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Abstract

:

This study aimed to enhance the nutrient balance of municipal solid waste (MSW), characterized by a high carbon-to-nitrogen (C/N) ratio, which is a critical factor in the anaerobic digestion process. The investigation involved the addition of MSW, which is rich in carbon content, to food waste (FW) with high nitrogen content. The goal was to determine an optimal co-substrate mixing ratio of MSW and FW for anaerobic co-digestion at mesophilic temperatures, aiming to improve process stability and performance to achieve higher biogas yield. The co-digestion experiments encompassed five mixing ratios of MSW and FW with C/N ratios of 20, 25, 30, 35, and 40 under mesophilic conditions in a laboratory. The results indicated that the highest specific biogas yield, reaching 827 L/kg VS, was attained when the co-substrate feedstock had a balanced C/N ratio of 20, surpassing the 520 L/kg vs. obtained from MSW digestion alone. As the proportion of MSW increased in the co-substrate mixing feedstock, the biogas production rate decreased. Additionally, the study explored the optimal substrate-to-inoculum (S/I) ratio, focusing on the co-substrate feedstock with a C/N ratio of 20. Four S/I ratios (0.5, 1.0, 1.5, and 2.0) were examined, revealing that the highest specific biogas yield, at 642 L/kg VS, occurred at an S/I ratio of 0.5. An accumulation in volatile fatty acids (VFAs) was observed at higher S/I ratios, attributed to the lower abundance of inoculum microorganisms in the anaerobic digestion process. Overall, the findings suggested that the optimum C/N ratio for co-digestion of MSW and FW falls within the range of 20–25/1, while the preferred S/I ratio is 0.5.
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1. Introduction


A significant magnitude of fossil fuels is currently employed worldwide for energy production. These fuels not only impose economic burdens but also contribute significantly to the rise in greenhouse gas emissions. Despite modern optimized techniques aiming for cleaner end products, the associated costs continue to escalate. In contrast, renewable energy sources derived from domestic waste are emerging as more economical alternatives. These products, often sourced from cheaper raw materials, predominantly consist of waste materials with limited opportunities for recycling or reuse, exacerbating the strain on landfill sites [1,2].



The increasing organic content in landfill dumps with a high degradation capacity poses a considerable contemporary challenge. The rapid decomposition of organic matter, especially those with higher moisture content, results in increased leachate production, necessitating extensive wastewater treatments. The waste management industry faces persistent challenges, such as limited land availability, leading to issues like odor and groundwater pollution [3,4].



Municipal solid waste (MSW), categorized as degradable biomass, can serve as a substrate for energy generation. In Pakistan, the per capita MSW production rate varies from 0.38 to 0.61 kg/day, with an annual increase of 3.4% [5]. About 67% of MSW in Pakistan is disposed of in landfills, with 33% undergoing recycling or composting. Notably, relic landfills hold approximately 60% of biodegradable materials [6,7].



Globally, in California alone, 42 million tons of MSW were landfilled in 2007 [8]. The carbon-based fraction of MSW, when naturally degraded in landfills, produces several gases, including potent greenhouse gases like methane. Given that methane has a significantly higher global warming potential than carbon dioxide [9], a strategy for the sustainable management of organic waste, particularly food and agricultural waste, is imperative. Anaerobic digestion emerges as an environmentally friendly option for this purpose [10,11].



The carbon-rich content of municipal solid waste makes it a valuable renewable energy resource, leading to the adoption of Waste-to-Energy (WTE) technologies for combined heat and power (CHP) production [12]. With municipal solid waste generation outpacing urbanization rates, an estimated 2.2 billion tons per year are projected by 2025, and 4.2 billion tons by 2050 [12]. In China alone, approximately 30 million tons of food waste are generated annually, constituting 37% to 55% of MSW [13].



Anaerobic digestion (AD) proves effective for biomasses with high organic contents, converting degradable organic waste into bio-methane, a versatile fuel for heat and electricity generation [14]. However, the inhibition of AD may occur with certain single substrates due to unbalanced nutrient presence in the feedstock [15]. Intermediate products like total ammonia nitrogen (TAN) and volatile fatty acids (VFAs) can accumulate during AD, potentially leading to reduced methanogen activity and overall process failure [16].



