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Abstract

:

Bioethanol obtained from agro-food wastes could contribute to decrease the dependency on fossil resources, reduce the impact of fossil fuels on the environment, and mitigate the food versus fuel debate. This study is aimed to investigate the availability of residual inexpensive agro-food biomasses that could feed a second-generation bioethanol plant located in a specific area of North Eastern Italy. After the identification of all crops in the area, more than 40 agro-food residues were analyzed for their availability and compositions in terms of water, polysaccharides, and sugars potentially convertible into bioethanol. 574,166 Mg of residual wet lignocellulosic biomass corresponding to 297,325 Mg of dry material were found available for bioethanol conversion. The most promising substrates were wheat straw and vine shoots. Based on the chemical composition of residues, the potential attainable ethanol was determined. Theoretical potential ethanol production was estimated at nearly 72,000 Mg per year. This quantity extensively exceeds the minimum yearly capacity of a sustainable bioethanol plant previously identified as around 50,000 Mg of ethanol. Taken together, these results demonstrate that, in the analyzed area, agro-food residues are available in an amount that could sustain bioethanol production in a specific and restricted district. Techno-economical evaluations are in progress to assess the actual feasibility of installing a second generation bioethanol production plant in the area of interest.
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1. Introduction


Concern for the increase in the price of oil, the decline in fossil fuel reserves, and global warming have encouraged the search for new sources of energy [1].



Within the new production system of the bioeconomy, energy, materials, and chemical products could be obtained from renewable biological resources such as biomasses [1,2,3,4,5,6,7,8]. Biomasses are a resource of great interest due to their heterogeneity and versatility, thus many sectors of the agroforestry, industry, and services could be involved [8,9]. In this scenario, biomass utilization can effectively contribute to reduce the dependence on fossil resources, limit the impact on the environment, and mitigate climate change.



Biofuels have received considerable attention from the scientific community and the industrial world on both a global and a local scale as direct substitutes for fossil fuels in the transport sector. Despite that their costs are still high, the use of biofuels is increasing worldwide thanks to the support provided by policy measures, mainly aimed to increase the quality of the environment. In the European Union, within 2030, each Member State should ensure that the share of energy from renewable sources is consistent with a target of at least a 32% share of energy from renewable sources in the community’s gross final consumption of energy. To achieve the targets, each Member State shall promote and encourage energy efficiency and energy saving as reported in the Directive (EU) 2018/2001 of the European Parliament and of the Council of 11 December 2018 on the promotion of the use of energy from renewable sources [10].



Bioethanol guarantees a lower environmental impact, compared to that caused by fossil fuels in terms of atmospheric emissions of polluting compounds and greenhouse gasses [11,12,13]. According to current knowledge, bioethanol is industrially produced from biomass traditionally used for food, rich in sugars or starch (first-generation bioethanol) such as corn (Zea mays), sugarcane (Saccharum officinalis), and sugar beet (Beta vulgaris) in the US, China, Canada, Brasil, and France. Other small productions are reported in Canada from wheat (Triticum aestivum) and in Thailand from cassava (Manihot esculenta) [14,15,16]. Unfortunately, the competition with existing food productions causes a contrast between food-for-food and food-for-fuel with a strong impact on food prices, mainly affecting poor people in the global South [17,18,19]. These situations lead the scientific community to look for new solutions towards the use of inexpensive raw materials from plants, specifically cropped in marginal lands, or alternatively cheap waste materials deriving from agricultural activities or industrial food productions.



The search for cheap waste feedstocks, rich in fermentable substrates and noncompeting with food, is, indeed, crucial towards large-scale second-generation ethanol production [20,21]. The discarding of waste agro-food biomasses can be costly and sometimes even a risk for the environment related to their spreading in the field; therefore the transformation of lignocellulosic residual biomasses into value-added products can lead to a reduction in removal costs and offer integration of farmers’ income. Unfortunately, these potentially convertible biomasses are heterogeneous in composition and origin and consequently require the application of chemical-physical treatments aimed at hydrolyzing plant polysaccharides into sugars to be fermented by microorganisms [7,15,22,23]. These procedures are strongly dependent on the chemical and physical nature of the substrates [24,25,26]. Many studies have been developed in the past about the possible exploitation of specific agri-cultural biomasses or wastes from industrial processes at the national or world level (see as examples: [21,27,28,29,30]), and in general, the amounts of agricultural wastes in Europe could be considerable [31,32,33]. However, a detailed analysis reporting the composition and the real availability of these complex materials is not available. Moreover, biomass handling and transportation can strongly contribute to exploitation costs suggesting that transporting biomass to a large, but far, processing plant is not economically worthwhile. Consequently, the most suitable processes to ensure both the complete exploitation of the agricultural byproducts and the economic viability towards the construction of second-generation bioethanol production plants, has yet to be defined.



