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Abstract

:

Anaerobic digestion is traditionally used for treating organic materials. This allows the valorization of biogas and recycling of nutrients thanks to the land application of digestates. However, although this technology offers a multitude of advantages, it is still far from playing a relevant role in the energy market and from having significant participation in decarbonizing the economy. Biogas can be submitted to upgrading processes to reach methane content close to that of natural gas and therefore be compatible with many of its industrial applications. However, the high installation and operating costs of these treatment plants are the main constraints for the application of this technology in many countries. There is an urgent need of increasing reactor productivity, biogas yields, and operating at greater throughput without compromising digestion stability. Working at organic solid contents greater than 20% and enhancing hydrolysis and biogas yields to allow retention times to be around 15 days would lead to a significant decrease in reactor volume and therefore in initial capital investments. Anaerobic digestion should be considered as one of the key components in a new economy model characterized by an increase in the degree of circularity. The present manuscript reviews the digestion process analyzing the main parameters associated with digestion performance. The novelty of this manuscript is based on the link established between operating reactor conditions, optimizing treatment capacity, and reducing operating costs that would lead to unlocking the potential of biogas to promote bioenergy production, sustainable agronomic practices, and the integration of this technology into the energy grid.
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1. Introduction


The recycling of materials, energy, and nutrients is undoubtedly a reasonable way to increase the efficiency of processes. Recycling allows better use of resources, which can be improved by optimizing energy demand and the use of raw materials. However, infinite recycling of any quantity is not possible due to the intrinsic thermodynamics limits. Absolute circularity in any transformation process is hopeless because in each cycle, there is a loss in the quality and quantity of the material, which is unavoidable, as stated by the second thermodynamic law [1]. Therefore, the idea of a circular economy is more often celebrated, instead of being critically analyzed by the scientific community, since its implementation results are limited and fragile because the circular economy is achieved mostly through global recycling networks [2]. These fluxes involve a substantial amount of energy and additional resources necessary to recover lower quality materials and mixed products.



In the world, about 75% of the energy production is based on non-renewable sources, and this energy is obtained through the combustion of releasing gas emissions into the atmosphere [3]. When the global consumption of energy along with the current price of renewable energy production is considered, results show that attempts of covering all this demand exclusively through the production of renewable energy and recycling of material are not reasonable. A more serious analysis is needed regarding the efficiency of cycles and strategies for recovering energy. In addition, obtaining energy from waste materials is not stated as the primary option as established in the Circular Economy Action Plan [4].



Reducing the volume of wastes produced along with the valorization of low-quality streams is an integral part of production lines. This principle is in accordance with the circular economy and sustainability of industrial activities. However, obtaining valuable products from waste streams may not always be possible, at least at a rate ideally expected. Waste valorization processes need to take into account waste dispersion, transportation costs, and all the different treatment units involved in recovering valuable components and equipment associated with its transformation; in addition, the price of virgin raw material greatly affects the behavior of recycled components. The energy demand and the number of resources involved in some cases may even be greater than those associated with the conversion of new raw materials. This highlights the need in establishing indicators capable of assessing any advancement gained when evaluating the efficiency of processes. These indicators should consider the reduction, reuse, and recycling of materials along with the capacity of valorizing wastes generated in a way that would make them useful in determining the approximation to the circular economy model when proposing any new value-chain [5]. Thus, the attempt should be to get as close as possible to the circular model, considering the optimization of energy and resource demand as the intrinsic limit for implementing this approach.



Wastewater treatment plants (WWTP) and waste treatment centers should have a role of particular importance if circular economy objectives are to be implemented. These installations offer the possibility of obtaining valuable materials and energy [6]. Anaerobic digestion is widely applied for the treatment of the organic fraction of municipal solid wastes (OFMSW) and producing bioenergy. Biogas obtained from the decomposition of organics has a high energy content and is usually used as fuel for producing heat and electricity. The presence of improper materials in organic wastes and in some cases, high concentrations of heavy metals, translates into a plant design of high complexity needing special pre-treatment units for preparing a homogenous feeding slurry. We should also add the intrinsic difficulty of separating inert materials and avoiding the presence of toxic elements in digestates that prevents any agronomic use [7].



