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Abstract

:

Innovative breeds of sugar cane yield up to 2.5 times as much organic matter as conventional breeds, resulting in a great potential for biogas production. The use of biogas production as a complementary solution to conventional and second-generation ethanol production in Brazil may increase the energy produced per hectare in the sugarcane sector. Herein, it was demonstrated that through ensiling, energy cane can be conserved for six months; the stored cane can then be fed into a continuous biogas process. This approach is necessary to achieve year-round biogas production at an industrial scale. Batch tests revealed specific biogas potentials between 400 and 600 LN/kgVS for both the ensiled and non-ensiled energy cane, and the specific biogas potential of a continuous biogas process fed with ensiled energy cane was in the same range. Peak biogas losses through ensiling of up to 27% after six months were observed. Finally, compared with second-generation ethanol production using energy cane, the results indicated that biogas production from energy cane may lead to higher energy yields per hectare, with an average energy yield of up to 162 MWh/ha. Finally, the Farm2CBG concept is introduced, showing an approach for decentralized biogas production.
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1. Introduction


Sugar cane cultivation was established during the colonization of Brazil by Portugal. Brazil’s geographical and climatic conditions are highly suitable for the growth of sugar cane, which is mainly processed into sugar and bioethanol. Additionally, heat and electricity are produced through burning bagasse in steam boilers. The oil crisis, that began in the early 1970s and culminated in 1979, prompted the Brazilian government to launch the Brazilian alcohol program (Pró-Álcool) in 1975, to produce ethanol for fuel, in an effort to become less dependent on fossil oil imports, which have reduced since 1989 [1]. After committing to the Paris Agreement in 2015, the Brazilian government launched the RenovaBio program in 2017, which aims to reduce carbon dioxide emissions by 43% compared with the emissions in 2005, by 2030, through the introduction of carbon dioxide emission certificates [2,3]. Although bioethanol was established to counter high oil prices, growing awareness of climate change and the need to reduce greenhouse gases is likely to result in ongoing strong demand for alcohol as a fuel in Brazil [3]. Consequently, in 2018, approximately 33.1 billion L of ethanol were produced, including 30.3 billion L for use as fuel [4].



In response to past high oil prices, Brazil’s total annual sugar cane production increased from 79.8 million tons in 1970 to 620 million tons in 2018–2019. Because of the increased demand for production capacities, new sugar cane processing plants have been built between 2004 and 2019 [5,6]. In 2019, 343 sugar cane processing plants were operating in Brazil [7].



Most ethanol mills that have been built in the last two decades can also produce surplus electrical energy, which is generated from the steam that results from burning bagasse. Consequently, the electrical energy contribution from bagasse combustion to the Brazilian grid rose from 7.9 TWh/a in 2009 to 21.5 TWh/a in 2018 [8,9]. Contrary to the positive effect of reduced carbon dioxide emissions from biofuels related to fossil fuels, sugar cane cultivation can increase the deforestation in Brazil, which has a negative impact on the climate and native communities [10,11]. Energy crop cultivation on the landside is competing with food and consumables production and residential areas [12]. Producing ethanol or biogas out of microalgal biomass and waste from industrial agriculture may be an approach to counteract deforestation. In Brazil, about 40 TWh/a of electrical energy could be generated from biogas converted from landfills, wastewater treatment, vinasse, cattle-, pig-, and poultry manure [13]. Biogas or ethanol production from microalgae would shift bioenergy production to the sea, leading, for example, to new food production capacity on the fertile soil, but these techniques need to be further developed to reach market maturity [14,15,16]. Energy cane can be cultivated on marginal soil for ethanol and biogas production. Thereby, fertile soil capacities would be released [17,18].



To accomplish efficient ethanol production from sugar cane, second-generation ethanol processes must be used, because of the high cellulose content in sugar cane. Yeasts in industrial ethanol production lack the enzyme expression necessary to degrade cellulose to glucose. In second-generation ethanol production, cellulose-degrading enzymes are added during a hydrolyzation step prior to fermentation. Since 2015, second-generation ethanol has been produced from sugar cane waste in Brazil, and in 2018, approximately 25 million L were produced from cellulose [4]. Biogas could be produced complementary to second-generation ethanol from sugar cane, as it has a high fiber content, including cellulose, which can also be degraded to methane during biogas fermentation [18,19].