Indeed, studies including the potential of agro-food wastes as a feedstock for bioethanol use, have not been performed so far at a local scale level. Thus, for the first time, this research aimed to estimate, in a defined region, the potential of supplying selected residual biomass for energy use, thus filling the gap in knowledge on the potential yield of agri-cultural wastes as bioethanol feedstocks. This work indeed performed a capillary availability estimation of the inexpensive wastes resulting from the agricultural activity and their potential bioethanol yields in a specific territory of the Province of Verona, in the Veneto Region. The main objective was to collect data necessary for future technical and economic assessments aimed to design an industrial plant for second-generation bioethanol located in this specific zone.




2. Materials and Methods


2.1. Sampling, Preparation, and Analyses of Biomasses from Agricultural Residues


The evaluated area was located in the Po’ Valley, mainly in the Province of Verona (Italy) having the center in the Municipality of Soave (Latitude: 45°25′10′′ N, Longitude: 11°14′45′′ E) and extending for approximately 11,300 Km2. In this district, data on the cultivated area were acquired from AVEPA (Agenzia Veneta per i Pagamenti in Agricoltura), and all crops present in the territory were determined.



To estimate the type, the real amount, and the existing disposal and valorization strategies of wastes deriving from each crop in this specific area, 3–5 farmers for each crop were interviewed and around 250 surveys were conducted. Although all crops were recorded, only residues produced in significant amounts and/or not already utilized by farmers were taken into consideration for subsequent analyses. Selected wastes included also fruits and vegetables discharged by growers due to poor quality and some byproducts from the food-industry present in the territory.



Samples of about 10 Kg were obtained from at least 3 different producers/farmers and mixed. Residues from fruits were freeze-dried while those from vegetables were predried at 60 °C in a forced-air oven for 48 h, then ground in a hammer mill through a 1.0 mm sieve. The composition in terms of residual water, ash, starch, hemicellulose, cellulose, lignin, and protein of each sample was determined according to international standard methods: total ash and moisture were obtained by calcinating the samples at 550 °C and drying them in a forced oven at 103 °C respectively, according to the AOAC methods [34] (method 942.05 and 934.01). Total nitrogen was determined by the Kjeldahl method, followed by the protein calculation using the general factor of 6.25 [34] (Method 981.10). Cellulose, hemicellulose, and lignin were estimated according to [35]. Starch was determined as described in [36]. Soluble sugar analyses (glucose, fructose, sucrose, xylose, rhamnose, arabinose, and cellobiose), were performed using the methods of [37]: briefly, when necessary, pits were removed and samples were homogenized using a mixer. Samples of 10 g were resuspended in 50 mL of deionized water for 30 minutes at room temperature. After centrifugation at 12,000× g for 7 min at 10 °C, supernatants were filtered using a 0.45 μm acetate cellulose filter and analyzed by HPAEC-PAD (High-Performance Anion-Exchange Chromatography with Pulsed Amperometric Detection) using a PA1 column and NaOH (1 mM) as mobile phase [36].



All analyses were performed in triplicate and results are presented as average values with standard deviations below 5%.




2.2. Bioethanol Potential from Residual Agro-Food Wastes


Bioethanol potential of the residues was assessed considering the bioethanol that can be produced after the fermentation of their simple sugars as well as from starch, cellulose, and hemicellulose after pretreatment and/or enzymatic saccharification. Therefore, theoretical ethanol yield from each waste considered in this study was calculated based on its starch, cellulose, hemicellulose, and fermentable sugars contents as previously described [38,39]. In short, bioethanol yield from biomasses was estimated as the amount of ethanol potentially obtainable from the fermentation of free available sugars and hydrolysates of starch, cellulose, and hemicellulose, whose hydrolysis yields were assumed to be 91%, 81% and 96% respectively. Stoichiometric ethanol fermentation yields of monosaccharides were 92.5% for glucose, fructose, and sucrose and 86% for xylose. Ethanol recovery yields after distillation were hypothesized to be 99.5%.