Anaerobic digestion is a process that usually involves the recovery of energy from organics and allows the recycling of nutrients when digestates are applied on agricultural lands. From the time of the Industrial Revolution onward, the linear economy has been the predominant production way in modern society based on the consumer model where natural resources are the base of the system. The sequence of production, consumption, and final disposal has been considered as the logical way for developing the economy [8]. Now that society is struggling to move toward sustainability and developing a green energy production industry, these two aspects have become a part of the main issues of debate. Waste management is still considered a relevant problem, and this is particularly true if we take into account the global amount of wastes produced and the alternatives available for attaining a decrease in waste production. The reuse of materials, repair, and further reintegration into other production and consumption chains should be a key feature when creating new processing facilities [9]. The reevaluation of production schemes is being performed, and in this analysis, biological processes capable of recovering materials and revalorizing low-quality inputs at a high rate but also having a low demand for energy are the most suitable candidates for playing a major role.



There are several manuscripts available in the literature reporting the relevant role that anaerobic digestion should exert in a circular economy model, considering the capability of this process for producing energy from organics, manures, and a great diversity of agronomic wastes [10,11,12,13]. Table 1 lists the products associated with the role of anaerobic digestion in the circular economy based on scientific literature. These publications set the focus on the capacity of this process to produce energy and obtain additional valuable products when the process is integrated with other technologies, as it is the thermal treatment of digestate, or the conversion of side streams to produce liquid biofuels and mineral fertilizers from the precipitation of salts present in the digester liqueur. However, given the benefits this biological transformation offers, their implementation in different countries is not equally expanded. In many of these countries, the need for excessive governmental subsidies has resulted in installing this technology only during the specific periods where these tariffs offer the highest return of investment. Therefore, it is a priority to give a feasible solution to all the different factors extensively analyzed by several authors and to the difficulties that the digestion process encounters to become a successful alternative for waste management [14,15,16].



In this manuscript, a description of the digestion technology and alternatives for improving biogas productivity and reducing digester size are analyzed as a way for reducing initial investment costs and enhancing treatment capacity. An introduction to the basics aspects of anaerobic digestion is presented along with different strategies found in the literature to improve performance and the expected effect on the digestion process. There exists a clear link between operating conditions and the response of microbial biomass, which translates into greater methane yields and thus economic benefits. It highlights the need for increasing process efficiency, which is crucial for making anaerobic digestion a key technology for producing bioenergy in the new circular economy model. The novelty of this manuscript is based on the analysis performed on the process operating conditions, the possibilities of optimizing the plant treatment capacity, and ways for reducing operating costs. These three parameters should be perfectly matched to increase digestion efficiency, the potential of biogas and favor sustainable agronomic practices, thus promoting its integration into the energy network.




2. Anaerobic Transformation of Organics


Anaerobic digestion is a technology with wide application in the degradation and stabilization of organics. Under anaerobic conditions, the material is oxidized and transformed into biogas and a liquid slurry containing the remaining compounds non-susceptible to anaerobic degradation along with components derived from microbial metabolism. The process involves several reaction mechanisms where anaerobic bacteria and archaea species transform biomass into a sequence of biological reactions. The performance of the reactor and the effect of inhibitory components have been extensively studied to find correlations between process parameters and microbial communities. Ziganshin et al. [25] studied bacterial communities in anaerobic reactors. These authors reported that bacterial subcommunities were highly diverse. The composition could not be correlated with parameters determining reactor performance, and dominant phylotypes were affiliated to Bacteroidetes. However, the archaeal subcommunities found in the reactor were characterized by being less diverse and correlated well with the performance of the reactor, and they were highly influenced by the effect of iron additives destined to suppress hydrogen sulfide evolution. Langer et al. [26] studied microbial communities in nine full-scale biogas plants applying different inputs and changing process parameters. These authors demonstrated the high correlation between microbial biomass and process parameters, indicating that ammonia concentration highly affected bacterial communities, whereas archaea were mostly affected by process temperature. On the other hand, the abundance of fungi was linked to the type of feedstock supplied. Thus, these authors showed the relevance of controlling digestion parameters to guarantee successful performance.



Temperature, organic loading, and residence time greatly determine the successful outcome of anaerobic digestion [27]. Both organic loading and residence time relies upon available active biomass inside the reactor and its capacity to degrade the incoming material. Temperature accelerates the rate of degradation, leading to a shorter time needed to complete the full conversion of the substrate. There are several reports in the literature describing the influence of these parameters when operating under mesophilic and thermophilic regimens [28,29,30] and successfully evaluating different types of wastes, such as swine manure [31,32], sewage sludge [6,33,34], and lipid-rich wastes such as slaughterhouse wastes [35,36]. However, digestion is a complex process and may suffer from instabilities that are mainly associated with accidental overloading in the form of the presence of inhibitors such as sulfur compounds, high ammonia concentration, and volatile fatty acids (VFAs), or inadequate temperature control. The usual operational remedy is a rapid increase in hydraulic retention time (HRT) [37], the cease of feeding, pH control, or re-inoculation from a healthy reactor, if any of the other strategies result insufficient for preventing acid accumulation and pH drop. However, this last one is excessively costly.



