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Abstract

:

The key factor in sustainable biogas production is a feedstock whose production has no adverse impact on the environment. Since maize cultivation harms the environment, biogas plant operators seek a more sustainable feedstock. Common reed is an invasive species mown as part of wetland conservation measures, or it can be harvested from paludiculture. This study aimed to investigate wet co-digestion of maize silage with 10%, 30%, and 50% content of common reed silage using the biochemical methane potential (BMP) test. In addition, the potential energy generated and avoided greenhouse gas (GHG) emissions were calculated. The substitution of maize silage with 10%, 30%, and 50% content of reed silage reduced the methane (CH4) yield by 13%, 28%, and 35%, respectively. A disadvantage of reed silage addition was increased ammonia (NH3) and hydrogen sulfide (H2S) concentrations in biogas. Although substituting maize silage with reed silage decreases the CH4 yield, the co-digestion of maize and reed biomass from conservation or paludiculture may positively affect environmental aspects of energy generation. The substitution of maize with reed in biogas plants decreases the area used for maize cultivation and reduces GHG emissions.
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1. Introduction


Biogas has a strong potential for transforming the global energy system into a more sustainable one. In the last 20 years, biogas production has increased globally from ~11 billion m3 to 62.3 billion m3, with an annual growth rate of 9%. Europe is the leader in biogas production, with 30.6 billion m3 of biogas generated in 2019 [1]. In Europe, biogas is produced mainly from energy crops, crop residues, sequential crops (8 Mtoe), and animal manure (6 Mtoe). Two other main groups of feedstocks are municipal solid waste (3 Mtoe) and municipal wastewater (1 Mtoe) [2]. Feedstock is a critical factor in the productivity of biogas plants. Sustainable biogas production has been shifting from using energy crops to waste and agricultural residues. The high prices of energy crops force biogas plant operators to seek cheap and more sustainable waste that could, at least partially, replace maize silage (MS) without lowering the profitability of biogas production. At the same time, providers of green energies are currently intensively searching for biogas plants that could change their substrates from feeding maize to biomass sourced from paludiculture, seeking to deliver methane (CH4) into the grid in order to be able to sell „paludi-gas” to end consumers [3]. However, as the German example shows, MS still prevails as a feedstock in agricultural biogas plants, constituting almost 70% of all energy crops [4].



Globally, maize is the leading staple cereal, with its annual production exceeding 1 billion metric tons [5], with the United States, China, Brazil, and the European Union as the leading producers [6]. The global maize area for dry grain increased from 105 million ha in 1961 to over 200 million ha in 2020, while the green maize area expanded from 760 thousand ha in 1961 to over 1 million ha in 2020. The intensification of crop production also increased maize yield in the same period [6]. Maize is an important food crop, especially in sub-Saharan Africa, Asia, as well as several countries in Latin America, where it contributes over 20% of total food calories [7]. It is also a versatile multi-purpose crop used not only for human food production but also as a livestock feed crop [8] and, recently, for the production of biofuels, chemical compounds, pseudo-plastics, and other materials [5]. Maize grain is used as one of the main sources of bioethanol, an alcohol made from the fermentation of carbohydrates present in starch crops. Globally, the top ethanol producers are the United States and Brazil. In the US, maize is the primary feedstock, while in Brazil, biofuel is produced from sugarcane [9]. The production of ethanol from maize generates significant quantities of by-products such as distillers’ dried grains with solubles, corn gluten feed, and corn gluten meal, which are used in livestock feed [10]. Maize is also the leading energy crop used as a feedstock for biogas production. The increase in the biogas sector resulted in the expansion of maize monocultures in large areas. In Germany, the share of maize in the total arable land increased from 5% in 2005 to 12% in 2013, strengthening the competition for land use in some regions and negatively impacting the landscape [11,12,13]. Another disadvantage of the production of biogas from energy crops, especially MS, is the competition with food production.



High-yield agricultural production is a consequence of the greater use of synthetic agrochemicals such as fertilizers and pesticides, irrigation, and mechanization in some regions. These technological advancements have many negative impacts on the environment. Life cycle assessment (LCA) of maize production revealed that fertilization has the most detrimental impact on the ecosystem, followed by harvest [14]. Large-area maize monocultures, cultivated without proper crop rotation and phytomelioration treatments, contribute to increased wind and water erosion. Heavy equipment is one of the main reasons for severe soil compaction, while intensive fertilization and the use of plant protection products result in the progressive acidification of soils and the contamination of ground and surface waters. The environmental risk associated with cultivation increases on light and permeable soils [15]. The increasing area of maize cultivated both for food and energy has a significant negative impact on the landscape, leading to its “maizification” [16] and decreasing biodiversity, resulting in reduced natural and aesthetic values of rural areas [17,18].



Maize cultivation harms the environment due to greenhouse gas (GHG) emissions from cultivation, land use change, the loss of biodiversity, the risk of erosion, nitrous oxide (N2O) emissions, eutrophication, and, in some regions, a high irrigation demand [19,20,21,22]. Particularly alarming is the cultivation of maize for biogas production, frequently practiced on drained peatlands or organic soils. In such cases, due to drainage and soil cultivation, the amounts of GHG released are many times higher than those ultimately mitigated by biogas production. If site-specific emissions of biomass fuels produced on peatlands are considered, the total emissions exceed those of fossil fuels by a multiple [23]. Furthermore, the increasing area of maize cultivated for energy purposes lowers the public acceptance of biogas production [11]. Therefore, the anaerobic digestion (AD) of waste and by-products is now considered a sustainable pathway for biogas production [13,24,25].



Both economic and environmental impacts force biogas production to turn towards the pathway of transition to more sustainable feedstocks. Using a single substrate may create an imbalance in the process; however, such a problem does not occur in the case of mono-digestion of feedstocks such as maize silage. Since maize should be utilized for food production, its substitution in biogas production is challenging. Numerous studies comparing the mono- and co-digestion of various feedstocks revealed an increase in CH4 yield through co-digestion [26,27,28,29,30,31,32], which increased biogas yield due to the optimum C:N ratio, balanced pH, and reduced hydraulic retention time [33]. The co-digestion of poultry manure with alkali-treated corn stover increases the production of biogas by ensuring nutrient balance [34]. Adding grass clippings at a 10% rate to food waste enhances the buffering capacity in AD [35]. According to a study by Velásquez Piñas et al. [36], the optimum proportions of MS and grass silage for co-digestion systems with cattle manure are in the ranges of 22–65% and 18–54%, respectively. The substitution of MS with corn stover in co-digestion with pretreated poultry manure has no negative impact on the CH4 yield [37]. Kalamars and Kotsopoulos [38] studied MS substitution with agricultural materials such as sorghum silage, cardoon silage, bedding straw from cattle farms, and naturally or mechanically dried, thermally or thermo-chemically pretreated milk thistle. These substitutes were co-digested with cattle manure. The results revealed that MS could be successfully substituted with most of the proposed materials. The best results were obtained for cardoon silage and thermo-chemically pretreated, naturally sun-dried milk thistle. However, the co-digestion of maize residues with poultry blood revealed inhibitory problems in semi-continuous operation due to the high content of volatile fatty acids (VFA) when the reactor operated at a low organic load rate [39], while the substitution of MS with 20% of either ultrasonicated or untreated microalgae led to significantly lower biogas yields, even though the decreased viscosity had a beneficial effect on the process and the economy of a biogas plant [40].