In Brazil, the possibility of using biogas for electricity production or as biofuel had largely been overlooked until 2010, when the first sugar cane processing plants were also used for energy generation. Approximately 95% of the biogas produced in Brazil is landfill gas from urban waste digestion, and this means that agricultural waste and energy crops such as energy cane represent major unexploited sources for biogas production [20]. Industrial biogas processes are well established, especially in Germany, where the first biogas plants were constructed in the 1980s to use manure for energy generation. Biogas consists mainly of methane (50–75%) and carbon dioxide (25–45%) [21]. Since 1992, the amount of biogas plants in Germany rose from 139 to 9444 plants in 2018, and the feed of biomass for biogas production, especially maize silage, increased [22]. In 2018, approximately 29.4 TWh/a were produced from biogas, representing 4.5% of the total energy generation in Germany [23].



The feasibility of the anaerobic digestion of byproducts from sugar cane processing into sugar and bioethanol has already been demonstrated by studies on the biogas potential of the waste materials vinasse, filter cake, bagasse and straw [24,25,26,27]. However, to date, the biogas potential of the entire sugar cane plant has not been sufficiently investigated. In the past, for bioethanol production, the goal had been to maximize the sugar content of cane, which is inconsistent with producing cane that meets the biomass needs of biogas production. Since the 1970s, however, sugar cane breeds with increased biomass yields, so-called energy cane, have been developed for energy production [17]. The cultivation of energy cane can lead to up to 2.5 times higher yields of dry matter per hectare (68.4 tDM/ha) compared with conventional sugar cane (27.6 tDM/ha) [18]. The increased yield of biomass per hectare also boosts the energy amount that can be obtained per hectare.



Several aspects, such as the organic loading rate, technical challenges and the specific biogas yield, must be considered when changing the feed source of a biogas process. Since the energy cane harvest is seasonal and biogas processes must be fed continuously, conservation of the cane is essential for a stable biogas process. This requires examining whether energy cane can be ensiled, like the energy crop maize, which is predominant in Germany. Problems regarding the process performance must also be resolved: for example, the high fiber content of energy cane may lead to flotation layers in the biogas plant that hinder the mixing process [18,28,29]. Furthermore, the high lignin content in energy cane may lower the biogas potential if no pretreatment is applied, because the anaerobic degradability of lignin is poor [29,30].



The novelty of this study is the investigation of the ensiling of the entire energy cane crops for conservation and the determination of the biogas potential to compare its area-related energy yield with that of modern ethanol production in Brazil. Published data on energy cane conversion to biogas are low, and there are only a few concepts known to establish energy cane related biogas production.



The main objectives of this study are (i) demonstrating the feasibility of energy cane ensiling to provide year-round biogas feed for biogas production in batch tests and (ii) in a continuous biogas process, (iii) comparing the area related energy yield of biogas and first- and second-generation ethanol production from energy cane, (iv) introduction of a concept for decentralized biogas production.




2. Materials and Methods


The experiments to determine the biogas potential of Brazilian energy cane were carried out with samples of the entire plant. In order to ensure year-round feeding of the continuous biogas process, a conservation period of six months was required.



2.1. Ensiling


Samples of energy cane plants, including the straw (leaves), were obtained from a sugarcane producer in the Brazilian State of Goiás. Two lots of energy cane (lot A and lot B) were used for the experiments.



Lot A was obtained two months before the determination of the specific biogas yield. After shipment within two weeks, energy cane plants were shredded to approximately 10–100 mm (Holzhaecksler, 35 mm, Boels Verleih GmbH, Willich, Germany) on the Campus Jülich of the FH Aachen University of Applied Sciences in Germany. The shredded energy cane was compacted, ensiled in a 120 L polyethylene barrel, and stored at room temperature for two months. The remaining air was displaced by nitrogen (N2), to avoid aerobic digestion and mold growth.



The entire composition of the energy cane plants in lot B, including the straw, was preshredded in Brazil at the Instituto Federal de Goiás, and the shredded matter was sent to Germany, where it was shredded to approximately 4–10 mm (1830 Coffee Flavour, CASO, Arnsberg, Germany) and ensiled in vacuum bags (Lava V.300® Premium, la.va, Bad Saulgau, Germany), with and without natrium hydroxide (NaOH; 0.25 mol/kgFM). Natrium hydroxide was added, because of promising results from preliminary trials in Brazil, and because it may reduce silage losses [19,31,32]. Three loose-packed samples and three tightly packed samples of each treatment were stored at room temperature for four months. Furthermore, the weight of each silage bag was documented at the beginning and at the end of ensiling. To determine possible weight losses due to ensiling, a precision balance with a reproducibility of ±0.01 g was used (LSP-1502, VWR, Darmstadt, Germany) [33].



For the continuous process, tightly packed energy cane with NaOH addition was prepared like the batch test preparations and ensiled. Amounts of substrate were removed from the bag weekly for feeding the continuous biogas process, after which the bag was vacuum-sealed again.