Maintaining an optimal carbon-to-nitrogen (C/N) ratio is crucial when the considering anaerobic digestion and co-digestion of different mixtures. Researchers often suggest an optimum C/N ratio in the range of 20–30 for higher biogas yield during anaerobic co-digestion [17]. Adjusting the C/N ratio by co-digesting substrates with lower and higher ratios can enhance digestion performance. Municipal solid waste, comprising paper and paperboard with a C/N ratio ranging from 173 to 1000, was the focus of this study [18].



This paper focuses on the impact of the C/N ratio on biogas potential during the anaerobic co-digestion of MSW with food waste (FW) at different C/N ratios. MSW, characterized by low nitrogen and high carbon content, was co-digested with high-degradable FW possessing high nitrogen content. This approach mirrors similar methods used in the co-digestion of sewage sludge and MSW [19]. The co-digestion of cattle manure slurry with fruit and vegetable wastes has also been explored, blending high C/N ratio with low C/N ratio feedstocks to enhance digester performance [15]. Studies have shown that co-digestion of sisal pulp and fish waste increased methane yield by 59 to 94% compared to individual digestion [20]. Another example is the anaerobic co-digestion of food waste and rice straw, demonstrating improved biogas production with optimal nutrient balance [13]. Co-digestion contributes to a more stable pH and enhances methanogenic activity due to a better buffering effect. The objective of this study is to co-digest MSW with a high C/N ratio with FW with a low C/N ratio to evaluate the potential of co-substrates, considering the effects of mixing ratio and different C/N ratios on biogas yield and process stability.



The current work integrates sustainability by utilizing diverse waste streams to maximize biogas production efficiency and ensure stable digestion processes. By converting organic waste into renewable energy, this approach promotes resource conservation, reduces greenhouse gas emissions, and fosters a circular economy mindset, contributing to a future with more sustainable energy.




2. Materials and Methods


2.1. Raw Materials and Activated Sludge


Food waste (FW) sourced from a restaurant in Sahiwal City, Pakistan, was processed for experimentation. After the removal of bones and plastic materials, the FW underwent grinding using a blender (Waste King, Model SS3300, North Olmsted, OH, USA). The resulting ground FW was then preserved in a refrigerator at −20 ± 1 °C until needed for further analysis. Municipal solid waste (MSW) was acquired from a mechanically treated plant located in Tariq Bin Zaid Colony City, Sahiwal, where daily household waste undergoes mechanical mixing. The majority of municipal solid waste comprised wastepaper, used tissue paper, and cardboard materials. Activated sludge (AS) was collected from a pilot-scale anaerobic plant operating under mesophilic conditions. The AS was stored at 4 °C prior to its use. The characteristics of FW, MSW, and AS can be found in Table 1.




2.2. Experimental Design


To conduct a systematic investigation, two consecutive laboratory-scale experiment setups were employed. For all co-digestions, mesophilic conditions were maintained using a temperature-controlled incubator, applied to 1 L bottles with a working volume of 0.7 L. Prior to anaerobic digestion (AD), each bottle was securely sealed with airtight rubber corks to prevent any potential leakage. Subsequently, nitrogen gas was purged into each bottle for a duration of 7–8 min to eliminate any residual air presence. The performance of anaerobic digestion of municipal solid waste depends on the particle size. In order to contribute to improving the efficiency of the biogas process, mechanical pretreatments such as a rotary drum were used as an effective technology for MSW separation and pretreatment prior to use. Anerobic digestion could enhance the biogas production by 18–36%. Other mechanical methods that can be used to reduce particle size are a rotary screen, screen press, and disc screen shredder with a magnet [21].



2.2.1. Experimental Conditions


Experimental Conditions for Experiment 1


In the initial trial, a combination of MSW and FW was blended on a vs. basis, with ratios of 22.39:1, 7.92:1, 4.0:1, 2.97:1, 2.06:1, yielding the M1, M2, M3, M4, and M5 substrate mixtures, respectively. Table 2 provides details on the composition and C/N ratio of these substrates for various mixing proportions. Each mixture received a 10 gVSL−1 organic loading rate (OLR), and an inoculum of activated sludge was introduced to maintain an S/I ratio of 0.5. The remaining volume was filled with water. As a control, three bottles containing only activated sludge were included. In this experiment, the S/I (substrate to inoculum) ratio was fixed at 0.5; moreover, its effect was checked on different C/N ratio mixtures M1, M2, M3, M4, M5. The C/N ratio for all substrate mixtures was determined using Equation (1).


    C   N   =   F W   T S × T O C   + S W   T S × T O C     F W   T S × T O N   + S W   T S × T O N      



(1)




where FW is the weight of food waste (as received), SW is the weight of MSW (as received), TS is total solid, TOC is total organic carbon (dry mater %), and TON is total organic nitrogen (dry mater %).