According to Agostini et al. [20,41], replacing MS with sorghum as a co-substrate in biogas plants based on manure and 30% of energy crops provides GHG savings and generates economic profits. In contrast, AD emissions of maize or sorghum alone are comparable to those of the Italian electricity mix and generate financial losses. The environmental assessment of wild plant mixtures as AD feedstock and comparisons of their performance with MS revealed that MS is a more profitable feedstock for biogas production. Additionally, wild plant mixtures require a substantially larger area, which can lead to additional GHG emissions. However, increased carbon sequestration in such a system, in addition to sustainable management of marginal land, can be the advantage of wild plant mixtures [42]. Studies by De Vries et al. [43] comparing the mono- and co-digestion of swine manure with MS, beet tails, wheat yeast concentrate, and grass residues from verges revealed that the co-digestion of MS with grass residues appeared to be the most environmentally sustainable option.



Another source of feedstock is biomass from conservation measures on wetlands and paludiculture such as Phragmites australis, Typha spp., and sedges [44]. Biomass harvested from these habitats varies depending on the species composition, habitat fertility, and harvest time. Wetland biomass yield ranges from3 tDM ha−1 (Phragmitetum australis, mossy variants of Caricetum elatae) to 16 tDM ha−1 (Phragmitetum australis, Phalaridetum arundinacea) [45,46,47,48,49,50,51]. Biomass harvested from paludiculture ranges from 8 tDM ha−1 to 20 tDM ha−1 [52]. The advantage of biomass from paludiculture is its huge, almost infinite, potential. Ultimately, all currently drained peatlands [53,54] must be rewetted to reduce the GHG emissions from the land use sector and to comply with the Paris Climate Agreement of 2015 [55]. Some of them, after rewetting, will be given to natural succession, while others may be sustainably used under wet conditions (paludiculture). Either material (production of insulation materials, construction panels, substrates) or cascade use of biomass from paludiculture is preferable to energy recovery. Although it can be assumed that, due to the large number of degraded peatlands, which have to be rewetted, at least in Central Europe [56], the area potential for the production of biomass for biogas or for maize substitution should be sufficient [57].



Common reed is a highly competitive invasive plant capable of rapid growth and spread, often threatening the biodiversity of natural and rewetted wetlands. Reed forms dense monospecific stands and reduces flood retention by decreasing microtopography [58,59]. Reed ecosystems may be characterized by remarkably high biomass, depending on the local conditions and genetic differences [46]. In natural wetlands, invasive reed stands are managed mainly by mowing, generating large amounts of biomass waste that is difficult to utilize [60]. At present, there are limited management options for reed biomass harvested from natural stands, as part of conservation measures, or from paludiculture. Common reed is mainly used for raw material extraction or energy generation, usually through direct combustion [50,61]. However, reed biomass is characterized by a moisture content that is too high for direct combustion; hence, it needs to be dried before use, generating demand for external energy. Therefore, biogas production seems to be an interesting option for energy generation from common reed; however, the CH4 potential has to be considered since “green” energy should be sustainable, feasible, and profitable.



The existing literature data reveals that wetland biomass’s specific methane yield (SMY) is relatively low and depends on the species and the harvest time [62,63]. Most studies show that the CH4 potential of various wetland species or communities ranges from 102 NL CH4 kgVS−1 to 275 NL CH4 kgVS−1 [49,63,64,65]. Müller et al. [66] investigated the AD of Juncus effuses, which produced, on average, 399.02 NL kgVS−1 of biogas with 60.7% of CH4. This yield is only 59% of the biogas potential of MS. Results of SMY determinations for common reed are contradictory. According to Roj-Rojewski et al. [63], depending on the harvest time, SMY ranged from 102 NL kgVS−1 to 148 NL kgVS−1. Similar findings were reported by Baute et al. [67], who obtained a CH4 yield of 172.4 NL kgVS−1 and 107.6 NL kgVS−1 for common reeds harvested in July and October, respectively. Contrary to these findings, Ohlsson et al. [68] showed that SMY for common reed from the Baltic Sea area was 400 NL kgVS−1. Literature data concerning studies focused on the co-digestion of wetland plants with other feedstocks is limited. Hartung et al. [52] investigated co-digestion of MS with 10%, 20%, 30%, and 40% contents of Typha latifolia or Phalaris arundinacea based on volatile solids. The results showed that an addition of as little as 10% of Typha latifolia reduced biogas production, whereas an addition of Phalaris arundinacea of up to 30% did not influence biogas yield. The anaerobic co-digestion of common reed with feces and kitchen waste, with an addition of zeolite, revealed that a 10% addition of clinoptilolite inhibited the acidification of the digestion liquid and increased the amount of VFA, resulting in biogas production of 308 L kgVS−1 with an increased CH4 content of up to 65.30% [69]. The co-digestion of the seaweed Laminaria digitata with common reed gave a similar CH4 potential of ~170 L kgVS−1 for mono-digestion, while co-digestion was characterized by process instability [68].



The aim of this study was to evaluate the suitability of using common reed silage for co-digestion with maize silage in biogas production. The biochemical methane potential (BMP) test was performed at a temperature of 38 °C on maize silage (100%), reed silage (100%), and maize silage with 10%, 30%, and 50% additions of reed silage on a fresh weight basis. Based on the obtained results, the amount of energy generated in a biogas plant using mono-digestion of maize silage or reed silage and co-digestion of combinations of reed and maize silages were calculated as well as the avoided GHG emissions.




2. Materials and Methods


2.1. Substrates and Inoculum


The studied common reed (Phragmites australis (Cav.) Trin. ex Steud.) was harvested from a natural wetland in late autumn of 2020. The plant material was cut into 2–4 cm pieces and ensiled without additives. MS was collected from the original feedstock silo in a biogas plant. Digestate from an agricultural biogas plant that treats MS with 10–20% content of food and agricultural waste in mesophilic conditions was used as the inoculum. After collecting, the inoculum was degassed at a temperature of 38 °C.




2.2. Experimental Setup


The SMY was measured using the batch test. The test involved MS, reed silage (RS), and the mixtures of MS with 10%, 30%, and 50% contents of RS on a fresh weight basis. The BMP test was conducted using eudiometers. Bottles with a total volume of 1 L and a working volume of 300 mL were incubated in a water bath at 38 ± 1 °C. These were filled with 200 g of inoculum, and substrates were added to achieve an inoculum-to-substrate ratio of 2:1 based on volatile solids (VS). Distilled water was added to obtain the reactors’ total solids (TS) of 5%. Bottles containing 200 mL of inoculum and water were used as a control. They were flushed with nitrogen for 2 min. to remove oxygen. The CH4 yield of each substrate was assessed in triplicate using three eudiometers. The volume of the produced biogas was measured by confining liquid displacement, while the portable biogas analyzer, the DP-28BIO (Nanosens, Wysogotowo, Poland), was used to determine the chemical composition of biogas. The batch test was conducted until the daily CH4 production was less than 1% of the total cumulative volume of CH4 observed over three consecutive days. The total cumulative CH4 yield was calculated at the end of the BMP test. The modified Gompertz model [70] was used to determine the kinetics of CH4 production:


  G  ( t )  =  G  0     × e x p  {  − exp  [     R  m a x   × e    G 0     (  λ − t  )  + 1  ]   }   



(1)




where:



G(t)—cumulative methane production at a specific time t (mL)



G0—methane production potential (mL)



Rmax—maximum daily methane production rate (mL day−1)



λ—duration of lag phase (minimum time to produce methane) (days)



t—cumulative time for methane production (days)



e—mathematical constant (2.71828)



All the gas volumes are reported for standard conditions (0 °C and 1.013 bar) per kg of vs. added (NL CH4 kgVS−1). The times (given in days) when 50% (T50) and 95% (T95) of the possible CH4 were reached were determined based on plotted curves.