2.2. Analysis of Energy Cane Composition


The energy cane composition was determined externally by the German Institute for Soil and Environment from the LUFA-Nord-West, with the following being measured: nitrogen (N), carbon (C), C/N ratio, acid detergent fiber (ADF), amylase-treated neutral detergent fiber (aNDF), acid detergent lignin (ADL), dry matter (DM), ash content, crude protein, crude fat, and the theoretical biogas yield, according to the method of Baserga [34].




2.3. Batch Tests


The batch tests were performed in glass eudiometers in accordance with DIN 38 414 [35]. In the batch tests of lot A, amounts of fresh matter (FM) energy cane (10 or 15 g), shredded to approximately 4–10 mm (1830 Coffee Flavour, CASO, Arnsberg, Germany) were added to an inoculum of digestate (240 or 235 g) from a German agricultural mesophilic biogas plant (70% maize-silage and 30% liquid manure) in triplicate. In addition, three batch tests were prepared, with 250 g inoculum as control. The amount of fresh mass used was chosen based on previous batch tests (data not shown). Batch trials in lot B were prepared with a volumetric organic load of 10.5–12.5 gVS/L and an inoculum of 200 g (70% maize-silage and 30% liquid manure). For parallel biogas determination, two samples of each vacuum bag were used, leading to each six samples of the four different ensiling conditions (control/tight, control/loose, NaOH/tight, NaOH/loose). For the estimation of specific biogas potential, the biogas potential of 200 g inoculum was measured in triplicate. The specific biogas potential of the non-ensiled energy cane (non-ensiled EC) was determined in triplicate with 9 gVS/L and 200 g inoculum. For control, the biogas potential of 200 g inoculum was determined in triplicate. The digestate was preheated for 24 h at 40 °C to enhance microbial metabolism. Following the substrate addition, the testing vessels were pivoted to mix the substrate with the microorganisms. The trials were prepared at 40 °C; water baths (Aqua Line AL 18, LAUDA, Lauda-Königshofen, Germany) were used to temper the vessels. The volumetric organic loadings of the tests are shown in Table 1.




2.4. Continuous Biogas Process


The continuous biogas process was performed as described by Paulsen et al., in a modified continuous stirred tank reactor (Bioprocess Control), with an enlarged drain pipe and a working volume of 10 l [36]. The process was fed once per day, with organic loading rates varying between 1.05 and 1.51 gVS/(L × d). The moisture of the feed was adjusted to 25%DM with tap water. Biogas production was measured (MilliGascounter, Ritter Apparatebau, Bochum, Germany) and its methane and carbon dioxide composition were measured (Multitec 540, SEWERIN, Gütersloh, Germany) on daily basis from the cumulated gas. The digestate was analyzed as follows: VOA/TIC (BIOGAS Titration Manager, Hach, Hach Lange GmbH, Duesseldorf, Germany) and pH (pHenomenal pH 1100L®, VWR, Darmstadt, Germany, with a BlueLine 22 pH electrode from SI Analytics/ Xylem Analytics Germany Sales GmbH & Co. KG, Weilheim, Germany) were determined twice per week. Volatile organic acids were analyzed once per week or during acidification daily via gas chromatography (GC-2010 with AOC-20i Auto-Injector, Shimadzu Scientific Instruments, Kyoto, Japan and Column: FS-FFAP-CB-0.25 CS-Chromatographie Service, Langerwehe, Germany). Total phosphorous, ammonium and total nitrogen bound were measured once per week (LT 200 and DR 2800, standardized kits LCK350, LCK238, LCK302, LCK302, Hach Lange GmbH, Duesseldorf, Germany). DM and volatile solids (VS) content of the digestate was determined on a weekly basis (N 100/14, Nabertherm, Lilienthal, Germany).



In addition, the concentrations of trace elements were adjusted to 16 mg/kgVS nickel, 25 mg/kgVS cobalt, 7.5 mg/kgVS molybdenum, and 0.5 mg/kgVS selenium (at day 562), on the basis of the nutritional analysis of the digestate by LUFA-Nord-West. The carbon/nitrogen/phosphorous (C/N/P) ratio of the digestate could not be adjusted, because the C content was not determined. Instead, the N/P ratio was related to the VS as the VS/N/P ratio. At day 565, the contents of N and P were increased through the addition of diammonium phosphate and urea, resulting in a VS/N/P ratio of 70 gVS:1 gN:0.15 gP.




