood and wood chips, wasted oil from edible food, and planting materials and organic waste from household and industries. Biohydrogen, biomethanol, mixed alcohols, ethanol and wood-based biodiesel are also categorized in second generation of biofuels.



The third generation of biofuels includes complex feedstocks, such as macro and microalgae algae, that produce a large number of energy sources. The fourth generation includes metabolic engineered plant and algae that generates biofuels from oxygenic photosynthetic microbes and creates artificial carbon sinks [50,51].



4.1. First-Generation Biofuels


These biofuels are produced through well-established processes, viz., cold pressing, extraction, trans-esterification, hydrolysis, saccharification, fermentation, and chemical synthesis, and are optimized up to commercial production [48]. These biofuels have been mainly derived from starch, sugar, grains, animal fats, and vegetable oil sources. These types of biofuels (biodiesel, vegetable oil, bioethanol, and biogas) are already well-known in the fuel markets and are generally produced from fuel crops [49]. The production process for the first generation of biofuels consists of various conversion technologies depending on the type of feedstock and products (Table 2). The production process of bioethanol includes downstream and upstream process, namely hydrolysis, liquefaction, saccharification, fermentation, and product recovery (Figure 3).




4.2. Second-Generation (2G) Biofuels


Conversion technologies for the production of 2G biofuel at commercial or large scale are still in development stage. The 2G biofuels are produced through more advanced technologies, such as pre-treatment, hydrolysis, saccharification and fermentation, and gasification and chemical synthesis.



The potential feedstocks that could be used in the production of 2G biofuels include lignin-cellulosic biomass, woody crops, agricultural residues, municipal and industrial wastes, processed wastes, and organic waste sources [17,52]. The biodiesel, bioethanol, synthetic fuels, and biohydrogen are mainly considered as 2G biofuels [48]. Second generation biofuels are used in various bioconversion/production routes which aim to avoid the “fuel versus food” problem. However, they could be competing with the use of agricultural lands for growth of food crops [49]. As lignocellulosic biomass is seen in various physio-chemical characteristics and compositions, it should be pretreated before further conversion into biofuel [53].



The conversion process of 2G feedstocks is obtained using two basic approaches (thermochemical and biological). Thermochemical decomposition processes are including gasification, biocarbonization, liquefaction, and pyrolysis. Biological digestion basically refers to microbial fermentation (Figure 4). Generally, the biological digestion process is very common and produces a small number of different products with high yields in the presence of some biological catalysts. The thermochemical conversion process produces multiple and complex products within short reaction times and used inorganic catalysts to improve the quality of products [53].



Biofuel could be blended with petroleum-based fuels in existing internal combustion engines, and then expand through existing infrastructure. With slight modifications, it could be also used in vehicles with internal combustion engines, for example, vehicles used for dimethyl ether. The biomass-to-liquids (BTLs), biobutanol, and bioethanol from lignocellulosic biomass are the main resources in 2G biofuel production [55]. The environment-friendly conversion process for utilizing raw corn cob biomass materials was developed without pretreatment stages by utilizing the enzyme mimicking features of cerium-doped iron oxide (CeFe3O4) NPs for bioethanol fermentation [56].




4.3. Third Generations of Biofuels


The third generation of biofuels mainly derived from algae or “algae-to-biofuels” technology, which is also known as oilgae (production of biodiesel and bioethanol), and biohydrogen produced from lignocellulosic biomass that does not require land to grow [57]. For production of bioethanol, different catalysts are used to convert sugar, starch, and lignin-cellulosic into simple short-chain carbohydrates [58]. Algae is a photosynthetically efficient feedstock as compared to other energy crops; it converts solar energy into chemical energy and stores it in the form of oils, carbohydrates, and proteins [59]. Biodiesel produced from algae is a potential alternative biofuel that is cost-effective. Microalgae have also been used as a promising feedstock for biodiesel because of their high productivities compared to other conventional energy crops. These algae are microscopically (colonial or single cell), large in size, and photosynthetic, with a diverse group of eukaryotic microorganisms that produce carbohydrates, proteins, and lipids. Therefore, microalgae can be used as feedstock for a third-generation energy source [45]. Biodiesel is a green fuel which does not contribute to the carbon dioxide emission and reduced engine emission; it contributes approximately 40–50% of the oxygen in the atmosphere [59]. It is safer, renewable, non-toxic, and biodegradable; it contains no sulphur; and it is a better lubricant. Therefore, biodiesel is the best option for replacement of conventional fuels. Moreover, its use creates numerous societal benefits: rural regeneration, employment opportunities, and reduced global warming [8,60,61]. Microalgae is a renewable source for biodiesel production that is capable of decreasing the demand for transport fuels globally [62]. It is the largest primary producers of the aquatic ecosystem. However, microalgae are a suitable feedstock for biodiesel production compared to other energy crops due to a numerous advantage, such as high photosynthetic efficiency, biomass production, and higher growth rate with high oil content, less freshwater consumption, short life duration, and simple structures.