2.3. Chemical Analyses


Before starting the batch test, total solids (TS), volatile solids (VS), total Kjeldahl nitrogen (TKN) content, total phosphorus (TP) content, potassium (K) content, and total organic carbon (TOC) content in the inoculum, MS, and RS were analyzed. TS was determined by drying the sample at 105 °C until the constant weight could be measured. In accordance with standard methods, vs. content was determined after dried material was incinerated at 550 °C for 5 h in a muffle furnace [71]. TKN was determined for fresh samples in the Vapodest 50 s analyzer (Gerhardt, Königswinter, Germany) using the Kjeldahl method. The oven-dried samples were ground and used for further analyses. After nitric acid/hydrogen peroxide microwave digestion in the ETHOS One (Milestone s.r.l., Milan, Italy), the content of P was determined using ammonium metavanadate method with the UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan) and the content of K was analyzed using flame photometry (BWB Technology, Newbury, UK). TOC content was determined in the TOC-L analyzer with the SSM-5000A Solid Sample Combustion Unit (Shimadzu, Kyoto, Japan). The analyses were performed in triplicate, and the results were given on a dry-weight basis.




2.4. Calculations and Statistical Analyses


The SMY values determined during laboratory tests were used to calculate the potential energy generated from biogas in a biogas plant fed with MS and RS. The biogas was converted to electricity and heat in the combined heat and power (CHP) unit. The CHP unit’s electrical and thermal conversion efficiency was assumed to be 38% and 43%, respectively. The thermal energy consumption in the biogas plant was assumed to be 30%, and the electric power use was considered to be 9% of the produced energy.



Energy production per 1 hectare for maize and reed was calculated based on the BMP results and crop yields. Maize yields were taken from [72], and reed yield was measured during biomass harvest and was equal to 8.59 tDM ha−1.



The amount of energy obtained from the reed as a result of its direct combustion was calculated based on its net calorific value (NCV) expressed in GJ tDM−1 and the measured yield. The calorific value was measured using the LECO AC600 (St. Joseph, MI, USA). To calculate the calorific value at operating moisture (optimal for biomass combustion), the following formula was used [73]:


   Q  n e t ,   O M     =  Q  n e t ,   D M     ×   100 − O M   100   − 0.02443 × O M  



(2)




where:



Qnet, OM—the net calorific value as received (at operating moisture) (MJ kg−1)



Qnet, DM—the net calorific value in dry matter (MJ kg−1)



OM—the operating moisture content (w—%, wet basis)



0.02443—the correction factor of the enthalpy of vaporization for water at 25 °C (MJ kg−1 per 1% of moisture)



The reduction of CO2 emissions was calculated based on the electricity and heat production in the biogas plant fed with MS and RS. The emission factors for coal were adopted from [74]. In this study, the emission factor for maize cultivation, i.e., 3.38 t CO2 ha−1, was taken from Hryniewicz and Grzybek [75], who determined CO2 emissions from maize cultivation for Polish conditions.



The results of the chemical analyses of the substrate and of the BMP test results were processed using Statistica 13.3 (TIBCO Software Inc., Palo Alto, CA, USA). One-way variance analysis (ANOVA; single factor) was used to find the significant differences among the chemical compositions of inoculum, MS, and RS, as well as SMY and the lag time of five tested mono- and co-digested substrates. When a significant F-test was obtained, multiple mean comparisons were carried out with Tukey’s Honest Significant Difference (HSD) test. The normality was checked with the Shapiro–Wilk test, and the homogeneity of variance was evaluated with the Levene test. When the data failed the Levene test, the Welch test and Tukey’s HSD test were used to assess the significant differences among the values of each parameter. A significance level of 95% was used throughout all the statistical analyses





3. Results


3.1. Feedstock and Inoculum Characteristics


RS had significantly (p < 0.05) higher TS compared to MS, while the difference in vs. was less pronounced even though it was significant (p < 0.05). Both silages were characterized by similar TKN values. Other chemical parameters differed significantly (p < 0.05) in both silages and were higher in the case of MS. The C:N ratio in both silages was similar (Table 1). The inoculum was characterized by significantly (p < 0.05) lower TS and vs. values and much higher TKN, TP, and K contents.



The initial TS was similar in all the reactors since the experiment assumption was to start the BMP test with a TS content of ~5%. The lowest final TS was observed in the reactor containing MS (Figure 1). This indicates that MS has the best digestibility; however, the final TS content in the digester containing RS was slightly higher. The overall differences between the initial and final TS values were around 1%. More pronounced differences were observed in the case of vs. content. The initial vs. content in all the reactors was similar in accordance with the experimental setup. MS was characterized by the lowest final VS, while the highest vs. content was found in the reactor containing RS. The increased amounts of RS in co-digested mixtures slightly raised the contents of the final VS.




3.2. Methane Yield from Mono- and Co-Digestion of Maize and Reed Silages


The biodegradability of MS was much faster than that of RS. Almost complete biodegradation of MS took only 30 days, while CH4 production from RS mono-digestion stopped after 48 days. Partial substitution of MS with RS influenced CH4 yield from co-digestion. The addition of RS in the amounts of 10%, 30%, and 50% on a fresh matter basis decreased the CH4 yield by 13%, 28%, and 35%, respectively (Table 2). The CH4 yield from RS mono-digestion was lower by 44% compared to the CH4 yield from MS.



RS was characterized by the lowest CH4 production rate with a different distribution compared to MS and all three combinations. The characteristics of daily CH4 production were similar for MS mono-digestion and co-digestion of MS with RS in all combinations (Figure 2). The daily CH4 yield was high for the first 10 days and then decreased significantly and stabilized at a low value. For MS and 10 RS, two peaks of CH4 production were detected on days 2 and 7, while for 30 RS and 50 RS, only one peak was observed. For 30 RS, the highest daily CH4 production occurred on day 6, which was similar to the second peak in MS mono-digestion and in the 10 RS combination. For 50 RS, the most significant increase in daily CH4 production was observed on day 3, which is similar to the first peak detected for MS and the 10 RS combination. For RS, a sharp increase of CH4 yield was seen on day 3 followed by a plateau and a slight decrease to very low values after 18 days of the experiment. The increasing addition of RS in all combinations lowered the daily CH4 production, which was very pronounced in days of maximum daily production.



As expected, the lower SMY of RS reduced the cumulative CH4 production with increasing substitution of MS with RS. For 10%, 30%, and 50% of RS contents in co-digested feedstock, the cumulative CH4 yield decreased by 28%, 47%, and 57%, respectively. The addition of RS influenced the CH4 yield and affected the lag phase. In contrast, the RS lag phase lasted more than 2 days and was significantly (p < 0.05) longer than the lag time for MS, substituting the latter with an increasing share of RS shortened this period, and for 50 RS, biogas production started almost immediately.