2.5. Calculation of Theoretical Energy Yields


The theoretical energy cane–based methane yield, first- and second-generation ethanol yields, area-related energy yields from biogas, and total ethanol production were calculated based on the biogas yields of the continuous process shown in this work and the crop yield and composition data, based on dos Santos et al. and Kim and Day, which are shown in Table 2 [18,29].



The calculation of the theoretical area-related energy yield from biogas was based on the minimum biogas yield of energy cane, with 400 m3N/tVS and 50% methane content and the mean biogas yield of energy cane with 475 m3N/tVS and 51% methane content. Biogas losses through ensiling, and losses through pretreatment and processing for biogas and ethanol production, were neglected.





3. Results


3.1. Ensiling and Batch Tests


The ensiling process was monitored through visual and olfactory control. Mold growth is an indicator of leakage of the ensiling vessel, because it is oxygen dependent. Thus, a foul or rotten odor indicates faulty fermentation. Two lots of energy cane were ensiled and tested for specific biogas production: lot A and lot B. After two months of ensiling, the energy cane in lot A exhibited no negative visual or olfactory characteristics. Batch tests indicated that specific biogas production from the ensiled energy cane (lot A), which achieved stability after 28 days, was between 417 ± 45 (10 gFM) and 485 ± 66 LN/kgVS (15 gFM; shown in Figure 1). This demonstrated that a biogas process based on energy cane is generally feasible.



In the batch tests of the non-ensiled energy cane from lot B, a specific biogas production of 599 ± 22 LN/kgVS was achieved after 42 days (non-ensiled EC in Figure 2.). In addition, the composition of the non-ensiled sugar cane was analyzed, and the results (shown in Table 3) indicated that the biogas potential was approximately 555 LN/kgVS, according to the method of Baserga [34].



After ensiling the energy cane for four months, with and without the addition of NaOH and using loose or tight packaging, the specific biogas potential was determined again, over a period of 44 days through batch tests. The batch tests of the energy cane ensiled without the addition of NaOH (“control” in Figure 2) revealed a biogas potential of 469 ± 103 LN/kgVS for the tightly packed silage and 536 ± 108 LN/kgVS for the loose-packed silage. Yields for tightly packed silages with NaOH reached 518 ± 77 LN/kgVS, and the loose-packed silage yielded 524 ± 100 LN/kgVS (Figure 2).



Batch tests demonstrated that ensiling energy cane for four months decreased its biogas potential by 10–22% compared with fresh, non-ensiled energy cane (Figure 2) and 3–16% compared with the biogas potential calculated based on the method of Baserga. No weight loss was detectable after ensiling the energy cane. The influence of the varied NaOH addition and packing density was not observed under the given circumstances.




3.2. Continuous Biogas Process


Ensiled energy cane was fed to a mesophilic stirred continuous biogas process. Data concerning the establishment of the biogas process (Day 1 to 500) were published by Paulsen et al., resulting in an average gas production of 0.5 m3N/kgVS (500 LN/(kgVS respectively) [36]. The continuous process was susceptible to acidification caused by the massive local accumulation of slowly degradable floating fibers.



As shown in Figure 3 and Figure 4, the main parameters for monitoring acidification, the volatile organic acid to total inorganic carbon ratio (VOA/TIC) and the acetic acid concentration, rose from day 555 to day 564, although feeding was paused between day 555 and 558. To counteract acidification, trace elements were added on day 562. Because the acetic acid concentration did not decrease after trace element supplementation (Figure 3), the VS/N/P ratio of 70 gVS:0.7 gN:0.14 gP was adapted on day 565.



Because the acetic acid concentration and the VOA/TIC ratio decreased from day 565, the organic loading rate was increased on day 571 from 1.36 gVS/(L × d) to 1.51 gVS/(L × d). This inhibited the gas formation of the process on day 573 and led to increased acetic acid and isovaleric acid concentrations. Without changing the parameters, the process regenerated on day 574. Subsequently, the process was stable until day 593, and no further acidification occurred.



The specific gas production varied from approximately 0.36 to 0.5 m3N/kgVS (360 to 500 LN/kgVS respectively), between days 574 and 593 (Figure 3). During the given period, the biogas carbon dioxide concentration was between 20 and 30%, and the methane concentration ranged from approximately 25 to 65% (Figure 4).



Table 4 presents the average process parameters of the time periods prior to the addition of trace elements and macronutrients (days 544–561), the adaption phase after the addition (days 562–573), and the recovered biogas process (days 574–593). An average methane production rate of 242 LN/kgVS for the period of days 574–593 was calculated based on the daily specific biogas production and methane concentration.





