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Abstract

:

The production of so-called advanced bioethanol offers several advantages compared to traditional bioethanol production processes in terms of sustainability criteria. This includes, for instance, the use of nonfood crops or residual biomass as raw material and a higher potential for reducing greenhouse gas emissions. The present review focuses on the recent progress related to the production of advanced bioethanol, (i) highlighting current results from using novel biomass sources such as the organic fraction of municipal solid waste and certain industrial residues (e.g., residues from the paper, food, and beverage industries); (ii) describing new developments in pretreatment technologies for the fractionation and conversion of lignocellulosic biomass, such as the bioextrusion process or the use of novel ionic liquids; (iii) listing the use of new enzyme catalysts and microbial strains during saccharification and fermentation processes. Furthermore, the most promising biorefinery approaches that will contribute to the cost-competitiveness of advanced bioethanol production processes are also discussed, focusing on innovative technologies and applications that can contribute to achieve a more sustainable and effective utilization of all biomass fractions. Special attention is given to integrated strategies such as lignocellulose-based biorefineries for the simultaneous production of bioethanol and other high added value bioproducts.
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1. Introduction


The consumption of fossil-derived fuels in the transport sector poses an important environmental challenge since it is currently responsible for 24% of direct CO2 emissions at the global level (8.2 Gt in 2019). Road vehicles—cars, trucks, and buses—account for nearly 75% of total CO2 emissions in transport [1]. The magnitude of this impact, which has been getting worse in recent decades, makes the use of renewable and sustainable sources for the production of alternative biofuels imperative, among which biomass plays a key role. The intense work involving research, governmental and industry sectors has turned biomass-based liquid fuels (mostly bioethanol and biodiesel) into an actual alternative to the use of conventional fuels (gasoline and diesel) today. These liquid biofuels are considered essential elements to improve energy security in terms of supply, mitigate climate change, and support rural development at the global level [2,3].



In the transport sector, bioethanol is the most important biofuel worldwide, with 70.5% of the total shares and 142.6 billion liters produced in 2019 [4]. The United States and Brazil are the major bioethanol producers, accounting for 84% of the total production worldwide. The European Union is third in place reaching 5443 million liters (5% of global production) in 2019. Currently, fuel ethanol is mainly produced from food-related crops such as sugarcane, corn, wheat, and barley. This production has been known as first-generation (1G) bioethanol and the technology is mature at the industrial level. In 2019, 94% of the total bioethanol production in the United States was based on corn starch. Brazil, on the other hand, mainly obtains bioethanol (99% of the total production) from sugarcane. In the EU, bioethanol is produced from different feedstock including wheat (18.7%), maize (19.6%), sugar beet (57.9%), barley (1.9%), and rye (1.9%) [5].



1G bioethanol production created a strong controversy around the negative impact that the extensive use of cereal grain in Europe and the USA may have on food security at a global scale. As a result, several directives have been put into action in different world regions to establish sustainability criteria aiming at protecting the use of land for food and feed and assuring that biofuels involve measurable greenhouse gas savings in comparison to fossil fuels. Moreover, in the particular case of EU, the new Directive on Renewable Energy (RED II) establishes that conventional food-based biofuels, including bioethanol, will be limited at a maximum of 7% of final consumption of energy in the road and rail transport sector in 2030 [6]. This scenario has paved the way for the introduction of the so-called advanced biofuels that are produced from nonfood biomass materials such as lignocellulosic feedstocks.



Lignocellulosic bioethanol can be produced from the cellulosic fraction of a great variety of lignocellulosic feedstocks through the biochemical conversion pathway, which is based in hydrolysis and fermentation processes. This cellulosic ethanol is also known as second generation (2G) bioethanol or advanced ethanol, in the context of this review. Cellulosic ethanol represents a promising complement to the 1G ethanol production and it will be undoubtedly needed to meet the foreseen demand of this biofuel in the future. In spite of the continuing research effort and large investments being made in the US and Europe to speed up the development of this route, it is still necessary to improve the cost-competitiveness of cellulosic ethanol through the introduction of innovative processes and advanced methodological approaches that result in enhanced production yields and reduced costs.




2. Novel Raw Materials for Advanced Bioethanol Production


Lignocellulosic biomass is one of the most promising substrates for sustainable biofuel production. In economic terms, lignocellulose is readily available and can be locally produced at low cost. Lignocellulosic materials include agricultural and forest biomass residues (e.g., cereal straws, corn stover and sugarcane bagasse, softwood, hardwood, sawdust, pruning and bark residues), dedicated energy crops, and the organic fraction of municipal and industrial wastes. These materials are abundant on earth and in many cases have no economic value. Besides this, this type of biomass cannot be used as a food resource so there is no conflict with the food industry. For this reason, lignocellulosic bioethanol is one of the most promising and eco-friendly alternatives to the first-generation bioethanol produced from food crop biomass.



Lignocellulosic biomass is mainly composed of cellulose, hemicellulose, and lignin. Cellulose is a linear polymer consisting of β-d-glucose units linked by β-1-4-glycosidic bonds. Within lignocellulosic biomass, cellulose is organized into microfibrils due to hydrogen bonds and Van der Waal’s forces, through cross-linking between numerous hydroxyl groups. This makes a rigid structure and constitutes the principal component of the plant cell walls. Hemicellulose is a heteropolysaccharide composed of pentoses (xylose and arabinose) and/or hexoses (glucose, galactose, and mannose), sugars with 50–200 units. Although the composition varies depending on the biomass, hemicelluloses are highly branched with acetyl groups and small amounts of glucuronic acid. The third major component in lignocellulose is lignin, which provides structural strength to the plant. Lignin is a heterogeneous, amorphous, and highly branched aromatic polymer made of coniferyl, sinapyl, and p-coumaryl alcohol units. Table 1 shows the chemical composition of diverse lignocellulosic biomass used for bioethanol production.



The sugars contained in these feedstocks can be transformed into bioethanol by means of biotechnological processes through several steps and different configuration strategies. The maximum theoretical yield of the biochemical bioethanol production processes is 0.51 g of bioethanol/g of monosaccharide (independently of using C5 or C6 sugars). However, the efficiency of bioethanol production is influenced by different factors. Biomass recalcitrance is one of the most important factors to consider during advanced bioethanol production as it highly affects the accessibility of carbohydrates and thus prevents the release of fermentable sugars. To overcome biomass recalcitrance, different pretreatment technologies have been developed to guarantee the accessibility to carbohydrates. These methods are discussed in detail in Section 3.



The use of different biomass feedstocks in the context of advanced bioethanol production is discussed in the following subheadings.



2.1. Energy Crops


Crops, whose partial or total production is used as raw material to generate usable energy, are considered energy crops. In general, these crops produce great amounts of biomass per unit of area and time. The main characteristics for the selection of energy crops include rapid growth (short period from planting to harvest) and the capacity to grow under severe weather and poor soil conditions (where other crops will have low and unstable yields) [15].



Energy crops are generally divided into two types: herbaceous and woody energy crops. Herbaceous energy crops mostly belong to perennial grasses, including switchgrass (Panicum virgatum), miscanthus (Miscanthus spp.), and giant reed (Arundo donax) as well as others. On the other hand, with a relatively fast growth, short rotation woody crops included poplar and eucalyptus. Both herbaceous and woody energy crops may contribute to reduce soil erosion and to increase soil carbon and soil fertility in poor soils. Furthermore, herbaceous energy crops can be grown on degraded land (i.e., areas with low fertility and poor-quality mineral composition) [16,17], without affecting the intrinsic characteristics of bioethanol.



Switchgrass and Miscanthus spp. are probably the most studied lignocellulosic energy crops. Smullen et al. [18] investigated the conversion of switchgrass after subjecting it to different pretreatment methods (NaOH, NH3(aq), H2SO4 and CH3OH), with methanol being the most effective pretreatment method and allowing a final yield of 0.32 g of ethanol/g of glucose with 97% conversion yields.




2.2. Forest Biomass


Forest biomass, mainly woody materials such as branches, leaves, and lops, has been used as feedstock for bioethanol production. Wood can be classified into softwood (from gymnosperms) or hardwood (from angiosperms). Major differences between softwoods and hardwoods include growth rates and densities. Hardwoods usually exhibit slower growth and are therefore more dense than softwoods [19].



This group plays an important environmental role for the reduction in CO2 levels in the atmosphere and the preservation of marginal land. One of the major advantages of using forest biomass as feedstock when compared to other raw materials is its flexibility in harvesting time, since these materials do not depend on seasonality.



As an example of forestry resources, Eucalyptus nitens bark is a residue commonly obtained during the manufacturing of eucalyptus trees in the pulping industry. During this process, 20 tons of bark can be produced per 100 tons of pulp product [20]. This residue was used by Romaní et al. [21] as an alternative source for producing 252 L of bioethanol per ton of biomass, using organosolv as pretreatment technology and simultaneous saccharification and fermentation (SSF) as a process strategy.



