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Abstract

:

Grass from landscape management or from agricultural practices is currently destined mainly for composting, with the production of a valuable product; however, this process demands energy. Anaerobic digestion, instead, represents an energy-positive process that results in the production of fuel, biogas, and a fertilizer, namely digestate. Previous tests for the evaluation of biogas yield from freshly harvested grass gave promising results. However, for a practical exploitation of this resource, appropriate conservation is necessary in order to enable the daily load of digesters while reducing the loss of organic matter. The present work is focused on the evaluation of biogas and methane yield from dried and ensiled grass (without conditioning) in order to assess eventual biogas potential losses in comparison to digested fresh grass. Tests were performed with grass collected from riverbanks (Veneto, Northern Italy) in batch, lab scale digesters. Dry and ensiled grass showed a good potential for exploitation in the anaerobic digestion process, reaching biogas yields of 565.9 and 573.4 NL∙kgVS−1, respectively. Compared to the biogas yield of 639.7 NL∙kgVS−1 of the fresh grass, the conservation treatment determined yield reductions of 11.5% and 10.4% for dried and ensiled grass, respectively. However, considering the methane yields, conservation treatments showed lower reductions, amounting to 4.8% for dry grass and 0.5% for ensiled grass; presumably the higher concentration of organic acids in ensiled grass determined a higher methane content in biogas and the consequently lower reduction of methane yield.
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1. Introduction


The primary sector can play a significant role to reach the goals of sustainable development and circular economy by the exploitation of wastes or by-products for the production of renewable energy [1,2,3,4,5,6].



One of the most promising technologies for the management of fermentable organic wastes is represented by anaerobic digestion (AD) [7]: This energy-positive process provides high values products, such as biogas and digestate [8,9], but it gives a significant contribution to the reduction of the emissions of greenhouse gasses, methane (CH4) and carbon dioxide (CO2) in particular, and of odors deriving from uncontrolled fermentations [10,11].



Agricultural practices and landscape management produce relevant quantities of biomasses that could be successfully treated by the AD process but are not completely exploited [12,13]. Composting still represents the main destination of these feedstocks: This mature process determines the production of a valuable soil amendment, compost, but also requires energy [14]. Lignin-rich biomasses (e.g., branches and wood) can be considered to be best suitable for the composting process or thermal treatment (e.g., gasification and incineration). Grass from landscape management, instead, could represent a promising product to enhance the sustainability of the biogas field [15,16,17,18,19]. As matter of fact, grass does not compete with food production, and it is available in different areas worldwide, including the Italian territory [20] and uncultivated areas of the Veneto territory [21]. Studies focused on the definition of quantity and composition of grass are still missing, but these areas are characterized by a significant quantity of biomass [22,23]. Botanical composition is normally represented by Poaceae spp., Fabaceae spp., or Asteracee spp., but other species of grasses can be found depending on the area [24,25].



The physical–chemical characteristics of grass make this feedstock suitable for exploitation in the AD process. Scientific studies have reported a net energy production from grass—determined as the MWh of renewable CH4 per MWh of fossil energy invested—of 7.4–15.5 (Poaceae spp.) compared to 8–25 (Maize, Zea mays L), depending on the agricultural option considered [8,9].



Laboratory tests allow for the assessment of the degradability of fermentable products and their consequent potential biogas/biomethane yield [26,27]. Ahn et al. [28] determined the biogas yield from switchgrass in a dry AD codigestion process with manures from different animals, while the specific yield from grass was assessed in a batch leach bed by Lehtomäki et al. [29] in a two-phase system [30].



The present research is focused on the evaluation of biogas and biomethane yield from grass collected from riverbanks of Veneto, Northern Italy. In a previous study, the biogas/biomethane yield of fresh spring and summer grass was assessed [31], showing a yield quite similar to the yield obtained from energy crops, with biomethane potentials (BMP) of 340.2 and of 307.7 NL∙kg−1VS, respectively, for spring and summer grass. Despite the promising results obtained from fresh grass, for a practical exploitation of this resource, appropriate conservation is necessary, i.e., drying and ensiling, in order to enable the daily load of digesters while reducing the loss of organic matter. These techniques can potentially determine a loss of organic matter: Drying essentially removes moisture from the feedstock, reducing and eventually stopping the respiration processes that determine the loss of energetic content. Ensiling, instead, is a chemical/biological process that induces the formation of acids in anoxic conditions, with a reduction of pH and consequent stability of the feedstock. The present work, representing a second stage of the previous work, is focused on the evaluation of biogas and methane yield from grass after drying and ensiling in order to assess eventual biogas potential losses in comparison to biogas yields from fresh grass.