Moreover, biodiesel produced from microalgal oil is showing similar characteristics to standard or conventional biodiesel. According to the flash point values, it is more stable [63]. These technologies could be increased in the biomass as well as lipid production, and microalgae production at the industrial scale will be improved [64]. To date, technologies for large scale production of third generation biofuels have not been successfully developed. Therefore, in future, these technologies could be established by using the latest and most advanced methods for mass production of biofuel. The overall sequence mentioned for biomass downstream processing includes cultivation, separation of the cells from the liquid growth medium, and oil extraction using the transesterification process for biodiesel production from microalgae (Figure 5).




4.4. Fourth Generations of Biofuels


Biofuels are produced from macro and microalgae, and engineered crops/feedstock and microorganisms are used for bioethanol, biodiesel, and biohydrogen production. Recently, the concept has been introduced as “fourth generation algal biofuels” or “photosynthetic biofuels”. The algal biofuels would come from the metabolic and genetically engineered photosynthetic micro-organisms which are produced in fourth generation biofuel [63]. This generation of biofuels are based on raw materials/feedstocks that are basically rare, expensive, and difficult to source.



Fourth generation technologies are combined with genetically modified/optimized feedstocks that are mainly designed for capturing of huge amounts of carbon using genomically modified microbes that can efficiently produce biofuels [64]. The key process is required for capturing and sequestration of CO2, which renders fourth generation biofuels as a carbon negative source [65]. For high biofuel productivity, the product separation methods play significant roles in decreasing the production cost along with reducing the biomass separation and processing compared to conventional methods [40]. During biofuel production, volatile compounds like lower alcohols, aldehydes, and gases could be easily removed from the growth medium and distilled to liquid biofuel to avoid energy that requires dewatering steps [66]. Moreover, genetically modified (GM) algae can enhance biofuel production and are a potentially well-known alternative to fossil fuels [67].



Numerous studies have been conducted to enhance the various steps involved in producing biofuels, including pretreatment, hydrolysis, saccharification, fermentation, anaerobic digestion, transesterification of biomass under optimal conditions, reactor designs, product quality and yield while taking into account capital costs, consumer acceptance, and market value [68].



Bioethanol and biohydrogen are important renewable fuels which are produced from different feedstocks by using various fermentation processes, as mentioned in Table 3.





5. Biomass Conversion Technologies for Biofuel Production


There are several existing and developing routes to convert biomass and other feedstocks and raw materials into different value-added products [53]. Basically, there are four routes that could be further sub-classified into different categories:




	
Physical route/processes




	
Briquetting



	
Pelletization








	
Agrochemical route/processes













	
Thermochemical route/Processes




	
Combustion in excess air



	
Carbonization



	
Pyrolysis




	
Very little air/no oxygen added



	
750 °F to 1500 °F








	
Gasification




	
Some air/oxygen used but less than for incineration



	
Begins at 1300 °F













	
Biochemical route/Processes




	
Anaerobic Digestion




	
Bacteria breaks down feedstock



	
No oxygen








	
Fermentation




	
Anaerobic process



	
Microbes used to produce ethanol


















Basically, the biomass or feedstocks are transformed into liquid biofuels using two routes, namely, biochemical and thermochemical conversion technologies, into different products, such as bioethanol, biogas, biodiesel, bio-oil, biosyngas, biohydrogen, transport fuels, and heat generation by using fermentation, pyrolysis, liquefication, transesterification, chemical synthesis, and combustion processes (Figure 6).