Experimental Conditions for Experiment 2


After analyzing the initial experimental findings, the co-substrate feedstock composed of municipal solid waste (MSW) and food waste (FW) with a C/N ratio of 20 was chosen for the subsequent experiment. A constant organic loading rate (OLR) of 10 g VSL−1 was applied across all substrate-to-inoculum (S/I) ratios. The co-digestion of MSW and FW, in combination with the inoculum, was conducted to achieve S/I ratios of 0.5, 1, 1.5, and 2.0, respectively. The composition of the inoculum and the mixed substrates for the second experiment is shown in Table 3. The choice for C/N taken as 20 and S/I changed based on the previous study that shows that the production of bio-gas is maximum at a C/N ratio of 20.



The experiment was conducted in triplicate to prevent errors. Each bottle underwent manual shaking for 4–5 min to ensure uniformity in the loaded slurry. The daily biogas volume for each bottle was measured using the water displacement method. Anaerobic digestion (AD) was maintained until no additional biogas was generated by the bottles.






2.3. Kinetic Model


The Gompertz growth equation was used to develop a kinetic model and was then used to calculate the cumulative methane yield as a BMP test [22].


  B G =   B G   p     − e x p       R   m   e   B G P   ( λ − t ) + 1      



(2)




where BG is the cumulative methane yield (mL g vs.−1), BGp is the methane yield potential (mL g vs.−1), Rm is the maximal daily methane potential (mL g vs.−1 d), λ is the time lag for bacterial growth, t is digestion time, and e = 2.72.



The kinetic model was chosen based on the specific system or process being studied, as well as the goals of the investigation. It also allows for the estimation of parameters that can be compared with experimental data. This often involves fitting the model to experimental observations to determine the values of rate constants, equilibrium constants, or other parameters.




2.4. Analytical Methods


The TS, VS, pH, alkalinity, and total ammonia nitrogen (TAN) were computed following the APHA guidelines (1998). Total carbon (TC) and total nitrogen (NT) were determined using the TC analyzer (Skalar Primacsslc, Breda, The Netherlands) and the total Kjeldahl nitrogen analyzer (Model KDN-2c, Shanghai, China). Lignin, hemicellulose, and cellulose (LHC) contents were derived using the methods proposed by Soest, Robertson, and Lewis [23]. Daily biogas volume was measured through the water displacement method, and the cumulative biogas volume was subsequently calculated. The measured biogas volume was converted to standard temperature and pressure (STP) using the ideal gas law. This volume was then utilized to calculate the mass of methane (CH4) based on its respective content. Gas compositions were analyzed daily using a gas chromatograph (GC) (SP-2100, BeifenRuiLi Co., Beijing, China) equipped with a molecular sieve (TDX-01) packed 2 m × 3 mm stainless-steel column and a thermal conductivity detector (TCD). The oven, injector port, and TCD temperatures were maintained at 140, 150, and 150 °C, respectively, with argon gas serving as the carrier gas at a flow rate of 30 mL/min. Methane production was obtained by multiplying daily biogas production by the daily methane content. To determine daily biogas yield, the volume of biogas produced each day was divided by the initial vs. that loaded into the reactor. Cumulative biogas yield was calculated by summing the daily biogas yield at the completion of each test. Statistical analysis of all data was conducted using the ANOVA tool in Origin version 8.5.1.




2.5. Theoretical Methane Yield and Biodegradability


Buss Well’s equation, represented as Equation (3), was employed to determine the empirical formula for municipal solid waste (MSW) and food waste (FW). By considering the mass content and molar mass of each constituent element, the chemical formulas for MSW and FW were established as Ca1Hb1Nc1Od1 and Ca2Hb2Nc2Od2, respectively. The theoretical methane yield (TMY) for both substrates was then computed using Equation (4).


    C   n     H   a     O   b     N   c   +   n −   a   4   −   b   2   +   3 c   8       H   2   O →     n   2   +   a   8   −   b   4   +   3 c   8     C   H   4   +     n   2   −   a   4   +   3 c   8     C   O   2   + c N   H   3    



(3)






  T M Y = 100 × 22.4 ×       n   2   +   a   8   −   b   4   −   3 c   8     12 n + a + 16 b + 14 c      



(4)









3. Results and Discussion


3.1. Effect of C/N Ratio on Anaerobic Digestion Performance and Stability


An elevated accumulation of ammonia, attributed to a lower C/N ratio, can lead to a rise in pH levels, thereby causing inhibition in the digestion process [24]. The pH levels of all co-substrates were monitored both before and after anaerobic digestion (AD). The digestate pH for P1 and P2 co-substrates exhibited an increase due to their high FW content. Nevertheless, the overall pH of the digestate remained within the optimal range of 7.0–8.0 [25,26].



