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Abstract

:

The effect of different inoculum-to-substrate ratios (ISRs) and feed mix (FM) ratios on the kinetics of methane production and yields during anaerobic digestion of spoiled silage mixture (SM) alone or co-digestion with cow manure (CM) was investigated in batch experiments at 37 °C. The silage mixture was prepared from spoiled silages of maize, lucerne and barley in equal proportions of 33% by wet weight. The effect of ISRs of 0.5, 1, 2 and 4 showed that methane yields increased with an increased ISR ratio. At ISRs of 1, 2 and 4, methane yields of 262.18 ± 14.96, 387.77 ± 14.43 and 482.23 ± 38.47 NmL CH4/gVSadded were obtained, respectively. Incubation at ISR 0.5 resulted in low methane yields (174.49 ± 9.29 NmL CH4/gVSadded) due to build-up of volatile fatty acids (VFAs). Further, co-digestion of spoiled SM with CM showed that the highest methane yields of 387.77 and 382.86 NmL CH4/gVSadded were obtained at SM:CM feed mix ratios of 100–0 and 75–25, respectively. The corresponding volatile solids (VS) removal rates were 72.80% and 70.82%, respectively. However, the best synergistic effect was noticed at a SM:CM = 50–50 feed mix ratio. Thus, this study shows that anaerobic digestion of spoiled silages is feasible and co-digestion of spoiled silage mixed with cow manure at a SM:CM feed mix ratio of 75–25 is recommended.
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1. Introduction


Animal feed often includes crop residues such as wheat straw and annual forage crops. Ensilation is a traditional process practiced for preservation of seasonally harvested forage or energy crops, ensuring a constant supply of feed for animals. In Australia, 5.26 million tonnes per year of hay and silage are produced at 17,938 commercial-scale farms [1]. Silage can be made from annual crops such as wheat, maize, barley and lucerne, etc. However, producing high-quality forage crops as silage and avoiding organic matter losses are challenges.



Wastage of silage during storage and use occurs due to the infrastructural and atmospheric conditions of farms. The reasons for wastage of silage include feedstock composition, silage preparation, silage storage conditions, method of feeding out, palatability, wet weather, etc. [2]. Maintaining optimal storage conditions such as acidic pH and anaerobic conditions is crucial for preserving energy and nutrients in silage [3]. By proper management, the methane yield of crops can be almost completely preserved for up to one year [4]. However, exposure of silage to atmospheric air during opening or feed-out phases triggers the growth of aerobic microbes. Aerobic microbes utilize water-soluble components and other organic substrates, leading to silage deterioration [5]. It has been reported that dry matter loss after 14 days of exposure to air can reach 400 and 300 kg/t for maize and sorghum, respectively [6]. Further, volatile solids (VS) loss due to aerobic spoilage under suboptimal conditions can reach 37% and 52% of the methane yield of grass and ryegrass, respectively [7]. Mould growth in both silage and hay preparation is considered a hazard for both livestock and humans as fungal spores can cause allergies and respiratory distress [8]. Use of silage waste as feedstock for biogas production through anaerobic digestion is considered as an alternate sustainable waste management option for renewable energy generation and for reducing greenhouse gas (GHG) emissions associated with these wastes’ management [9].



Biogas is mainly composed of methane (CH4), carbon dioxide (CO2) and hydrogen sulphide (H2S) with traces of ammonia and water vapour [10]. The produced biogas can be converted into compressed biomethane (bioCNG) for use as vehicle fuel in dual-fuel vehicles and/or for heat and electricity generation in a combined heat and power plant. Further, the nutrient-rich digestate obtained from biogas plants can be used as soil conditioner to recycle nutrients and organic carbon for forage crop production and avoid the GHG emissions associated with the production and use of inorganic fertilisers [11].



Among the factors that affect anaerobic digestion, inoculum-to-substrate ratio (ISR) and feed mix (FM) ratio during anaerobic co-digestion are recognized as critical process optimisation parameters for their practical applicability at large-scale biogas plants. The inoculum type and its quantity are considered as significant factors that affect the hydrolysis and acidification of lignocellulosic feedstocks [12]. There are several studies on biogas production from freshly prepared silage crops alone or co-digested with animal manure [13]. Further, previous studies on co-digestion of manure with energy crops have focused mainly on maize silage and other cereal silages [14], while less attention has been paid to the use of spoiled silage mixtures. Maize silage is considered as an ideal substrate for biogas production at both lab- and farm-scale levels. Methane yields of 0.316 Nm3 CH4/kgVSadded were reported during long-term mono-digestion of maize silage in a lab-scale reactor [15]. Further, co-digestion of maize silage with chicken manure in 5 L reactors reported a methane yield of 0.31 L CH4/gVSadded [16]. However, maize silage was shown to have a slightly lower anaerobic conversion rate than sugar beet silage due to a large number of complex chemicals [17].



There is a growing interest in evaluating the methane potential of different silage mixtures during mono-digestion or co-digestion with manures. For instance, methane yields of 229 mL/gVSadded were obtained during the anaerobic digestion of a mixed silage of waterweeds and wheat straw at an ISR of 2:5:1 [18]. Further, the ratios of silage mixtures have been shown to influence methane yields. For instance, anaerobic digestion of maize silage and white sweet clover at different silage mixtures (maize:white sweet clover ratios of 3:7, 1:1, 7:3, 8:2, 8.5:1.5 and 9:1) showed that methane yields and methane content in biogas decreased when the amount of white sweet clover biomass was increased in the silage mixture [19]. In the above study, the highest methane yield of 0.36 m3/kgVSadded was recorded in maize mono-digestion and in 9:1 maize:white sweet clover co-digestion. On the other hand, the lowest methane yield was recorded in white sweet clover mono-digestion (0.22 m3/kgVSadded). The decrease in methane yields with an increasing share of white sweet clover in the mixed silage was attributed to the increased content of poorly degradable organic substances and the presence of fermentation inhibitors (e.g., coumarin). Therefore, co-digestion of silages with manure was shown to alleviate the potential inhibition and/or provide sufficient buffering capacity. Co-digestion of a mixture of grass silage (GS) and chicken litter (CL) at different GS:CL ratios of 0:1, 1:0, 1:1, 1:2, 1:3, 2:3, 3:2, 3:1 and 2:1 showed that the highest methane yields of 124, 137 and 135 L CH4/kgVSadded were obtained at GS:CL ratios of 1:0, 1:1 and 1:3, respectively [20]. On the other hand, co-digestion of different animal manures with maize silage was shown to achieve maximum VS reduction in a cattle and goat manure and maize silage combination (46.86%), but the maximum methane yield was obtained in a cattle manure and maize silage mixture (215.2 mL CH4/gVSdegraded). The methane yield was increased by adding maize silage compared to not adding an additional maize silage supplement [21].