The addition of RS, however, only partially affected the indicators that indicate the time after which the analyzed combinations and mono-digested feedstocks produced 50% (T50) and 95% (T95) of potential CH4. T50 did not differ between all the combinations and MS and ranged from 8 days for MS and 10 RS to 11 days for 50 RS (Figure 3). The addition of RS had a more pronounced effect on T95, which was similar for MS and 10 RS and equaled 17 days and 19 days, respectively. The higher RS share resulted in T95 equal to 23 days for 30 RS and 29 days for 50 RS. As expected, the T50 and T95 values for RS were the longest and equaled 17 days and 46 days, respectively. In this case, a low daily CH4 production was significantly extended, mainly the time needed to reach 95% of the potential CH4 yield.




3.3. Concentration of Hydrogen Sulphide and Ammonia in Biogas from Mono- and Co-Digestion of Maize and Reed Silages


The addition of RS also influenced the hydrogen sulfide (H2S) content in the biogas produced from analyzed combinations compared to mono-digestion of MS. While in the case of MS and the 10 RS combination, the content of this compound was almost identical throughout the experiment, an increased share of RS in the co-digestion experiments caused a nearly two-fold increase in the concentration of H2S in biogas (Figure 4a). A similar effect produced by increasing MS substitution with RS was observed for ammonia (NH3) concentrations in biogas (Figure 4b). High H2S and NH3 concentrations were observed in the biogas produced from RS mono-digestion; hence, adding this feedstock increased the contents of the analyzed inhibitors in all the studied combinations.




3.4. Energy Balance and GHG Emissions


The differences in the CH4 yield produced from mono-digestion of MS and RS and co-digestion of the three combinations influenced the energy generation (expressed as per ton DM) from biogas produced in a theoretical biogas plant fed with the studied feedstocks. A biogas plant fed with RS only would generate the lowest amount of energy. The most efficient would be a biogas plant based on the MS mono-digestion. The substitution of MS with 10%, 30%, and 50% contents of RS would decrease the generated energy by 14%, 28%, and 37%, respectively (Table 3).



An analysis of the data on electricity and heat generation presented in Table 3 and the share of the energy generated by MS and RS in every co-digested combination of feedstock reveals that the proportion of energy generated from RS in the total energy produced from mono-digestion of MS was 9%, 21%, and 31% for 10 RS, 30 RS, and 50 RS, respectively (Figure 5).



Reed is a promising biofuel used for energy generation through incineration. The basic parameters influencing the efficiency of reed incineration in biomass furnaces are presented in Table 4.



The calorific value relative to the area equaled 145.36 GJ ha−1 and was estimated based on reed yield from natural stands expressed in DM. If the biomass moisture required for the proper operation of the furnace is included in the calculations, the calorific value per hectare decreases to 140.11 GJ ha−1. In addition, if the furnace efficiency of 90% is included in the calculations, the calorific value per hectare decreases to 126.10 GJ ha−1.



Heat generation from reed incineration and from the biogas was compared based on the reed biomass needed for biogas production in all three co-digestion combinations. A comparison of the incineration efficiency and the heat generation from the biogas produced from the same amount of reed reveals that direct incineration is a much more efficient method for heat generation than biogas (Table 5).



Although the substitution of MS with RS reduces the CH4 yield, the co-digestion of energy crops with organic feedstock from conservation measures or with reed biomass from paludiculture may positively affect other environmental aspects of energy generation. These include land use, since substituting MS with 10% of RS reduces the area of maize crop by 5; MS substitution with 30% of RS reduces the area of this energy crop by 24%; while the substitution of half of the maize feedstock with RS decreases the maize crop area by 47% (Table 6).



At the same time, the harvested reed area increases significantly with increasing substitution of MS with the biomass in question. For a biogas plant with an electrical power of 100 kWel, an increase of RS from 10% to 50% expands the harvested area from 20 ha to 140 ha (Figure 6).



The substitution of MS with RS reduces GHG emissions related to maize cultivation. The calculations of GHG emissions, including the emission factor for maize cultivation (3.38 t CO2 ha−1), maize yield, and the area of maize needed for the assumed energy generation, revealed that GHG emissions related to maize cultivation equaled 2.63 t CO2 eq. kWel−1. This means that GHG emissions from the cultivation of maize as a feedstock for a biogas plant with a power of 50 kWel are equal to 131.66 t CO2 eq., while in the case of a biogas plant with a capacity of 1000 kWel, these emissions increase to 2633.26 t CO2 eq. This could be avoided by substituting maize with reed as a feedstock. However, the complete substitution of maize with the reed in biogas production is not viable due to the very low SMY of the reed, which is why only partial substitution should be considered. In this case, the electrical power installed in the biogas plant is significant. In large installations, the amount of the emitted GHG will be lower by over 1200 t (Table 7).



RS co-digestion enables the avoidance of GHG emissions from energy generation from fossil fuels. RS used as feedstock in biogas production would reduce the area for maize cultivation as an energy crop and the GHG emissions from coal burning. A higher CO2 reduction is made possible due to electricity generated from the biogas produced from the co-digestion of RS and MS (Table 8).





4. Discussion


4.1. Feedstock Characteristics


MS is one of the primary energy crops used in biogas plants. Its cultivation method and ensilage process are well-known and commonly used in agricultural practices. However, the soil and weather conditions, fertilization, harvest date, maturity, and the variety of maize may influence the chemical composition of the feedstock in question [76,77,78,79,80,81]. The TS of maize depends on the variety and the maturity during harvest. In general, the TS content in milk ripeness is lower compared to wax ripeness and, depending on the variety, may range from 23.32% to 88.43% [77]. However, Seppӓlӓ et al. [82] reported a TS of maize as low as 16%. The results of this study agree with the data provided by Hartung et al. [52] as well as the mean value for the milk ripeness stage reported by Gao et al. [77]. The vs. content obtained in this study is similar to that reported by Hartung et al. [52] and Seppӓlӓ et al. [82]. The N, P, and K contents in maize vary between the plant parts and depend on the maturity and fertilization. The N content ranges from 3.8 g kg−1 in stems in the tasseling stage to 12.1 g kg−1 in leaves in the 7–8th leaf stage and in the milk-dough stage, depending on fertilization [79]. Skowrońska and Filipek [83] also reported a wide range of N concentrations in the different maize parts, from 3.08 g kg−1 in cobs to 15.96 g kg–1 in grain. Seppӓlӓ et al. [82] and Zhao et al. [84] reported a higher N content (~15 g kg−1) in the whole plant. The result obtained in this study is above the range given by Nenova et al. [79], within the range reported by Skowrońska and Filipek [83], and lower than the data given by Seppӓlӓ et al. [82] or Zhao et al. [84]. The P content obtained in this study remains in the range provided by Nenova et al. [79], who reported relatively narrow limits of TP, i.e., from 1.5 g kg−1 on average during the milk-dough stage to 4.9 g kg−1 during the 7–8th leaf growth stage. A more comprehensive range was given by Skowrońska and Filipek [83], who observed a K content ranging from 0.4 g kg−1 in roots and cobs to 6.2 g kg−1 in grains. The K content of dry biomass of maize varied the most in studies by Nenova et al. [79], i.e., from 7 g kg−1 in the stems during the milk-dough stage to 54 g kg−1 during the 7–8th leaf growth stage. The result obtained in this study is close to the lower limit of the K content reported by Nenova et al. [79].