More interesting forest-derived residues are boards (including fiberboard, chipboard, and block board) typically made from reeds, wood chips, and branches. These panels are normally incinerated after their use. However, these materials can be used instead for bioethanol production as they mainly contain lignocellulose (more than 85% of its composition). The use of these materials for bioethanol production was investigated by Zhao et al. [22], who achieved bioethanol conversion yields as high as 84–95% of the theoretical, using phosphoric acid and hydrogen peroxide as pretreatment processes followed by 72 h of SSF.




2.3. Agricultural Residues


According to the Food and Agriculture Organization (FAO) of the United Nations (UN), agricultural residues are defined as “a crop lost during the year at all stages between the farm and the household level during handling, storage, and transport” [http://www.fao.org/]. This includes materials such as stubble, straw, husks, seeds, and bagasse, thus covering both field and processing residues. Only in the United States, the amount of agricultural residues available for bioenergy production is estimated to be 240 million dry t/year by 2030 [23].



A great proportion of agricultural residues is derived from rice, wheat, corn, and sugarcane, with rice straw being the most abundant agricultural residue worldwide. Sarkar et al. [24] estimated the bioethanol potential of these feedstocks, reporting the possibility of obtaining 205 billion L/year from rice straw [7], 104 billion L/year from wheat straw, 58.6 billion L/year from corn straw, and 51.3 billion L/year from sugarcane bagasse.



Agricultural wastes are less recalcitrant than forestry and energy crops due to the lower lignin content. When comparing the digestibility of non-pre-treated bioenergy crops and agricultural residues, sugarcane bagasse, corn stover, wheat straw, and rice straw resulted in 47%, 23%, 11% and 10% cellulose hydrolysis yields, respectively, while common reed, switchgrass, miscanthus, poplar, and bamboo resulted in 19%, 17%, 8%, 7% and 3%, respectively [12].




2.4. Industrial Wastes


Industrial wastes include all the by-product streams from existing industrial bio-based sectors such as the food industry, the pulp and paper industry, textiles, as well as 1G-biodiesel- and bioethanol-related processes. The use of this type of biomass positively contributes to reduce the environmental impact of these industrial processes by decreasing net CO2 emissions, reducing our dependence on petroleum-based resources and increasing the economic efficiency of the processes by giving value to what is usually discarded as waste.



Within the food-derived wastes, the brewers’ spent grains represent around 85% of the total amount of by-products generated by the brewing industry. Depending on the technology employed in each brewery and type of crop, this residue may contain a significant amount of fermentable sugars, ranging from 10% to 25% and 15% to 30% for cellulose and hemicellulose, respectively. These sugars therefore represent an attractive feedstock for bioethanol production. In this context, Rojas-Chamorro et al. [25] investigated the recovery of the fermentable sugars contained in the brewer’s spent grains collected from a commercial brewery in Spain by subjecting this residue to dilute sulfuric acid under mild conditions (130 °C and 26 min). This process allowed recovery up to 94% of the initial fermentable sugars contained in such feedstock.



Wastes derived from the pulp and paper industry are another valuable source for the production of bioethanol and other high value-added products. In 2015, 400 million tons of paper and paperboard and 188 million tons of virgin pulp were produced [26]. Spent sulfite liquor (SSL) and pulp and paper mill sludge (PPMS) are major wastes derived from papermakers with potential for bioethanol production. It is important to highlight that hardwood-derived SSL contains higher proportion of pentoses than softwood-derived SSL. Hence, pentose-fermenting microorganisms such as Scheffersomyces stipitis (formerly Pichia stipitis) must be considered for the conversion of hardwood SSL into bioethanol [27]. On the other hand, PPMS is a solid waste material with a high glucan content that can be converted into different value-added products. The chemical composition of PPMS (organic content, ash, pH, etc.) directly depends on the type of biomass. Other factors that influence the composition of PPMS are the papermaking process and the wastewater cleaning technique [28]. Schroeder et al. [29] evaluated the production of bioethanol from PPMS under two process configuration strategies: separate hydrolysis and fermentation (SHF) and SSF. The highest ethanol yield was obtained with the SSF strategy (55.7%), which was also reached within a shorter overall process time (72 h for the SSF vs. 84 h for the SHF process).



Fiber crops such as cotton-derived materials, jute (Corchorus sp.) and mesta (Hibiscus spp.) biomass have also been explored for bioethanol production [30,31,32]. The use of these feedstocks contributes to reducing the volume of waste generated in the textile industry. Recently, jute biomass has been considered as a promising feedstock for bioethanol production, in particular in India, where 1.8 billion kg of this biomass were produced in 2018–2019 [33].




2.5. Municipal Solid Wastes


The average amount of municipal solid waste (MSW) that one person generates in Europe is about 475 kg per year [34]. This number is constantly increasing due to the exponential growth of the global population, which is directly linked to an extensive consumption of energy and natural resources. MSW includes biodegradable garden waste, food and kitchen waste from households, offices, restaurants, wholesale, canteens, caterers, and retail premises, and comparable waste from food processing plants [6]. The organic fraction of MSW (OFMSW) is the largest fraction of MSW, representing 40–50% of the total dry matter content. OFMSW mainly contains carbohydrates (30–40%), lipids (10–15%), and proteins (5–15%) (dry weight). Additionally, OFMSWs usually present variable contents of inert materials such as plastic, glass, and textiles, whose concentrations very much depend on the collection system used. The presence of a high amount of inert materials can provoke different technological problems and decrease the efficiency of the valorization process.



The characteristics and production rates of OFMSW are related to the sorting system, seasonality, population, dietary routines, and socio-economic conditions [35]. OFMW is envisaged as a challenging substrate due to its complex and heterogeneous nature. Moreno et al. [36] evaluated two different sorting systems for biowaste collection (source sorted (SSOFMW) and nonsorted (NSOFMW)) to use them as feedstock for the sequential production of bioethanol and biogas. The maximum ethanol concentrations achieved after subjecting these two substrates to a nonisothermal SSF processes were 51 and 26 g/L for SSOFMW and NSOFMW, respectively, thus highlighting the importance of separating the biowaste at the source.




2.6. Plant Cell Wall Engineering


Genetic engineering of lignocellulosic feedstocks represents an interesting strategy to ease the accessibility of carbohydrates during conversion processes. The complex chemical composition and structure of secondary cell walls create a physical barrier difficult to disrupt. Aiming to reduce this biomass recalcitrance, different alternatives have been proposed to genetically modify lignocellulosic feedstocks and improve conversion efficiencies. Furthermore, this strategy allows transferring of the tuned properties to future generations and makes the process more efficient along the years. Notwithstanding, the genetic changes introduced in these organisms my affect the plant cell growth and/or its developmental processes, which may negatively impact biomass yields [37].



Plants can be subjected to gene modification to improve the polymer synthesis in the cell wall (specifically cellulose), to reduce crystallinity of cellulose, and to modify the structure of the lignin polymer. Among these strategies, lignin modification has been directly targeted at reducing biomass recalcitrance. Modification of the lignin structure has been performed by altering the phenolic metabolism. Lignin polymer is formed by p-hydroxphenyl (H), guaiacyl (G), and syringyl (S) units, which derive from the aforementioned p-coumaryl, coniferyl and sinapyl alcohols, respectively. The ratio between these units varies depending on tissue and plant species. For instance, lignins from gymnosperms usually contain a higher proportion of G units, while lignins in angiosperms are mainly composed of both G and S units [38].



The biosynthesis of monolignols involves several enzymes, which are potential targets for genetic engineering [39]. A key enzyme in the early steps of this biosynthetic pathway is 4-coumarate, CoA ligase (4CL), which catalyzes the conversion of p-coumaric acid to p-coumaroyl-CoA (intermediate metabolite in the phenylpropanoid pathway). By deleting the Pv4CL1 gene (which encodes 4CL enzyme), Park et al. [40] produced knock-out mutant switchgrass plants with an 8–30% reduction in the lignin content. Compared to control assays, these mutants increased the released of glucose and xylose by 7–11% and 23–32%, respectively, without acid pretreatment.



In addition to modifying the lignin content, reducing the crystallinity of cellulose and the content of this polymer is also an important objective during plant engineering. In this context, Yang et al. [41] have investigated the overexpression of the PdDUF266A gene in Populus. DUF266 proteins are categorized as “not classified glycosyltransferases” (GTs) and might therefore play an essential role during the synthesis of polysaccharides. By overexpressing the PdDUF266A gene in Populus, the total cellulose content increased by 37.1%, which improved the total sugar released during the subsequent saccharification process by 38%.



In brief, genetic engineering of plant cell walls offers great possibilities for improving the efficiency of lignocellulose conversion processes within a bio-based economy perspective, although further research is needed to understand the full potential of these strategies and reduce the negative impact of such modifications.





3. Pretreatment Technologies for the Effective Use of Lignocellulose


Given the heterogeneous composition of lignocellulosic biomass, fractionation is the only way to make an effective and complete use of this resource. However, the intricate and highly compact structure of lignocellulose makes it difficult to get to the different components and separate them so they can be properly valorized. In this sense, the pretreatment is the set of operations aiming at disrupting the carbohydrate–lignin matrix, facilitating the access to, and recovery of, the valuable compounds.