Literature shows that there are many studies based on mono-digestion of fresh silages or co-digestion of fresh individual silages with animal manures. However, there are no studies on the mono-digestion of a mixture of spoiled silages or co-digestion with cow manure at different silage-to-manure ratios. In this study, the effect of ISR on methane yield from a mixture of spoiled silages consisting of maize, lucerne and barley on an equal wet weight (w/w) basis was determined in batch experiments. In addition, the effect of different feed mix ratios of spoiled silage mixture and cow manure on methane yield was also evaluated.




2. Materials and Methods


Grab samples of silages of lucerne, maize and barley along with fresh cow manure were collected from a dairy farm at Gatton campus, University of Queensland (Toowoomba, Queensland, Australia). The collected samples were transported immediately in sealed containers and stored at 4 °C until further use.



Anaerobically digested material from a full-scale biogas plant treating waste-activated sludge and primary sludge under mesophilic conditions was used as inoculum (Queensland Urban Utilities, Brisbane, Australia). Inoculum was incubated for five days at 37 °C to remove the residual methane. The incubated inoculum was analysed for volatile fatty acids (VFA), total Kjeldahl nitrogen (TKN) and phosphorus (TKP), pH, total solids (TS) and VS to validate the optimal composition of inoculum as outlined elsewhere [22,23].



Cellulose was used as positive control and was obtained from Sigma-Aldrich, Castle Hill, Australia.



2.1. Experimental Set-Up


Two different experimental set-ups were used in this study. In experimental set-up I, the effect of ISR (0.5, 1.0, 2.0 and 4.0) on methane yield of spoiled silages was studied. A biochemical methane potential (BMP) test was performed in glass serum bottles (160 mL) with a working volume of 100 mL. To each assay, 90 mL of inoculum was transferred, and silage mix was added to achieve the desired ISRs of 0.5, 1.0, 2.0 and 4.0 on a VS basis. pH in the assays was adjusted to 7.5 by using a NaOH (5M) solution. Butyl rubber stoppers and aluminium crimps were used to seal the assays. Sealed assays were flushed with N2 (99%) gas for five minutes to create anaerobic conditions. Assays with inoculum only were used as blanks, whilst assays with cellulose only were used as positive controls. Methane production in blank assays was subtracted from that in sample assays. Experiments were conducted in triplicate. The prepared assays were incubated statically at 37 °C in incubators. Biogas production and its composition were measured on a regular basis. The experiments were terminated after 45 days of incubation when the deviation in methane production was less than 5%.



In experimental set-up II, the effect of four different feed mixtures (FM) during the co-digestion of a spoiled silage mixture with cow manure was evaluated in batch experiments, as described elsewhere [22]. Four different FM ratios of silage mixture (SM) to cow manure (CM) were tested: 100–0, 75–25, 50–50, 25–75 and 100–0. The silage mixture consisted of 33.33% w/w of lucerne, corn and barley silages. Similar to experimental set-up I, the assays were prepared and incubated as mentioned above.




2.2. Kinetic Modelling


The hydrolysis rate constant (Khyd) and lag phase of methane production in different assays were estimated by using the first-order kinetic model (Equation (1)), modified Gompertz model (Equation (2)) as described elsewhere [24].


B(t) = B0 [1 − e^(−khyd × t)]



(1)




where B(t) is the cumulative methane yield in mL/gVSadded. B0 is the maximum methane production, k is methane production rate constant (day−1) and t is time in days.


  B   t   =   B   0   × e x p   − e x p       R     max  ⁡  × e         G   0       λ − t   + 1      



(2)




where Rmax is the highest methane yield rate (mL/gVS. day), t represents the time of the fermentation stage, λ is the period of the lag phase (day), while e is equal to 2.718282. The lag phase is defined as the least time required to generate biogas or the time necessary for the bacteria to adjust to the digestion environment. Rmax defines the exact growth rate of the bacteria. The greater the Rmax is, the better the rate of methane production.



The Chen and Hashimoto model (Equation (3)) predicts the digestion of substrates with significant TS content.


  B   t   =   B   0   ×   1 −     K   C H     H R T ×   μ   m   +   K   C H   − 1      



(3)




where HRT is the digestion time or hydraulic retention time (days), KCH is the dimensionless Chen and Hashimoto kinetic constant and µm is the maximum specific growth rate of microorganisms (day−1).




2.3. Theoretical Methane Yield


The Buswell–Neave equation [19], which is derived from the stoichiometric balance between the amount of biodegradable organic matter and gaseous products resulting from its anaerobic biodegradation, was used to estimate the theoretical methane potential. The composition of the organic matter must be known in order to determine the empirical substrate formula for theoretical methane potential estimation. By assuming that all organic material has been transformed into biogas, the theoretical methane potential can be estimated by using Buswell’s equation (Equation (4)):


   C c   H h   N n   O o   S s    +   1   8     ( 4 c − h − 2 o + 3 n + 2 s )    H 2  O →    1   8     ( 4 c + h − 2 o − 3 n − 2 s )    CH 4  +   1   8     ( 4 c − h + 2 o + 3 n + 2 s )    CO 2  + n  NH 3  + s  H 2  S  



(4)







Equation (4) was created by balancing the overall conversion of organic material, which mostly results in CH4 and CO2, with water serving as the only external source, as it would under anaerobic conditions. This equation does not take into consideration the nutrients needed for cell maintenance.



The biodegradability index (BI) was calculated as the ratio of experimental methane production to theoretical methane production. Higher digesting efficiency is correlated with a higher biodegradability index.




2.4. Statistical Analysis


Results from the three replicates utilised in the study for the chemical analysis and the methane potential test were provided as average values ± standard errors of the mean. To evaluate the effect of ISR (Equation (4)) and feed ratio (Equation (5)) on methane yields, sample mean methane yields were assessed for significance using one-way analysis of variance (ANOVA) or a t-test with a Tukey’s post-hoc test at a significance level of 0.05 by using IBM SPSS Statistics 26® software.




2.5. Synergistic Effect


Synergistic effect can be calculated by a summation of weighted methane yield of co-digestion—as in an addition of methane yield of silage mix and cow manure multiplied by percentage of silage mix and cow manure in the feed mix as shown in the Equation (5) [25]. The synergistic or antagonistic effect can be determined by using a co-digestion performance index (CPI) which is obtained as the ratio of cumulative methane yield and weighted methane yield and is presented in Equation (6).