2.1. Description of the Digestion Process


The basic reaction sequences of anaerobic digestion consider an initial hydrolysis stage for the solubilization of particulate organics. Biopolymers (carbohydrates, proteins, and lipids) are hydrolyzed and transformed into organic monomers. These small molecules are used as a substrate by fermentative organisms, as it is the case for amino acids and sugars, or they are used by anaerobic oxidizers in the case of fatty acids [38]. This first stage is usually assumed to follow first-order kinetics and is considered the limiting step in converting complex organics into biogas [39]. Acidogenesis is the subsequent stage where VFAs are produced, but if acidification is too fast, the accumulation of these acids may risk the whole process due to acute pH drop [28] or excessive concentration of these compounds in the reactor. These acids along with hydrogen (H2), which is also formed in this stage, serve as precursors for methane formation [40]. Figure 1 presents a simplified schematization of the process considering biogas valorization and possible uses for digestate. A representation of the typical evolution of methane production curves under batch conditions is also included.



The next stage in anaerobic digestion is the assimilation of organic acids having more than two carbons by acetogenic organisms into acetic acid, hydrogen, and carbon dioxide [27,41]. Acetogens have a low growth rate and are sensitive to process fluctuations [42], explaining the presence of hydrogen in biogas when an unbalance is experienced. In fact, a sudden increase in organic loading may cause VFA build-up and H2 accumulation in the reactor, in addition to a decrease in pH if this effect is high enough to overcome the buffering capacity of the system. Whitmore et al. [43] reported H2 gas in the reactor liqueur as a response to overloading conditions, indicating that even though values observed were greater than those established as inhibitory (<0.10.2 µM) for propionate and butyrate oxidation, the process sequence was capable of continuing thanks to the availability of the microflora to find microniches where oxidizing bacteria can proceed.



The optimum value of pH for fermentative bacteria is in the range of 5.5 to 6.5, whereas higher pH values (6.8 –7.6) are more adequate for syntrophic acetogenic bacteria and methanogens [44]. However, under normal operating conditions, digesters are usually run at values close to neutrality and even higher, up to 8.5, if the nitrogen content of the feed is high enough to cause elevated ammonium levels in the reactor liqueur. Syntrophic acetogenic bacteria are responsible for oxidizing short-chain fatty acids and ethanol into compounds that methanogens can assimilate. This degradation is thermodynamically unfavorable; thus, hydrogen and formate should be maintained at low levels by hydrogen/formate-consuming methanogens [44]. The final stage is called methanogenesis. Methane (CH4) is mainly obtained from acetate, or hydrogen (H2) and carbon dioxide (CO2), or formate. In this stage, H2 is used as an electron acceptor by hydrogenotrophic methanogens. Many methanogens capable of using H2 also use formate as an electron donor, attaining the reduction of CO2 into CH4 [38]. However, methane is not the only reduced product obtained in anaerobic digestion. Sulfur, metal oxides, and humic substances can act as final electron acceptors in these environments [45]. Given the complexity of syntrophic relations between the different anaerobic microflora, the performance of the digester is then highly affected by several parameters in addition to the basic ones, as it would be the type of substrate, feeding rate, and HRT. Other factors are associated with reactor dynamics, as digestate liqueur solid content, mixing rate, and the use of supplements to favor the growth of certain species or interspecies electron transfer.