4. Discussion


Biogas was produced successfully from the whole energy cane plant in batch tests and in the continuous process, even after ensiling the energy cane. The conservation of energy cane over six months, which is necessary to ensure a continuous year-round feed of the biogas process, was successful. The high biogas losses through ensiling after four months with 6–16% according to Baserga or 13–22% according to the batch test of non-ensiled EC, and six months with 20% according to Baserga or 27% according to the batch test of non-ensiled EC represent peak values; the mean values were not determined. By comparison, silage losses from the well-established energy and forage crop maize result in 12% lower biogas yields at the industrial scale in Germany [34]. The high losses of biogas potential caused by ensiling the sugar cane may be reduced by optimizing the ensiling process through, for example, the application of silage additives [37,38]. Nevertheless, the average silage losses for energy cane ensiling must be determined in the field.



Batch tests of the ensiled energy cane (lot A) indicated that it had lower biogas potential (10 gFM: 417 LN/kgVS; 15 gFM: 485 LN/kgVS) than was observed during the stable continuous process (also lot A, mean: 559 LN/kgVS) [36]. The batch tests on the non-ensiled energy cane of lot B revealed a higher biogas potential (599 LN/kgVS) than what had been calculated theoretically according to the method of Baserga (555 LN/kgVS) [34]. This may be attributable to the microleakage of the glass eudiometers, which would allow air to enter, leading to overestimation of the biogas potential or underestimation of the methane potential when methane concentration would have been measured [39]. Compared with the automatic methane potential test system (AMPTS), which works similarly to the MilliGascounter, the biogas potential examined by eudiometers can be twice as high [40]. The eudiometers used for batch testing indicated only the potential of biogas production, and not that of methane production. The batch tests suffered from high standard deviation, maybe due to low sample homogeneity. As the entire crop was used for the tests and cane straw and stalks digestion lead to different methane yields (sugar cane straw approx. 230–260 LN/kgVS, sugar cane stalks 300–350 LN/kgVS [27,41]), sample homogeneity is rather important, but on the same side hard to achieve, even though the samples were mixed and shredded.



Yeast activities in sugar cane silage may reduce the soluble carbohydrates content and lead to losses of DM. The addition of 1.0–1.5%FM NaOH may support lactic bacteria and increase the digestibility value of dry matter by improving the digestibility of neutral detergent fiber [31,32,42]. Furthermore, increased lactic acid concentrations may inhibit ethanol fermentation [43]. Nevertheless, the addition of NaOH to the ensiling process did not show an improved biogas potential in batch tests. This could also be caused by the high standard deviation. The continuous process provides a more reliable value than the batch test does, because it is closer to the technical upscaling application; the microbiome adapts to the substrate composition over time, and the biogas volume was measured by a MilliGascounter (Dr.-Ing. RITTER Apparatebau, Bochum, Germany), which is less susceptible to false positive results than eudiometers are. However, leakage of the MilliGascounter tubing can lead to false negative results and the consequent underestimation of biogas potential.



The anaerobic fermentation of methane from energy cane must produce an energy yield comparable to conventional ethanol production for biogas to be practicable, especially in view of the currently booming second-generation ethanol production. In Brazil, an average of 6280 L/ha of first-generation ethanol with 36.7 MWh/ha energy, based on the lower heating value of ethanol, can be produced from sugar cane [44]. Through second-generation ethanol production, an additional 4572 l/ha (26.7 MWh/ha) can be produced [29]. This totals a production of 63.4 MWh/ha from sugar cane.



To reveal the potential of biogas production from the energy cane, its area-related energy yield was calculated. No area-related crop yields were given for the tested energy cane, so the theoretical energy yield, as shown in Table 5, was calculated on the basis of the crop yield from two different studies (dos Santos et al. and Kim and Day) and the minimum and mean biogas potentials determined in this work [18,29]. Neither energy consumption nor product losses were considered with respect to biogas or ethanol production.



With respect to the average specific gas production in the period of days 574–593, the biogas potential was reduced by 27% compared with the batch test results for non-ensiled energy cane digestion (599 LN/kgVS). According to the biogas potential calculated from the energy cane composition based on the method of Baserga, the loss would be approximately 20% after six months of ensiling [34]. Supplementation of macronutrients and trace elements had a positive effect on process stability.



The energy yields per hectare from total ethanol and biogas production out of energy cane are shown in Table 4. The energy potential from biogas production, based on the data of Kim and Day, was slightly lower when assuming the minimum biogas potential. In all other cases, however, biogas production from energy cane was found to result in a superior energy yield per hectare compared with ethanol production, including second-generation ethanol production. Silage losses (assumed to be 12–20%) were neglected in the calculation (Table 5), because only peaks were evaluated instead of the average. Consequently, prior to application, they must be validated in the field.