The chemical composition of reed biomass is influenced by biotopes [85], geographical location [86], climatic and weather conditions, and harvest time [63,87]. The TS content in RS (62.85 ± 0.99%) is much higher than the results reported in the previous study. The TS content of RS prepared from plants harvested in late autumn of 2019 from the same natural wetland was 44.76 ± 0.90% [65]. However, Roj-Rojewski et al. [63] reported a higher TS, ranging from 59.9 ± 1.6% to 86.1 ± 0.3%, depending on the harvest time, while Ohlsson et al. [68] reported a TS of 68%. The vs. content of RS was similar to the values reported in the literature [63,65,68,88]. The TKN content (14.60 ± 0.53 g kg−1) was similar to those reported by Borin et al. [89], Ohlsson et al. [68], and Van Tran et al. [90]; however, much lower values, i.e., in the range from 0.53 g kg−1 to 6.68 g kg−1, can be found in the literature [91,92]. Roj-Rojewski et al. [63] reported high variability in this parameter, ranging from 14 ± 2 g kg−1 to 36 ± 4 g kg−1, depending on the harvest time. The result obtained in this study is also much lower than the values obtained in our previous study [65]. The TP content in RS found in literature ranged from 0.04 g kg−1 to 2.2 g kg−1 [63,68,91,92,93]. The result of this study (1.98 ± 0.02 g kg−1) remains in the quoted range and is comparable to the TP reported by Baran et al. [93] and Roj-Rojewski et al. [63] as well as the authors’ previous study [65]. The K content (2.68 ± 0.16 g kg−1) remains in the range given in the literature, i.e., from 0.2 g kg−1 to 10.90 g kg−1 [91,92,93], and is similar to the result reported by López-González et al. [92]. However, the K content in the authors’ earlier study was almost twice as high [65]. The TOC content (379.11 ± 7.81 g kg−1) is lower than that obtained in our previous study [65] and similar to the results given by López-González et al. [92] and Roj-Rojewski et al. [63]; however, literature reports higher values in a range from 443.4 g kg−1 to 870.5 g kg−1 [89,90,91,93].



The C:N ratio of feedstock is one of the essential parameters indicating effective digestion. Kwietniewska and Tys [94] reported an optimal C:N ratio for AD of organic waste as 20–35. The C:N ratio of MS obtained in this study is 29:1; thus, mono-digestion of MS can be an effective process with a high degradation rate. RS was characterized by a lower C:N ratio, i.e., 26:1, but this value could still be considered valuable for process efficiency.




4.2. Methane Yield from Mono- and Co-Digestion of Maize and Reed Silages


In an extensive literature review, Hermann and Rath [95] reported that the SMY of maize feedstock might vary significantly and range from 181 NL kgVS−1 for fresh and chopped maize harvested in the dough stage to 581 NL kgVS−1 for ensiled maize also harvested in the dough stage. The CH4 yield depends on many factors, such as harvest time, growth stage, maize variety, ensilage, and particle size. Ensiling increases the rate of CH4 formation, also increasing the SMY [95]; however, results reported by Kreuger et al. [96] were contradictory since ensiling had no significant effect on the SMY of maize. Herrmann et al. [97] reported that chemical additives and microbiological inoculants increase the aerobic stability of ensiled maize and thus increase the SMY after the exposure of MS to air, compared to maize ensiled without any additives. Although CH4 production may benefit from a smaller particle size through better silage quality and higher specific surface area, resulting in faster digestion through an increase in the feedstock’s availability to microorganisms, the hydrolysis of cross-linkages between lignin and other cell wall compounds is a rate-limiting step which is unlikely to be overcome by a decrease in particle size. The result of this study is in the lower limit of the range of SMY reported by Herrmann and Rath [95]. Acidity is an efficient qualifying parameter of the silage process, and the pH, as a function of TS, is a good indicator of silage quality. The pH of MS (TS–31.66%) was 3.94, indicating a pH below the value of 4.4, which is considered an indicator of a very good quality of silage [98]. Nevertheless, ensilage had no significant effect on the CH4 yield. The low SMY value may result from the maturity of the harvested biomass and the weather conditions persisting through the vegetation period.



Several studies have investigated biogas production from common reed. The common reed has significant intraspecific variability, including highly different growth rates [99] reflected in biomass production ranging from 3–10 tDM ha−1 [45,46,50] in natural habitats to 16 tDM ha−1 when harvested from paludiculture [52]. The intraspecific variability is also reflected in the nutrient uptake efficiency and tissue properties. However, this differentiation has less impact on SMY, which did not differ significantly between the four genotypes collected from Romania, Italy, the Netherlands, and Denmark. The CH4 yield is also significantly affected by the harvest time and the part of the plant. The SMY of leaves is markedly higher than that of stems [62]. The SMY obtained for RS in this study is lower than that reported by Eller et al. [99] and Lizasoain et al. [88] but similar to the values obtained by Roj-Rojewski et al. [63] for reed harvested in three seasons from natural habitat and the results reported by Czubaszek et al. [65]. These discrepancies may be due to the genotype, the weather conditions, the trophic status of the habitat, or the ensiling quality. In this study, the ensiled material was characterized by a high TS, i.e., 62.85%, and a pH of 6.68, which indicates a relatively poor ensiling performance. The material was harvested in late autumn, with a very high TS content after a relatively dry summer. The lack of additives may also have negatively influenced the ensilage.



The co-digestion of different feedstocks has two advantages. Firstly, it may optimize the C:N ratio; secondly, it can help balance the amounts of trace elements, such as cobalt, molybdenum, or nickel, used by the trophic chain in enzyme production, which is important for methanogenesis [100]. Moreover, Chakraborty et al. [35] reported that adding grass clippings to food waste regulated sudden pH changes and enhanced the production of value-added biochemicals. However, improper feedstock selection or excessive co-digestion may introduce inhibitory compounds, imbalance the C:N ratio, or overload the organic ratio, suppressing the AD process [101]. A proper selection of the co-substrate and balance are essential parameters in co-digestion which can improve the CH4 yield and stabilize the process to avoid the risk of acidification. A balanced distribution between carbohydrates, proteins, and lipids should also be considered in co-substrate selection [29].



Although maize is an excellent feedstock for biogas production with a relatively high SMY and the possibility of ensiling, MS as a feedstock for biogas plants is under socio-economic pressure as a type of biomass that competes with food for cultivation area [40]. Therefore, substituting MS with other organic materials in biogas production has been intensively studied recently. A study on substituting MS co-digested with pig slurry with microalgae biomass revealed that adding this type of biomass led to a significantly lower biogas yield [40]. The co-digestion of bedding straw with cattle manure was characterized by a similar CH4 yield as MS while substituting maize with cardoon, or naturally sun-dried milk thistle stalks thermo-chemical pretreated with NaOH gave the highest CH4 yield values [38].



Wetland vegetation and paludi-biomass have received attention lately as attractive, sustainable feedstock for co-digestion. Chuanchai and Ramaraj [27] investigated the effect of co-digestion of buffalo grass with buffalo manure at various ratios on biogas production. Adding meadow grass also enhanced the CH4 yield from the AD of cattle manure [102]. In this study, the co-digestion of maize and reed silages with increasing substitution of maize with RS decreased the SMY significantly compared to the mono-digestion of MS. Since both feedstocks were characterized by similar C:N ratios, the inhibitory effect of the imbalanced amounts of N and C was not the reason for the decreasing CH4 yield. A much lower SMY of RS was probably the main reason for the lower CH4 production from co-digestion. These results are in line with studies by Hartung et al. [52] on the co-digestion of Typha latifolia with maize. An addition of 10% of Typha latifolia significantly reduced the specific biogas yield of MS. However, the substitution of maize with Phalaris arundinacea of up to 30% did not significantly reduce biogas yield since the specific biogas yield of this species was comparable to that of maize [52]. In turn, Ohlsson et al. [68] reported no effect of reed addition on the SMY of Laminaria digitata.