Weighted CH4 yield = CH4 yield (silage) × %silage + CH4 yield (cow manure) × %cow manure



(5)






Co-digestion Performance Index = Cumulative Methane Yield/Weighted Methane Yield



(6)








2.6. Analytical Methods


TS and VS were analysed according to standard methods [26]. pH was monitored by using a pH meter (OHAUS starter300). A gas chromatograph (Agilent technologies 7890A, Santa Clara, CA, USA) fitted with a flame ionisation detector (FID) and an Agilent DB-FFAP column was used to analyse VFAs [27]. Ammonium nitrogen (NH4–N) was analysed by utilising the Lachat QuikChem 8500 Series 2 Flow Injection Analyzer (FIA). TKP and TKN were determined by using the PerkinElmer ICP-OES Optima 7300DV system [28]. Biogas composition (CH4 and CO2) was analysed by using a gas chromatograph (Shimadzu 2014, Sercon Ltd., Crewe, UK) equipped with a thermal conductivity detector (TCD) according to protocol described elsewhere [29]. The amount of total carbon (C) and nitrogen (N) was determined by using a stable isotope analyser (Sercon Hydra 20–22, Sercon Ltd., Crewe, UK) according to methodology published elsewhere [30]. A Flashsmart elemental analyser was used to determine the carbon, hydrogen, nitrogen, oxygen and sulphur content [31]. VFA composition in the liquid phase, i.e., acetic (C2), propionic (C3), butyric and iso-butyric (C4 and iC4), valeric and iso-valeric (C5 and iC5) and caproic (C6) acids, were determined by using a gas chromatograph fitted with a flame ionization detector (FID) as per protocol described elsewhere [32].



Biogas volume in the headspace was calculated according to Equation (7), where headspace is assumed as V1. The methane production potential (defined as CH4 potential) of the substrates is given as the amount of CH4 produced in NmL g/VSadded.


    B M P   t   =   m L     C H   4     s a m p l e   a s s a y − m L     C H   4     i n o c u l u m   a s s a y     V o l a t i l e   s o l i d s   s u b s t r a t e      



(7)




where mL CH4 sample assay − mL CH4 inoculum assay is the net methane volume (mL) obtained from one substrate only, adjusted to the standard temperature (0 °C) and pressure (1 atm) condition (STP); VSadded is the mass of substrate VS in the sample bottle (g).





3. Results and Discussion


3.1. Chemical Composition of Substrates and Inoculum


The chemical composition of the substrates and inoculum is presented in Table 1. Results showed that TS contents of maize, lucerne and barley silages were 88.08%, 87.77% and 84.03% w/w, respectively. The corresponding VS values for silages were 81.94%, 76.23% and 75.98%, respectively. On the other hand, TS and VS contents in cow manure were 14.64% and 11.64% w/w, respectively. The high organic matter and VS/TS ratio of 0.87 to 0.93 noticed for the three silage substrates suggests that these three substrates are rich in organic matter and could be good feedstocks for biogas production. The carbon content in the substrates is within the range of 43 to 48% TS (Table 1). Barley silage had the highest carbon content of 47.39% TS, whilst cow manure had the lowest carbon content of 43.45% TS. The nitrogen content in the substrates was between 1.5 and 4. On the other hand, lucerne silage had the highest nitrogen content while maize silage had the lowest nitrogen content (Table 1). The highest carbon-to-nitrogen (C/N) ratio was noticed in maize silage (28.96) followed by barley silage, cow manure and lucerne silage. A low C/N ratio in substrates may result in ammonia accumulation during anaerobic digestion, leading to an increase in pH (>8.5) and inhibition of methanogenic bacteria activity [33]. A high C/N ratio, on the other hand, leads to low biogas production as methanogens consume the nitrogen swiftly. The ideal C/N ratio for anaerobic digestion ranges from 10 to 40, with 20–30:1 being the optimal C/N ratio for wet anaerobic digestion [34]. Thus, mixing the three silage materials might achieve an ideal C/N ratio.



The concentrations of TKN and TKP in the substrates are presented in Table 1. TKN values ranged from 17.2 gN/kgTS in maize silage to 35.7 gN/kgTS in lucerne silage. Conversely, barley silage had the highest TKP (12.23 gN/kgTS).



The three silage materials were mixed at 33% each w/w and the sample was used for determining the elemental carbon, hydrogen, nitrogen, oxygen and sulphur content. The results are presented in Table 2. The results showed that CHNOS contents in the silage mixture were lower than that of cow manure.




3.2. Effect of ISR on Methane Yields for Mono-Digestion of Spoiled Silage Mixture


The effect of four different ISRs (0.5, 1, 2 and 4) on methane production rates and yields during the anaerobic mono-digestion of spoiled silage mixture is presented in Figure 1. Methane production started immediately at ISRs of 4 and 2 and was delayed by 1 day at an ISR of 1.0 and by 15 days at an ISR of 0.5. Higher methane production rates and yields were noticed with increase in ISR from 0.5 to 4.0. The maximum methane yields of 174.49 ± 9.29, 262.18 ± 14.96, 387.77 ± 14.43 and 482.23 ± 38.47 NmL/gVSadded were obtained at ISRs of 0.5, 1, 2 and 4, respectively. Interestingly, the variation in methane yields among the triplicate assays was higher at a higher ISR than at a lower ISR (Figure 1). It should be noted that an amount of substrate equal to that of VS was used in respective triplicates. Further, digested material from a biogas plant treating sewage sludge was used as inoculum and was degassed by incubation at 37 °C for 5 days. Methane yields obtained from inoculum and cellulose at an ISR of 2 (positive control) were 217.18 ± 16.92 and 357.90 ± 26.45 NmL/gVSadded, respectively. Therefore, care must be taken in the selection of an inoculum source to conduct the BMP of lignocellulosic substrates such as silages. Further, the existence of a pertinent microbial population in correct proportion is essential for complete degradation of lignocellulosic substrates. Use of an optimal ISR for a specific substrate ensures the maximisation of substrate conversion and realises ultimate methane yields, B0 [35]. Moset et al. demonstrated that inoculum source and the amount of the inoculum added, i.e., ISR ratio, clearly affect the biodegradability of maize silage [36]. In their study, the effect of the ISR in the range of 0.25–2.5 on a VS basis was studied and the results showed that the optimal ISR range for maize silage was 1.0–1.5. Higher methane yields without any process inhibition, noticed in the present study at higher ISRs of 2 and 4 than at 0.5 and 1, were in accordance with previous studies [37]. Further, ISR was found to affect the methane production rate or hydrolysis rate of lignocellulosic substrates [38]. Thus, substrate composition, through ensilation, was shown to affect biodegradability and B0 [39].