When the C/N ratio is high, meaning there is an excess of carbon relative to nitrogen, it can lead to carbon limitation for microbial growth. Microorganisms may struggle to access sufficient nitrogen for their metabolic processes, leading to slower growth rates and changes in community composition. Some microbes may be favored over others, depending on their ability to efficiently utilize available nitrogen sources.



Conversely, a low C/N ratio indicates an excess of nitrogen relative to carbon. In this case, microbial growth may be limited by carbon availability. Microbial communities can shift towards species that are better adapted to utilizing carbon-rich substrates. This could lead to changes in the dominance of certain microbial populations within the community [27,28].



3.1.1. Effect of C/N Ratio for Biogas and Bio-Methane Yield


Figure 1 illustrates the daily biogas and bio-methane yield for various co-substrate mixtures. After a 30-day digestion period, the specific biogas yield of co-substrate mixtures M1, M2, M3, M4, and the mono substrate containing MSW reached 825, 765, 680, 645, 585, and 530 L kg−1 VS−1, respectively. Approximately 95–97% of the total biogas production occurred within the first 20 days of the digestion period for all co-substrate mixtures.



Figure 2a,b illustrates the cumulative methane and biogas yields for various C/N ratio. Notably, co-substrate mixture M1 exhibited the highest cumulative biogas and bio-methane yields, possibly attributed to rapid ammonia consumption during the methanogenesis stage, leading to reduced biogas production in substrates with higher C/N ratios [29]. Statistical analysis revealed a significant difference (p < 0.05) between M1 and M5. Alternatively, the biodegradability of co-substrates increased with an increase in the fraction of FW from 10% to 90% [30]. Moreover, the tendency for the rapid degradation of non-structural carbohydrates, coupled with their pH-lowering characteristic, poses a potential risk of disrupting the anaerobic digestion (AD) process [31,32]. Additionally, their high cost presents a challenge in their utilization as a carbon feedstock within AD plants. Consequently, structured polysaccharides have become widely favored as carbon feedstock in biogas facilities. Taking these factors into account, there is a suggestion that appropriately processed fibrous materials could serve as valuable feedstock, exhibiting methane generation rates comparable to non-structural carbohydrates but with enhanced stability [33]. Furthermore, organic waste such as MSW, which contains a relatively high lignocellulosic content, may have hindered the digestion process in other co-substrate mixtures [34]. These findings align with similar studies on co-mixing substrates, where biogas yield was 531 L Kg-1 VS-1. when food waste was co-digested with manure under the same operating conditions [35]. Additionally, co-digestion of food waste with rice husk resulted in the highest biogas yield of 584 LKg-1 at a 20 C/N ratio [36,37]. Since Raposo et al. [38] found that methane generation for starch and cellulose in AD under mesophilic temperature settings utilizing different inoculum was similar, it is hypothesized that methane production under the same carbon content would also be similar. Because of this, the maximum methane output assumes that the carbon content alone affects it and that it may not vary depending on the type of carbon [39].




3.1.2. Effect of C/N Ratio for Digestate Stability


The key indicators for assessing the stability of digestate include the pH value, TAN concentration, and the TVFA/alkalinity ratio. Notable variations were observed in the initial and final pH values of the co-substrate mixtures (M1–M5) due to VFA production during anaerobic digestion (AD). Despite these variations, all digestate samples remained within the stable pH range of 6.5–8 [25].



The average TAN concentration exhibited a decline from 1.29 to 0.67 g/L for M1–M5, with M1 and M2 showing higher TAN concentrations attributed to the protein-rich nature of food waste (FW). The breakdown of protein compounds likely led to the conversion of ammonia into ammonium bicarbonate, resulting in elevated TAN levels. Another parameter indicating digester stability is the TVFA/Alkalinity ratio, which consistently remained below 0.4 for all co-digestate mixtures, confirming their stability [40].



In the context of potential inhibition, propionate concentrations exceeding 1000 ppm can hinder the AD process [41]. However, the VFA concentrations in this study’s digestate samples ranged from 50 to 150 mg/L, well below the inhibitory threshold. The comprehensive evaluation of digester stability and performance is summarized in Table 4.