The thermochemical process is characterized as having higher temperature and high conversion rates that are suitable for dry biomass/feedstock with lower moisture and is generally less selective for limited products. On the other hand, biochemical technologies are more suitable for wet wastes that are rich in organic matter [69]. Biofuels derived from renewable sources of biomass used as feedstock (agricultural residues, planting materials, starch and sugars crops, and wood) for bioethanol, and biogas production via liquefaction, enzymatic hydrolysis, saccharification, fermentation, and anaerobic digestion conversion technologies. Likewise, biodiesel is derived from feedstocks of plant oils, animal fats, and algae through transesterification and dark fermentation process [70]. Table 4 shows an outline of the types of biofuels and their conversion processes from different biomass as substrates and their applications in energy and fuel sectors [71,72].




6. Comparison between Biofuels and Fossil Fuels


Biofuels have an advantage over traditional or conventional fuels and other renewable sources of energy, which reduces the dependency on oil imports and has zero or negligible emissions of oxides that cause environmental pollution, health hazards, and global warming [73]. Biofuels are a complement to traditional fossil fuels, which are produced from organic materials converted into fuel. Fossil fuels are hydrocarbons containing non-renewable natural sources, such as coal, fuel oil, and natural gas and are derived from dead plants, organisms, and animals [74]. When compared with the overall costs and benefits of biofuel and fossil fuel production, biofuels are cheap, renewable, and abundant organic materials used as feedstock compared to fossil fuels (Table 5). Le et al. [75] reported the energy and greenhouse gas effects and efficiency of both fuels. Biofuel was more profitable compared to fossil fuels. Worldwide, a sustainable biofuel market should be concentrated on efficiency improvement, optimized production processes, and blending properties [76]. As per the IRENA report, about 129 billion liters of liquid biofuel were used in 2016, which is projected to rise to 652 billion liters by 2050, while about 180 billion liters of biodiesel will be needed in the transport sector in 2050 [77,78]. Biofuels have been widely accepted as alternative fuels for the transportation sector to enhance the performance of transport vehicles.




7. Future Prospective for Biofuels Production


In recent years, the production cost has been uncertain, and the availability of feedstock has also varied. Therefore, it is difficult to identify the best technology for a cost-effective pathway for biofuel production via thermochemical and biochemical processes. Depending on the scale of market value, the various processes for the mass production of biofuels could be associated with different steps required for conducting research, development, and innovation. However, presently, first-generation biofuel production has been developed at a commercial or mass scale, but second-generation biofuel production is entering the market, and third-generation biofuels are still under research and development. Nevertheless, it is predictable that they will all be moved to the industrial or commercial scale within the next era. In fact, at present, many countries are developing, evaluating, or promoting biofuel-based programs; only a few cases have observed good prospects when the proper productivity and production system have been used [77]. However, in the future, more efforts should be made in research and development for technology and demonstration. Also, the sustainable production of biofuel from various biomass feedstocks could be undertaken by adopting the best conversion technologies, which are advanced, cost-effective, and viable. New routes and processes in the production of new-generation biofuels should be adopted for cost reduction and high production efficiency. Production of biofuels should be economically viable with proper utilization of various biomasses, not only for fuel production but also for the production of other valuable products and energy. Biomass has unique properties, i.e., renewable sources of carbon that could be converted into solid, liquid, and gaseous fuels that are non-toxic and eco-friendly [79]. Therefore, in this situation, the biofuels from the different biomasses and feedstocks play a significant role in the replacement of traditional fuels.



Various factors have an effect on advanced bio-fuel production, such as the amount of biomass available, the variety of products that could be produced, the nature and conditions of the conversion processes adopted, the ability to utilize biomass efficiently, the requirement of energy, and the characteristics and size of biomass. The future challenges would be focused on the enzymatic conversion of biomass (LC), which includes efficient pre-treatment methods, effective separation of lignin, cellulose, and hemicellulose, cost of enzymes, identification of potent or viable microorganisms that should be producing cellulase enzymes, enzyme immobilization, optimization of the hydrolysis process for efficient saccharification, downstream processing for the conversion of cellulose and hemicellulose into ethanol, and other value-added products that reduce the overall processing cost [80,81]. Figure 7 depicts an overview of advanced biofuels with the latest technologies and products. More research efforts should be made for the development of cost-effective conversion technologies for biofuel production before focusing on feedstock utilization, enzyme cost reduction, and downstream processes for production. The long-term prospects for biofuels remain uncertain. On the other hand, new technologies may produce more efficient biofuels in the future. To date, these technologies remain unrealized and may not be operationally or commercially viable for another decade or more.