The low methane yields at ISRs of 0.5 and 1 could be due to overload, the unfavourable condition wherein the amount of substrate is too high such that microorganisms cannot convert or utilise it either during the hydrolysis, acidogenesis or methanogenesis stages. This was evident from the lower (negative) methane production noticed during the initial 15 days at an ISR of 0.5 compared to the blank (Figure 1). The obvious reason for this discrepancy is due to higher methane production from blanks than assays and when the methane from the blanks was subtracted from that of the assays, this resulted in negative methane yield from the assays. Lack of methanogens may typically lead to VFA build-up and a subsequent lowering of the pH due to acidification. It has been shown that methanogenesis is typically inhibited when pH drops below 6.5 [40]. Similarly, lack of hydrolytic microorganisms can also lead to an inefficient hydrolysis of the substrate especially for lignocellulosic substrates, where hydrolysis is considered as the rate-limiting step [41]. Thus, ISRs of 2 and 4 could provide sufficient inoculum and were able to process high concentration metabolites such as hydrogen, acetate and VFA [40]. This result is in accordance with previous studies [12,42]. In a study by Raposo et al. [42], the methane yields of sunflower oil cake decreased from 227 ± 23 to 107 ± 11 mL CH4/gVSadded with decreases in ISRs from 3.0, 2.0, 1.5, 1.0 and 0.8 to 0.5 by using inoculum from an industrial anaerobic reactor treating brewery wastewater. Similarly, a decrease in methane yields from 521.9, 519.5, 475.0 and 332.4 mL/gTSadded at ISRs of 4, 3, 2, and 1, respectively, was also reported [12]. The results, thus, suggest that BMP assays for mixed spoiled silages consisting of 33% w/w of maize, lucerne and barley should be carried out at ISRs higher than 2 in order to obtain a more representative result of methane production and yields.




3.3. Effect of Feed Mix Ratios on Methane Yields for Co-Digestion of Spoiled Silage Mix with Cow Manure


The effect of five feed mix ratios during the anaerobic co-digestion of the spoiled silage mixture with cow manure is presented in Figure 2. The experiment was terminated after 42 days of incubation (Figure 2). At all tested feed ratios, methane production started after an initial lag phase of 1 day. Thereafter, methane production increased steadily (between days 2 and 10) and further increased after day 14. Overall, methane production rates and yields were noticed to decrease with an increase in the amount of cow manure in the feed mix. The maximum methane yields obtained were 387.77 ± 14.43, 382.86 ± 24.63, 373.19 ± 11.79, 311.26 ± 16.49 and 257.40 ± 12.76 NmL/gVSadded at SM:CM feed mix ratios of 100:0, 75:25, 50:50, 25:75 and 0:100, respectively. The two-phase methane production rates noticed in all assays were attributed to the presence of readily biodegradable organic substances from cow manure and less biodegradable organic substances from lignocellulosic substrates. The sharp increase in methane yields after day 14 indicates the hydrolysis and subsequent methanogenesis of less biodegradable lignocellulosic substrates and/or enrichment of methanogens in the assays. At the end of the experiment (day 43), methane production declined, indicating the degradation of soluble biodegradable organic substances.



The lowest methane yield noticed at a SM:CM feed mix ratio of 0:100 was obviously due to the low solids content of cow manure and its inherent deficiency in carbon, i.e., a low C/N ratio [43]. In general, low C/N ratios (less than 15) and a lack of carbon may cause ammonia–N build-up and, thus, prevent methanogenesis [44]. On the other hand, the increase in methane yields with an increase in the SM:CM feed mix ratio from 25:75 to 100:00 was due to a progressive increase in carbon substrate in the assays. Previously, addition of carbon-rich substrates such as lignocellulosic feedstocks to cow manure has been reported to improve methane yields with an increase in the amount of carbon [45]. However, if the C/N ratio is too high, the amount and buffering capacity of manure are not sufficient to avoid acidification and lead to N deficiency [46]. For instance, anaerobic co-digestion of concentrated pig manure (PM) with grass silage (GS) at five different PM:GS ratios of 1:0, 3:1, 1:1, 1:3 and 0:1 on a VS basis showed that hydrolysis constant linearly decreased when increasing the fraction of GS and the amount of methane produced decreased as the percentage of cow manure increased in the feed mix [47]. The above study recommended a PM-to-GS co-digestion ratio of 1:1 as the ideal feed mix ratio due to a high methane yield (304.2 mL CH4/gVSadded) and a short lag phase. In a similar study, anaerobic co-digestion of cow manure and barley at a mixing ratio of 2:1 (216 mL CH4/gVSadded) resulted in lower methane yields than at 1:1 (230 mL CH4/gVSadded) [48]. It should be noted that the chemical composition of the substrates in the present study showed that cow manure and lucerne silage had a lower C/N ratio than maize or barley silages. Therefore, co-digestion of lucerne silage with high C/N substrates can achieve the required C/N ratio of 20–30 [49].




3.4. Effect of ISR and Feed Mix Ratio on Chemical Composition of Digestates


Table 3 presents the chemical composition of digestates obtained at the end of the experiments. Chemical composition of the digestates revealed that ISR had a profound effect on methane yields. pH in all assays (except for an ISR of 0.5) was 7.4–7.5, indicating that there was no build-up of VFAs in the assays. Contrary, the pH in assays for an ISR of 0.5 was 7.2. Among the tested ISRs, TKN values increased with increases in ISR: from a low 17.5 gN/kgTS for an ISR of 0.5 to maximum value of 61.9 gN/kgTS at an ISR of 4. Conversely, NH4–N levels decreased from 1606 mg/L at an ISR of 0.5 to 1414 mg/L at an ISR of 4. The increase in NH4–N levels with concomitant decreases in TKN indicates ammonification of nitrogen-containing substrates [50].



The chemical composition of digestates at the end of the feed mix experiment is shown in Table 3. Among the tested ratios, a SM:CM feed mix ratio of 50–50 had the highest NH4–N and TKN concentrations. The high NH4–N content in the digestates was mainly contributed by inoculum (Table 1). The NH4–N concentrations in the digestates were below the threshold concentration of 3000 mg/L that induces inhibition during anaerobic digestion processes [51]. Temperature, pH and TAN concentration determine the free ammonia concentration, and an increase in pH results in a significant rise in free ammonia concentration [52]. According to Table 3, a SM:CM feed mix ratio of 50–50 had the highest pH, TKN, NH4–N and TKP concentration across the feed mix ratios.




3.5. VS Removal


VS removal rates at different ISRs and feed mix ratios are shown in Table 3. Overall, VS removal rate was proportional to the cumulative methane yield. For the ISR experiment, incubation at a higher ISR led to higher methane yields and VS removal rates. ISRs of 2 and 4 resulted in the highest VS removal rates of 75.10% and 67.37%, respectively. The corresponding values at ISRs of 0.5 and 1 were 52.50% and 65.08%, respectively. The high VS removal at ISRs of 2 and 4 was induced by the large amount of inoculum, which provided sufficient buffering capacity and could process large amounts of intermediate metabolites such as hydrogen, acetate and VFAs [40]. Conversely, low VS removal rates at ISRs of 1 and 0.5 could be due to overload and unfavourable conditions, where there was too much substrate such that the amount of inoculum could not convert it into methane. Lack of methanogens typically leads to VFA accumulation and subsequent accumulation of VFAs. Further, lack of hydrolytic microorganisms also brought about inefficient hydrolysis of the substrates, especially for lignocellulosic substrates. A similar trend was also noticed with feed mix experiment. VS removal rates decreased with increases in the cow manure ratio from 72.18% noticed in a SM:CM ratio of 100–0 to 0–100 (Table 4).