2.2. Increasing Biomass Activity as a Strategy for Improving Performance


Recent studies proposed the intensification of methane production by adding H2 or by inoculating hydrogen-producing organisms to the anaerobic culture to favor H2 levels inside the reactor as was initially proposed by Bagi et al. [46]. At first sight, it may seem contradictory with the requirement of keeping low H2 levels in the reactor liqueur. Results regarding this protocol are extremely disperse, obtaining a great diversity of effects in the anaerobic microflora. Martínez et al. [33] reported improvements in biogas production with the addition of H2 gas into a digester treating sewage sludge. Still, the increase in biogas yield was mainly explained by the activity of homoacetogenic microbes, causing the conversion into acetate and subsequently favoring the acetoclastic pathway. Similar results were also recently reported by Zhu et al. [47] when adding hydrogen gas into a reactor treating swine manure as substrate. In this case, acetate concentration was also observed along with an initial methane increase from a value of 189 to 245 L/kg VS, and a posterior decrease to 210 L/kg VS. Methanosaeta accounted for the majority of the methanogens present in this system. These results are in disagreement with those previously reported by Luo and Angelidaki [48], but in this case, the culture was enriched to convert CO2 to CH4 by adding H2 without using any other substrate during this procedure but the H2/CO2 mixture. The microbial analysis reported by these authors indicated that the dominant species belonged to the order Methanobacteriales, which participate in hydrogenotrophic methanogenesis. Thus, under the continuous addition of hydrogen and biogas, the microflora could treat biogas to obtain a CH4 content of around 95% at steady state and transform the traditional digestion reactor into a low-cost upgrading system for producing biomethane.



In the case of bioaugmentation as an alternative for favoring the performance of methanogens, Ács et al. [49] evaluated the inoculation of Enterobacter cloacae cells, reporting an overall increase in the gas production rate. The control reactor had a biogas yield of 595 L/kg TS, and the one inoculated with extra E. cloacae attained a yield of 718.5 L/kg TS after operating for 6 weeks, using continuously stirred reactors in fed-batch mode. A similar evaluation was previously carried out by Kovács et al. [50] also inoculating E. cloacae in a mesophilic system and Caldicellulosiruptor saccharolyticus for the thermophilic reactor. Inoculation gave good results for a short limited time, but the inoculated microflora was washed out and incapable of competing with the microbial consortium. Changes in the loading rate were necessary for allowing the inoculated microorganisms to survive, hence the great relevance between the reactor operating parameters and microbial dominance.



Anaerobic systems may present a high evolution of sulfur compounds negatively affecting performance. Sulfur levels may be high in biogas if the presence of this element is a relevant component of the feed, favoring the growth of sulfate-reducing bacteria (SRB) that are capable of outcompeting acetogens and methanogenic archaea [51]. Large-scale digesters need to deal with the substrate available based on the location of the plant, seasonality, and agro-industrial activity in the plant vicinity. Thus, selecting the proper feeding mixture is not always possible and operational alternatives have been developed to deal with the excessive growth of SRB.



Co-digestion with other residues may help attain a suitable balance of nutrients and equilibrate sulfur and nitrogen levels in the reactor. Manures are characterized by a low carbon–nitrogen (C/N) ratio; thus, when treated under anaerobic digestion, the excessive levels of ammonia inside the reactor may cause an inhibition of methanogens. Values in the range of 2.7–3.1 g/L of ammonia nitrogen can be tolerated by the microflora depending on the inoculum origin and if proper adaptation has been allowed [52,53,54], whereas values as high as 4.0 g/L cause an inhibitory effect on methane production [31,35] but exert a beneficial effect on the tolerance of VFA, which is not observed in systems with low ammonia content [55]. The effect of ammonia in anaerobic digestion systems was deeply reviewed by Yenigün and Demirel [56], explaining the complexity between ammonium concentration, pH, temperature, and acclimation of the microflora.



Ammonium is a key compound in the buffer capacity of the digester along with bicarbonate and VFAs, thus favoring digestion stability and preventing process imbalances [57]. The performance of ammonia-tolerant anaerobic microflora was reported recently by Gao et al. [58] when evaluating the methane-specific production of this culture using food wastes as substrate. These authors reported 36% more methane production based on the greater capacity of the culture to assimilate acetate. The equilibrium associated with NH3/NH4+, CO2/H2CO3/HCO3−, and CxHyCOOH/CxHyCOO− favored VFAs and ammonia ionization, reducing the content of free forms of these compounds, attenuating pH variations, and making the process more robust to fluctuations [57].



Acclimation of the anaerobic microflora allows digestion to proceed under extreme ammonia levels, as demonstrated by Yan et al. [59], who reported the treatment of the OFMSW at an ammonia content of 9.5 g/L. Bioaugmentation with a pure culture of Methanoculleus bourgensis allowed digestion to proceed at 13.5 g NH4+/L [60]. The experiences regarding digestion performance under such severe conditions seem extremely interesting as academy activity. Still, an extrapolation of these results into industrial scale may find several difficulties that need to be overcome, probably making this solution less attractive. However, an interesting approach would be applying these findings for operating anaerobic reactors under high-solid concentration (or solid-phase reactors) along with thermophilic conditions. Under such circumstances, high ammonia levels should be expected due to the lower volume of the liquid phase and the higher degradation rate of thermophilic processes. The use of acclimated microflora to extreme environments increases biogas yield under such inhibitory conditions, leading to better stabilization of the digested material. This would result in positive outcomes regarding energy production and characteristics of the organic material, thus facilitating nutrient recycling.