3.1. Types of Pretreatment


Pretreatment technologies have been traditionally classified according to their driving force in physical, chemical, physicochemical, and biological methods [42,43,44]. This classification is becoming outdated, as it was conceived to be applied to unit operations and the scope and focus of the pretreatment have since changed [45]. Following this current, the present work establishes a discussion about types of pretreatment from different points of view, using nonexclusive categories.



3.1.1. Conventional Pretreatments


Conventional pretreatments represent the state of the art, they are robust, close to the concept of unit operation and the technology is well known and easy to implement [46,47]. Conventional pretreatment technologies that have been thoroughly described in the scientific literature commonly involve acid/base, water and steam [48]. These technologies are the most mature and the hydrothermal pretreatments (namely liquid hot water and steam explosion) are, especially, the basis of most of the processes used in demo/commercial plants [49,50]. For instance, the PROESA® technology (from Versalis company), relies on a steam-explosion-like pretreatment and it is currently used in the commercial-scale plant located at Crescentino (Italy), with a 22 kt/y biomass processing capacity [51]. Furthermore, Clariant’s Sunliquid® technology has also reached the commercial scale, proposing a chemical-free hydrothermal pretreatment [52]. Conventional pretreatments focus on maximizing the conversion of sugars, and for this, harsh conditions are usually applied [53]. A drawback of using high temperatures and/or aggressive chemical agents is the degradation of carbohydrates contained in the biomass and the formation of inhibitory compounds for the hydrolysis and fermentation steps. Other disadvantages of conventional pretreatments are their high contribution to the overall cost of the process that has been estimated (up to 30%) [54], and the problem of recycling and disposal of chemical catalysts if they are used [43,49].



In spite of the time passed since their first applications, the conventional methods are still attracting research interest, either in combination with other treatments [55,56] or as part of a biorefinery strategy [46].




3.1.2. Advanced Pretreatments


New technologies started to appear when the focus of the pretreatment changed from the cellulose fraction, exclusively, to the whole biomass, connecting with the biorefinery concept. In this new approach, all biomass components are important, and not only the quantity but also the quality of the products recovered is taken into account.



Advanced pretreatments are designed to overcome the limitations of conventional pretreatments. For this purpose, they employ novel solvents (i.e., super-critical fluids [57], ionic liquids (ILs) [58], deep eutectic solvents (DESs) [59], inorganic salts [60]), novel technologies (i.e., popping [61], gamma ray [62], electron beam irradiation [63]), novel process strategies such as milder operating conditions and/or higher solids content (i.e., low liquid ammonia [64], low-temperature hot water pretreatment [65]), or a combination of several principles (see Section 3.1.4). This type of pretreatment presents one or more advanced features such as being carried out at milder operation conditions, not producing inhibitors, low chemical usage and high specificity towards lignin or efficient fractionation [54,66]. However, most of these novel technologies have only been tested at the laboratory or semipilot scale, as seen in the previously referenced works, and therefore, there is not enough data to perform a consistent techno-economic evaluation [54].



Some advanced pretreatments are promising and have further development opportunities; for example, ILs and DESs are still the subject of intensive research and the efforts made until now have made possible to make significant progress in sustainability, security, price, and performance issues [53,67]. However, many other methods are not able to break through due to health or sustainability concerns, complex equipment, poor scalability or not showing a good enough performance, and the research interest eventually fades away.




3.1.3. Integrated Pretreatments


In these types of processes, also known as one-pot bioprocesses, pretreatment is coupled to at least a part of the bioconversion step (which includes enzymatic hydrolysis and fermentation) in the same reactor, with minimum conditioning of the pretreated biomass.



Biological pretreatments are the most obvious candidates for one-pot processes. A combination of laccases, for lignin degradation, with cellulolytic and hemicellulolytic enzymes can be used to liberate free sugars ready for fermentation [68]. Sometimes, only microorganisms are used to pretreat the biomass [69], which connects with the idea of the consolidated bioprocessing (CBP) [43].



Mechanical pretreatments are especially suitable for developing integrated processes. At its simplest configuration, ball milling was used to directly pretreat biomass impregnated with hydrolytic enzymes [70]. Mechanocatalytic pretreatments combine ball milling with a catalyst (typically H2SO4) in solid-state to directly yield soluble sugars that could be subsequently fermented [71,72,73]. A more complex system is the bioextrusion process proposed by Duque et al. [74], which applies an alkaline catalyst and performs neutralization, filtration of the excess of liquid, and impregnation with enzymes in a process that could be carried out in a single step in one extrusion machine.



ILs are also the basis for many integrated pretreatments because of their effectiveness and the mild conditions at which the process is carried out. However, some ILs have an undesired degradation effect on enzymes, which hindered the coupling of the IL pretreatment with the saccharification step for years [75]. The use of compatible ILs [67,76] or the increase in the resistance of cellulases through immobilization [75] made the integration of pretreatment and bioconversion possible.



Integrated pretreatments have several advantages: the use of mild conditions results in no production of inhibitors and preservation of carbohydrates [70,74]. Furthermore, the absence of transfer operations minimizes mass losses and simplifies piping at the industrial scale, requiring less manual labor as well [68,77]. Other authors highlight the eco-friendly nature of integrated pretreatments, as they allegedly require less energy than conventional processes, use less chemicals and water and produce fewer wastes and/or undesired by-products [70,71,78,79]. Nevertheless, the use of milder conditions may result in a lower efficiency [80] due to the fact that using only one reactor makes one-pot pretreatments more oriented to single-product processes, as the recovery of various products from the final mash could be complex.




3.1.4. Combined Pretreatments


In the scientific literature, there are many terms to refer to mixtures of pretreatments (combined, two-step, sequential, hybrid). These words are usually employed indistinctly; however, to facilitate the discussion, in the present work the term “combined pretreatment” is used as the general expression, “two-step pretreatment” is employed for one type of pretreatment (same principle) applied twice at different conditions or with different reagents, “hybrid pretreatment” is used for the mixture of two or more different kinds of pretreatment (different principles), and “sequential” refers to the mode of application.



Combining more than one type of pretreatment is an interesting approach when the objective is to achieve a complete fractionation of the biomass, since the type and conditions of each pretreatment can be adapted to maximize the recovery of the different components [66,81]. In these types of configuration, biomass components are usually recovered separately in different streams.



Combined pretreatments seem to increase the efficiency of the process compared to the individual technologies [81,82]; they allow the obtention of high sugar yields with milder operation conditions and require lower solvent and enzyme amounts, thus improving the cost and sustainability of the final product [83,84,85]. However, Galbe and Wallberg [45] have some doubts about the real applicability of combined pretreatments because of their elevated costs and complexity.



Two-Step Pretreatments


Two-step steam explosion is a well-known process that has appeared in the scientific literature several times [86,87]. It consists of a first step carried out at low severity to hydrolyze the hemicellulosic sugars without degrading them. The pretreated solid is then submitted again to steam explosion at higher severity to enhance its enzymatic digestibility. Similarly, liquid hot water pretreatment can be performed in two steps to maximize sugar recovery [88,89].



The most basic configuration for a two-step chemical pretreatment is to recover the hemicellulosic fraction through a low pH pretreatment and then apply an alkaline method to the remaining fiber to separate the lignin from the cellulose [81,83,90].



Furthermore, a sequential biological pretreatment with two thermophilic microorganisms was reported to increase the ethanol production from food waste [69]. Another example of two-step biological pretreatment is the case of white-rot and brown-rot fungi, which preferentially degrade lignin and holocellulose, respectively, and create a strong synergy when applied to wheat straw sequentially [91].



Complicating things even more, hybrid pretreatments can also be applied in two steps. For instance, Kandasamy et al. [92] tested combinations of ultrasound, acid and alkali pretreatments on sugarcane bagasse, and obtained the highest ethanol concentration with the application of an acid plus ultrasound followed by an alkali plus ultrasound treatment.



Hybrid Pretreatments


When designing a hybrid pretreatment, it is important to attend to the compatibility of the technologies, otherwise, the costs will be too high [45]. Attending to this criterion, numerous combinations of similar types of pretreatment have been investigated.



For instance chemical methods can be coupled to mechanical [93,94,95] and physicochemical [96] pretreatments, or chemical reactants of different natures [97] can be used sequentially to improve the performance of the individual treatments.



Biological pretreatments also get along with chemical processes and have been used in combination with, for instance, deep eutectic solvents [98], or dilute acid pretreatment [99].



Combination of physical and physicochemical pretreatments is also possible, as the coupling of steam explosion and extrusion [55], or hot water and disc milling [56].



As illustrated in Table 2, combination of pretreatments can be really inventive; however, the viability of most of the proposed methods is yet to be proven at a large scale.



Finally, hybrid pretreatments can be also applied in two steps. For instance, Kandasamy et al. [92] tested combinations of ultrasound, acid, and alkali pretreatments on sugarcane bagasse, obtaining the highest ethanol concentration (911 mg/L) with the application of an acid plus ultrasound, followed by an alkali plus ultrasound treatment.