3.6. Volatile Fatty Acids Profile in the Digestates


Total VFA and its individual components in the digestate during experimental set-ups 1 and 2 are shown in Table 4 and Figure 3 and Figure 4. For an ISR of 0.5, the amount of substrate was higher compared with inoculum, which resulted in high levels of metabolites, e.g., VFA accumulation that resulted a in lag phase of >10 days. Total VFA at an ISR of 0.5 was 2805 mg/L with acetate and propionate accounting for 44.5% and 46.7% of total VFA, respectively (Figure 3). Conversely, VFA levels at ISRs of 1–4 were below 21 mg/L, suggesting that the produced VFAs were efficiently converted into methane. In several previous studies, propionic acid accumulation was reported to cause severe process inhibition and threshold concentrations can range from 800 to 21,600 mg/L [53]. In the present study, propionic acid levels (1310 mg/L) at an ISR of 0.5 were within the above-reported threshold range, leading to the lowest cumulative methane yield and VS removal rates. On the other hand, propionic acid levels at ISRs of 2 and 4 were less than 2 mg/L and, thereby, resulted in good biodegradability and methane yields without any inhibition [54]. The effectiveness of the digestion process is determined by the rate of generation and conversion of VFAs during the digestion process [55]. The most prevalent anaerobic digestion process inhibition is acidification due to build-up of VFAs. VFAs are produced by acidogenic and acetogenic bacteria and represent an imbalance in the kinetics of acid production and consumption, which also results in drop in pH [56]. Low pH (5.0) due to built-up of VFAs has a significant impact on microbial growth and metabolic processes, thereby resulting in decreased methane generation [57].



Figure 4 shows the VFA profiles of the various feed mix ratios. VFA levels in this experiment were between 10.87 and 16.47 m/L, indicating good conversion of substrates to methane, and acetate levels were well below the inhibitory threshold levels for methanogens [58].





4. Effect of ISR and Feed Ratio on Methane Production Kinetics


Three kinetic models were used to evaluate the kinetics of methane production and generate model parameters for the best fit description. Figure 5 and Figure 6 present comparisons between the experimental and predicted methane yields. Table 5 summaries the estimated kinetic parameters for the first-order kinetic model (Equation (1)), modified Gompertz model (Equation (2)) and Chen and Hashimoto model (Equation (3)). The kinetic parameters estimated include hydrolysis constant (Khyd), lag phase (λ) and Rmax during the anaerobic digestion of the silage mixture. Further, the statistical indicators (rRMSE and R2 values) were calculated and are presented in the Table 5. Table 5 presents the experimental and predicted methane yields at ISRs of 0.5, 1, 2 and 4 using the first-order kinetic and modified Gompertz models. An ISR of 0.5 had a coefficient of determination (R2) value of 0.92 while the corresponding values at ISRs of 1, 2 and 4 were 0.99. The Khyd, i.e., hydrolysis constant or first-order disintegration constant (day−1), values were 0.000018, 0.06, 0.11 and 0.1 at ISRs of 0.5, 1, 2 and 4 respectively. Moreover, ISR ratios affected the time taken to achieve 90% methane production (T90). Maximum CH4 production occurred in the first 33 days of anaerobic digestion, showing that degradable organic compounds were hydrolysed, according to the hydrolysis constant range of 0.000018 to 0.11 (day1).



Figure 5 shows that the first-order kinetic model fits well for all ISRs except for an ISR of 0.5. The experimental and predicted methane yields (B0) were more or less similar for ISRs of 2 and 4 with error < 1.6%. Despite a high R2 value for an ISR of 0.5, the first-order kinetic model did not provide a very accurate fit to the experimental data. The modified Gompertz model was found to be a better fit at an ISR of 0.5. The possible reason for this observation is due to lag phase noticed at an ISR of 0.5 in the study.



In the modified Gompertz model, λ represents the lag phase. A low value of λ represents rapid onset of anaerobic reactions. An ISR of 0.5 had a lag phase of 15.29 days whilst the lag phase for an ISR of 1 was 1.72 days. Conversely, no lag phase was noticed at ISRs of 2 and 4 (Table 5). These results are in accordance with previous studies where a decrease in λ value with an increase in ISR was reported [25]. The R2 values were in the range of 0.98–0.99 for all tested ISRs. Both these results suggest that the first-order kinetic model was shown to be a better fit model to predict the methane yields at ISRs of 2 and 4, whilst the modified Gompertz model was a better fit at ISRs of 0.5 and 1.0. The possible reason for this observation could be due to the accumulation of VFAs during the hydrolysis of lignocellulosic substrates, thereby inhibiting propionic acid’s degradation into smaller chain organic acids (Table 4). A similar phenomenon of VFA build-up at a lower ISR was reported and was attributed to the kinetic latency as the methanogenic microbial community growth was inhibited [59]. In a similar study, an imbalance between acidification and methanogenesis at a low ISR was reported and was also indicated by low methane content [60]. A zero λ value noticed at ISRs of 2 and 4 confirms that the methane production started immediately from day 1 owing to the favourable conditions for microbial growth. Further, a strong decrease in the lag phase was noticed with a relative increase in the amount of inoculum. Thus, selection of an appropriate ISR is crucial for optimising the methane production from silage mixes.



For the feed mix ratio experiment, a high R2 value of 0.99 was obtained at all tested feed mix ratios with the first-order model suggesting that it was a better fit model to predict the methane yields. The Khyd values ranged from 0.04 to 0.11 with the highest value noticed for a feed mix ratio of 100:0. The difference in methane yields between experimental and predicted data decreased gradually from 14.99% at SM:CM = 0:100 to 0.76% at SM:CM = 100–0 (Table 5). In case of the modified Gompertz model, methane production started immediately at all feed mix ratios and was evident with the lag phase λ value of 0 and the R2 value of 0.99. The difference in predicted and experimental methane yields was <6%, which makes the modified Gompertz model a better fit model to predict methane yields compared to the first-order kinetic model. In both experiments, the first-order kinetic model was shown as a better fit model to predict the methane yields compared to the modified Gompertz model. Both these results indicate that the methanogenic activity and methane production rates are highly dependent on the organic matter of the substrates.



Table 5 presents the effective methane production period (Tef), calculated by subtracting the lag time (k) from T90. ISR had a profound influence on Tef values with an increase in ISR from 0.5 to 4 resulting in an increase in Tef from 18.04 d for ISR = 0.5 to 22.40 d for ISR = 4. The possible reason for the high Tef values at an ISR of 0.5 could be due to rapid acidification, thereby inhibiting the methanogenic activity. On the other hand, there was no clear trend in Rmax values. It should be noted that a high Rmax value indicates that the rates of digestion are fast. An ISR of 2 had a low Tef (22.39 d) and high Rmax values (29.97 NmL CH4/gVSadded/d) but resulted in production of a relatively high methane yield of 387.77 ± 14.43 NmL/gVSadded. Hydrolysis of lignocellulosic substrates such as silages has been considered as the rate-limiting step. Conversely, an ISR of 4 had a low Tef value (22.40 d) and the lowest Rmax value (13.69 NmL CH4/gVSadded/d), indicating the rates of digestion were slow, resulting in production of the high methane yield of 482.23 ± 38.47 NmL/gVSadded. However, a clear trend was noticed with feed mix ratio. Tef values decreased with a decrease in silage mix concentration in the feed ratio from 100:0 to 0:100. The possible reason for the high Tef values at an ISR of 0.5 could be due to rapid acidification, thereby inhibiting the methanogenic activity. On the other hand, there was no clear trend in Rmax values. A high Rmax value indicates that the rates of digestion are fast. An ISR of 2 had a low Tef value (22.39 d) and a high Rmax value (29.97 NmL CH4/gVSadded/d) but resulted in production of a relatively high methane yield of 387.77 ± 14.43 NmL/gVSadded.