2. Material and Methods


2.1. Experimental Site and Field Operations


The AD experiments were conducted on grass collected in early spring from riverbanks of the Adige river in the vicinity of Boara Pisani (Rovigo, Northern Italy). Grass was subjected to visual analysis for the determination of the different species.



Grass was cut by means of scissors, achieving a final size of 40 mm, in order to simulate the operation of forage harvesting machines (i.e., cut and size reduction). Part of the fresh grass was immediately loaded in the digesters for the first test run, another part was air dried for two days, and a final part was ensiled.



The experimental silos are represented by airtight cylinders with a sliding cover to achieve appropriate compression of the feedstock (Figure 1). The ensiling process was performed without the conditioning of the feedstock (i.e., moisture correction) and without additives (i.e., bacteria or enzymes).




2.2. Lab Scale Anaerobic Digestion System and Experimental Setup


The laboratory anaerobic digestion system consisted of 6 reactors (4 l each) equipped with a propeller-type mixer (Figure 2).



Temperature was controlled by thermostatic baths with electric resistance controlled by digital thermostat, with a water recirculation pump to achieve homogeneous conditions in the tank. Biogas from the digesters was conveyed to condensation traps and biogas meters (Milligascounter, Ritter, Germany) that continuously registered the volume of produced biogas. Biogas quality (CH4 and CO2) was determined by Siemens Ultramat IR analyzer (Siemens Automation Group, Karlsruhe, Germany), and H2S quality was determined by ProTec gas pump with (Komyo Kitagawa, Japan) detection tubes.



As inoculum digestate from a full-scale biogas plant—a 700 m3 single stage system with hydraulic retention time (HRT) of 30 days—was used. The plant operated at mesophilic temperatures (38–40 °C) and was fed with a single feedstock represented by cow manure. The constant characteristics of manure allowed us to achieve a digestate with relatively constant characteristics, essential for the present tests.



Three test runs were conducted in mesophilic conditions (38 °C) for 40 days. In each test run, the reactors—1, 2 and 3—were dedicated to the inoculum (2.5 kg) to assess the residual production from this substrate; reactors 4, 5 and 6 were filled with a mixture of inoculum and grass, dosed to reach an inoculum: Substrate vs inoculum ratio of 2:1, as required by standard biological methane production (BMP tests) [32]:




	
Test 1: 2.5 kg of inoculum, 0.5 kg of water, 0.3 kg of fresh grass;



	
Test 2: 2.5 kg of inoculum, 0.7 kg of water, 0.1 kg of dry grass;



	
Test 3: 2.5 kg of inoculum, 0.5 kg of water, 0.3 kg of ensiled grass.








Net biogas production was calculated by subtracting the production of reactors 4, 5 and 6, and the residual production from the inoculum was measured in digesters 1, 2 and 3. BMP, referred to as the mass unit of volatile solids (VS) contained in input grass (l CH4∙ kgVS−1 or ml CH4∙ gVS−1), was calculated from the combination of net production of biogas and of CH4 concentration.



Input and output were subject to the determination of total solids (TS), volatile solids (VS), pH, fibers (cellulose, lignin, hemicellulose), total Kjeldahl nitrogen (TKN), NH4+ [33]. Redox potential was measured by portable pH/redox probe (Steiel, Padova, Italy). Volatile fatty acids (VFA), alkalinity, and acidity vs. alkalinity ratio were determined by a Biogas Titration Manager (Hach Lange, Düsseldorf, Germany) [34].



In each test, the removal efficiency (R, expressed in %) of TS, VS, TKN, and NH4+ was calculated with the Equation (1):


   R   ( A )    =    C  A   o u t   −      C  A   i n      C  A   i n       · 100  



(1)




where CA in and CA out are the concentrations of the chemical parameter A in the input mix and in the digestate, respectively.