3. Co-Digestion Proposed as the Best Way to Take Advantage of Process Synergies


Co-digestion is an efficient way for increasing the productivity of the reactor and enhancing biogas yields. The main advantages are the supply of additional nutrients thanks to the presence of co-substrates, equilibrating the feeding mixture. This strategy allows better use of equipment and cost-sharing because multiple waste streams can be processed in a single facility [61]. The treatment of sewage sludge, the OFMSW, waste derived from the agricultural sector—livestock farm wastes and agricultural wastes and energy crops—are the main areas where digestion finds application for producing a significant amount of biogas. The productivity of existing biogas plants may be increased by supplementing different types of materials from other industrial sectors. The economic feasibility of these installations is highly related to the scale and the selling price of products: electricity, heat, and digestate final use. A great number of large-scale digesters have been installed providing economic and environmental advantages [62]. Although some modifications in existing facilities may be necessary in many cases, the combined digestion of different wastes found in the vicinity of many wastewater treatment plants can be a solution for reducing the operating costs and increasing the share of biofuels and renewable energy produced at a specific location.



There are many research documents in the literature regarding successful digestion performance under laboratory scales when treating sewage sludge [34,63] and manures [32,64]. Reports regarding large-scale co-digestion are also available, but the number of full-scale studies (particularly the ones with operational issues) evaluating co-digestion with sewage sludge at WWTPs is still very limited. Operating problems are usually related to the characteristics of waste materials, which are highly variable in composition, setting many operational constraints when attempting full-scale implementation [65]. Changes are necessary for the technical routines, maintenance, and installation of new equipment to deal with these materials. Nevertheless, the potential benefits of co-digestion are undeniable, and wastewater treatment facilities can obtain cost savings from introducing wastes into digesters that are treating sewage sludge. These benefits are mainly associated with lower energy costs derived from the higher capacity of power production thanks to higher biogas yields [66].



Bolzonella et al. [67] described experiences at Viareggio and Treviso WWTPs (Italy). In this location, source-sorted OFMSW was added as a co-substrate to the reactor treating sewage sludge, obtaining a biogas increment from 3500 m3/month up to 17,500 m3/month. A short essay of 2 months was reported by Park et al. [68] at the Lansdowne WWTP from the municipality of Prince George, British Columbia, Canada. Source-sorted food wastes from supermarkets were added as co-substrates. These authors reported an 8–10% increase in average daily biogas production, but the operation was affected by the clogging of the hose that connected the chopper pump and the sludge recirculation line, which was usually plugged by food wastes, needing to be manually cleared. The authors also described the accumulation of fibrous scum that accumulated near the digester floating roof. The operators indicated the visual presence of impurities in biosolids, thus affecting its quality if land application is the final disposal option.



Masłoń et al. [69] reported the performance of co-digestion at the WWTP located in Iława (Poland) for a two-year period using as co-substrate poultry fat wastes. These authors observed an increase in biogas production of 82% with an enhancement of 29% in volatile solid removal. Operational constraints may indeed limit the application of co-digestion in these types of units. Still, if successfully overcome, then this treatment option represents an optimum way for recovering the energy potential of many wastes. The addition of crop wastes, maize silage, or carbohydrate-rich substrates greatly enhances biogas production and reactor productivity thanks to the greater amount of readily degradable substrate introduced in the reactor but also to the better performance of the anaerobic biomass.



Table 2 presents a list of different biogas yields found in the literature and values obtained under different reactor operating conditions. Synergies in digestion performance are associated with an adequate balance of nutrients and decreased concentration of inhibitory compounds when digesting the mixture. If this is not the case, the increase experienced in biogas is associated with an additive effect based on the additional organic load supplied. This effect was reported by Søndergaard et al. [70] when evaluating the digestion of single agricultural by-products and their co-digestion with manures. Similar results were also observed by Cuetos et al. [32], studying the co-digestion of swine manure with crop residues (maize, sunflower, rapeseed). These authors also described increments in biogas production when performing biochemical methane potential (BMP) tests, but synergistic effects were not observable. On the contrary, when evaluating reactors under semi-continuous operation, an accumulation of cellulosic biomass took place in the reactor, leading to increased biogas production for some periods because of the degradation of accumulated material. Li et al. [71] reported an enhancement in volatile solid removal when evaluating sewage sludge and food wastes leachate derived from municipal solid wastes incineration plants. In their study, the greater biogas yield was not only attributable to the increment in organic loading rate but also to the higher degradation of solids.