The kinetic model of Chen and Hashimoto describes the relationship between population density and specific growth rate of bacteria (Table 5). In this model, HRT represents the hydraulic retention time (days), the dimensionless kinetic constant KCH determines the inhibition phenomenon and µm determines the maximum specific growth rate of methanogens. For the ISR experiment, The KCH value at an ISR of 4 was 5.84 whilst the corresponding values at ISRs < 4 were between 0.5 and 0.9 (Table 5). Similarly, the µm value at an ISR of 4 was 3.06 whereas the µm value ranged from 0.18 to 0.30 at the remaining ISRs. Finally, the highest HRT value of 5.43 was obtained at an ISR of 0.5 whist the lowest value was obtained at an ISR of 4. The highest HRT obtained at the lowest ISR of 0.5 was due to the fact that the quantity of inoculum in the assay was less compared to substrate. For the feed mix ratio experiments, KCH values were in the range of 0.4–1.0 at all tested feed mix ratios. The µm values were between 0.24 and 0.26 whist HRT values were between 3 to 4. Among the tested FM ratios, SM:CM at a 25–75 ratio had the lowest HRT of 3.8 d as these assays contained higher amounts of inoculum that could degrade the limited amount of substrate.



Synergistic and Antagonistic Effect


Table 6 presents the calculated values on the synergistic and antagonistic effects during the anaerobic co-digestion of silage mixture with cow manure. Synergistic effect refers to an increase in the amount of methane produced compared to the sum of the methane contributed by individual substrates [61]. In this study, the highest percentage difference between weighted and observed methane yields of 13.66% was noticed at a SM:CM feed mix ratio of 50–50 (Table 6). Conversely, the lowest percentage difference was noticed for a SM:CM feed mix ratio of 25–75. It can be observed that methane yields for all tested feed mix ratios were higher than their respective weighted methane yields. However, CPI gives the cut-off threshold for the effect of co-digestion on methane yield. If CPI > 1.1, it indicates a synergistic effect while CPI < 0.9 indicates an antagonistic effect. When CPI is between 0.9 and 1.1, it describes no significant effect of co-digestion [62].



The positive synergy effects observed at a SM:CM ratio of 50:50 compared to other tested feed ratios was obviously due to the balancing of several parameters at this feed mixture ratio [63,64]. Manure provides buffering capacity and a wide range of nutrients, while the silage mix with high carbon provides the necessary carbon for microbial growth and improves the C/N ratio of the feedstock, thereby reducing the risk of ammonia inhibition and improving the overall methane yield [43]. The C/N ratio is considered as a fundamental parameter in defining the synergistic effect during anaerobic co-digestion. It is reported that at an optimal C/N ratio, the anaerobic digestion process is stable as it allows the growth of all pertinent microbial populations [61]. On the contrary, antagonism is observed as a reduction in methane production during the co-digestion and is due to an increase in the organic load and/or accumulation of intermediate metabolites and prolonged lag phase [65]. Nevertheless, the highest methane yields in the present study were observed at an SM:CM ratio of 75–25 rather than at 50–50. The possible reason for this discrepancy is attributed to substrate composition, especially the type of carbon and its bioavailability, and the biodegradability of substrates.



Table 6 presents the theoretical methane yield and biodegradability index (BI) of feed mix ratios. Theoretical methane yields decreased from 516.60 NmL CH4/gVSadded for a SM:CM ratio of 100–0 to 417.93 NmL CH4/gVSadded for a SM:CM ratio of 0–100, suggesting that a decrease in the concentration of carbon-rich silage mixture in the feed mix resulted in a decrease in methane yields. On the other hand, BI did not follow the same trend as that of theoretical methane yield (Table 6). The highest BI of 79.70% was noticed at a SM:CM ratio 50–50 ratio followed by BI values of 77.42%, 70.25% and 61.59% at SM:CM ratios of 75–25, 25–75 and 0–100, respectively. This trend was similar to the trend noticed with CPI at various FM ratios. However, care must be taken in referring to the biodegradability of the spoiled silage substrates as storage duration and conditions can greatly affect the fibre and lignin contents in the silages. Ensilation is generally practised to extend the storage time and fodder quality of crops. The storage of lucerne with high water content is challenging because the material decays rapidly when it comes in contact with air. Thus, ensiling with crops such as maize and barley would improve the silage quality by adjusting the solids content, buffer capacities, etc. [66]. Exposure to ambient conditions and to air leads to aerobic fermentation producing butyric, acetic or formic acids, rendering silages useless. Typical total losses of silage under good management practices have been estimated at 213 g/kg of original crop dry matter for grass silage and 206 g/kg of original crop dry matter for maize silage [67].



The possible solution to utilising spoiled silages is as feedstock for biogas production and recycling nutrient-rich digestate for crop production. However, care should be taken to avoid the accumulation of VFAs especially propionic acid, butyric acid and acetic acid. Thus, co-digestion of spoiled silage mixture with cow manure should be practised to improve the process performance and methane yields from these substrates. Previous studies have shown that co-digestion of spoiled maize silage with cattle manure improved methane yields as the amount of spoiled maize silage in the feed mixture increased [68]. With 30–40% losses in dry matter during silage storage [5], we can estimate an annual spoiled silage generation of 1.59–2.11 m t/yr in Australia. Use of spoiled silage for biogas production would generate 317.73 m3 CH4/t FM per year or 246.42 m3 CH4/t FM per year when co-digested with cow manure. The lucerne silage and barley silages can individually produce 294.62 m3 CH4/t FM per year and 295.59 m3 CH4/t FM per year, respectively. The produced methane can be used for on-site renewable electricity and/or vehicle fuel generation and avoid the GHG emissions associated with silage production and use. The carbon footprint of grass silage and whole maize silage production were estimated to be 382 [67] and 253 kg CO2 eq/kgTS [69], respectively.