3.2. Pretreatment Selection


With such a variety of technologies, deciding which one is more adequate for each application is not an easy task, since lignocellulose pretreatment needs a specific solution for each case. To facilitate the decision, different criteria can be followed. At a laboratory research level, pretreatments are usually compared in terms of yield (either of the intermediate or of the final products) [45], but this is not always enough, as several technologies could be able to satisfactorily fractionate the same biomass [47,100]. Depending on the target of the process, additional information about the quality and properties of the obtained products could be needed to make a decision.



It is not unusual to find studies that compare the performance of several pretreatments using a single biomass as reference in the scientific literature [47,82,101,102,103]. Some of these studies have been summarized in Table 3.



Apart from the effects on the biomass, there are other aspects to take into account for evaluating a pretreatment such as the mass balance of the process (reduced mass losses and/or sugar degradation), the possible formation of inhibitors, the flexibility towards the feedstock, the material and energy requirements or the upscaling possibilities [43]. Moreover, pretreatment is usually an energy-intensive step with high associated costs and a great impact on all the upstream and downstream operations [100]. Faced with this complex scenario, the best selection tools are those that take the whole process and its context (i.e., the location of the plant, if there are some pre-existing facilities, etc.) into consideration. The techno-economic analysis or the life cycle assessment are two of the most common methodologies [104,105], but there are other holistic approaches such as emergy, energy or exergy analyses [106], green indexes [3] and multiobjective optimization [104,107]. The weak point of all these technologies is the amount of information that they need, since the quality of the analysis depends heavily on the accuracy and reliability of the data used and the assumptions made. In this regard, most of the analyses of novel systems (where experimental data is scarce) rely on the use of process simulation software [104].




3.3. Perspectives for the Investigation of Biomass Pretreatment


Every year several reviews are published summarizing the features of the main pretreatments and updating the list with the latest novelties [45,50,53,54,66]. New pretreatment methods (more sophisticated, greener, with better performances) are continuously brought to light. Still, the essential problem remains unsolved: up to the present, no “perfect” universal pretreatment has been found [45,66]. Indeed, that is not likely to happen, since biomass is a heterogeneous category that contains materials sufficiently distinct among them to make it necessary to approach the problem in different ways. The particular characteristics of the biomass and the targeted products help to establish the framework of the process, but the economy and environmental impact are key issues that impose constraints on the feasibility of the chosen path. In this regard, decision tools that use a holistic view of the processes are essential, but for them to be accurate a huge amount of information is needed, including exhaustive experimental data from laboratory and, better yet, pilot assays. Hence, intensive research in the field of biomass pretreatment will predictably continue to be a relevant topic in the coming years.





4. Advances in Enzymatic Preparations and Fermentative Microorganisms for Robust Industrial Processes


Pretreated biomass still needs to undergo further processing in order to fully convert the structural carbohydrates into ethanol. Cellulose and hemicellulose are required to be hydrolyzed into monomeric fermentable sugars (glucose and xylose are major representatives, respectively), which are afterwards fermented by microorganisms into the desired product.



4.1. Enhanced Enzymatic Hydrolysis for an Increased Release of Sugars


Hydrolysis can be either chemical (using mineral acids such as H2SO4 or HCl) or enzymatic. The former causes an almost complete glucose liberation from the cellulose chain though promoting undesired hemicellulose degradation and formation of inhibitors, while the latter is carried out under milder conditions and with a lower environmental impact [108]. Due to the associated problems that arise when using acids [109,110], enzymatic hydrolysis is considered to be the preferred technique for the conversion of biomass into high value-added products and it will be the focus of this section.



Cellulose is broken down into monomeric glucose by the integrated action of a series of enzymes known as cellulases: cellobiohydrolases, endoglucanases, and glucosidases. Figure 1 shows a simple schematic representation of the synergistic work of these enzymes for the liberation of glucose.



Glucose is obtained from the combined action of these enzymes on the cellulosic polymer. Cellobiohydrolases (exo-1,4-β-d-glucanase, EC 3.2.1.91) go along the linear cellulose chain separating units of cellobiose from the ends. Endoglucanases (endo-1,4-β-d-glucanase, EC 3.2.1.4) randomly hydrolyze internal bonds in order to increase the number of chain ends for the action of cellobiohydrolases. Finally, glucosidases (1,4-β-d-glucosidases, EC 3.2.1.74) break down the disaccharides obtained by the cellobiohydrolases into two units of glucose [112]. Product-inhibition is present in this process: the first two enzymes are inhibited by cellobiose, while glucosidases are inhibited by glucose itself [112,113]. This, along with other issues concerning enzymes, results in a low efficiency of the enzymatic system, thus rendering it a major contributor to the elevated cost of ethanol production—up to 28% of the final price [114]. Cellulose hydrolysis, as shown in Figure 1, has become a widely established process over recent years and enzymatic preparations containing cellulolytic enzymes are broadly optimized, shifting the research focus towards other aspects on the process such as process configurations, use of additives or enhancing the synergistic effect with other relevant enzymes.



Over recent years, great focus has been placed on the investigation of novel process schemes and enzymatic preparations for solving the problems that arise during this step. The review of da Silva et al. [113] was centered on high-solids (over 15% w/w) enzymatic hydrolysis, which is considered to be crucial for an economically feasible ethanol production process. They noted the main limiting factors of the process to be the effect of water constraint, presence of inhibitors (sugars and other products derived from pretreatment) as well as of lignin and pseudo-lignin, and mass transfer limitations. Jørgensen and Pinelo [114] carried out an extensive review on enzyme recycling as a way to increase biocatalytic productivity and thus reduce the overall use of enzymes, addressing issues such as enzyme stability and its adsorption (and desorption) to biomass.



Several of the aspects to be improved on enzymatic hydrolysis can be addressed by means of novel enzymatic preparations or new formulations able to overcome the drawbacks that arise in the process not related to its configuration. In this sense, the private sector and academia have made great efforts to boost the performance of enzymes and their resistance to inhibitors by investigating the supplementation of chemicals, enzymes and/or proteins [115]. Notable research has been carried out on the use of additives to traditional enzymes aiming to improve their productivity. The supplementation of certain additives helps reduce nonproductive binding of enzymes to lignin instead of cellulose, a mechanism thoroughly described by Eriksson et al. [116]. Tween 80 is one of the most-studied additives on enzymatic hydrolysis. Parnthong et al. [117] studied the addition of this nonionic surfactant on the hydrolysis of palm fruit bunch and palm fruit residue with commercial cellulases from Trichoderma reesei: an addition of 0.25% (w/v) of Tween 80 provided an increase of 55% in sugar concentration for the bunch, and an addition of 0.5% (w/v) increased the sugar concentration by 39% compared to the case without surfactant for the residue. They attributed the need for higher additive to the higher lignin content, while addressing a threshold value of 1% (w/v) Tween 80 addition after which the enzyme is solubilized due to the micellar effect. Luo et al. [118] studied several additives besides the aforementioned Tween 80—namely, soy protein extract (SP), bovine serum albumin (BSA), and lignosulfonate, on the enzymatic hydrolysis of bamboo and wood substrates with Celluclast 1.5 L. The addition of 80 mg SP/g glucan promoted an almost two-fold increase in enzymatic conversion of eucalyptus biomass (from 54% to 94%); this additive was considered superior to BSA, given its highly expensive cost, and Tween 80, given its associated problem regarding downstream processing, while lignosulfonate resulted in no significant differences when compared to the others. Rocha-Martin et al. [119] added polyethylene glycol (PEG4000) to the hydrolysis of pretreated corn stover and sugar cane straw and compared its improvement to the one provided by using different surfactants (Tween 80 among others) and BSA. PEG4000 resulted in a slightly increased glucose release when compared to the other additives, and the authors comprehensively analyzed the interaction of said polymer on the enzyme–biomass complex in order to understand its effect. Among the advantages described, PEG4000 aided in lowering liquefaction times considerably and thus the mixing requirements. Baral et al. [120] studied another PEG variant, PEG6000, as an additive in the hydrolysis of sugarcane bagasse with Cellic® CTec2, reducing the reaction time and facilitating desorption of more than 55% of the loaded protein from lignin-rich biomass.