Residual glycerine is a by-product obtained from the conventional chemical production of biodiesel. With the increase in biodiesel demand worldwide, several industrial plants have flourished to convert vegetable oils and recycled vegetable oils into methyl-esters. However, crude glycerol formed as the main by-product from the transesterification reaction contains impurities that restrict the direct application of this organic liquid in different industrial processes [91]. The use of crude glycerol has been proposed to boost biogas production. Successful co-digestion with sewage sludge, manures, and leachates has been reported indicating increments in methane yields that can double this parameter when compared with the control [31,91,92,93,94]. However, the excessive addition of this co-substrate can cause inhibition, which is associated with long-chain fatty acid levels in the reactor, or the accumulation of propionic acid as an intermediary from the anaerobic degradation [95]. Stress associated with VFA build-up was also reported by Huber et al. [96] when adding glycerol as co-substrate at a volumetric percentage of 3% during the digestion of poultry litter. Other authors reported process imbalance due to the presence of sulfate, which causes the competition of SRB with methanogens when operating under semi-continuous conditions. As a result, a significant decrease in methane yield was reported along with an H2S content in biogas of about 7000 ppm when adding glycerine at an 8% volumetric proportion to the feeding [84]. Another relevant fact to be considered is the fluctuating price of glycerine, which may be in some cases too low to get sufficient revenues for the biodiesel industry but too high for digestion plants to be a suitable co-substrate. González et al. [97] evaluated the co-digestion of glycerine and swine manure, among other scenarios. They reported a negative outcome from the economic analysis associated mainly with transport costs and the price of this feedstock.



Other reports evaluating different mixtures of wastes characterized by significant problems during single anaerobic degradation indicate better performance after the addition of a co-substrate. Zahedi et al. [98] reported enhanced performance when digesting chicken manure, sewage sludge, and wine distillery wastewater, finding optimal conditions for a mixture of 44:44:12 (w/w/w) representing this ratio: the sequence of sewage sludge/wine distillery wastewater/chicken manure. The results reported by Porselvam et al. [36] led to similar conclusions when evaluating the co-digestion of food wastes and intestine wastes from a slaughterhouse. These studies report better performance of the mixture, and difficulties in attaining the single digestion explain these effects. High lipid contents wastes are prone to cause the accumulation of long-chain fatty acids, wine distillery wastes present toxic phenolic compounds, and high levels of ammonia are observed when digesting chicken manures. A similar phenomenon was also reported by Cuetos et al. [99] when studying the co-digestion of poultry blood with maize residues. This organic stream could not be degraded under mono-digestion conditions, but the addition of maize as a co-substrate from 15 to 70% (percentage indicating VS proportion of maize in the final mixture) reported methane yields from 192.7 to 311.4 mLCH4/g VS with the increase of maize addition, whereas the value obtained from maize BMP test was 157.1 mLCH4/g VS.



Co-digestion increases reactor productivity by adjusting the solid content and nutrient balance in the feeding material. The installation may serve multiple industrial and agronomic sectors, taking advantage of the different characteristics of substrates. Higher biogas yields, and therefore greater production of bioenergy, can be obtained. Performance can be optimized based on the annual evolution of the industrial activities, and reactor operating conditions may need more flexibility to cope with a great variety of wastes. These flexible digestion plants will also have to be integrated into the energy grid, thus increasing the share of renewables.




4. Increasing Reactor Productivity by the Increase in Solid Content and Temperature


Solid-state anaerobic digestion is a technology capable of treating high organic loadings with a small digester volume. Leachate recirculation reactors have demonstrated operation simplicity. This process can work under batch conditions where the material is loaded, and a liquid recirculation stage allows the redistribution of soluble compounds and microorganisms. However, attaining homogeneity and avoiding compaction of the organic bed is not easy. Therefore, a structuring agent is necessary to prevent preferential circulation pathways and acidification in inner reactor zones. This process is greatly influenced by VFA build-up and inhibitory effects due to high ammonia levels in the leachate. Co-digestion in the presence of a structuring agent has been proposed to alleviate the excessive increase of these inhibitory compounds in the liquid phase and avoid preferential pathways for liquid circulation.