The common reed used in this study was chopped, increasing the area exposed for conversion by microorganisms; however, such pretreatment seems insufficient for enhancing biogas production. Similar findings have been reported by Pelegrin and Holzem [103]. Thus, the optimization of the pretreatment step in mono- or co-digestion of RS is necessary to increase the methane yield. There are several methods of biomass pretreatment, which can be categorized as physical, chemical, or biological. The simplest method of pretreatment of lignocellulosic raw materials is milling, which reduces the crystallinity and particle size of the material. Milling pretreatment of raw lignocellulosic materials followed by solid-state anaerobic digestion increases the kinetics of the AD process [104]. Extrusion leads to a significant increase in CH4 production but requires a high energy input [105]. A significant increase in biogas yield can also be obtained using chemical pretreatment methods. A study by Shah and Tabassum [106] showed a twofold increase in biogas production from corn cob with the use of alkaline pretreatment. Amnuaycheewa et al. [107], on the other hand, showed the beneficial effect of organic acids on sugar production and, thus also, on the production of biogas. However, chemical pretreatments may introduce hazardous substances to the environment and should be used carefully. A more environmentally friendly method of pretreatment is the steam explosion process. Lizasoain et al. [88] observed a 22% increase in the CH4 yield from corn stover after the steam explosion pretreatment, although inhibitors of biogas production may be formed in this process. Pelegrin and Holzem [103] investigated several pretreatment methods with the common reed, including shredding, grinding, heating to 190 °C for 1 h, sonication at 20 kHz for 4 h, soaking in 2% sodium hydroxide for 60 min at 120 °C, soaking in 2% hydrochloric acid for 60 min at 120 °C, aeration, and shaking in anaerobic conditions at 150 rpm and 35 °C for 4 h. The results of this study have revealed a significant increase in biogas and CH4 yields resulting from pretreatments, apart from the chemical methods. Mechanical shredding performed the best, followed by the thermal method and grinding. All these methods require additional energy, and therefore, the trade-off between methane yield and the additional energy demand for biogas production should be carefully analyzed to achieve a profitable biogas plant.




4.3. Concentration of Hydrogen Sulfide and Ammonia in Biogas from Mono- and Co-Digestion of Maize and Reed Silages


The inhibition of the AD process is one of the most important disadvantages of biogas production. Inhibitors such as pesticides, antibiotics, or heavy metals may be introduced with feedstock or generated during one of the stages of the AD process. In addition to CH4 and CO2, biogas contains nitrogen (N2), hydrogen (H2), carbon monoxide (CO), oxygen (O2), hydrogen sulfide (H2S), and ammonia (NH3). The last two compounds may have an inhibitory effect on biogas production.



Sulfate is a typical component of several types of industrial wastewater [108,109]; other feedstocks, such as animal manure, may also contain high amounts of sulfur compounds. Thus, the H2S concentration in biogas may vary from 2 ppm to 12,000 ppm [110,111,112]. H2S forms a corrosive condensate with water in biogas, damaging the combined heat and power (CHP) units and pipes; moreover, it is toxic to living organisms. Furthermore, the combustion of biogas containing H2S releases sulfur oxides (SOx) into the atmosphere [113,114], which can harm trees and plants by damaging foliage and decreasing growth, contributing to acid rains and hurting the respiratory system of living organisms. Hence, the H2S content in biogas should be low; however, the threshold value depends on further applications. The highest H2S content (<70,000 ppm) is acceptable in biogas used in microturbines, but if biogas is upgraded for the substitution of natural gas, the H2S content should not exceed 4–10 ppm [115]. CHP units can operate on biogas with a maximum H2S content between 100 and 500 ppm [114,116]. As mentioned above, since the H2S concentration in biogas may reach as much as 12,000 ppm [110], removal technologies such as absorption into a liquid (either water or caustic solution), adsorption on a solid (such as iron oxide-based materials, activated carbon or impregnated activated carbon) and biological conversion (by which sulfur compounds are converted into elemental sulfur by sulfide oxidizing microorganisms with the addition of air or oxygen) are used [111].



This study’s highest daily concentrations slightly exceeded 500 ppm for biogas produced from 50 RS and 30 RS. The maximum daily H2S concentration is much lower than that for biogas from mono-digestion of cow manure. However, the value is similar to the mono-digestion of cow manure with the addition of waste iron powder to suppress the H2S concentration [117]. The daily H2S concentration for biogas from 10 RS is similar to the values reported for semi-continuous AD of swine manure and corn stover [118] and the AD of mixed fruit and fruit with vegetables [119]. The results of this study agree with those provided by Herout et al. [120], who reported a low H2S content in biogas produced from liquid beef manure with the addition of MS, grass haylage, and rye grain; however, the addition of MS only did not prevent the increase of H2S up to 1000 ppm at the end of the experiment. The mono-digestion of MS produced biogas with an H2S concentration similar to that reported by Hutňan [121].



NH3 is another inhibitor produced in the digester by degrading nitrogen-containing compounds, primarily proteins, urea, and nucleic acids [109,122]. The inhibitory effect is manifested by total cessation of methanogenic activity and indicated by a decrease in CH4 production and an increase in the VFA concentration [122].



According to Theuerl et al. [123], the generally accepted threshold value for NH3 ranges from 80 ppm to 400 ppm; however, the toxicity limits given in the literature differ significantly and range from 60 ppm to 14,000 ppm [109,124]. In this study, the maximum daily NH3 concentration ranged between 106 ppm and 138 ppm and is close to the lower limit of the threshold value given by Theuerl et al. [123].



Since NH3 inhibition may cause a failure of the AD process, several strategies for controlling NH3 concentrations are adopted in biogas production, i.e., (i) acclimation of microflora, especially methanogens, to high NH3 concentration; (ii) proper control of pH [125]; (iii) dilution of feedstock containing high amounts of nitrogen-rich compounds, or adjustment of the feedstock’s C:N ratio by co-digestion of a feedstock with a high N content with a substrate rich in C; (iv) addition of inert packing materials such as zeolite or clay minerals; (v) optimization of the concentration of trace elements [122]; and (vi) bioaugmentation [124].




4.4. Energy Balance and GHG Emissions


In Poland, in 2018, the electricity consumption per floor area of residence was 27.32 kWh m−2, and the consumption of heat generated from coal was equal to 0.77 GJ m−2 [126]. An analysis of the energy generated in biogas plants based on the studied co-digestion combinations revealed that depending on the size of the biogas plant, from 146 to 2917 residences with an area of 100 m2 could be supplied with electricity and from 16 to 324 residences with an area of 100 m2 could be supplied with heat (Table 9).



The large number of households that can be supplied with energy from the analyzed biogas plants results from the AD of MS. If the calculations were only based on the share of RS added to MS, the results would be much lower. Electricity sourced from RS only, co-digested in combinations with MS, can supply from 1 to 729 households, while from less than 1 to 108 houses can be supplied with heat (Table 10).