The use of additives for hydrolysis enhancement is not limited to surfactants or polymers, but also to additional enzymes that may contribute to a complete disruption of the carbohydrates. Yang et al. [121] supplemented a mixture of commercial cellulose (Celluclast 1.5 L and Novozymes 188) with additional endo-1,4-β-xylanase, PEG4000, and Tween 80, for the hydrolysis of barley straw. Addition of xylanase alone did not provide any significant improvement, while the combined addition of xylanase and PEG4000 resulted in the highest glucose and xylose yields (86.9% and 70.2%, respectively). Similar additives and enzymes were studied by Li et al. [122] for the hydrolysis of moso bamboo biomass. Addition of xylanase alone to a mixture of cellulases increased glucose yield to a higher extent than adding only Tween 80 (63.8% vs. 59.7%), while the yield reached up to almost 70% when combining both. Xylanase addition to commercial enzymes is a common practice for the liberation of sugars. In fact, most commercial cellulases already contain a fraction of xylanase activity [123]. Supplementation of further xylanase on these cocktails has proven to be effective in improving the digestibility of cellulose, as the disruption of the cellulose with hemicellulose union improves the porosity of the former, thus aiding the access of cellulases to the polymer [124]. Cintra et al. [125] supplemented the commercial cellulase Accelerase 1500 with different recombinant hemicellulolytic enzymes for the hydrolysis of steam-exploded sugarcane bagasse. By combining these enzymatic preparations, a 14.6% increase in glucose release was attained, but the highest improvement (50% increase compared to the cellulase alone) was achieved when carrying out a sequential hydrolysis, first with the recombinant hemicellulases followed by the commercial cellulase. Pengilly et al. [126] studied the enzymatic hydrolysis of triticale straw with commercial cellulases Spezyme CP and Cellic® CTec2 supplemented with the commercial hemicellulase Cellic® HTec2, along with Novozyme 188 for additional β-glucosidase activity. Optimization of the enzymes with time showed that reaction times increased with higher enzyme dosages as expected, and the supplementation of the hemicellulase increased glucan conversion from 51.94% to 80.74%. However, the statistical analysis carried out by the authors pointed out that the interaction between cellulase and hemicellulase was not statistically significant, suggesting no synergistic effect between these activities.



Along with xylanases, another family of enzymes that has proven to be of great use in the hydrolysis of cellulosic substrates are lytic polysaccharide mono-oxygenases (LPMOs). LPMOs are a group of oxidative enzymes secreted by fungi. LPMOs have been recently discovered and patented by the Danish company Novozymes, which includes these activities in many of their commercial enzymatic cocktails [127]. The specific action mechanisms of LPMOs on the lignocellulosic complex have been thoroughly described by Müller et al. [128]. These enzymes boost the effectivity of cellulases by destabilizing glycosidic bonds in the carbohydrate due to the redox reactions associated with the copper ion present in the enzyme [128,129]. Recent research regarding LPMOs has focused on the process conditions that affect hydrolysis concerning aspects related to the aforementioned enzymes, such as, for instance, how prior pretreatment methods may affect the accessibility of enzymes to the carbohydrates. Rodríguez-Zúñiga et al. [130] evaluated the effect that pretreatment has on the action of LPMOs with several biomasses and Cellic® CTec2 as an enzymatic cocktail (reportedly containing a significant content of the enzymes of interest by measuring the content of gluconic acid during hydrolysis), reporting a higher cellulose oxidation for biomasses pretreated by hydrothermal methods compared to organosolv and alkaline technologies. Enzymatic cocktails containing LPMOs are known to be susceptible to the presence of oxygen, as determined by Scott et al. [131]; the stability of Cellic® CTec3 for the hydrolysis of steam-exploded wheat straw increased when working under oxygen-deprived conditions, but its efficiency was considerably reduced. The harmful effect that oxidative reactions had on the enzymatic mixture was alleviated by the authors by adding catalase, increasing the enzyme half-life without affecting the catalytic rate. LPMOs have been successfully produced by a variety of microorganisms, namely Aspergillus terreus [132], Talaromyces cellulolyticus [133] or Geotrichum candidum [134], among many others including GMOs; however, further deepening on the synergistic effect with traditional cellulases is required in order to fully optimize their action.




4.2. Improving Microbial Performance for Ethanol Production


The preparation of optimized enzymatic formulations, including the use of additives and supplementation of other functional enzymes apart from cellulases, is crucial for enhancing the liberation of sugars from lignocellulose. Fermentation of these sugars into ethanol can also be enhanced by looking at the microorganisms that carry out said bioprocess. Dien et al. [135] listed the main relevant features that a fermentative ethanol-producing microorganism requires for a robust industrial production: ethanol yield higher than 90%, product tolerance no less than 40 g/L, and productivity of 1 g/(L·h), being a robust grower with simple growth requirements, ability to grow in undiluted hydrolysates with resistance to inhibitors, and being able to grow under acidic pH and high temperatures. The most common microorganisms used for the production of bioethanol are the yeast Saccharomyces cerevisiae and the bacteria Zymomonas mobilis, the former being the sole producer of 1G ethanol [136]. However, no wild strains of these microorganisms are able to ferment pentoses. As xylose is a major component in the hemicellulosic fraction of biomass, advances in research are focusing on metabolic engineering for common fermenters to be able to properly convert xylose into ethanol. For instance, modification of S. cerevisiae for pentose consumption was extensively reviewed by Liu et al. [136] and Ruchala et al. [137]. Glucose and xylose cofermenting strains of S. cerevisiae are already being commercialized and used at the research level for the production of ethanol from lignocellulosic feedstocks utilizing both sugars coming from cellulose and hemicellulose polymers: these include XyloFerm®, developed by Lallemand (Duluth, GA, USA) and Taurus Energy (Göteborg, Sweden) [138], CelluxTM, developed by Leaf by Lessafre (Cedex, France) [139], and C5 FUEL™, developed by Mascoma (Lebanon, NH, USA) and Lallemand (Duluth, GA, USA) [140].



The research for fermenting microorganisms keeps moving beyond S. cerevisiae. Ruchala et al. [137] summarized the most recent advances in the modification of several yeasts: for S. cerevisiae, the biggest efforts were made on the expression of xylose catabolism into ethanol. On the other hand, S. stipitis is a known xylose fermenter, though with several drawbacks which make this yeast less robust compared to S. cerevisiae. The authors compiled advances on its modification aiming at reducing its main handicaps: low product tolerance, inhibition by the presence of glucose, and a strictly aerobic metabolism. The lower tolerance of these microbial strains to the inhibitory compounds present in these substrates makes it necessary to increase the robustness of the fermentative microorganisms. This can be performed by subjecting, for example, the fermentative microorganism to an adaptive laboratory evolutionary experiment. Using this strategy, Pereira et al. [27] increased the tolerance of S. stipitis to the inhibitors present in a hardwood SSL when compared to the parental strain, thus allowing an increase in the ethanol conversion efficiency from 26% to 32%. Finally, Ogatea polymorpha (formerly Hansenula polymorpha) was outlined as a notable thermotolerant (up to 50 °C) yeast capable of fermenting most of the sugars present in structural carbohydrates bar galactose and arabinose [137]. Its thermotolerance is considered to be a favorable characteristic for use in SSF, as the optimal temperature for cellulolytic enzymes is typically 50 °C. Modification of said strain is focused on improving further its tolerance to ethanol and increasing the productivity of ethanol from xylose. Other relevant microorganisms that have been studied in recent years include Debaromyces hansenii [141], Kluyveromyces marxianus [142,143], Wickerhamomyces anomalus [144] or several species of the genus Candida [145]. Oshoma et al. [146] screened several Saccharomyces species besides S. cerevisiae for their tolerance to inhibitors in bioethanol production: Saccharomyces arboricus was noted as a potential producer tolerant to formic acid with similar levels of product formation—9.91 g/L from S. arboricus, 2.3319 against 10.20 g/L from S. cerevisiae NCYC2592 at a formic acid concentration of 40 mM. Mukherjee et al. [147] carried out an extensive study on up to 232 nonconventional yeast species for their tolerance to inhibitors and other stressful conditions. Apart from the commercial S. cerevisiae strain Ethanol Red®, the authors obtained the best results for Pichia kudriavzevii. The ethanol titers reached with this yeast (25.53 g/L) strain are close to that of the commercial yeast (27.20 g/L) but exhibited higher thermotolerance (up to 45 °C) and tolerance to acetic acid (56% of the theoretical ethanol yield during fermentation with 0.5% v/v acetic acid). In general, all these works reach similar conclusions: the search for alternative fermenting microorganisms can be fruitful not only for their potential use as industrial strains themselves, but also for the introduction of their favorable traits into the traditional S. cerevisiae through metabolic engineering for a more robust bioethanol production.



While innovations in both enzymatic formulations and novel fermenting microorganisms are certainly relevant, it is also worth focusing on the synergistic improvements affecting both processes. Progress is being made with regard to integrating hydrolysis and fermentation steps (SSF) or even further integration with enzyme production (CBP) [148]. It is important to optimize all factors involved so that the different steps, with different optimal conditions, can be carried out at their optimums. Drawbacks cited in SSF processes are (a) the disparity in suitable temperatures being 50 °C for enzymatic hydrolysis but 30 °C for yeast fermentation (described above), (b) ethanol being an inhibitor for common xylanases in processes where both hexoses and pentoses are to be fermented [149], or (c) LPMOs causing competition of available oxygen between LPMOs and yeast [150]. Strategies such as the use of thermotolerant microorganisms, the discovery of new xylanolytic enzymes, and/or the use of H2O2 as an oxidizing agent have been studied to overcome these challenges. Thermotolerance of the fermenting microorganism is a trait commonly searched for as previously described. New xylanases obtained from Emerciella nidulans [151] or marine bacteria Acinetobacter johnsonii [152] are being developed that not only show lower inhibition to ethanol, but a higher activity in its presence. Recent studies suggest that using H2O2 as an oxidizing agent instead of oxygen in anaerobic SSF processes could work as a solution for LPMO competition with microorganisms, as long as the peroxide concentration is low enough so that the microorganism does not suffer inhibition [153].