Based on the calculations, sugar cane exhibited a lower potential for biogas than for ethanol. Since the calculations for biogas energy yield from sugar cane were based on the specific biogas potential for energy cane, the calculations should be repeated for the as-yet unidentified biogas potential of the continuous anaerobic fermentation of conventional sugar cane. The batch test fermentation of ensiled Australian sugar cane stalks yielded 300–350 LN/kgVS methane [41]. In comparison, the results of the continuous ensiled energy cane fermentation (242 LN/kgVS) were lower. Different plant composition, ensiling strategies, inoculum, conditions for growth and the poor comparability of batch tests and continuous processes may influence the methane potential of a substrate [33,41,45,46]. Seeing the influence of local conditions (e.g., soil properties, cane breeds, climate), the need for data on methane potential becomes clear.



In comparison with methane potential of other substrates with high lignocellulose content, like wheat straw (237–269 LN/kgVS) and miscanthus (247 l/kgVS;278.7 L/kgVS), the results of energy cane (242 lN/kgVS) are of a similar magnitude [47,48,49]. Compared with energy cane, the average methane yield from anaerobic maize silage digestion is comparatively higher, at approximately 340 LN/kgVS, but higher crop yields from energy cane may compensate for its lower methane potential [21,50]. Between 2013 and 2017, the average maize silage yield in Germany was approximately 16.2 tDM/ha (assuming 33%DM/FM and 95%VS/DM), resulting in 5223 m3N/ha of methane with 52.0 MWh/ha energy, based on the lower heating value of methane [21,51]. If biogas technology is applied to Brazilian maize silage yields (17.4–28.2 tDM/ha), a production between 55.9 and 90.6 MWh/ha can be expected (assuming 95%VS/DM) [21,52]. Although the Brazilian maize yields can possibly be improved in the future through further industrialization, the prospects for energy cane as biogas substrate are not diminished, because, compared with maize silage fermentation, the theoretical biogas energy yields per hectare from energy cane are 1.5 to 2.9 times higher than those of maize silage, and the yields from sugar cane are of a similar magnitude. Despite the promising data regarding biogas production from energy cane in Table 5, the results still need to be confirmed at the industrial scale in the field.



To establish a stable energy cane biogas industry, production technology must be economical. Furthermore, a thorough understanding of the technologies and their advantages and disadvantages is important. A comparison of the production schemes of biogas and first- and second-generation ethanol is shown in Figure 5.



Due to the harvest periods, ethanol mills cannot run year-round [29]. Transportation of the seasonally harvested energy cane to the ethanol mill accounts for up to 75% of the bioethanol production costs [53]. The average distance that sugar cane must be transported to the ethanol mills varies between 25 and 40 km [53,54]. For first-generation ethanol production, the sugar cane/energy cane plants are washed prior to sugar milling, producing sugar juice as the product and bagasse as the by-product. The bagasse can either be used for heat and surplus energy production, or it can be enzymatically hydrolysed in the second-generation ethanol process. The sugar juice and the glucose containing hydrolysate are then fermented into ethanol by yeast and finally distilled. Bagasse, filter cake, and vinasse can be used as fertilizer or fed into a biogas plant [25,26,27].



For biogas production, the energy cane must be chopped into small pieces to improve its availability for the microorganisms. The chopped cane is ensiled for conservation. Biogas is produced from the silage, and then it is compressed and purified. The digestate of the biogas process can be used as fertilizer. When comparing the biogas process with first- and second-generation ethanol processes, several challenges are evident for establishing the biogas industry. Increasing energy cane yields per hectare may overcome these challenges in the future, because a more-sophisticated second-generation ethanol process is needed for efficient ethanol production, which might be more difficult to handle [15,17,18]. Since the second-generation ethanol process is still under development, biogas processes may be a promising alternative or supplement, especially due to the high theoretical biogas energy yield per hectare. The implementation of energy cane–based biogas technology in Brazil would enable year-round compressed biogas (CBG) production (and employment). The produced CBG could be used as fuel for vehicles, for cooking, or for industrial processes. CBG can be used instead of diesel fuel for heavy-duty vehicles and thereby reduce carbon dioxide emissions and the costs for energy cane cultivation and transport, especially in view of the carbon dioxide certificates that will be introduced as part of the RenovaBio program [55,56].



With “Farm2CBG,” the authors propose a possible concept for biogas distribution, as shown in Figure 6.