3.1.3. TS and VS Reduction


The characteristic of biomass degradation depends upon the reduction of total solids (TSs) and volatile solids (VSs). Effective degradation is indicated by higher values of TS and vs. reduction. In the case of co-substrate mixtures M1, M2, M3, M4, and M5, the TS reduction was higher compared to the sole municipal solid waste (MSW) substrate. This finding aligns with the hypothesis of the study. A higher vs. reduction corresponds to an increased biogas yield, as the trend in vs. conversion mirrors that of biogas production. Among the substrate mixtures, M1 exhibited the highest biogas production rate and demonstrated the greatest vs. reduction. The vs. conversion from M1 was 1.29 times higher, and the TS reduction was 1.23 times higher than those of M2, M3, M4, and M5, respectively. This can be attributed to the higher proportion of food waste in M1 compared to the other four co-substrate mixtures. Food waste constitutes 75% of easily biodegradable organic matter [42,43]. Studies, such as those by Brown and Li [44], have reported similar results, indicating that a higher fraction of food waste leads to increased vs. reduction. Conversely, the substrate mixture M5, with a C/N ratio of 40, exhibited the lowest TS and vs. reduction. Detailed values for TS and vs. reduction are provided in Table 4.





3.2. Effect of S/I Ratio on Anaerobic Digestion Performance and Stability


M1, identified as the optimal C/N ratio in experiment 1, was employed in subsequent investigations to assess the impact of various S/I ratios. The performance of the digesters was evaluated based on specific biogas yield and the reduction of TS and vs. after 30 days of anaerobic co-digestion. Each reactor received a loading of 10 gVS/L, and four different S/I ratios (0.5, 1.0, 1.5, and 2.0) were tested at a temperature of 35 ± 2 °C. The average results of the reactors were analyzed under standard temperature and pressure (STP) conditions.



A high substrate-to-inoculum ratio means there is a plentiful supply of nutrients relative to the initial microbial population. In this scenario, microbial growth is often limited by the availability of inoculum rather than substrate. This can lead to rapid proliferation of microbial populations, potentially resulting in shifts in community composition as certain species outcompete others for resources.



Conversely, a low substrate-to-inoculum ratio implies that there are limited nutrients available compared to the initial microbial population. This can result in competition among microbial species for limited resources, potentially leading to changes in community structure as certain species are favored over others based on their metabolic capabilities and resource utilization efficiency [45].



Overall, both the C/N ratio and substrate-to-inoculum ratio play important roles in shaping microbial community structure by influencing nutrient availability and microbial growth dynamics. Understanding and manipulating these parameters are essential for controlling and optimizing microbial processes in various applications such as bioremediation, composting, and wastewater treatment [46].



3.2.1. Effect of S/I Ratio for Biogas and Bio-Methane Yield


Figure 3a,b illustrates the cumulative methane and biogas yields for various S/I ratios. The specific biogas yields at S/I ratios of 0.5, 1.0, 1.5, and 2.0 were 640, 495, 347, and 230 L·Kg−1VS−1, respectively. Notably, the reactor with a 0.5 S/I ratio exhibited the highest biodegradation rate compared to other ratios. The 0.5 S/I ratio co-mixture substrate generated 88% of the total biogas yield in the initial 20 days, with minimal biogas production in the last 10 days. In contrast, S/I ratios of 1.0, 1.5, and 2.0 produced 84%, 69%, and 83%, respectively, of the total biogas within 26 days, with the remaining produced in the last 4 days of anaerobic digestion (AD). The decline in biogas production may be attributed to the lower sludge content in the 1.0–2.0 S/I ratio reactors, potentially causing an imbalance in microorganism activity. The rate of substrate biodegradation and the digestion time are contingent on the activity and concentration of microorganisms in the anaerobic digester [47,48].




3.2.2. Effect of S/I Ratio on Digester Stability and PH


Digester stability was assessed by analyzing samples post-digestion. Figure 3 shows the effect of S/I ratio The lowest biogas production was observed at a substrate-to-inoculum ratio from 1.5 to 2.0, attributed to a disrupted affiliation between the feedstock and inoculum microorganisms. The pH of the digester with a substrate-to-inoculum ratio of 0.5 remained stable throughout the digestion period, ranging from an initial pH of 7.44 to 7.47. The balanced affiliation between feedstock and inoculum microorganisms resulted in a stable pH and an enhanced buffering effect in the digestion medium [49,50]. The pH is one of the important parameters to indicate stability during AD, and methanogenesis is most active near pH 7 [51]. On the other hand, it is inhibited in the condition of over pH 8 [52].