The treatment of lignocellulosic biomass by this technology can also be considered as a suitable option, given the inherent advantage of these materials to create a porous structure. The frequency of leachate recirculation also has a great impact on the stability of biogas production. Qian et al. [100] reported that leachate recirculation favored hydrolysis and acidogenesis by its inoculating effect and improved mass transfer, but it also created a washing effect when excessive recirculation was applied, leading to a fast VFA accumulation. Xing et al. [89] also reported a detriment in reactor performance when increasing the recirculation frequency of a solid phase reactor treating lignocellulosic biomass (energy crop Pennisetum hybrid). Even if homogenization and biomass wash-out problems are solved, the process still has to deal with the operating conditions. Batch operation mode creates an uneven evolution of biogas, as methane production is high when the digester is freshly loaded, but it gets much lower close to the end of the process when the digester needs to be reloaded [101]. Operating under staggered mode with biogas storage is a way for attenuating this non-uniform production of biogas. Still, scale factors and higher installation costs may limit the applicability of these measurements.



Ammonia inhibitory conditions can be easily attained in high-solid anaerobic digestion (HSAD) due to the lower dilution capacity of the system. Pastor-Poquet et al. [76] reported 40% less methane yield when digesting OFMSW at NH3 concentration greater than 2.3 g N–NH3/kg and operating at a TS content of 15.0%. The addition of beech sawdust to increase solid content without affecting nutrient ratio decreased localized nitrogen levels. Thus, the risk of acidification was only observed at total solids ≥ 20.0%. Therefore, these authors demonstrated the relationship between the biodegradability of the substrate, operational conditions (TS content), and inoculum-to-substrate ratio, which determines the success of methanogenesis based on the risk of ammonia inhibition and VFA accumulation.



Adsorbents and carbon conductive materials have been evaluated with success to decrease the impact of high inhibitory levels. These strategies may aid in improving the performance of high-solid digestion and solid-phase reactors, given the high tendency of accumulating an excessive amount of inhibitors because of the lower volume of the diluting agent. Petracchini et al. [102] reported the performance of HSAD of food waste and cow manure when adding natural zeolite to the reactor, obtaining biogas yields of 680–920 mL/g VS. Adsorbents have the capacity of reducing inhibitory levels of ammonia and total VFA concentration, thus allowing stable digestion to proceed [103,104]. Cuetos et al. [105] demonstrated this better performance when evaluating the digestion of poultry blood. Successful digestion was attained thanks to the addition of activated carbon, indicating that adsorption was involved, but other mechanisms also favor the process, as it was a protecting effect regarding mass transfer limitations. Lower levels of inhibitory compounds are experienced by the microflora attached to the protective sites. These authors reported the growth of microorganisms on the carbon surface and proposed the direct interspecies electron transfer (DIET) mechanism as a phenomenon behind the greater capacity of the system to degrade short-chain fatty acids of the type C3–C5 and iso-forms.



Other management options based on this principle have proven useful in achieving the full degradation of complex organic compounds, as it is the addition of biochar or the presence of bioanodes that favor different degradation pathways [106,107,108]. Cui et al. [109] demonstrated the successful performance of the HSAD reactor when adding biochar, indicating that the improvement was mainly due to the presence of biochar in the media. This material could enhance food waste hydrolysis by promoting butyric acid degradation thanks to changes in community structures. These authors demonstrated the existence of biochar-mediated DIET by the relation established between the Syntrophomonas and Methanosarcina species. The effect of microbial electrolysis was also evaluated by Liu et al. [110] when digesting sewage sludge using an anaerobic reactor containing an anode brush and a cathode separated by 1 cm. These authors reported a three times increase in the methane production rate. This increment was explained by the electron contribution from the microbial electrolysis system. Moreno et al. [111] also described increments in VFA degradation due to the presence of soft carbon felt electrodes, evidencing the beneficial effect of conductive materials.



Increasing the temperature to thermophilic regimen has been implemented to improve the treatment capacity and reactor productivity. Under thermophilic conditions, higher degradation rates are attained, achieving greater capacity for treating organics and directly affecting reactor size. When considering reactors under operation, this feature translates into a significant increase in treatment capacity. The biogas yield for mesophilic and thermophilic systems has been reported to be similar, but the real gain is the lower retention time needed for the total degradation of the material [112,113]. However, concerns are raised about the quality of digestate regarding dewaterability performance, the organic content of centrates derived from dewatering operations, and levels of labile components in this stream. It is difficult to extract exact comparisons from different studies, but the review performed by Gebreeyessus and Jenicek [114] indicated a preference for the mesophilic system because of the lower stability issues associated with this technology.