To sum up, recent research on enzymatic hydrolysis and fermentation improvements for a robust bioethanol production will be crucial for improving productivity and thus reducing operational costs, especially in the case of hydrolysis which is known to be the most cost-intensive step in current processes. The use of surfactants as additives for cellulases along with supplementation of other enzymes such as xylanases or LPMOs has been proven to be an effective way of increasing the digestibility of structural carbohydrates. Genetic modification of S. cerevisiae, as well as of other notable microorganisms, results in enhanced fermentations, granting them the capability to aptly ferment other abundant monomers such as xylose and resist higher temperatures more suitable for SSF processes. These improvements combined will aid sustainable ethanol production from lignocellulose in a more efficient manner, along with other aspects gathered throughout this review.





5. Biorefinery Strategies for Contributing to Cost Reduction and Sustainability Improvement of Bioethanol Production


In recent decades, the use of nonedible lignocellulosic biomass sources such as agricultural and forest residues, dedicated energy crops, and industrial residues for nonfood applications has been mostly addressed from a bioenergy/biofuel-based approach. In this context, diverse biomass to biofuel conversion technologies have been developed using mostly chemical, thermochemical, and biochemical processes, which have reached a different degree of implementation and development [154,155]. Among them, the conversion of lignocellulosic materials to fuel ethanol through the biochemical pathway based in pretreatment, enzymatic hydrolysis, and fermentation has been one of the most researched, as discussed in previous sections. As a consequence of the intense R&D effort, there are currently several demonstration/first-of-a-kind commercial scale plants close to commercial operation and some new plants are being built and commissioned [156]. In line with this tendency, the recently approved European Commission RD II [6] establishes a minimum of 14% of the energy consumed in road and rail transport by 2030 as renewable energy, of which 3.5% must be advanced biofuels that comprise, among others, cellulosic ethanol. This scenario opens a great opportunity for boosting cellulosic ethanol production from nonfood/feed feedstocks such as those discussed in Section 2.



However, for the deployment and use of cellulosic ethanol at an extensive scale, it needs to be cost-effective and be produced in a sustainable way from an environmental point of view. In this context, the evolving concept of biorefinery can clearly contribute to reach such a goal through the introduction of more efficient biorefining technologies and the possibility to generate new value-added products resulting from a more integrated use of biomass feedstocks.



5.1. Biorefinery: The Concept


Biorefinery is a broad term that involves different sectors, such as transport, chemical, energy, agricultural, and forestry, and thus it is challenging to establish a single definition. For instance, according to the International Energy Agency (IEA) [157], biorefining is defined as “the sustainable processing of biomass into a spectrum of marketable bio-based products and bioenergy/biofuels, as an innovative and efficient approach to use available biomass resources for the synergistic coproduction of power, heat and biofuels alongside food and feed ingredients, pharmaceuticals, chemicals, materials, minerals and short-cyclic CO2”. Other definitions refer to a biorefinery as “a facility for the synergetic processing of biomass into several marketable bio-based products (food and feed ingredients, chemicals, materials, minerals, CO2) and bioenergy (fuels, power, heat)” [158]. Biorefineries are, more generally, closely linked to the idea of a circular bio-based economy, which has been identified as a key priority to achieve an improvement in the efficiency and sustainability of the production and utilization of natural resources, as a response to the worldwide increment of the products and energy demand in the near future. In this regard, biorefinery is considered a strategic pillar of a bioeconomy-based scenario, in which biomass is converted into a wide range of bio-based products and energy carriers through a series of thermochemical and biochemical transformation processes in an integrated way.



Biorefinery is not a novel approach and currently there are several industrial facilities in operation that could be considered representative cases of existing biorefineries. Most of them are related to the pulp and paper and food industries, which probably represent the earlier cases of technology applications to convert biomass into valuable products. These facilities are focused on the production of relatively small amounts of higher value-added bio-based products and they usually produce energy (bioenergy) as a coproduct, in the so called “product-driven” biorefineries [159].



However, in recent decades the biorefinery concept has evolved towards a more ample concept that looks for a more sustainable and effective utilization of all biomass fractions, considering different feedstocks, process technologies, and final products. A key element in the advanced biorefinery approach is the use of a great diversity of biomasses (woody and herbaceous energy crops, as well as residues from forest and agriculture-related industries, urban wastes and aquaculture), into a wide portfolio of products and energy.



Due to the complexity of features intervening in a biorefinery, several classification approaches have been developed that utilize different features to define biorefinery types. An example is the classification system provided by Cherubini et al. [160] that distinguishes four main elements: feedstock, intermediate products or platforms, processes, and final products, applicable to define individual systems or combinations of them. Each element consists of several items that can be used to describe the different biorefinery configurations (Figure 2). According to the author, a biorefinery system is defined as a conversion route from raw material to products, through platforms and processes. The platforms are intermediates that are then converted into products. In the opinion of Hingsamer and Jungmeier [161], platforms are the most significant characteristic in a biorefinery, the number of them being an indication of the system complexity.



In recent decades, a great part of biorefinery applications have been developed in the field of energy products such as biofuels, power and heat, within the so-called “energy-driven” concept of biorefineries. In fact, the production and development of biofuels, particularly road transportation biofuels as the cellulosic ethanol, has been claimed to be a key driver in recent biorefinery research [159]. However, as stated above in the introduction section, the cost-effectiveness and sustainability of the whole production process need to be improved and it is in this area where the advances in integrated biorefineries open promising possibilities.



Recently, the IEA Bioenergy organization [157] has published an interesting report on biorefinery concepts that includes a summary of the different biorefinery systems in progress with their corresponding level of development, quantified by their Technology Readiness Level (TRL) value (1 to 9). The classification feature used is the feedstock and the different biorefinery concepts encompass:




	
Conventional biorefineries: based on starch and sugar crops and wood, TRL 9;



	
Whole crop biorefineries: based on whole crop cereals (comprising straw), TRL 7–8;



	
Oleo-chemical biorefineries: using oily crops, TRL 7–9;



	
Lignocellulose biorefineries: with lignocellulosic biomass materials such as cereal straw, chaff, herbaceous biomass, woody residues, etc., TRL 6–8;



	
Green biorefineries: based on wet biomass, as green crops and leaves, grasses, etc., TRL 5–7;



	
Marine biorefineries: based on microalgae and macroalgae, TRL 5–6.








In the above classification, conventional biorefineries, which have reached the highest TRL value of 9, comprise existing industries such as the so-called first-generation biofuel industry (biodiesel and bioethanol) that uses edible crops as feedstocks, and mature technologies to produce the biofuels currently marketed for the transportation sector. Alternatively, lignocellulose biorefinery (LB), as a concept, shows marked promise as it has the potential to encompass an extensive variety of low-cost, nonfood feedstocks (straw, reeds, grass, wood, paper-waste, etc.), which could be converted into products for both the existing petrochemical-dominated market (e.g., 2G biofuels as cellulosic ethanol) and novel bio-based product markets [162]. LB allows avoiding the competition of raw materials in the food and energy markets and provides the means to advance the integration of different processing technologies to make a more efficient and sustainable use of all lignocellulosic biomass components. This biorefinery approach clearly connects to the idea of a circular bioeconomy and will contribute to improve the sustainability of the production systems and advance towards a different scenario in many production areas. In the next section, some innovative technologies and applications that will allow biomass use for material production to surpass biofuels are briefly presented.




5.2. Lignocellulose-Based Biorefinery for the Production of Bioethanol and Bioproducts


In the context of a biorefinery, lignocellulosic biomass can be processed under different processing routes, depending on the type of feedstock and product required. Often, several technologies must be applied subsequently, or in parallel, to produce the target product. Generally speaking, these technologies can be classified in four broad groups: thermochemical, biochemical, chemical and mechanical/physical and they can be used to convert lignocellulosic biomass into a vast array of energy-related (gaseous, solid and liquid biofuels) and nonenergy- or material-related products, such as chemicals, organic acids, polymers and resins, and biopolymers [162].



Over recent decades, a great part of the R&D effort carried out in the field of LB has been focused on fuels and other energy-related products, with the cellulosic ethanol as one of the most significant examples of progress made in this field; nowadays, it is close to full commercialization. This scenario is the result of an intense R&D work performed in the different steps of the biochemical pathway used to convert lignocellulosic biomass into cellulosic ethanol, as has been extensively described in this review. However, it is also acknowledged that its production cost is still too elevated to be competitive and that it is necessary to look for innovative approaches that result in a reduction in costs. In this context, recent advances in biocatalysts and microbial strains applied in the conversion route through the use of tools such as high-throughput screening, metagenomics techniques, metabolic engineering, and synthetic biology may enhance the potential for increased production and contribute to reach a more competitive product from an economic point of view [163,164]. At the same time, the utilization of such advanced techniques has permitted progress to be made in the production of bio-based products from lignocellulosic feedstocks that aim at substituting their fossil-fuel counterparts [165]. The vast number of compounds that can be derived from lignocellulosic biomass makes it difficult to present a succinct discussion on the possibilities for integration of ethanol production with other renewable-based chemicals. Thus, in this section only a few examples will be given, making clear that many other options are currently being explored.