Biofuel production is still challenging on a commercial scale, and new strains with commercial potential are still needed to be explored. The combination of multiple genetic engineering strategies for optimizing biofuel production will surely be useful. Thus, to overcome the energy crisis, global cooperative efforts are very important for transforming biofuels into our current energy system, which will further aid in cultivation methodology development as well as the technological advancement of biofuel production.




8. National Policy on Biofuels


India has placed more emphasis on the replacement of petroleum products with biofuels [16]. Today, liquid biofuels are gaining more interest as a substitute for fossil fuels derived from petroleum and gasoline in terms of energy requirements, oil prices, health issues, and global warming [19]. Similarly, biofuel has become one of the most promising forms of energy to develop a sustainable energy matrix and reduce CO2 level in the transport division [12,20]. Mainly, biofuel is made from different fuels, such as solid, liquid, and gaseous, that are obtained from different sources used as feedstocks, such as animal fats, agriwaste (biomass), waste oils, etc. Biofuel is biodegradable, non-toxic, and carbon neutral, releasing less carbon and greenhouse gases with less CO, oxides (nitrogen and sulphur), hydrocarbons (unburnt), and particulate matter as compared to fossil and traditional fuels [21,22].



Globally, the US, Brazil, and India are the major producers and consumers of biofuels and collectively contribute to 85% of the production and 81% of the consumption of ethanol. The global ethanol market was valued at 99 billion USD in 2022 and is expected to grow at a compounded annual growth rate of 5% by 2032, creating a huge opportunity for Indian industries and contributing to farmers’ income, job creation, and the overall development of the Indian ecosystem [78]. It was estimated that currently, about 98% of the fuel requirement in India for the transportation sector is met by fossil fuels and the remaining 2% by biofuels. India’s import of petroleum in 2020–2021 cost about 55 billion USD to the exchequer [82,83].



Recently, the Union Cabinet approved the National Policy on Biofuels for 2018 in order to promote biofuels in the country [84]. The objective of the National Policy on Biofuels has been to encourage domestic production of ethanol and further the Ethanol Blending Programme (EBP) in the country. Some other objectives of the National Policy on Biofuels are:




	
To meet the energy needs of India’s rural population and create employment opportunities;



	
To address global concerns by tightening automotive vehicle emission standards to curb air pollution;



	
To reduce the dependence on the import of fossil fuels, provide a higher degree of national energy security;



	
To derive biofuels from non-edible feedstock on degraded soils or wastelands unsuited to agriculture, avoiding a possible conflict between food and fuel.








For an optimum development of indigenous biomass and promotion of next-generation biofuels (Ministry of New and Renewable Energy, 2009), a target of 20% blending of ethanol in gasoline is proposed by Ethanol Supply Year (ESY) 2025–2026. An indicative target of 5% blending of biodiesel in diesel or direct sale of biodiesel is proposed by 2030 [83].



Biofuels in India are of strategic importance as they align well with ongoing government initiatives such as Make in India, Skill Development, and Swachh Bharat Abhiyan. It also offers a great opportunity to integrate with ambitious targets of doubling import reduction, farmers’ income and employment generation, and the waste to wealth concept.