In digesters with a substrate-to-inoculum ratio from 1.5 to 2.0, a pH drop occurred after 3 days of the startup phase. This decrease in pH was attributed to a low amount of inoculum, leading to increased volatile fatty acid (VFA) concentration and reduced digester stability, resulting in no biogas production [22]. The insufficient amount of inoculum also contributed to a low rate of hydrolysis, requiring more time for complete substrate biodegradation and causing a slow production of VFA [53,54]. The pH drop in these digesters was recorded at 7.38 and from 7.28 to 5.54–5.32. A pH below 6.5 in anaerobic digestion is considered an inhibitor for biogas production [55]. To rectify this, the alkaline reagent calcium hydroxide Ca(OH)2 was used to adjust the pH from 5.54–5.32 to 7–8, within the suitable range for anaerobic digestion. Following pH adjustment, the digester was restarted for biogas production. An unbalanced proportion of feedstock and inoculum microbes in the digester led to a sharp failure in the process [56]. Post-digestion, the characteristics of the digestate for all substrate-to-inoculum ratio digesters are detailed in Table 5.




3.2.3. Graphically Examined Process Stability


The equilibrium affiliation between feedstock microorganisms should lead to a stable pH increase, enhancing the buffering effect of the digestion medium [14]. Digesters with an S/I ratio from 1.5 to 2.0 were found to experience a drop in pH within 3 days of the startup phase. The pH decrease ranged from 7.38 to 5.54–5.32, and pH levels below 6.5 in anaerobic digestion could inhibit biogas production [44]. Alkaline reagent calcium hydroxide was used to readjust the pH from 5.54–5.32 to 7–8, bringing it within the appropriate range for AD. After 6 days of pH readjustment, the digester resumed biogas production. The pH drop was attributed to the low quantity of the inoculum added, which may need to be increased to enhance VFA concentration and minimize digester imbalance, ensuring biogas production [47,57]. A lower amount of inoculum results in a slower rate of hydrolysis and requires more time for complete substrate biodegradation, prolonging digestion time [55]. High ammonia nitrogen concentrations can increase pH levels, which have been shown to inhibit the AD process when exceeding 3000 mg/L [58,59].



During the AD process, proteins yield Ammonia and Nitrogen, which can hinder the process in two ways: through the inhibition of methane production by ammonium ions and through the disruption of proton balance by hydrophobic ammonia [19,60,61]. Research comparing feedstocks with carbon-to-nitrogen ratios of 27 and 32 found that a higher ratio resulted in a 30% reduction in ammonia concentration in the effluent, indicating its potential impact on process efficiency [62].




3.2.4. Biodegradability and Methane Yield


Table 5 displays the impact of biodegradability at four distinct S/I ratios post-digestion. The highest biodegradability was witnessed at an S/I ratio of 0.5, with a methane yield of 401 L/kg vs. and a biodegradability rate of 67%. Conversely, at an S/I ratio of 2.0, the methane yield hit 118 L/kg VS, accompanied by a biodegradability rate of 18%. Notably, the biodegradability rate at an S/I ratio of 0.5 surpassed other ratios (1.0, 1.5, and 2.0) by 1.28 times. Also Figure 4 and Figure 5 shows the total nitrogen and total ammonia content that varies with SI/I ratio. Lower S/I ratios foster a harmonious interaction between inoculum microbes and substrate, resulting in elevated biodegradability and methane yield. Conversely, S/I ratios exceeding 2 lead to process instability, marked by acidification and the accumulation of VFAs. The production of VFAs stems from the unsterilized process and the low buffering capacity of the system [63,64].



The modified Gompertz model has been extensively utilized in simulating microbial growth kinetics and the formation of bio-products. However, a significant limitation of this model lies in its inability to satisfy the initial condition of bio-products. This study addresses this issue by developing a generalized Gompertz model and its two-parameter variant for microbial growth, both of which can revert to the original Gompertz model. Additionally, an extension of the microbial growth model incorporates bio-product production and substrate consumption through respective yield coefficients. These models ensure adherence to the initial conditions of microbial growth, bio-products, and substrate consumption.



In anaerobic digestion, the efficiency of the process is commonly estimated using the cumulative gas volume produced and the specific volume (gas volume per gram of initial volatile solid (VS) or chemical oxygen demand (COD)) [65].