3. Results and Discussion


3.1. Characteristics of the Feedstocks


Grass was mainly composed by Poaceae spp, with prevalence of Poa spp. and Festuca spp. Minor percentages of other species, such as Asteraceae spp., Equisetaceae spp. and Polygonaceae spp. were also detected [31,35]. Table 1 reports the characteristics of the inoculum of fresh spring grass, dry grass, and ensiled grass.



Fresh grass presented a TS content of 32.43% and a VS content of 79.21%TS. Dry grass presented a higher content of TS, 89.08%, and a VS content of 87.73%TS. Ensiled grass was characterized by a TS content of 30.83% and a VS content of 69.17%TS. The ensiled grass was characterized by a pH of 5.23 as a consequence of the formation of acids typical of the ensiling process.



The inoculum resulted in a mesophilic, complete mix digester operating wet fermentation (quite typical for an agricultural digestate). Furthermore, the characteristics of the samples of the different test results were similar, as expected considering that the biogas plant was fed with a single feedstock (manure from dairy cows). The inoculum was characterized by a TS content of 7.85%–8.61%, typical concentration of solids for a wet AD process [31,36], and a VS content ranging from 79.77%TS to 81.19%TS. TKN varied from 4.56 to 5.58 g∙L−1, while NH4+ ranged from 2.35 to 3.22 g∙L−1, quite constant and typical for a biogas plant fed with dairy manure. A redox potential between 395 and −400 mV indicates good anaerobic conditions, and acidity alkalinity values between 0.22 and 0.24, along with limited concentrations of VFA (Table 2) indicate a good efficiency of the AD process in the full-scale plant [31,34,37].



The input mix for the fresh spring grass presented a TS concentration of 8.90%, the input mix with dry grass presented a TS concentration of 8.62%, and the input mix with ensiled grass presented a TS concentration of 9.32% (calculated values)—all typical of a wet AD process and adequate to achieve an efficient mixing/stirring of the substrates [31]. The input mix presented VS concentrations of 80.27%TS, 78.98%TS, and 81.45%TS for fresh, dry, and ensiled grass mix, respectively. The TKN concentrations were 4.10, 4.04, and 3.63 g∙kg−1 for fresh, dry, and ensiled grass mix, respectively.



Digestates collected at the end of the tests presented reductions of TS and VS, as an effect of the degradation of the organic matter by anaerobic microorganisms (Table 2). In particular, the removal efficiency of TS was 29.4%, 29.7% and 31.2%, while the removal efficiency for VS was 37.0%, 32.2% and 39.7%, respectively, for fresh, dry, and ensiled grass. Thus, the highest removal efficiencies were reached by the AD process of the ensiled grass, probably due to the partial acidification of the organic substances during ensiling.



The TKN concentrations in the digestate were 3.99, 3.30 and 3.34 g∙kg−1, respectively, for fresh, dry, and ensiled grass; NH4+ concentrations were 2.29, 1.88 and 1.88 g∙kg−1, respectively, for fresh, dry, and ensiled grass. The appropriate mixing of the inoculum with grasses did not cause a relevant increase of nitrogen concentration in the mixture subject to digestion, maintaining NH4 concentration below toxicity values [10].



The redox potential represents a valid indication of the reductive or oxidative conditions in a substrate [31]: Digestates presented values of −397, −348, and −384 mV for fresh, dry, and ensiled grass, respectively, to indicate appropriate anaerobic conditions [10].



The acidity/alkalinity ratios of the three digestates were similar, with values of 0.15, 0.17, and 0.19 for fresh, dry, and ensiled grass, respectively—not far from the lower value of the optimal range of 0.20–0.50 [10,34]: This indicates that the process was successful in achieving a good degradation of VFA by AD populations, but it also underlines that the organic load was relatively low. This parameter, in fact, is usually used in continuous plants to estimate the correct load of the digesters and the efficiency of the response of bacteria in terms of degradation of VFA. The highlighted range is a reference, and, in specific cases, the performance of the full-scale digester could be optimal even in a different range of values. Furthermore, in the specific case of a discontinuous process, the same parameter underlines a good degradation of grass with conversion of acids into methane.