The efficiency yields previously proposed [38,39] were recently confirmed from a cluster of lignocellulosic [40,41,42,43] and starchy waste streams [36,44,45,46] considered in this project. To validate the ethanol fermentation yields values also from residues rich in simple sugars, few sugary byproducts were selected and fermented by an efficient Saccharomyces cerevisiae strain as described below.




2.3. Fermentation of Sugar-Rich Waste Streams


Plums and peaches waste streams obtained from Quargentan SpA (Terrossa di Roncà, Verona, Italy) have been used as feedstock for the fermentation by S. cerevisiae MEL2 a highly efficient yeast strain [47]. Precultures of S. cerevisiae MEL2 grown to early stationary phase in Yeast Nitrogen Base (YNB) without amino acids were adopted as inoculum. Cells, collected, centrifuged (5400× g for 5 min), and washed twice with sterile distilled water, were used to inoculate 50 mL YNB without amino acids broth to an initial Optical Density (600 nm) of 1.0. Small-scale fermentations were performed in 55 mL glass serum bottles as described by [48], with rubber stoppers ensuring oxygen-limited conditions. The serum bottles contained 50 mL YNB without amino acids broth and 10% dw/v of freeze-dried byproduct. Ampicillin (100 µg/mL) and streptomycin (100 µg/mL) were added to limit bacterial growth. Serum bottles were incubated at 30 °C on a magnetic stirrer and samples, obtained before and during fermentation, were analyzed for simple sugars (glucose, sucrose, fructose, arabinose, cellobiose, xylose), ethanol, glycerol, and acetic acid content using HPAEC-PAD, as described in [48]. The ethanol yield, (g of ethanol/g of used glucose equivalent) was calculated on the basis of the amount of glucose/fructose/sucrose utilized during the fermentation and compared to the maximum theoretical yield of 0.51 g of ethanol/g of utilized glucose equivalent.





3. Results and Discussion


3.1. Sampling and Biomass Availability


The main objective of this work was to assess the availability of low-cost lignocellulosic and sugary materials resulting from agricultural activities, including fruits and vegetable wastes from processing industries, in a specific area of North Italy. The evaluated district, indicated in Figure 1, has a radius of 60 km with the city of Soave in the center and a total area of about 1,130,400 ha, partially including the province of Verona and, to less extent, those of Padova, Vicenza, and Rovigo.



The area was specifically selected because of being a model district within the Northern Italy intensive agriculture context. As reported by AVEPA, a share of approximately 226,000 ha is farmed: 52.28% is cultivated with extensive crops (mainly corn, wheat, and soybean), 14.74% with vineyard, 7.06% with orchards, 4.09% with horticultural products, and 1.10% with olive groves (Table 1). The remaining 19.73% is used as a nursery or cropped with pasture meadows, poplar, and woody plants, or managed as set-aside as established by the EU that provides economic support to the farmers.



More than 80 different cultures were detected and a complete list of cropped plants and related surfaces is available in the Supplementary materials (Table S1). The most extensive crop in the analyzed area is corn (around 61,000 ha), which generally yields large quantities of residues. A great share of these materials is used as fodder, litter, or solid fuel [4], while a portion remains on the ground after harvesting and is landfilled, thus contributing to the maintenance of the soil organic carbon content of the soil, essential for the conservation of the fertility [49,50,51]. Furthermore, considering that large amounts of corn are feeding biogas production plants or stocked as ensilage, only 20–25% of the corn completes the crop cycle with the grain harvesting and the production of residual biomass [51]. Therefore, in this specific area, corn wastes have already a commercial value. For these reasons, although corn is the most extensively cropped plant, it was not taken into consideration in the present work. Similarly, the amount of wheat straw considered in this study was only 100,000 Mg; in fact, for each hectare cropped with wheat, around 7 Mg of wheat straw could be potentially harvestested. Therefore, 214,000 Mg of wheat straw are theoretically available and could be sold to farmers for animal feed. Since livestock farms in the district are in low number, a considerable amount of straw is left on the field.