Since the investment costs for upgrading to biogas production decrease with the increasing size of the biogas plant, the economic efficiency, especially for small to medium-sized biogas plants, can be improved through a joint biogas processing plant [57]. In the Farm2CBG concept, each farm supplies the biomass for a single biogas plant. Therefore, the energy cane is ensiled and stored at the farms close to the biogas plant. The remaining digestate can be used as a fertilizer for energy cane cultivation. This creates a material cycle in agriculture. After desulfurization and dehumidification, the biogas is quantified and injected into a low-pressure pipeline, that connects surrounding biogas plants with the gas processing plant. Thus, the substrate transport distances can be kept low. At the central plant, the biogas can then be purified to achieve higher methane concentrations and compressed using renewable energy sources. The processed gas is then filled into a central gas storage and transported by pipelines or tank trucks as CBG to distributors and customers. Due to the centralization of gas processing, small biogas plants or a waste digester may be integrated. Participating farmers, as suppliers, are paid according to the amount of biogas injected into the system. The concept presents an opportunity for biogas production in rural areas, and consumption in urban areas.



To realize the concept, several factors must be considered, such as the economic efficiency of the concept, the burden of investment costs, and biogas plant design. For example, farms with an area of 1000 ha or more represent the largest share (60%) of total sugar cane production in Brazil [58]. Using the substrate of 1000 ha for a single biogas plant would result in a very large biogas plant (4.9 MWel). By comparison, in Germany, 500 kWel biogas plants with combined heat and power units are the standard. If such a scale were adapted to energy cane feeding on the basis of the parameters in Table 6, an approximately 100 ha cultivation area and a fermenter with a capacity of 3300 m3 would be required (producing 1.35 MWh on the basis of the lower heating value of methane).



For example, a single biogas plant for a 1000 ha farm would be over 30,000 m3 in size.



To simplify the construction of biogas plants, several smaller plants could be built. The construction of biogas plants adjacent to farms would reduce the transport distances. Assuming a square outline of a 1000 ha farm, an edge length of 3.33 km can also be assumed. Even in the worst-case scenario (positioning the biogas plants at the corners of the farm), the maximum transport distance would be 6.66 km (73–83% less than the average in ethanol production). The farm design is highly dependent on local circumstances, and thus, the given assumptions must be checked on a case-by-case basis. Furthermore, the biogas and ethanol production from energy cane should be compared based on life cycle assessments after validation of the given results in the field. In addition, to produce biogas from energy cane, technical applications must be adapted to the new substrate; for instance, sand separators can be implemented to avoid the washing step (which would result in a loss of substrate and thus energy), and special mixers can be used to avoid floating layers. Future upgrades notwithstanding, the present results give an impressive first overview of the potential for biogas technology in Brazil.




5. Conclusions


Biogas can be produced from energy cane with sufficient specific biogas yields (approximately 400 to 600 lN/kgVS). Furthermore, ensiling can conserve the substrate for up to six months with acceptable silage losses. The high calculated energy yields per hectare must still be proven in the field, but they are indicative of the promise of biogas production.



If introduced into the Brazilian market, biogas production from energy cane can be a promising energy solution that complements first- and second-generation ethanol production. Since second-generation ethanol production is a highly sophisticated process that is still under development, biogas production might be more accessible, practically and economically. For the successful industrial implementation of biogas production from energy cane, ensiling and preprocessing (e.g., cane shredding) must be scaled up. The Farm2CBG concept represents a first impression of how biogas processes based on energy cane can be established. Centralized gas purification could reduce the costs for single farmers, and thus, small farm communities could also supply biogas by sharing investment costs.



Finally, in addition to technical and economic considerations, political incentivization will also be necessary to establish the biogas technology in Brazil. For example, the European regenerative energy directive has proven to be an effective instrument for reducing carbon dioxide emissions, which has also led to an expansion of the biogas sector [21,59]. If implemented consistently, the RenovaBio program may also foster the expansion of the biogas sector in Brazil [2].
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Figure 1. Specific biogas production of ensiled energy cane lot A 10 gFM (result: 417 LN/kgVS) and lot A 15 gFM (result: 485 LN/kgVS). 
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Figure 2. Specific biogas production of ensiled energy cane tightly and loose packed, with and without the addition of NaOH, and non-ensiled energy cane (EC) of lot B. 
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Figure 3. Specific daily biogas production, VOA/TIC, total phosphorous, total nitrogen, ammonium, and organic loading rate of the continuous biogas process (40 °C; pH 7.0–8.0, lot B). The days of macronutrient and trace element supplementation are marked. 
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Figure 4. Acetic, propionic, and isovaleric acid concentrations and biogas composition of the continuous biogas process (40 °C; pH 7.0–8.0, lot B). The days of macronutrient and trace element supplementation are marked. 
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Figure 5. Production schemes of compressed biogas (CBG) from biogas plants (BGP) and first- and second-generation ethanol (EtOH). 
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Figure 6. Farm2CBG: A possible concept for biogas distribution via pipelines or as compressed biogas (CBG) from rural biogas plants (BGP) to urban areas in Brazil. 
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Table 1. Batch tests: volumetric organic load, initial substrate weight, and amount of the inoculum.
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	Energy Cane Lot
	Volumetric Organic Load (gVS/L)
	Energy Cane (g)
	Inoculum (g)