Lignin, the third main biomass component in terms of importance, is a complex aromatic polymer that is processed together with carbohydrates in the biochemical conversion pathway to produce cellulosic ethanol from lignocellulosic biomass. Due to specific features such as aromatic structure, high reactive group content, and hydrophobicity, among others, lignin shows a high potential as a raw material to generate chemicals and materials. However, in many of LB systems it currently remains as a low purity component in the high-volume final residue generated after the different processing steps, usually being used as a solid fuel to produce heat and steam for plant operation. Thus, a great opportunity exists to look for feasible alternative processing routes to produce high-added value bioproducts and biofuels from lignin in the so-called lignin valorization platform within the LB concept [166]. On the other hand, lignin can be isolated and recovered throughout the pretreatment process by specific techniques to obtain a high-purity component for further valorization, as in the case of residual lignin from the lignocellulose-based industry. Lately, Susmozas et al. [167] have reviewed a series of potential bio-based products that could be generated in the lignin platform from the point of view of both its use as macromolecule with multiple functions and its depolymerization into low-molecular weight aromatics (including phenol, guaiacol, syringol, catechol, and cresol) for further conversion to fuels and chemicals [168]. The exhaustive list of potential products such as phenols, carbon fibers and materials, phenol formaldehyde resins, oleo-gels, and polymer blends have a large variety of applications in cosmetics, plastics, pharmaceuticals, or the fuel industry. More specifically, Liao et al. [169] propose an integrated biorefinery strategy to valorize birch wood for phenol, propylene, oligomers, and pulp production through a process that is able to convert 78% (weight basis) of initial birch biomass into those high-value bioproducts.



These are only few examples of significant research efforts that are currently being carried out to validate chemical and biological transformation routes to valorize lignin component into fuels, chemicals, and materials. As a result, several industries around the world have established pilot plants to obtain isolated lignins and lignin derivatives. A reference to those industries can be found in the paper by Chandel et al. [165], who cite CIMV (France) for lignin production, KMT Lignin Chemicals (UK) producing lignosulphonates for application in concrete admixtures, Green Value SA (Orbe, Switzerland) that has patented a fractionation technology to obtain high purity lignin, or Metgen Oy (Kaarina, Finland), the owner of METNINTM technology, to obtain lignin-derived products from enzymatic refining lignin fractionates.



On the other hand, the LB concept triggers new possibilities for valorization of the C6 and C5 sugars derived from processing lignocellulosic biomass through pretreatment and hydrolysis steps, in the so-called “sugar platform” based biorefinery. Apart from the well-known bioalcohols butanol and ethanol produced by fermentation of sugars (mainly glucose), a large portfolio of bioproducts such as organic acids (succinic, glutamic, fumaric or aspartic), diols, lactic acid, itaconic acid, muconic acid (farnesene), xylitol, furans, and levulinic acid, among others, can also be obtained from both type of sugars via fermentation or chemical conversion [115,165,166]. This approach is particularly relevant for the C5 sugars from hemicellulose generated in the cellulosic conversion process, whose conversion to ethanol by fermentative yeasts in an LB still poses challenges related to strain robustness and tolerance to toxic metabolites, in spite of a large research effort to overcome them in recent decades. As in the case of lignin-derived products, the intense R&D work has permitted several companies to get involved in the production of several bioproducts at different plant stages that can be considered the basis or intermediate chemicals for generating commodities. Examples can be the production of farnesene by the company Amyris (Emeryville, CA, USA), 5-HMF by AVA Biochem, (Zug, Switzerland), p-xylene in Virent, (Madison, WI, USA) or acrylic acid and adipic acid in ADM/LG Chem (Chicago, IL, USA; Seoul, Korea) and BASF (Ludwigshafen, Germany), respectively [165,166]. An interesting and extensive review of the different bioproducts that can be obtained together with cellulosic ethanol has been recently published by Rosales-Calderón and Arantes [115], who emphasize the high potential that the production of bio-based chemicals from cellulose-derived sugars alongside ethanol has to improve the cost competitiveness of this biofuel.



In spite of the promising perspectives discussed above for the production of bio-based chemicals in LB, techno-economic analyses are necessary to prove the feasibility of integrating the new processes in the future cellulosic ethanol plants. A good example of this approach can be found in the paper published by Susmozas et al. [170], who evaluated the feasibility of producing cellulosic ethanol, xylitol and antioxidants from the olive tree pruning (OTP) residue in an integrated biorefinery using the process simulation software Aspen Plus. The authors provided data on the economic profitability of the biorefinery and point out the opportunities for marketing several OTP-derived products. Additionally, the work of Liao et al. [169] cited above includes a techno-economic analysis of the proposed conversion process that shows a competitive production process from the economic point of view, and a life-cycle assessment that shows a lower carbon dioxide footprint in relation to that of fossil-based production.



Finally, it is important to point out that the development of biorefineries, such as LBs, apart from having a direct effect in the added value of biofuel/bioproduct obtained, can enlarge the opportunities for employment creation linked to the agriculture, chemical, and food processing industries, which is highly valuable in terms of enhancing the sustainability of the whole system from a socio-economic point of view. It is important to emphasize that support from public and private initiatives is essential to eventually make the deployment of this type of biorefinery a reality.





6. Conclusions


The strong efforts made in recent decades in research and development of the production of advanced bioethanol from lignocellulosic biomass through biochemical conversion processes (cellulosic ethanol) has resulted in this biofuel being a key element to meet the foreseen demand of bioethanol in the future. However, it is still necessary to enhance the production yields and reduce the costs to reach full commercialization of cellulosic ethanol. To reach this goal, the application of innovative and advanced approaches in the different steps of the conversion process has been claimed to be essential in order to achieve a more effective utilization of lignocellulosic biomass sources and, at the same time, increase the sustainability of the whole process. In this sense, the research community has been continuously working to provide technological advances in all stages of the lignocellulosic biomass to bioethanol value chain—from the use of alternative and promising biomass sources to the development of new and improved catalysts and microorganisms in the final conversion process steps. Moreover, the introduction of advanced processing technologies to generate new value-added products resulting from a more efficient and sustainable use of biomass feedstocks, within a biorefinery approach, has been identified as a very promising way to boost the production of biofuels such as cellulosic ethanol and other bio-based products. Eventually, these new approaches have to be tested and proved to be effective by the industrial developers, which undoubtedly represents a real challenge.
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Figure 1. Simple schematic representation of the action of cellulases for glucose liberation from cellulose. R: reducing end; NR: nonreducing end; Glu: glucose unit; CBH: cellobiohydrolase. Adapted from [111]. 
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Figure 2. Main elements that make up biorefinery systems. Data from [160]. 
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Table 1. Chemical composition of diverse biomass waste.
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Biomass Waste

	
Type of Biomass

	
Cellulose %

	
Hemicellulose %

	
Lignin %

	
Reference






	
Agriculture residues

	
Corn stover

	
38–40

	
28

	
7–21

	
[7]




	
Barley straw

	
33

	
26

	
19

	
[8]




	
Forestry residues

	
Poplar sawdust

	
44

	
19

	
25

	
[9]




	
Eucalyptus

	
54

	
18

	
21

	
[10]




	
Municipal forestry and greening waste

	
33

	
26

	
19

	
[11]




	
Energy crops

	
Miscanthus x giganteus

	
41–53

	
20–25

	
20–23

	
[12]




	
Napier grass (Pennisetum purpureum)

	
40–50

	
20–40

	
10–25

	
[13]




	
Deenanath grass (Pennisetum pedicellatum)

	
32

	
23

	
3

	
[14]
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Table 2. Selected examples of hybrid methods used to pretreat different lignocellulosic biomasses.
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	Effects
	Feedstock
	Description of the Process (Best Conditions)
	Main Findings
	Reference





	Chemical + mechanical
	Poplar wood chips
	
	
Pre-extraction of hemicellulosic sugars with DA (1% w/w H2SO4, L/S = 10, 150 °C).



	
Chemical treatment with NaOH (3% w/w) + Na2SO3 (4% w/w) at 80 °C, 30 min.



	
Mechanical refining by pressurized refining followed by disk refining twice.





	
	
Combined pretreatment enhanced the glucose yield compared to only DA (max. 93%).



	
Delignification, increase in SSA and increase in fines content were the mechanisms that had a significant positive impact on enzymatic digestibility.





	[93]



	Chemical + mechanical
	Corn straw
	Ozonolysis (60 L/h, 90 min) followed by planetary ball milling (140 rad/s, 8 min).
	