In detail (Table 3), ensiled grass was characterized by a concentration of lactic acid of 0.70 g∙L−1, acetic acid of 1.64 g∙L−1, propionic acid of 2.75 g∙L−1, iso-butyric acid of 0.33 g∙L−1, n-butyric acid of 0.37 g∙L−1, iso-valerianic of 0.19 g∙L−1, n-valerianic 0.10 g∙L−1 and negligible caproic acid.




3.2. Biogas Quality


For each test run, the biogas quality in terms of concentration of CH4 and CO2, appeared to be relatively constant after the first week until the end of the test, after 40 days from the start (Figure 3). In fact, for fresh spring grass CH4 concentration ranged from a minimum of 46%, measured in the initial phase of the process (in correspondence of Day 3) to a maximum of 55.2% recorded at Day 6; after, the concentration remained relatively steady and relatively close to the mean value of 51.5% ± 1.4%—quite typical for co-digestion processes.



CO2 concentration in biogas from fresh spring grass resulted in an average value of 46.3% ± 1.4%, with a peak value of 53% measured at Day 3, in correspondence with the minimum concentration of CH4 when the methanogenic activity was not fully developed; the minimum CO2 concentration was 43.6%.



The concentration of H2S was subject to larger fluctuations, presenting a peak of 295 ppm registered in Day 13, after the production peak of Day 6 (Figure 3), and a minimum below the threshold of detection (25 ppm) and average concentration resulted in 93.8 ppm, with a standard deviation 123.7 ppm to highlight these fluctuations.



Biogas from the anaerobic digestion of dry spring grass showed an average CH4 concentration of 53.2% ± 0.5% with a maximum of 54.4% recorded at Days 3 and 41 and a minimum at Day 5. CO2 showed a complementary evolution, with a minimum of 40.7% recorded at Day 3 and a maximum of 47.8% recorded at Day 5; the average CO2 concentration was 45% ±1.3%. The test with dry grass, hence, showed slight better results in terms of biogas quality (i.e., CH4 concentration), with a more rapid achievement of steady methanogenic production. Additionally, in the case of dry-grass, the concentration of H2S was subject to large fluctuations, with a peak of 446 ppm, higher than the peak of fresh grass, corresponding to Day 3 after initial production peak of Day 2 (Figure 3) and minimum below the threshold of detection (25 ppm). The average concentration was also higher, at 278 ppm.



Biogas from the anaerobic digestion of ensiled grass showed an average CH4 concentration of 54.5% ± 1.1%, higher than the average obtained in the previous two tests of 3.0 and 1.3 points, respectively. The minimum was recorded at the beginning of the test and was 50.3%; the maximum value was 57.9%, higher than 53% and 54.4% recorded for fresh and dry grass, respectively, but with a slight delay in time recorded at Day 5 after the initial peak of production of Day 4 (Figure 3). CO2 showed a minimum of 42.6% recorded at Day 5 and a maximum of 45.9% recorded at Day 35; the average CO2 concentration was 44.6% ± 0.9%. The test with ensiled grass showed steady concentrations of CH4 at higher levels than the fresh and dried grass. H2S concentration from the ensiled grass test was subject to large fluctuations, with a peak of 530 ppm, higher than the peak of fresh and dry grass, recorded in correspondence with Day 1—in this case before the production peak—and a minimum below the threshold of detection (25 ppm). The average concentration was 212 ppm, with a standard deviation of 123 ppm also highlighting these fluctuations; this result was higher than 98 ppm recorded for fresh grass but lower than the 278 ppm of dry grass. The average concentrations resulting from all the three tests, and even the peak, were lower than the 300 ppm referred to by manufacturers as a safe threshold for combined heat and power units: Potentially, H2S removal systems may not be necessary, but they are still highly suggested.



A treatment option could be represented by biological removal by Thiobacillus in micro aeration conditions case: Mulbry and colleagues [38] reported an H2S reduction from 74% to >99% on biogases containing H2S from 800 to 7500 mg∙m−3.



In general, biogas quality was appropriate with both drying and ensiling, but it was higher for ensiled grass: This result could be explained by considering that the ensiling process determines the instauration of acid fermentations, leading to the production of VFAs that enhance the methanogenic process.