3.3. Kinetic Model


The Gompertz growth equation was applied to conduct a nonlinear regression analysis on the cumulative methane yield resulting from various C/N ratios and S/I ratios in different feedstocks. Table 6 illustrates the outcomes of nonlinear regression analysis on the cumulative methane yield after digestion for different C/N and S/I ratios.



In the case of the co-substrate mixture M1 with a C/N ratio of 20, the cumulative methane yield increased from 5745 to 5895 mL g V−1, and the maximum daily methane yield also rose from 545 to 615 mL g V−1. Statistical analyses indicated a significant difference (α < 0.05) between M1 and M5, respectively. These findings suggest that an increased C/N ratio (from 20 to 25) resulted in lower biodegradability during digestion. Co-substrate mixture M1 exhibited a higher methane potential (5895 mL g V−1), as predicted using the Gompertz growth equation.



Similar trends were observed in the cumulative methane yield for different S/I ratios. When co-substrate mixture M1 was examined at varying S/I ratios (ranging from 0.5 to 2.0), the cumulative methane yield at S/I 0.5 decreased from 3543 to 3385 mL g V−1. Although the maximum daily methane yield increased from 245 to 255 mL g V−1, the cumulative methane was predicted to decrease based on the Gompertz model. These patterns indicate imbalanced interactions between the substrate and inoculum microbes. The cumulative methane yield decreased with an increase in the S/I ratio from 0.5 to 2.0. However, at an S/I ratio of 0.5, the methane decreasing rate was comparatively lower than that observed at S/I ratios of 1.0, 1.5, and 2.0, respectively.





4. Conclusions


The successful conversion of municipal solid waste (MSW) and food waste (FW) into biogas was achieved, with no accumulation of volatile fatty acids (VFAs) and stable performance of the digesters. Co-digestion of MSW and FW provided dual advantages: (1) maintaining a balanced carbon-to-nitrogen (C/N) ratio within the optimized range of 20–25/1, and (2) ensuring digester stability, ultimately enhancing the rate of biogas production. An optimal substrate-to-inoculum (S/I) ratio of 0.5 was identified for the co-digestion process. S/I ratios of 1.5 to 2.0 exhibited an unbalanced proportion between the feedstock and inoculum microorganisms, leading to VFA accumulation, which was attributed to a reduction in the inoculum amount. Higher S/I ratios required more time for the complete degradation of the substrate. In this study, the highest methane yield was successfully achieved with an S/I ratio of 0.5 and a C/N ratio of 20:1, without any interruptions in the process. This study further suggests that the industrial application of co-digestion requires more knowledge of the selection of feedstocks and suitable mixing ratios. Due to the various properties of different wastes, lab or pilot-scale co-digestion experiments are necessary to determine the suitable mixing ratios.
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Figure 1. The daily biogas production and methane contents. 
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Figure 2. The cumulative bio-methane (a) and biogas yield (b) for co-substrate mixtures at different C/N ratios. 
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Figure 3. The cumulative biogas (a) and bio-methane production (b) for co-substrate mixtures at different S/I ratios. 
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Figure 4. Total alkalinity. 
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Figure 5. Total ammonia. 
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Table 1. Characteristics of FW, MSW, and inoculum.
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	Parameter
	Unit
	FW
	MSW
	Inoculum





	Total solid (TS)
	%
	25.57 ± 0.8
	96.31 ± 0.1
	12.92 ± 1.2



	Volatile solid (VS)
	%
	22.99 ± 0.5
	88.97 ± 0.7
	7.38 ± 1.0



	C (Total)
	%
	53.56 ± 3.7
	41.27 ± 0.1
	27.21 ± 0.06



	N (Total)
	%
	2.87 ± 0.3
	0.1 ± 0.01
	2.20 ± 0.07



	H (Total)
	%
	7.45 ± 0.1
	6.07 ± 0.3
	4.10 ± 0.08



	S (Total)
	%
	0.83 ± 0.5
	0.01 ± 0.1
	0.84 ± 0.02



	C/N
	-
	18.7 ± 0.9
	412.7 ± 7.0
	12.4 ± 0.06



	Cellulose
	%
	15.01 ± 0.5
	63.20 ± 12.5
	10.15 ± 0.02



	Hemi–Cellulose
	%
	20.12 ± 1.6
	15.50 ± 14.7
	12.50 ± 1.8



	Lignin
	%
	2.01 ± 1.7
	4.17 ± 0.34
	15.66 ± 0.7










 