9. Major Challenges in Biofuels Production


Today, the world is facing several challenges in the energy sector, including increases in oil prices, the depletion of natural resources, and environmental degradation. All of these challenges have direct or indirect effects on the environment and human beings. In this direction, biofuels have the potential to ease these problems in a sustainable and economical way. Worldwide, research into how to improve the production process of biofuels is ongoing. Nowadays, biofuel is a tremendous research area in which various advanced technologies used for biofuel production have also been developed, but fossil fuels cannot be completely replaced, and numerous integrated approaches in biological and genetic engineering are still important to standardize biofuel production at a marketable scale [79]. Recently, plant biomass has also been recognized as a potential source of biofuels, but presently, it is problematic and poses many challenges for biofuel at the commercial level compared to fossil fuels. It is necessary to develop potential strains for biofuel production using an advanced integrated approach. Presently, high-energy-requiring processes have been used for the utilization of biomass, i.e., the pretreatment process, purification of the biofuels, reactor design, operation conditions, and reaction mechanisms for thermochemical and biochemical processes for biofuel production [41,42]. These could be challenges in the commercialization of biofuel technologies. Recent technology or integrated processes for biofuels are still needed [80]. Moreover, there is a necessity to search for potential options related to various feedstocks or production technologies for the commercial production of biofuels [85,86]. Therefore, operation optimization is the major research area for increasing biofuel production [87]. On the other hand, lignin removal from biomass through pretreatment is also an important challenge due to lignan’s toxicity. It also acts as an inhibitor for the growth of microorganisms and has an adverse effect on the saccharification and fermentation processes during biofuel production [88]. Therefore, extensive research will be focused on innovative technologies in the sustainable production of value-added chemicals, functional polymers, hydrocarbon liquid fuels (hydrodeoxygenation), and other end products from lignin-derived feedstock through depolymerization, functionalization, and downstream processing [89,90]. However, further research is needed to optimize cultural conditions for biofuel production by developing novel microbial strains and integrating the different genetic engineering methods. However, large-scale production remains challenging. To resolve this problem, it is essential to convert biomass into biofuels by developing novel technology to increase biofuel production that can fulfil current and future energy demand.




10. Conclusions


Currently, India is one of the fastest-growing countries, with an increase in demand for fuel and energy. With the depletion of fossil fuels, high oil prices, a huge population, and limited energy resources in mind, the nation is searching for alternative renewable sources of fuel that are clean, non-toxic, and eco-friendly. In this context, biofuel production plays an important role in the environment and energy sectors. At present, biofuels play a vital role as a source of energy, potentially addressing several aspects, such as environmental degradation, global warming, climate change, energy security, rural development, business, and job opportunities. Bioethanol, biodiesel, and biogas are the major biofuels. However, there is a dire need to conquer the major technical hurdle towards lower capital costs for cellulosic ethanol production and make it cost-competitive with conventional biofuel systems for large-scale commercialization and production. The complete replacement of fossil fuels by biofuels is not feasible to achieve, but nevertheless, modern or advanced biofuels play a crucial role in fulfilling that requirement, helping to reduce greenhouse gas emissions, and leading society towards a better option that is sustainable and environmentally friendly. However, it is necessary to identify new renewable energy sources that have less of an impact on the accessibility and utilization of other resources and whose production is cost-effective. This must be intensified in order to maintain a sustainable environment for the production of biofuels and the consumption of energy.



There are multiple areas where the application of advanced technologies, such as biotechnology and nanotechnology, can significantly impact the economics of biofuel production. These improved technologies could play an important role in making the production of biofuels more sustainable and eco-friendlier, which represents a promising renewable source of electricity and gases. Biofuels still need to be improved as they are currently being developed. The need for biofuel is high, but effective technologies are needed to increase productivity and meet the desired requirements. In conclusion, to establish a more sustainable production of biofuel, there is a dire need for continuous research and development on all sustainability-related aspects.
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Figure 1. An overview of conventional and advanced biofuels. 
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Figure 2. A schematic represents of different classification/generations of biofuels with their feedstock’s characteristics [48]. 
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Figure 3. Overall bioethanol production process from biomass. 
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Figure 4. Overall processes for the production of second generation biofuels (Bacovsky et al. [54]). 
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Figure 5. The overall integrated process of producing biodiesel from microalgae. 
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Figure 6. Biomass conversion technology for biofuels production [39]. 
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Figure 7. A schematic representation of advance biofuels with value added products under different process. 
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Table 1. Classifications, product and feedstocks of different generations of biofuels.
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	Classifications
	Product
	Feedstock





	First generation (food feedstocks)
	Ethanol
	Corn, sugar beet, sugarcane, cereals, sorghum, grains etc.