	A
	7.1
	10
	240



	A
	10.6
	15
	235



	B
	10.5–12.5
	8
	200
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Table 2. Crop yield data based on dos Santos et al. and Kim and Day [18,29].
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	Substrate
	Fresh Matter (FM) Yield (tFM/ha)
	Dry Matter (DM) Yield (tDM/ha)
	VS Yield (tVS/ha)
	Source





	Sugar cane
	92
	27.59
	26.4 2
	dos Santos et al. [18]



	Sugar cane
	70
	9 1
	8.4 1,2
	Kim and Day [29]



	Energy cane
	180
	68.4
	67.0 2
	dos Santos et al. [18]



	Energy cane
	100
	46.4
	45.6 2
	Kim and Day [29]







1 excluding sugar 2 volatile solids (VS) were calculated/estimated assuming 0.8%FM ash content
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Table 3. Composition of non-ensiled energy cane FM of lot B.
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	Parameter
	Value
	Parameter
	Value





	C/N ratio
	107
	DM (%)
	29.2



	Nitrogen (%)
	0.15
	Ash content (%)
	0.8



	Carbon (%)
	16.5
	Crude protein (%)
	1



	1 ADFVS (%)
	15
	Crude fiber (%)
	12.9



	2 ADL (%)
	2.2
	Crude fat (%)
	0.6



	3 aNDFVS (%)
	22.5
	
	







1 acid detergent fiber 2 acid detergent lignin 3amylase-treated neutral detergent fiber.
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Table 4. Average process parameters of the periods: days 544–561, days 562–573, and days 574–593 (40 °C; pH 7.0–8.0; fed with energy cane (lot B)).
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	Period
	CH4 (%)
	CO2 (%)
	Specific Biogas Production (m3N/kgVS)
	Organic Loading Rate (gVS/(L × d))
	VOA/TIC
	Ntotal (g/L)
	Ptotal (g/L)
	NH4+ (g/L)





	Days 544–561
	52
	29
	0.35
	1.05
	0.41
	0.72
	0.14
	0.24



	Days 562–573
	55
	24
	0.43
	1.40
	0.42
	0.95
	0.14
	0.21



	Days 574–593
	55
	29
	0.44
	1.51
	0.24
	0.92
	0.13
	0.37
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Table 5. Theoretical energy cane-based methane yield, first- and second-generation ethanol yields, area-related energy yields from biogas, and total ethanol production.
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	Substrate
	Methane Yield min/mean (m3N/ha)
	1st gen. Ethanol Yield (L/ha)
	2nd gen. Ethanol Yield (L/ha)
	Total Ethanol Yield (L/ha)
	Biogas Energy Yield min/mean (MWh/ha)
	Ethanol Energy Yield (MWh/ha)





	Energy cane 1
	13,392 3/16,204 4
	4282
	14,256
	18,538
	134 3/162 4
	109



	Energy cane 2
	9120 3/11,035 4
	3400
	12,991
	16,391
	91 3/110 4
	96



	Sugar cane 1
	5371 3/6499 4
	6525
	3782
	10,307
	(54 3/65 4)
	60



	Sugar cane 2
	1688 3/2042 4
	-
	4572
	4572
	(17 3/20 4)
	27







1 Crop yield and composition data based on dos Santos et al.2 Crop yield and composition data based on Kim and Day.3 Calculated based on the minimum biogas yield of energy cane with 400 LN/kgVS and 50% methane content.4 Calculated based on the mean biogas yield of energy cane with 475 LN/kgVS and 51% methane content.
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Table 6. Parameters of a 500 kWel biogas plant fed with energy cane based on the results of this work.
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	Parameter
	Value
	Parameter
	Value





	Operating time (d)
	334
	Operating time (h/a)
	8016



	Area related energy cane yield (tVS/ha)
	67
	Silage losses (%)
	20



	Organic loading rate (1.5 kgVS/(m3 × d))
	1.5
	Methane yield (m3/tVS)
	200



	ηel (%)
	37
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