Table 2. Composition of co-substrate mixtures used in experiment 1.
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	Mixtures
	Food Waste (g)
	MSW (g)
	Mixtures Ratio
	C/N Ratio





	M1
	40.3
	1.8
	22.39:1
	20.9



	M2
	30.9
	3.9
	7.92:1
	25.1



	M3
	24
	6.01
	4.0:1
	31.1



	M4
	20.5
	6.9
	2.97:1
	35.2



	M5
	19.2
	9.3
	2.06:1
	42.1










 





Table 3. Composition of different S/I ratios for experiment 2.
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	OLR

(gVS/L)
	S/I

Ratio
	Sludge Weight (g)
	Food Weight (g)
	MSW Weight

(g)





	10
	0.5
	257 ± 0.19
	22.55 ± 0.03
	1.24 ± 0.03



	10
	1.0
	128 ± 0.10
	22.55 ± 0.03
	1.24 ± 0.03



	10
	1.5
	83 ± 0.08
	22.55 ± 0.03
	1.24 ± 0.03



	10
	2.0
	65 ± 0.70
	22.55 ± 0.03
	1.24 ± 0.03










 





Table 4. The overall performance of the digestion process and stability.
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	Parameters
	Units
	M1
	M2
	M3
	M4
	M5





	CBP b
	(mL)
	9930
	9309
	8020
	7234
	63



	SMY
	(L/Kg vs.)
	454.44
	432.81
	380.17
	343.02
	303.07



	TS removed
	(%)
	87
	76
	79
	78
	65



	VS removed
	(%)
	89
	86
	84
	80
	70



	TMY a
	(mL)
	630
	616
	597
	587
	576



	EMY b
	(L/Kg vs.)
	456
	422
	368
	354
	312



	Alkalinity
	(g/L)
	5.633
	5.423
	4.654
	5.023
	4.965



	Ammonia
	(g/L)
	1.25
	0.92
	0.92
	1.02
	0.67



	COD
	(g/L)
	23.92
	27.05
	25.31
	35.37
	30.84



	PH
	
	7.3
	7.1
	7.5
	7.2
	7.2



	Hemi-Cellulose
	(%)
	9.9
	7.0
	7.8
	7.8
	8.3



	Cellulose
	(%)
	12.9
	23.5
	32.8
	32.4
	31.6



	Lignin
	(%)
	1.6
	5.4
	7.5
	12.4
	17.4



	LCH
	(%)
	26.6
	37.1
	45.4
	53.8
	57.7







CBP b = Cumulative biogas production; SMY = specific methane yield; TMY a = theoretical methane yield; EMY b = experimental methane yield, TS = Total solids; VS = volatile solids. 













 





Table 5. Effect of four substrate-to-inoculum ratios on the digestion process and digester stability.
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	Parameters
	Unit
	0.5
	1.0
	1.5
	2.0





	SBY a
	L/kg VS
	656
	485
	289
	254



	CMY b
	mL
	3543
	2654
	1234
	587



	Biodegradability
	%
	67
	56
	26
	20



	TMY a
	L/kg VS
	634
	654
	643
	632



	EMY c
	L/kg VS
	406
	320
	147
	118



	Alkalinity
	mg/L
	4765
	4416
	4533
	5400



	Ammonia-N
	mg/L
	990 ± 0.08
	645 ± 0.04
	664 ± 0.02
	1075 ± 0.10



	COD
	mg/L
	14,540 ± 0.97
	6680 ± 3.21
	5995 ± 2.88
	6678 ± 3.65



	pH
	
	7.4
	7.4
	7.4
	7.3







a specific biogas yield; b cumulative methane production; c experimental methane yield.













 





Table 6. Kinetic parameters of methane yield estimated using a modified Gompertz model.
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	Substrate
	BGP (mL g VS−1)
	Rm (mL g VS−1 d)
	λ (d)
	R2





	M1
	5745
	550
	0.12
	0.99



	M2
	5231
	545
	0.23
	0.99



	M3
	4547
	500
	0.30
	0.99



	M4
	4231
	490
	0.30
	0.99



	M5
	3658
	385
	0.17
	0.99



	S/I(0.5)
	3543
	245
	0.58
	0.99



	S/I(1.0)
	3432
	145
	0.90
	0.99



	S/I(1.5)
	4523
	123
	1.31
	0.98



	S/I(2.0)
	905
	55
	2.48
	0.99







BGP = Cumulative methane (mL), Rm = daily methane production (mL/day).
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