In this study, the calorific value of reed (16.903 ± 0.079 GJ tDM−1) is slightly lower than the values reported by Demko et al. [127] and Dahms et al. [128]. However, the calorific value per hectare of reed is significantly lower compared to the data from the study by Demko et al. [127] since, in this research, the reed yield used for calculations were based on values from natural habitats and was thus much lower than that used by Demko et al. [127]. This study result is close to the value for the medium reed yield reported by Dahms et al. [128]. However, direct incineration of reed generates much more heat than CHP units in the analyzed biogas plants. Therefore, the number of households supplied with heat from reed incineration would be much higher than those supplied from biogas (Table 11). Nevertheless, incineration of reed requires drying the biomass to a moisture level that would meet the requirements for biomass furnaces.



Since the CH4 yield for RS is significantly lower than that for MS, reed biomass should only be considered a co-substrate in a biogas plant. The results of this study have revealed that reed could replace MS in the amount of only up to 10% of the feedstock. However, substituting MS with RS may decrease the area used for maize cultivation and, simultaneously, reduce the competition for land and open up a sensible utilization path for the biomass produced in paludiculture. This can lead to a lowering of the market prices of maize. The other advantage is the reduction of GHG emissions from maize cultivation which are proven to contribute significantly to the overall GHG emissions from biogas production [129]. Additionally, if drained peatlands are rewetted, and reed is cultivated on them for harvesting biogas substrates or other purposes, this is associated with large reductions in GHG emissions from the peatland site, due to the change to anaerobic conditions, minimizing the decomposition of peat. Depending on the site conditions, especially water levels before and after rewetting, GHG emission savings of up to over 20 t CO2 eq. per hectare per year can be achieved [130].



The LCA of electricity and heat generation from agricultural residues and MS through the AD process revealed that regardless of the feedstock, energy generation from biogas has a lower impact in at least nine environmental categories [25]. Hijazi et al. [131] concluded their review on the LCA assessment for biogas production in Europe that the feedstock type is a determining factor for the environmental impact of biogas production. Indeed, the addition of MS to cattle slurry significantly influenced GHG emissions, photochemical oxidants formation, particulate matter formation, land use, and water depletion [25]. Agostini et al. [41] concluded that the mono-digestion of energy crops appeared environmentally detrimental. A similar finding was revealed by Tonini et al. [132], who reported that land-use changes in GHG emissions related to energy production from annual crops exceed any GHG savings generated from the replacement of fossil fuels. The results of this study also revealed that even a low share of MS substitution with reed might significantly decrease GHG emissions. In contrast, the GHG reduction increases with the increasing size of the biogas plant.





5. Conclusions


Due to the rising prices of maize and the decreasing social acceptance of maize as a sustainable feedstock, biogas plant operators seek inexpensive feedstocks that could substitute MS. Reed biomass is a lignocellulosic material that is inexpensive, not competing with food production and, in some cases, also considered a waste that it is challenging to utilize. This study has revealed that the CH4 yield from RS is much lower than that from MS. Therefore, the share of reed as an MS substitution can reach 10%; otherwise, a significant decrease in the CH4 yield is observed. Both silages are characterized by the proper C:N ratio; however, an addition of reed may increase NH3 and H2S concentrations, thus impairing the AD process or increasing the operating costs.



Adding reed as a maize substitution may significantly impact the environmental performance of biogas plants since reed does not require additional new land for cultivation. Even if the CH4 yield per hectare or ton of fresh matter is lower for reed than maize, reed can be competitive due to lower or zero demand for agrochemical input. Reed harvested in natural habitats or from paludiculture also performs much better in terms of GHG emissions.
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Figure 1. Variations of organics content for co-digestion of maize and reed silage under different combinations: (a) TS and (b) VS. MS—maize silage, 10 RS—maize silage with 10% content of reed silage, 30 RS—maize silage with 30% content of reed silage, 50 RS—maize silage with 50% content of reed silage and RS—reed silage. 
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Figure 2. Daily methane production from mono- and co-digestion of maize and reed silages. MS—maize silage, 10 RS—maize silage with 10% content of reed silage, 30 RS—maize silage with 30% content of reed silage, 50 RS—maize silage with 50% content of reed silage, and RS—reed silage. Standard errors are shown as vertical bars. 
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Figure 3. Cumulative methane production from mono- and co-digestion of maize and reed silages. MS—maize silage, 10 RS—maize silage with 10% content of reed silage, 30 RS—maize silage with 30% content of reed silage, 50 RS—maize silage with 50% content of reed silage, and RS—reed silage. The green squares and yellow diamonds mean T50 and T95, respectively. Standard errors are shown as vertical bars. 
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Figure 4. The concentration of (a) hydrogen sulfide (H2S) and (b) ammonia (NH3) in biogas produced from mono- and co-digestion of maize and reed silages. MS—maize silage, 10 RS—maize silage with 10% content of reed silage, 30 RS—maize silage with 30% content of reed silage, 50 RS—maize silage with 50% content of reed silage, and RS—reed silage. Standard errors are shown as vertical bars (where absent, bars fall within symbols). 
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Figure 5. Electricity (a) and heat (b) produced by MS and RS in the analyzed combinations. MS—maize silage, 10 RS—maize silage with 10% content of reed silage, 30 RS—maize silage with 30% content of reed silage, 50 RS—maize silage with 50% content of reed silage, and RS—reed silage. 
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Figure 6. The area required for maize and reed cultivation based on the example of a biogas plant with an installed electrical power of 100 kWel. MS—maize silage, 10 RS—maize silage with 10% content of reed silage, 30 RS—maize silage with 30% content of reed silage, 50 RS—maize silage with 50% content of reed silage. 
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Table 1. Chemical composition of feedstock and inoculum.
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	Parameter
	Maize Silage
	Reed Silage
	Inoculum





	Total solids (TS), %
	31.66 ± 0.32 a *
	62.85 ± 0.99 b
	5.28 ± 0.03 c



	Volatile solids (VS), %TS
	95.51 ± 0.53 a
	91.16 ± 0.27 b
	75.62 ± 0.02 c



	Total Kjeldahl Nitrogen (TKN), g kgDM−1
	13.88 ± 0.16 a
	14.60 ± 0.53 a
	94.50 ± 0.18 b



	Total phosphorus (TP), g kgDM−1
	1.98 ± 0.02 a
	1.26 ± 0.07 b
	8.29 ± 0.18 c



	Total potassium (K), g kgDM−1
	9.56 ± 0.20 a
	2.68 ± 0.16 b
	62.59 ± 1.15 c



	Total organic carbon (TOC) g kgDM−1
	396.04 ± 5.45 a
	379.11 ± 7.81 b
	368.03 ± 5.61 b



	C:N
	29:1
	26:1
	4:1







* Lowercase letters—statistical differences at p < 0.05 among silages and inoculum.
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Table 2. Methane production and lag time of mono- and co-digestion of maize and reed silages.
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Feedstock

	
Methane Production

	
Maximum Daily Methane Production

	
Lag Time




	

	
NL kgVS−1

	
NL kgVS−1

	
Days






	
MS

	
241.42 ± 1.97 a *

	
27.26 ± 1.09 a

	
1.36 ± 0.06 a




	
10 RS

	
208.92 ± 4.91 b

	
19.69 ± 2.02 b

	
1.03 ± 0.06 b




	
30 RS

	
173.87 ± 2.26 c

	
14.39 ± 0.72 c

	
0.99 ± 0.15 b




	
50 RS

	
155.18 ± 4.59 d

	
11.24 ± 0.43 d

	
0.38 ± 0.07 c




	
RS

	
135.22 ± 3.42 e

	
5.54 ± 0.40 e

	
2.23 ± 0.10 d








* Lowercase letters—statistical differences at p < 0.05 among co-digested combinations and mono-digested silages. MS—maize silage, 10 RS—maize silage with 10% content of reed silage, 30 RS—maize silage with 30% content of reed silage, 50 RS—maize silage with 50% content of reed silage, and RS–reed silage.
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Table 3. Electricity and heat generation from biogas produced by mono- and co-digestion of maize and reed silages.
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Feedstock