The current regulation for biomethane composition for natural gas network injection in Australia is predominantly based on meeting the existing natural gas standard AS-4564 [70]. According to AS-4564, the Wobbe index should be 46–52 MJ/m2 with a higher heating value of 42.3 MJ/m3. Further, the limit values for various contaminants are 0.2 mol% for O2, 5.7 mg/m3 for H2S, 50 mg/m3 for total S and 7 mol% for total inert gases. Finally, the water content should be at a dew point of 0 °C at the highest maximum allowable operating pressure in the relevant transmission system (<112 mg/m3) and the hydrocarbon dew point at 3500 kPag should be 2 °C. Therefore, the quality of allowable biomethane contaminant concentrations in biogas and existing natural gas pipelines should be carefully assessed before injecting at the designed pressure in the pipeline as there is a potential interaction between new and existing pipeline contaminants.



Increasing use of silage as feedstock for biogas production is being practiced especially in Europe and has been encouraged through government support for small farm-scale biogas plants. Challenges for the future lie in improving methane yields through use of fodder cultivars with higher concentrations of fermentable substrates and cell wall digestibility, using pretreatments to improve biodegradability and understanding the factors affecting the ensiling process on methanogenesis. Finally, use of a wide range of feedstocks in addition to conventional silage crops and wastes, such as chicken manure, vegetable wastes and food wastes, either separately or together, should be investigated. However, the effects of mixtures of feedstocks on methane yield have yet to be fully elucidated.





5. Conclusions


The results from this study showed that spoiled silage substrates such as maize, barley and lucerne have high solids contents with good VS/TS ratios suggesting that these substrates could be ideal feedstock for biogas production. Results from the batch experiments showed that methane yields of 387.77 ± 14.43 and 482.23 ± 38.47 NmL CH4/gVSadded were obtained at ISR ratios of 2 and 4, respectively, suggesting that BMP assays of the studied substrates should be carried out at ISRs higher than 2. Incubation at an ISR of 0.5 resulted in low methane yields due to VFA build-up. Further, co-digestion of the spoiled silage mixture with cow manure showed that addition of cow manure had a positive effect on the methane yields. The highest methane yields of 387.8 and 382.9 NmL CH4/gVSadded were obtained at SM:CM feed mix ratios of 100–0 and 75–25, respectively. However, the best synergistic effect was noticed at a SM:CM feed mix ratio of 50–50.
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Figure 1. Effect of inoculum-to-substrate ratio (ISR) on methane production rates and yields during the anaerobic mono-digestion of spoiled silage mixture at 37 °C. 
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Figure 2. Effect of feed mix (FM) ratio on methane production rates and yields during anaerobic co-digestion of spoiled silage mix (SM) with cow manure (CM) at 37 °C. 
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Figure 3. VFA profile during the anaerobic mono-digestion of silage mixture at different ISRs at 37 °C. 
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Figure 4. VFA profile during the anaerobic co-digestion of silage mixture with cow manure at different feed mix ratios at 37 °C. 
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Figure 5. Comparison of experimental and modelled data during the anaerobic mono-digestion of spoiled silage mix at different ISRs in batch assays at 37 °C. (○) Modified Gompertz model data, (●) First-order model data and (–) experimental data. 
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Figure 6. Comparison of experimental and modelled data during the anaerobic co-digestion of spoiled silage mix (SM) with cow manure (CM) at different feed mix ratios on a VS basis in batch assays at 37 °C. (○) Modified Gompertz model data, (●) First-order model data and (–) experimental data. 
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Table 1. Chemical composition of substrates and inoculum.






Table 1. Chemical composition of substrates and inoculum.





	
Substrate

	
TS

	
VS

	
VS/TS

	
C

	
N

	
C/N

	
TKN

	
TKP




	

	
%

	
%

	

	
%TS

	
%TS

	

	
gN/kgTS

	
gN/kgTS






	
Cow Manure

	
14.64

	
11.64

	
0.79

	
43.45

	
2.81

	
15.49

	
25.16

	
3.25




	
Lucerne Silage

	
87.77

	
75.98

	
0.87

	
43.71

	
4.17

	
10.47

	
35.71

	
3.32




	
Maize Silage

	
88.08

	
81.94

	
0.93

	
46.80

	
1.62

	
28.96

	
17.21

	
2.85




	
Barley Silage

	
84.03

	
76.23

	
0.91

	
47.39

	
2.40

	
19.73

	
22.25

	
12.23











 





Table 2. CHNOS Analysis of silage mixture and cow manure.
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	Parameters
	Silage Mixture
	Cow Manure





	Carbon (% of TS)
	39.75
	43.45



	Nitrogen (% of TS)
	2.51
	2.81



	Hydrogen (% of TS)
	5.22
	5.31



	Oxygen (% of TS)
	29.25
	41.25



	Sulphur (% of TS)
	0
	1










 





Table 3. Chemical composition of digestates at various ISRs and feed mix (FM) ratios.
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	pH
	TS (%)
	VS (%)
	VS/TS
	C (%TS)
	N (%TS)
	C/N
	NH4–N (mg/L)
	TKN (gN/kgTS)
	TKP (gP/kgTS)
	VS Removal (%)





	Effect of ISR
	
	
	
	
	
	
	
	
	
	
	



	Inoculum
	7.57
	1.70
	1.18
	0.69
	34.64
	5.65
	6.13
	1494.8
	53.04
	28.30
	19.93



	ISR 0.5
	7.20
	3.51
	2.56
	0.73
	36.19
	4.62
	7.83
	1605.9
	17.50
	8.11
	52.50



	ISR 1
	7.42
	2.36
	1.69
	0.72
	35.22
	4.87
	7.23
	1414.0
	43.14
	22.60
	65.08



	ISR 2
	7.45
	2.01
	1.39
	0.69
	34.97
	5.10
	6.86
	1323.1
	47.78
	25.52
	75.10



	ISR 4
	7.45
	1.87
	1.30
	0.70
	35.48
	5.27
	6.73
	1272.6
	61.93
	33.11
	66.46



	Cellulose @ ISR 2
	7.37
	1.78
	1.24
	0.70
	35.46
	6.02
	5.89
	1191.8
	63.83
	33.99
	92.25



	Effect of Feed Mix
	
	
	
	
	
	
	
	
	
	
	



	Inoculum
	7.60
	1.77
	1.21
	0.68
	35.41
	5.78
	6.13
	1494.8
	55.75
	0.02
	17.78



	100–0
	7.45
	2.01
	1.39
	0.69
	34.97
	5.10
	6.86
	1323.1
	47.78
	25.52
	75.10



	75–25
	7.42
	2.06
	1.41
	0.68
	34.21
	4.59
	7.46
	1313.0
	46.06
	25.31
	72.18



	50–50
	7.39
	2.19
	1.52
	0.69
	35.63
	4.63
	7.70
	1292.8
	48.83
	28.63
	58.19



	25–75
	7.40
	2.22
	1.51
	0.68
	35.40
	4.47
	7.92
	1272.6
	43.44
	26.19
	58.58



	0–100
	7.38
	2.30
	1.60
	0.70
	35.11
	4.65
	7.56
	1262.5
	45.04
	25.93
	47.60










 