The majority of the wastes considered in this research and reported in Table 2 and Table S2 are not commercially relevant. Furthermore, they are mostly left in the field or burned (i.e., vegetables and vine shoots) or need disposal costs for the farmers (i.e., fruits and straw). Even excluding corn and a part of wheat straw, the results of the study highlight that relatively large amounts of residual biomass are available for their exploitation for energetic purposes (Table 2 and Table S2. Specifically, 574,166 Mg of residual wet lignocellulosic biomass (297,325 t of dry matter) originating from agricultural activities or industrial processing of fruits and vegetables are produced yearly. Considerable quantities 428,350 Mg (wet wastes), corresponding to a dry weight of 259,769 Mg, originate mainly from wheat (100,000 Mg), tobacco (51,000 Mg), vineyard (100,000 Mg vine shoots, 68,000 Mg grape marcs, 12,500 Mg of grape stalks), apple (32,500 Mg), soy (43,850 Mg soy straw) and sugar beet (33,000 Mg); further residual biomasses from other crops or food transformation processes were found in lower amounts although their total mass was up to 145,816 Mg (wet matter) equivalent to a dry matter of 37,556 Mg. Overall, as reported in Table 2 and detailed in Table S2, 31.44% and 27.73% of residues originated from vineyards (100,000 Mg from vine shoots, 68,000 from grape marcs, 12,500 from grape stalks) and straws (100,000 Mg from wheat, 8000 Mg from spring barley, 43,850 Mg from soy bean, and 7400 Mg from rice), respectively. Fruit and vegetable wastes amounted for 10.63% and 12.84%.



The interviews collected in this study indicated that the highest availability of materials was between March and October–November, although significant amounts could also be obtainable during the winter months. Nevertheless, it is important to note that vegetable and fruits, available from spring to autumn months, contribute to 10.63% and 12.84% of the wet biomasses respectively (Table 2), they have high water contents and thus might be quickly processed to avoid microbial proliferation. On the other hand, 26.44% of wet residues derive from straws and 17.4% from vine shoots (100,000 Mg over 574,166 Mg wet). These materials have high dry weigh (with values ranging from 79.19% for vine shoots to 91.51% for spring barley; Table 2 and Table S2); thus, they could be easily stored and used in the bioethanol plant along the year when the contribution of vegetable and fruits is strongly reduced.




3.2. Chemical Analyses of Biomasses


Since the chemical composition of the feedstock is crucial to select the most appropriate pretreatment and saccharification technologies [52,53,54], this work specifically focused on the detailed chemical analysis of all the byproducts, taking into consideration dry weight, free sugars, cellulose, hemicellulose, lignin, and starch contents (Table 2 and Table 3 and Tables S2 and S3).



Free sugars were found available in all tested substrates at different concentrations. As expected, fruit residues were the richest in sucrose, glucose, and fructose. For instance, in the case of plums, up to 91 Kg of simple sugars per tonne of wet residue were detected (Table 3 and Table S3). Additionally, all residues contain only traces of simple sugars not fermentable by S. cerevisiae, such as xylose, rhamnose, arabinose, and cellobiose (data not shown). Overall, considering also the sugar content of all the tested byproducts, the total yearly amount of fermentable sugars available within the geographical district under study amounted to more than 11,500 Mg (Table S3).



The fruity wastes are particularly interesting feedstocks because they could be directly processed and converted into bioethanol without any pretreatment. Moreover, fruit wastes, together with grape marcs, although containing high volumes of water, are available in huge amounts, reaching up to 112.000 Mg of wet material (68,000 Mg grape marcs, 32,500 Mg from apples, 11,725 Mg from melon, peaches, plums, and apricot) corresponding to a dry weight of around 31,000 Mg in the same area (Table S2).



This amount could strongly increase in case of the low price of fruits or if particularly adverse weather conditions negatively affect the commercial quality of the products and make them unsuitable for the market. For example, apples are cropped in the analyzed area in approximately 5200 hectares (Table S1), and, considering a yield of about 50 t per hectare, the total apple production could be estimated as 260,000 Mg, usually retailed as fresh. From the interviews to the farmers, it emerged that, during processing and preparation for the market, apple wastes can amount up to 39,000 Mg (wet weight) (nearly 15% of the local production) and are generally discharged.