	
Electricity Generation

	
Heat Generation




	
kWh tDM−1

	
kWh tFM−1

	
GJ tDM−1

	
GJ tFM−1






	
MS

	
731

	
231

	
2.29

	
0.73




	
10 RS

	
630

	
219

	
1.97

	
0.69




	
30 RS

	
519

	
213

	
1.63

	
0.67




	
50 RS

	
459

	
217

	
1.44

	
0.68




	
RS

	
391

	
246

	
1.22

	
0.77








MS—maize silage, 10 RS—maize silage with 10% content of reed silage, 30 RS—maize silage with 30% content of reed silage, 50 RS—maize silage with 50% content of reed silage, and RS—reed silage.
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Table 4. Combustion heat and calorific values of reed related to the dry weight, fresh weight, and moisture required for the biomass furnace.
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	Combustion Heat

HHV
	Calorific Value

LHV
	Calorific Value *

LHV
	Calorific Value **

LHV
	Ash





	GJ tDM−1
	GJ tDM−1
	GJ tFM−1
	GJ tOM−1
	%



	18.250 ± 0.079
	16.903 ± 0.079
	9.716 ± 0.05
	13.034 ± 0.050
	7.38 ± 0.08







* calorific value of reed with moisture of 37.15%. ** calorific value of reed with the moisture of 20% (average biomass moisture required for a furnace burning biomass).













[image: Table] 





Table 5. Heat generation from reed direct incineration and biogas produced from reed.
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Share of Reed Silage in Co-Digested Combinations of Reed and Maize Silages

	
Electric Power Installed in a Biogas Plant (kWel)




	
50

	
100

	
200

	
500

	
1000




	
B

	
BP

	
B

	
BP

	
B

	
BP

	
B

	
BP

	
B

	
BP




	
GJ






	
10%

	
1677

	
23

	
3354

	
45

	
6709

	
90

	
16,772

	
226

	
33,544

	
452




	
30%

	
5174

	
172

	
10,348

	
345

	
20,695

	
689

	
51,738

	
1723

	
103,476

	
3446




	
50%

	
8464

	
415

	
16,928

	
831

	
33,857

	
1662

	
84,641

	
4154

	
169,283

	
8308








B—the burning of biomass, BP—heat production in a biogas plant.
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Table 6. The area required for the cultivation of maize and reed depending on the studied maize and reed silage combinations and the electric power installed in the biogas plant.
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Feedstock

	
Electric Power Installed in a Biogas Plant (kWel)




	
50

	
100

	
200

	
500

	
1000




	
Area Required for Maize and Reed Cultivation (ha)




	
Maize

	
Reed

	
Maize

	
Reed

	
Maize

	
Reed

	
Maize

	
Reed

	
Maize

	
Reed






	
MS

	
39

	

	
79

	

	
157

	

	
394

	

	
787

	




	
10 RS

	
37

	
13

	
75

	
27

	
150

	
53

	
374

	
133

	
749

	
267




	
30 RS

	
30

	
41

	
60

	
82

	
120

	
164

	
299

	
411

	
599

	
822




	
50 RS

	
21

	
67

	
42

	
135

	
84

	
269

	
210

	
673

	
420

	
1345








MS—maize silage, 10 RS—maize silage with 10% content of reed silage, 30 RS—maize silage with 30% content of reed silage, 50 RS—maize silage with 50% content of reed silage, and RS—reed silage.
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Table 7. CO2 eq. emissions avoided by reducing the area for maize cultivation.
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Feedstock

	
Electric Power Installed in a Biogas Plant (kWel)




	
50

	
100

	
200

	
500

	
1000




	
t CO2 eq.






	
10 RS

	
6.45

	
12.89

	
25.78

	
64.46

	
128.92




	
30 RS

	
31.52

	
63.04

	
126.07

	
315.19

	
630.37




	
50 RS

	
61.45

	
122.90

	
245.80

	
614.49

	
1228.98








10 RS—maize silage with 10% content of reed silage, 30 RS—maize silage with 30% content of reed silage, and 50 RS—maize silage with 50% content of reed silage.
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Table 8. CO2 emissions avoided by using reed as a co-substrate in a biogas plant.
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Share of Reed Silage in Co-Digested Combinations of Reed and Maize Silages

	
Electric Power Installed in a Biogas Plant (kWel)




	
50

	
100

	
200

	
500

	
1000




	
E

	
H

	
E

	
H

	
E

	
H

	
E

	
H

	
E

	
H




	
t CO2






	
10%

	
27.8

	
11.7

	
55.6

	
23.4

	
111.3

	
46.7

	
278.2

	
116.8

	
556.4

	
233.5




	
30%

	
83.5

	
35.0

	
166.9

	
70.1

	
333.9

	
140.1

	
1391.0

	
350.3

	
1669.3

	
700.6




	
50%

	
139.1

	
58.4

	
278.2

	
116.8

	
556.4

	
233.5

	
1391.0

	
583.8

	
2782.1

	
1167.7








E—electricity production, H—heat production.
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Table 9. The number of residences with an area of 100 m2 supplied with electricity and heat depending on the size of the biogas plant.
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Electric Power Installed in a Biogas Plant

	
Electricity Generation

	
Heat Generation






	
kWel

	
Number of residences with an area of 100 m2




	
50

	
146

	
16




	
100

	
292

	
32




	
200

	
584

	
65




	
500

	
1459

	
162




	
1000

	
2918

	
324
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Table 10. The number of residences supplied with energy generated only from RS used as co-substrate depending on the size of a biogas plant.
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Share of Reed Silage in Co-Digested Combinations of Reed and Maize Silages

	
Electric Power Installed in a Biogas Plant (kWel)




	
50

	
100

	
200

	
500

	
1000




	
E

	
H

	
E

	
H

	
E

	
H

	
E

	
H

	
E

	
H




	
Number of Residences with an Area of 100 m2






	
10%

	
1

	
0

	
3

	
1

	
6

	
1

	
15

	
3

	
29

	
6




	
30%

	
13

	
2

	
26

	
4

	
53

	
9

	
131

	
22

	
263

	
45




	
50%

	
36

	
5

	
73

	
11

	
146

	
22

	
365

	
54

	
729

	
108








E—electricity production, H—heat production.
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Table 11. The number of households supplied with heat from the incineration of reed biomass harvested from the area which should be harvested to supply biogas plants of various electric power installed and operating on different combinations of maize and reed silages.
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Share of Reed Silage in Co-Digested Combinations of Reed and Maize Silages

	
Electric Power Installed in a Biogas Plant (kWel)




	
50

	
100

	
200

	
500

	
1000






	
10%

	
22

	
44

	
87

	
218

	
436




	
30%

	
67

	
134

	
269

	
672

	
1344




	
50%

	
110

	
220

	
440

	
1099

	
2198




	
100%

	
194

	
388

	
777

	
1942

	
3885








20% of biomass moisture was assumed for calculation.
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