	
Combined pretreatment increased the glucose and xylose yield compared to the single pretreatments (max. 78% glucan conversion and 40% xylan conversion).



	
Cellulase added could be reduced by 10 times (until 1.5 FPU/g straw) without affecting the sugar yields.





	[94]



	Chemical + thermo-mechanical
	Eucalyptus grandis wood
	Alkaline treatment with 20% w/w NaOH/dry matter, L/S = 1, at 130 °C for 90 min, followed by extrusion with addition of H2SO4 until pH 5, at 100 °C and 150 rpm.
	
	
Combined pretreatment increased by 13% the glucan conversion and 44% the xylan conversion obtained only with the alkaline pretreatment.



	
Maximum was 71% glucan and 89% xylan conversion.





	[95]



	Chemical + physicochemical
	Olive stones
	Acid treatment with 10.5% w/w H2SO4/dry matter, 33% w/w solids and at 128 °C, followed by SE at 195 °C for 5 min.
	
	
83% overall sugar yield.



	
Glucose and xylose are obtained in different streams, so they can be separately valorized.





	[96]



	Chemical + chemical
	E. grandis wood
	IL [Bmim]OAc, followed by alkaline fractionation at 0.5, 2 and 4% NaOH, 90 °C, 2 h, L/S = 20.
	
	
Higher enzymatic hydrolysis of glucan (90%) compared to only IL or only alkali treatment.



	
Effects on the physical structure of lignocellulose had a greater impact than delignification.





	[97]



	Biological + chemical
	Bamboo shoot shell
	Galactomyces sp. CCZU11-1 at 30 °C for 3 days, followed by DES choline chloride: oxalic acid (ChCl:OA, 1 mol/2 mol) extraction at 120 °C for 1.5 h.
	
	
Xylan and lignin removal.



	
74.1% hydrolysis yield of glucan.





	[98]



	Biological + chemical
	Olive tree biomass
	Solid state fermentation with Irpex lacteus for 28 days, followed by DA treatment with 2% w/v H2SO4 at 130 °C and 90 min.
	
	
34% increase in enzymatic hydrolysis yield compared to DA only.



	
Overall sugar yield of 51%.





	[99]



	Physicochemical + thermo-mechanical
	Barley straw
	SE at 180 °C, 3.5 min, preimpregnation of BS with 10 mg H2SO4/g biomass. Then, AE at 100 °C, 1 min, 80 mg NaOH/g BS.
	
	
40% increase in ethanol production of SE + AE compared to only SE.



	
Fractionation into glucose, xylose and lignin streams with high recoveries.





	[55]



	Physicochemical + mechanical
	Corn stover
	LHW at 20% solids, 180 °C and 4 min, followed by DM with minimal gap, 89 rpm, 9 cycles.DA with 1% w/w H2SO4 at 150 °C for 4 min followed by DM (same conditions).
	
	
LHW + DM:



	
89% increase in glucan hydrolysis and 134% increase in xylan hydrolysis compared to only LHW.



	
Reduction in energy consumption of DM by 63%.



	
DA + DM:



	
7% increase in glucan hydrolysis and 5% increase in xylan hydrolysis compared to LHW + DM.



	
Need for corrosion resistant reactor and postprocessing of the pretreated substrate.





	[56]







AE: alkaline extrusion; DA: dilute acid; DES: deep eutectic solvent; DM: disk milling; FPU: filter paper unit; IL: ionic liquid; LHW: liquid hot water; L/S: liquid to solid ratio; SE: steam explosion; SSA: specific surface area.
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Table 3. Compilation of comparisons among different pretreatment methods.
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	Feedstock
	Pretreatments and Conditions
	Variables Studied
	Main Results
	Reference





	Cotton stalks
	
	-

	
LHW (175 °C, 2 h, L/S 10:1, 12 bar)




	-

	
MWAC (210 °C, 2 min, 2% H2SO4)




	-

	
ALK (10% NaOH, 121 °C, 15 min)




	-

	
OS (formic acid + H2O2, 2%, 80 °C)




	-

	
Hybrid OS-LHW pretreatment






	Composition

Enzymatic digestibility

Ethanol production
	
	
All pretreatments resulted in cellulose concentration.



	
The hemicellulose content of the pretreated substrates decreased for all pretreatments except for ALK.



	
Hybrid, OS and ALK pretreatments caused delignification of the pretreated substrate.



	
Hybrid pretreatment had the highest enzymatic digestibility and ethanol production; however, the glucose recovery in the pretreated substrate was the lowest among the different methods.





	[82]



	Coffee spent waste
	
	-

	
DA (1.6% H2SO4, 120 °C, 20 min,)




	-

	
SE (50% moisture, 121 °C, 30 min)




	-

	
AFEX (70–120 °C, 0.2–2 mL water/g dry biomass, 1–30 min)




	-

	
Concentrated PA (8.5 g H3PO4/g dry biomass, 50 °C, 1 h + 24 g acetone/g dry biomass)




	-

	
AAPP (80 kV, 4 min)




	-

	
FC (0.8 g FeCL3/g dry biomass, 120 °C, 30 min)




	-

	
OS (ethanol 50%-water 70% + 1%w/w H2SO4, 120 °C, 30 min)




	-

	
MWALK (800 W, 30 s)




	-

	
Hybrid PA-AFEX pretreatment






	Composition

Physical structure

Crystallinity

Thermal behavior

Enzymatic digestibility
	
	
Most of the pretreatments (except for OS, AFEX and SE) concentrated cellulose in the pretreated substrate.



	
Most of the pretreatments reduced the total content of lignin in the pretreated substrate.



	
Only OS produced a significant amount of organic acids (furfural) in the liquor.



	
The structure was altered and chemical bonds were broken in all pretreatments.



	
MWALK, AAPP and OS were the methods that conserved more hemicellulose in the pretreated substrate.



	
Crystallinity of pretreated substrates increased with all pretreatments.



	
All of the pretreatments increased the enzymatic digestibility of the pretreated substrate.



	
The hybrid pretreatment showed the highest cellulose concentration, delignification, crystallinity and enzymatic digestibility.





	[101]



	Rye straw
	
	-

	
OS (190 °C, 1h, 1% w/w H2SO4)




	-

	
SE (200 °C, 20 min)




	-

	
LHW (200 °C, 45 min)






	Enzymatic digestibility

Composition

Lignin
	
	
OS resulted in the highest hemicellulose and lignin extraction and highest glucose recovery.



	
SE pretreated rye straw had the highest enzymatic digestibility, but lowest C5 recovery in the liquor and resulted in a single lignin stream.



	
LHW generates two lignin stream and had a higher C5 recovery.





	[47]



	Switchgrass
	
	-

	
DA (1% w/w H2SO4, 10% solids loading, 140 °C, 40 min)




	-

	
SO2SE (5% w/w SO2, 10% solids loading, 180 °C, 10 min)




	-

	
LHW (15% solids loading, 200 °C, 10 min)




	-

	
AFEX (2 g H2O/g biomass, 1.5 g NH3/g biomass, 140 °C, 30 min)




	-

	
SAA (1.3 g NH4OH/g biomass, 160 °C, 60 min)




	-

	
Lime (Ca(OH)2:biomass = 1; 15 g H2O/g biomass, 120 °C, 4 h)






	Enzymatic digestibility

Composition

Physical structure
	
	
The highest lignin removal was attained with SAA and lime pretreatments.



	
Xylan removal was higher for DA, SO2SE and LHW pretreatments.



	
Deacetylation was high for all pretreatments except for AFEX.



	
Enzymatic digestibility >70% was obtained at lower enzyme load in DA, SO2SE and LHW pretreated biomass than in AFEX or SAA.



	
Most of the basic structure was intact after the pretreatments, although some impacts that differed among methods could be seen.





	[102]



	Corn stover
	
	-

	
IL (1-ethyl-3-methylimidazolium acetate, 15% w/w biomass loading, 140 °C, 3 h)




	-

	
DA (0.5% w/w H2SO4, 10% w/w solids loading, 160 °C, 20 min)




	-

	
AFEX (NH3:biomass = 1, 60% moisture, 140 °C, 15 min)






	Crystallinity

Roughness

Surface Morphology

Thermochemical properties

Chemical structure

Lignin depolymerization
	
	
Biomass pretreated by IL and AFEX was less thermally stable than DA.



	
IL and AFEX caused great hemicellulose removal.



	
DA pretreated biomass showed 50% re-condensed lignin.



	
IL resulted in the highest lignin de-polymerization compared to DA and AFEX





	[103]







AAPP: atmospheric air pressure plasma; AFEX: ammonia fiber explosion; ALK: alkaline pretreatment; DA: dilute acid; FC: ferric chloride; IL: ionic liquid; LHW: liquid hot water; MWAC: microwave assisted acid pretreatment; MWALK: microwave assisted alkali pretreatment; OS: organosolv; PA: phosphoric acid-acetone; SAA: soaking in aqueous ammonia; SE: steam explosion; SO2SE: sulfur dioxide-impregnated steam explosion.
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