Considering now the polysaccharides content of the byproducts, starch is one of the most promising for the production of ethanol. It is contained at significant percentages only in wastes deriving from rice and potato (up to 84.61 in discolored rice, and 49.18% of dry weight in potato, Table S2). These values are in accordance with starch contents recently described for rice [36,44] and potato [55,56] residues. The cost-effective conversion of starchy residues into ethanol needs the utilization of industrial amylases. As an alternative, the search for a starch hydrolyzing yeast as a unique organism, able to obtain liquefaction, hydrolysis, and fermentation (Consolidated bioprocessing, CBP), has to be pursued [36,45,46]. The technology for starch bioethanol is mature and well established, but although promising, only 15,000 Mg (wet weight) of starch-rich potato and rice waste streams are available in the selected area. As such, they could contribute only in a limited portion as feedstocks for a bioethanol plant (Table S2).



As expected, most of the wastes had relevant amounts of cellulose, but unluckily, S. cerevisiae, employed for the conversion of the sugar into ethanol, cannot directly ferment cellulosic feedstocks into ethanol. Moreover, the polysaccharide is embedded in a recalcitrant and complex matrix and, therefore, the fermentation process is difficult and costly [24,57]. As reported in Table S2, the highest cellulose contents, ranging from 39.27% to 44.86% of dry matter, were detected in barley, wheat and soy straw, and vine shoots. These values are in agreement with those obtained by other authors [58,59,60]. These substrates have also a high dry matter content (from 79.19% to 91.51%) and are available in large quantities (around 250,000 Mg dry weight). Vine shoots and wheat straw are produced in considerable volumes (each around 100,000 Mg as wet byproduct, Table 2) in the area, particularly renowned for the production of wine and wheat.



Most of the horticultural substrates, such as cabbage, zucchini, or those obtained from processing chickory, a typical culture of this area, are available in remarkable quantities. However, although containing interesting amounts of cellulose (13–18%), these residues had very low dry weight (Table S2). This aspect might represent a barrier to their exploitation in a possible bioethanol production plant, due both to their large water content and to the logistics of collecting and transporting these byproducts to the plant.



It is also important to mention the abundance of hemicellulose with more than 61,000 t yearly available (Table 2). Once again, the substrates richest in hemicellulose are straws and shoots, with percentages ranging from 15.25 to 33.16% of dry matter, although the polymer is present in considerable amounts in many residues (Table S2). Hemicellulose could be also hydrolyzed into monomers by the available technologies, but special yeast strains such as Pichia pastoris, able to convert the deriving pentoses into ethanol, are required [61]. The most used microorganism for industrial ethanol production is S. cerevisiae, highly fermenting exoses (free or resulting from cellulose hydrolysis) but unable to convert xylose and arabinose originating after hemicellulose saccharification. The efficient fermentation of pentose sugars is a major technical bottleneck for commercial second-generation bioethanol production; the search for natural new strains having the ability to proficiently ferment all kinds of sugars and tolerate inhibitors was not successful [61,62]. Furthermore, although genetically engineered yeast of S. cerevisiae able to convert pentoses have been already obtained at lab scale [63,64,65,66], industrial strains still show low productivity and are not available yet for large scale bioethanol plants [67]. However, although so far the technologies are not completely established, xylose could be also converted into alcohol on an industrial scale. Therefore, xylose has been considered in the estimation of potential bioethanol yield.



Finally, all residues contain lignin that can reach values up to 33% of the dry weight (Table S2). Unfortunately, lignin is nonfermentable by microorganisms, insoluble, and recalcitrant to biochemical and chemical treatments. Therefore, lignin cannot be considered for bioethanol production but it could be utilized for heat or electricity production contributing to the sustainability of the entire process [21,26,68,69].




3.3. Potential Bioethanol Yield


Based on the fermentable sugars, cellulose, hemicellulose, and starch contents, the potential bioethanol was figured out for each biomass, as described in Materials and Methods using the yields proposed by Spatari et al. [38] and Godin and colleagues [39]. These values were recently confirmed in literature from a cluster of lignocellulosic [40,41,42,43] and starchy waste steams [36,44,45] considered in this project. On the contrary, no papers dealing with sugary byproducts available in the geographical district here selected have been recently published. Therefore, two sugar-rich waste streams, namely plums and peaches byproducts from fruit processing industries located within the area of interest, have been efficiently fermented by S. cerevisiae MEL2 (data not shown). Ethanol yields from glucose, sucrose, and fructose were found to be 92.5%, 92.8% and 93.0%, respectively, of the maximum theoretical, thus confirming the simple sugar-to-ethanol efficiencies proposed by Spatari et al. [38] and Godin and colleagues [39] and applied in this work to estimate the bioethanol potential from waste materials.