Yu and colleagues obtained a higher CH4 concentration (average 71%) in biogas from a two-phase AD process treating grass [30], more comparable to a dry AD process with the recirculation of leachate [28] but simulating the degradation times of a landfill: This difference could have been influenced by the chemical composition of grass and different type of processes. The fact that different methane concentrations could be achieved from grass by implementing different anaerobic digestion processes was highlighted by various researches, reporting 71% for upflow anaerobic sludge blanket and 70% for large BMP units, 51%–54% for smaller scale BMP units, and 52% for CSTR digesters [39].




3.3. Biogas and Biomethane Yield


The residual biogas production from inoculum was 12.2, 10.8 and 10.5 L∙kg−1 (on digestate wet basis) for fresh, dry, and ensiled grass test, respectively. As highlighted in previous works [31,35], it is interesting to underline how the inoculum from the full-scale digester (HRT 30 days) still showed biogas potential after 40 days of the AD process, indicating that the farm could have achieved more gas from manure with a bigger digester (higher HRT). A further indication could be that a week could not be sufficient to obtain complete degasification of the inoculum from standard BMP test practices, with a consequent risk of overestimating the actual yield from the feedstock under evaluation.



Figure 4 depicts the cumulated and daily biogas and CH4 yields compared to VS. Each curve represents the net yield of each feedstock (i.e., fresh spring grass, dry grass, and ensiled grass) obtained as average of the three digesters treating grass in each run after subtracting the production of the inoculum.



Figure 5 shows biogas yield and methane yield of fresh, dry, and ensiled spring grass compared to wet mass, total solids, and volatile solids. Fresh grass showed a rapid increase of production, reaching a peak of 94.0 ± 11.0 mL∙gVS−1 at Day 3, corresponding to a cumulated production of 252.5 ± 30.7 mL∙gVS−1. From Day 3 to Day 7, daily biogas production presented a rapid drop, reaching 33.3 ± 2.6 mL∙gVS−1, followed by a slow but constant reduction to reach values below 2.0 mL∙gVS−1 from Day 14. On Day 7, the cumulated production was 463.6 ± 75.3 mL∙gVS−1; on Day 14, the cumulated production was 556.2 mL∙gVS−1, and, finally, on Day 40, the cumulated production was 627.7 ± 95.4 mL∙gVS−1. While the analyses of the daily biogas yield showed that the main production was concentrated in the first 14 days of the process, the analysis of the cumulated productions showed that from Day 14 to Day 40, the yield still increased 11%.



This result shows that grass was sufficiently degraded in relatively short times, but the optimization of the process was achieved within 40 days: This indicates that an HRT of 45 days normally adopted in co-digestion plants can guarantee a complete exploitation of these feedstocks [31].





4. Conclusions


The present study shows that grass could be successfully employed as feedstock in the AD process for the production of biogas or biomethane, with an HRT comparable to that adopted for conventional feedstocks. The AD tests were performed for 40 days, but most of biogas production took place within the first 12 days of process.



The biogas yield of fresh grass was 628.9 NL∙kgVS−1, similar to the yield from energy crops [18,32]. This result, higher than expected, can be explained by considering that the feedstock was loaded in the reactors briefly after being harvested with the highest availability of organic matter. For a practical exploitation of this resource, however, appropriate conservation methods are necessary (e.g., drying or ensiling) in order to enable the daily load of digesters while reducing the losses of fermentable organic matter (i.e., biogas yield).



The lab scale AD tests indicated that grass can be successfully used to produce biogas or biomethane even after drying or ensiling: Dry and ensiled grass showed a biogas yield of 565.9 and 573.4 NL∙kgVS−1, respectively. However, the conservation determined a yield reduction of 11.5% and 10.4%, respectively, which could be considered acceptable in most cases. Dry grass showed a methane yield of 316.2 NL∙kgVS−1, 4.8% lower than the 332.3 NL∙kgVS−1 obtained from fresh grass; for ensiled grass, the higher concentration of organic acids in ensiled grass determined a higher methane content in biogas and a consequent lower reduction of methane yield, which resulted in 330.8 NL∙kgVS−1, with a 0.5% decrease compared to fresh grass.



This result opens the perspective of effective energetic exploitation of grass from parks, riverbanks, public areas, or other green areas.
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