	
	Biodiesel
	Rapeseed, palm oil, soybean, waste oils, animal fats



	Second generation (biomass)
	Cellulosic ethanol
	Switch grass, wheat straw, jatropha, miscanthus, corn Stover, stalks, stubbles, leaves, seed pods, rice and wheat straw, sugarcane bagasse, fruit and vegetable wastes



	Third generation
	Bioethanol/ethanol
	Algae



	Fourth generation
	Biodiesel/bioethanol
	“Drop in” biofuels, genetically modified crops for biofuels, renewable solar fuel










 





Table 2. Processes/technologies for producing the first generation of biofuels.
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	Type of Biofuel
	Product
	Feedstock
	Conversion Process/Technologies





	Biodiesel
	Biodiesel (methyl and ethyl esters of fatty acids) derived from energy crops
	Oil crops (soybean, sunflower, rapeseed, palm, etc.)
	Cold and warm pressing, drying, extraction, transesterification, purification,



	
	Biodiesel from organic waste materials
	Waste oil, cooking/frying oil
	Hydrogenation



	Bioethanol
	Conventional ethanol
	Sugar beet, sugarcane
	Direct fermentation of juice



	
	Starchy ethanol
	Corn, wheat and other grains
	Enzymatic hydrolysis, fermentation










 





Table 3. Comparison between bioethanol and biohydrogen production using different substrates.
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	Substrate(s)
	Fermentation Mode





	Bioethanol
	



	Corn, potato, cassava, sorghum, grains, fruit and vegetables waste, sweet potato, sugar cane, sugar beets, etc.
	Simultaneous saccharification and fermentation (SSF), separated hydrolysis and fermentation (SHF)



	Lignocellulose materials, such as wheat and rice straw, corn stover, corn cobs, switchgrass, hardwood, sugarcane bagasse, etc.
	Simultaneous saccharification and fermentation (SSF), simultaneous saccharification and fermentation with

prehydrolysis time (PTSSF)



	Alkaline-treated sugarcane bagasse
	Consolidated bioprocessing (CBP)



	Biohydrogen
	



	Agriculture residue (sugarcane bagasse, rice straw, leaves, etc.)
	Dark and photofermentation



	Fruits and vegetables waste
	Photofermentation



	Algae (macro and micro), cyanobacteria
	Biophotolysis










 





Table 4. Feedstock conversion technologies for biofuel production and its applications.
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	Types of Biofuels
	Biomass/Substrate
	Conversion Process/

Technologies
	Applications





	Bioethanol
	Corn, potatoes, sugarcane, sugar beet crops, Wheat, barley sorghum grains,

Poplar and wood chips, agricultural waste (corn, sorghum, oat, barley, wheat, soybean, cotton, bagasse, and rice straws) and energy crops (hybrid sorghum, energy cane, miscanthus, switchgrass, eucalyptus, and pine)
	Pre-treatment, Liquefaction, Enzymatic hydrolysis, saccharification and fermentation
	Drop in fuel, blending for gasoline engine, alcohol to jet for

aviation



	Biodiesel
	Rapeseed, sunflower, palm, soybean, canola, jatropha oil, algae, etc.
	Pressing, Cultivation, Harvesting, extraction, purification and trans-esterification
	Drop in fuel, blending for diesel engine



	Biogas
	Dung, agriwaste, sewage water and sludge, municipal solid waste, organic waste, industrial waste, etc.
	Anaerobic digestion (AD)
	Blended with natural gas for transportation, cooking



	Biohydrogen
	Lignocellulosic materials, bio-waste, macro and micro algae, industrial waste, etc.
	Dark and photo fermentation, biophotolysis
	Internal combustion engines










 





Table 5. Comparison of characteristics of biofuel and fossil fuels.
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	Characteristics
	Biofuels
	Fossil Fuels





	Type
	Renewable
	Non-renewable



	Impact on health
	Nontoxic
	Toxic ingredients, chemicals and by-products



	State of industry
	Growing
	declining



	Energy production
	Provides a low amount of energy per unit biomass
	Provides a high amount of energy per unit mass



	Environmentally friendly
	yes
	no



	production methods
	Safer
	unsafe



	CO2 neutral process
	Release net zero carbon dioxide
	Increase the concentration of carbon dioxide



	Sustainability
	yes
	no



	Examples
	Bioethanol, biodiesel, methanol, biobutanol, biogas, biohydrogen
	Gasoline, ethane, diesel, methane, butane
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