Figure 2 reports the potential bioethanol (kg per Mg) of the different investigated biomasses. Yearly potential ethanol attainable (Mg) from starch, cellulose, hemicellulose, and fermentable sugars for the entire quantity of each residue in the analyzed area is reported in Figure 3. The detailed characterization of both bioethanol potential per tonne of residue and yearly bioethanol potential is available in Table S4 and Table S5.



The byproducts showed variable potentialities (Figure 2 and Table S4) in terms of ethanol yield per megagram of residue or cropped hectare. Discolored, broken, and unripe rice exhibited among the highest bioethanol potential values, with nearly 394, 352, and 335 kg of ethanol per megagram of dry matter (Figure 2). This is mostly due to their high starch content (Table S2). Plums, apples, and potatoes had comparable ethanol potentials because of their high simple sugars and, again, starch concentrations, respectively. Lower, but still considerable, values (from 224 to 292 kg ethanol/Mg) were found for vine shoots and straws (from wheat, rice, and soy) whereas horticultural residues, such as pods, aubergines, cucumber, zucchini, pepper, and tomato plants, have potential ethanol yields below 200 kg/Mg.



Overall, as stated above, the starchy wastes from rice and potatoes, as well as fruits, rich in starch and free sugars, could be interesting substrates (Table S2 and Table 3). Starchy residues have also high dry weight (Table S2) so that large quantities of high yield biomass could be easily moved towards the bioethanol plant. Nevertheless, the potential of ethanol per tonne of each byproduct has to be compared with the amount of residue available in the area of interest. For instance, although, as reported in Table S4, around 700 kg/ha of ethanol could be obtained from the rice residues (240.52, 227.47, 92.50, 63.10, 58.46, 17.18 kg/ha from rice husk, rice straw, broken rice, rice middlings, unripe rice, and discolored rice, respectively) rice wastes are not available in large amounts in the investigated area (around 1200 Mg wet weight), and only up to 1400 Mg of ethanol could be produced every year from rice byproducts (Table S5 and Figure 3).



Straws (barley, wheat, and soy) show promising potential alcohol yields (around 300 kg/Mg of dry residues), and most interestingly, they have high yields per hectare (up to 800 kg of ethanol/ha, Figure 3, Table S4). Therefore, since in the studied area large extensions are cultivated with soybean and cereals, typical of the Po’ Valley, high amounts of residues could be available to efficiently feed a bioethanol plant.



Overall, as reported in Table S5, about 73,000 Mg of bioethanol are potentially achievable using as feedstocks all the byproducts yearly available in the area considered in this study. The greatest shares of such ethanol come from cellulose (61.22%) and hemicellulose (29.60%) whereas limited contributions were calculated from simple sugars and starch (Table S5).



Taking into account both the available biomasses and the potential bioethanol obtainable from each substrate (Table S2 and Table S4) more than 47,000 Mg of ethanol could be attained from the vine shoots and wheat straw. These substrates seem to be the most interesting bioethanol feedstocks among those evaluated in this study. Vineyards produce large quantities of vine shoots that are often left in the field as fertilizer or burnt to prevent phytopathogens [70]. In the area, leaving vine shoots in situ is uncommon because, when repeated, it could cause the development of pathogenic microorganisms and the accumulation of chemicals. As emerging from the interviews with farmers, most of the vine shoots are burned with serious environmental damages. Therefore, the use of this material for bioethanol production could be an innovative way to solve this old problem. In conclusion, the production of vine shoots was prudentially assumed to be 3 Mg of material per hectare.Valorization of residues produced in the vine industry in the bioenergy and chemical sector is becoming an important issue: vineyard exhibits high potential since, as reported in Table S4, per each hectare, around 1300 kg of alcohol could be yearly obtained from vine shoots (1257.55), stalks (18.61), and grape marc (106.74). Thus, the utilization of residues from vineyards and wine manufacturing as feedstocks for bioethanol could be a profitable and sustainable opportunity for farmers.