Table 4. Total VFA and individual VFA components in digestates at various ISRs and feed mix (FM) ratios.
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Acetic Acid

	
Propionic Acid

	
Iso-Butyric Acid

	
Butyric Acid

	
Iso-Valeric Acid

	
Valeric Acid

	
4-Methyl Valeric Acid

	
Hexanoic Acid

	
Total VFA






	
Effect of ISR




	
Inoculum

	
0.00

	
0.0

	
0.0

	
2.3

	
0.7

	
1.6

	
0.0

	
0.8

	
5.6




	
ISR 0.5

	
1250

	
1310.9

	
35.4

	
15.2

	
164.2

	
16.1

	
10.5

	
2.9

	
2805.9




	
ISR 1

	
8.2

	
2.7

	
0.0

	
3.6

	
1.6

	
3.4

	
0.0

	
1.6

	
21.5




	
ISR 2

	
7.1

	
1.5

	
0.0

	
2.4

	
0.0

	
1.7

	
0.0

	
0.0

	
12.8




	
ISR 4

	
6

	
0.0

	
0.0

	
2.4

	
0.0

	
1.6

	
0.0

	
0.7

	
10.8




	
Cellulose @ ISR 2

	
4.1

	
0.0

	
0.0

	
2.4

	
0.0

	
1.9

	
0.0

	
0.0

	
8.5




	
Effect of Feed ratio




	
Inoculum

	
7.2

	
0,0

	
0.0

	
2.3

	
0.0

	
2.3

	
0.0

	
0.0

	
11.8




	
75–25

	
6.3

	
0.0

	
0.0

	
2.6

	
0.0

	
1.7

	
5.8

	
0.0

	
16.5




	
50–50

	
7.8

	
0.0

	
0.0

	
2.8

	
0.0

	
1.6

	
0.0

	
0.0

	
12.2




	
25–75

	
7.7

	
0.0

	
0.0

	
2.2

	
0.0

	
1.6

	
0.0

	
0.0

	
11.5




	
0–100

	
4.5

	
1.4

	
0.0

	
2.4

	
0.0

	
1.8

	
0.0

	
0.8

	
10.9




	
100–0

	
7.1

	
1.5

	
0.0

	
2.4

	
0.0

	
1.7

	
0.0

	
0.0

	
12.8











 





Table 5. Kinetic parameters during the anaerobic mono-digestion of silage mixtures at different inoculum-to-substrate ratios (ISRs) and co-digestion of silage mixture with cow manure at different feed mix (FM) (silage mixture (SM):cow manure (CM)) ratios in batch experiments at 37 °C.
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Experimental Methane Yields

	
First-Order Kinetic Model

	
Modified Gompertz Model

	
Chen and Hashimoto Model




	
(NmL/gVSadded)

	
Khyd

(Day−1)

	
B0

(NmL/gVSadded)

	
R2

	
RMSE (%)

	
% Difference

	
λ

(Day)

	
RMax (NmL/gVS.Day)

	
B90

(NmL/gVSadded)

	
T90 (Days)

	
Teff (Days)

	
R2

	
RMSE (%)

	
% Difference

	
KCH

	
µm (Day−1)

	
HRTCritical (Day)






	
ISR




	
0.5

	
174.49± 9.29

	
0.000018

	
240,578.3

	
0.92

	
27.16

	
NA

	
15.29

	
18.38

	
157.04

	
33.33

	
18.04

	
0.99

	
4.71

	
6.17

	
0.9

	
0.18

	
5.43




	
1.0

	
262.18 ± 14.96

	
0.06

	
287.46

	
0.99

	
14.07

	
8.79

	
1.72

	
17.68

	
235.95

	
21.68

	
19.95

	
0.99

	
5.39

	
5.32

	
0.69

	
0.28

	
3.48




	
2.0

	
387.77 ± 14.43

	
0.11

	
384.81

	
0.99

	
11.29

	
0.76

	
0

	
29.97

	
348.99

	
22.39

	
22.39

	
0.98

	
14.76

	
6.07

	
0.5

	
0.28

	
3.47




	
4.0

	
482.23 ± 38.47

	
0.1

	
474.41

	
0.99

	
10.39

	
1.61

	
0

	
13.69

	
434.00

	
22.40

	
22.40

	
0.98

	
20.71

	
6.74

	
5.84

	
3.06

	
0.32




	
Feed Mix ratio (SM:CM)




	
100–0

	
387.77 ± 14.43

	
0.11

	
384.81

	
0.99

	
11.29

	
0.76

	
0

	
29.97

	
348.99

	
22.39

	
22.39

	
0.98

	
14.76

	
6.07

	
0.5

	
0.28

	
3.47




	
75–25

	
382.86 ± 24.63

	
0.08

	
392.59

	
0.99

	
8.10

	
2.47

	
0

	
23.64

	
344.57

	
25.08

	
25.08

	
0.99

	
16.54

	
5.09

	
0.48

	
0.24

	
4.13




	
50–50

	
373.19 ± 11.79

	
0.07

	
388.21

	
0.99

	
7.58

	
3.86

	
0

	
20.70

	
335.87

	
26.09

	
26.09

	
0.99

	
16.74

	
4.83

	
0.61

	
0.25

	
4.04




	
25–75

	
311.26 ± 16.49

	
0.06

	
327.85

	
0.99

	
5.46

	
5.06

	
0

	
15.84

	
280.13

	
27.86

	
27.86

	
0.99

	
13.39

	
5.14

	
0.83

	
0.26

	
3.8




	
0–100

	
257.40 ± 12.76

	
0.04

	
302.82

	
0.99

	
4.48

	
14.99

	
0

	
10.17

	
231.66

	
31.00

	
31.00

	
0.99

	
9.08

	
0.64

	
0.96

	
0.25

	
4.07








T90—Time taken for 90% methane production. Tef—Effective methane production duration (T90—λ).













 





Table 6. Theoretical and experimental methane yields, biodegradability index (BI) and co-digestion performance index (CPI).
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	Feed Mix Ratio (SM:CM)
	Theoretical

Methane Yield

(NmL CH4/gVSadded)
	BI (%)
	Weighted

Methane Yield

(NmL CH4/gVSadded)
	Experimental

Methane Yields

(NmL CH4/gVSadded)
	%

Difference
	CPI
	Synergistic or Antagonistic Effect





	100–0
	516.60
	75.06
	387.77
	387.77 ± 14.43
	0.00
	1.00
	No Effect



	75–25
	493.43
	77.42
	354.60
	382.86 ± 24.63
	7.17
	1.07
	No Effect



	50–50
	468.26
	79.70
	322.20
	373.19 ± 11.79
	13.66
	1.15
	Synergistic



	25–75
	443.09
	70.25
	289.80
	311.26 ± 16.49
	6.89
	1.07
	No Effect



	0–100
	417.93
	61.59
	257.40
	257.40 ± 12.76
	0.00
	1.00
	No Effect
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