Even if only low shares of ethanol could mainly derive from fruit or vegetable (Table S5), as reported above, the amount of these residues could strongly increase in years when large quantities of these residues are unsold or discarded for their low quality. Residues from the processing industries located in the area such as pear and apricot together with mixed fruits and chicory were also evaluated; although interesting in terms of potential ethanol for tonne of waste (Figure 2, Table S4) their contribution to the total potential ethanol is limited due to both their low availability in the area or their high water content (Figure 3).



To conclude, a second-generation biofuel production plant should be strategically located in an area where the feedstocks are available in adequate amounts all year long [21,45,67]. Furthermore, to reduce the expenses for transportation and storage they should be supplied from a maximum radius of 60–70 km. Moreover, considering the high plant costs, previous studies demonstrated that the minimum capacity of a sustainable plant should be around 50,000 Mg of ethanol per year [71]. Thus taken together, these results demonstrate the availability of sufficient feedstocks to sustain a bioethanol plant in the area under evaluation and could be used for a future technical evaluation to design a second-generation bioethanol production plant.





4. Conclusions


Although the European legislation targeted the opening of a huge market for second-generation bioethanol, in Europe industrial-scale bioethanol plants are not present yet. In 2015, Abengoa announced the exit from the cellulosic biofuel business and, three years later, the Beta Renewable’s Crescentino Italian cellulosic ethanol plant closed. Both main European players in second-generation bioethanol reported multiple causes for departing cellulosic ethanol but the greatest hurdles were complex biomass supply and expensive pretreatment step [72]. Both challenges point at the lack of a model demonstrating the economic cost-effectiveness of the process. One of the bottlenecks is the proper identification and availability of the more suitable feedstocks to be used as substrates and their evaluation in terms of potential bioethanol yield.



In the Veneto Region, several private and public institutions show considerable interest in a project aimed at the construction of a second-generation bioethanol plant. The Veneto territory is located in a strategic logistic position characterized by a high agro-food vocation, by the presence of important industries, support facilities, and a good infrastructural system, which makes it extremely attractive for the location of new production plants [73]. As a consequence, the site where the future bioethanol production plant could be arranged was identified in the Municipality of Soave.



To the extent of our knowledge, for the first time, this research provides data for a future feasibility project of a pilot bioethanol plant at a local scale levelat least in Italy. The results of the study highlight that relatively large amounts of residual biomass of agricultural origin are available in the considered area. Since the main amounts of bioethanol could be obtained from cellulose and hemicellulose, these results are essential not only to select the best feedstocks but also to identify the most suitable pretreatments to convert these polymers into simple sugars. Moreover, some categories of wasted biomass can constitute a disposal problem for the production system: their transformation into value-added products could lead to a reduction in removal costs and raise the profits of farmers. This approach could contribute to both valorize byproducts and increase the profitability of agricultural enterprises. Therefore, the recovery and exploitation of agricultural wastes for energy purposes could be an alternative solution to the disposal and an income opportunity for farmers, through the activation of short local chains and positive impact in rural areas.
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Figure 1. Map of the evaluated geographical area considered in this study. 
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Figure 2. Potential ethanol yield (kg) per Mg of dry residue from starch, cellulose, hemicellulose, and fermentable sugars. *: Nicotiana tabacum; **: cv Garganega; +: cv Valpolicella; ¥: nonfermented and containing stalks; °: leaves and crowns; #: fermented; £: Brassica pekinensis; §: leaves and wastes; §§: water and leaves; ∞: from processing industry. 
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Figure 3. Yearly potential ethanol (Mg) obtainable from simple sugars, starch, cellulose, hemicellulose available in all analyzed residues. Arrows indicate the values of ethanol for selected byproducts. *: Nicotiana tabacum; **: cv Garganega; +: cv Valpolicella; ¥: nonfermented and containing stalks; °: leaves and crowns; #: fermented; £: Brassica pekinensis; §: leaves and wastes; §§: water and leaves; ∞: from processing industry. 
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Table 1. Main crops and hectares farmed in the sampled area. In brackets, the percentage of total cropped hectares is specified. Data were obtained from AVEPA.
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	Crops
	Hectares





	Extensive cultures
	120,623 (52.28%)



	Vineyard
	33,363 (14.74%)



	Horchards
	15,995 (7.06%)



	Vegetables
	9268 (4.09%)



	Olive groves
	2491 (1.10%)



	Others
	44,671 (19.73%)



	Total hectares
	226,411
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Table 2. Expected amounts (wet and dry) of residues from crops grown in the analyzed area and producing high amounts of wastes. Results of chemical analyses are the means of three replicates. Amounts of agricultural residues and main polysaccharides on a dry matter basis were estimated based on the information obtained from the farmers and the performed chemical analyses, respectively.
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	Residue
	Wet Waste

(Mg)
	Dry Waste

(Mg )
	Starch

(Mg )
	Cellulose

(Mg)
	Hemicellulose

(Mg)





	Wheat straw
	100,000
	91,371
	nd
	38,205
	27,595



	Tobacco *
	51,000
	10,143
	nd
	3087
	1455



	Vine shoots **
	50,000
	43,936
	397
	17,684
	8956



	Vine shoots +
	50,000
	39,594
	358
	16,528
	7909



	White grape marc ¥
	46,000
	19,018
	180
	2330
	1604



	Soy straw
	43,850
	37,349
	nd
	14,666
	5695



	Sugar beet °
	33,000
	6893
	nd
	918
	1130



	Apples
	32,500
	3617
	nd
	218
	112



	Red grape marc #
	22,000
	7847
	73
	1151
	969



	Others ****
	145,816
	37,556
	1,786
	9441
	6602



	TOTAL (Mg)
	574,166
	297,325
	2794
	104,228
	61,487



	% of the waste stream from
	Fruits
	Vegetables §§§
	Vineyards ¤
	Straws ***
	



	title
	10.63
	12.84
	31.44
	26.44
	







*: Nicotiana tabacum; **: cv Garganega; +: cv Valpolicella; ¥: nonfermented and containing stalks; °: leaves and crowns; #: fermented; nd: not detected; §§§: plants and fruits; ***: straw from wheat, soy and barley; ¤: grape marcs, vine shoots, grape stalks; ****: all other evaluated residues are reported in Table S2.
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Table 3. Residues containing the higher amounts of sucrose, glucose, and fructose, and total yearly expected quantities of fermentable sugars. Results are reported as amounts per wet weight or, when reported, dry weight of the feedstock.
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RESIDUE

	
Total Fermentable Sugars

(kg/Mg of Wet Residue)

	
Total Fermentable Sugars

(kgMg of Dry Residue)

	
Sucrose

(g/kg)

	
Glucose

(g/kg)

	
Fructose

(g/kg)

	
Total Fermentable Sugars * (Mg)

	
Amount of Dry Residue (Mg)






	
Plums

	
91.60

	
629.75

	
1.69

	
59.74

	
30.19

	
73.29

	
116.00




	
Apples

	
75.16

	
675.30

	
5.70

	
21.63

	
47.83

	
2.442.83

	
3.62




	
Apricot

	
71.30

	
436.36

	
7.42

	
37.72

	
26.20

	
23.18

	
53.00




	
White grape marc ¥

	
69.88

	
169.04

	
2.17

	
38.13

	
29.58

	
3.214.85

	
19.02




	
Peaches (fruit, wastes)

	
54.79

	
534.80

	
22.71

	
16.88

	
15.20

	
208.22

	
389.00




	
Rice middlings

	
43.43

	
49.04

	
16.79

	
16.83

	
9.82

	
33.45

	
682.00




	
Onion

	
40.62

	
365.27

	
6.07

	
17.60

	
16.94

	
668.17

	
1.83




	
Grape stalks

	
36.90

	
146.77

	
0.00

	
18.19

	
18.71

	
461.35

	
3.14




	
Chinese cabbage £

	
33.88

	
441.45

	
1.31

	
18.96

	
13.61

	
355.78

	
806.00




	
Aubergines (fruit)

	
29.70

	
363.35

	
1.38

	
14.63

	
13.72

	
2.97

	
100.00




	
Potato

	
24.30

	
293.46

	
0.70

	
12.24

	
11.40

	
316.33

	
1.08




	
Mixed fruits and vegetables

	
21.71

	
220.09

	
0.81

	
8.93

	
11.97

	
358.28

	
1.63




	

	

	

	

	
Total sugars (Mg) 8158.70








¥: non fermented and containing stalks; £: Brassica pekinensis; *: Total fermentable sugars in the area were calculated based on the concentration of total fermentable sugars of each substrate and the amounts of residues available in the area of interest as reported in Table S2.
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