Nielsen and Petersen [115] describe the experience of thermophilic digesters (50–55 °C) in operation in Denmark. The process performed at this temperature demonstrated stability, high solid reduction, and pathogen removal. The authors also indicated that the dewatered digested sludge attained a solid content of about 30–40%. However, the major drawback found was the higher demand for polymer in sludge dewatering. De Vrieze et al. [116] reported the transitioning to thermophilic conditions in three WWTPs in Tilburg-Noord, Land van Cuijk, and Bath, located in the Netherlands. These authors indicated an increase in 17.9% in methane production with the change to thermophilic conditions. Conversely, an increase in nutrient content (nitrogen and phosphorous) of digestate was also observed, affecting the quality of digestate reject water.



Higher VFA and ammonia concentration are usually reported when comparing performance under thermophilic and mesophilic conditions [117,118,119]. Regarding the organic characteristics of digestates, results are contradictory. Gómez et al. [120] reported greater stabilization of the mesophilic digestate when studying cattle manure digestion. On the other hand, the study of Provenzano et al. [121] indicated greater complexity of the thermophilic digestate derived from sewage sludge and municipal solid waste, which was interpreted as a greater extent of degradation obtained under thermophilic regimen. The chemical characteristics of substrates may explain these differences. Cattle manure has high nitrogen content, leading to higher ammonia release. If it is added that thermophilic conditions also increase the release of this compound, then inhibitory conditions are generated, leading to a lower degradation and quality of digestate. Yenigün and Demirel [56] reviewed the effect of ammonia under mesophilic and thermophilic conditions using data from different essays available in the literature. These authors indicated that discrepancies in results might be associated with free ammonia values reached in the reactor when evaluating different temperature regimens. Therefore, thermophilic systems present higher free ammonia values due to higher temperatures, pH, and an increased degradation rate. The effect of ammonia in these systems may be initially interpreted as having greater susceptibility to this type of inhibitory compound, but in fact, higher free ammonia levels were responsible for the negative effect observed. Thus, adaptation is crucial to guarantee safe operation at either temperature selected.



Takashima and Yaguchi [83] studied HSAD under thermophilic conditions, evaluating the digestion of sewage sludge and reporting successful operation after implementing an ammonia stripping stage applied to the digested sludge. The process also included the return of digestate back to the reactor. This stage allowed keeping TAN at 1720 mg N/L (below the 2500 mg N/L, a value reported as inhibitory in this study), making it possible for the reactor to work at an influent concentration of 9–10% total solids. The increase in temperature may lead to better process performance when an adequate adaptation of anaerobic microflora is provided. The addition of compounds as carbon conductive materials, adsorbents, or the introduction of bio-electrodes in the digestion systems may seem suitable alternatives for operating high solid reactors and solid-phase digestion at thermophilic regimens. This will increase productivity and reduce reactor size, which dramatically affects capital investment costs and plant economic feasibility. Wang et al. [122] demonstrated the greater capacity of thermophilic systems for operating at higher organic loading rates when biochar was added to the reactor, thanks to the improvement in VFA degradation. The use of biogas as an energy vector, biofuel, or raw material for the synthesis of a wide variety of compounds is expected to play a crucial role in the near future regarding the decarbonization of the economy and leading to a better reuse of materials. However, to attain this goal, increased biogas productivity is needed along with a significant reduction in capital investment of installations and operating costs. Expanding the treatment capacity of these plants and achieving a high degree of stabilization are essential. Land application of digestate is a way of attaining the return of nutrients to the production cycles. Any detriment in digestion performance will negatively affect bioenergy production but also digestate characteristics. Thus, the process should be considered as a delicate cycle where all gears should be perfectly integrated.




5. Biogas and Its Role as Renewable Fuel in the Decarbonization of the Economy


The valorization of biogas for producing energy or transforming this gas to enrich its methane content implies the application of different technologies for removing impurities and increasing its quality. Figure 2 presents alternatives to produce heat and electricity or to upgrade to attain characteristics similar to natural gas.



Biogas comprises CH4 and CO2 and traces of some other species such as ammonia, sulfidic acid, and mercaptans. Oxygen and nitrogen may also be present [123,124]. Biogas is usually valorized for thermal energy production in boilers or combined heat and power (CHP) units for producing electricity and thermal energy. Upgrading this gas is necessary to remove trace elements such as water vapor, ammonia, small amounts of O2, N2, and sulfur compounds. Depending on the type of facility, other compounds may also appear in the gas stream. It is the case of siloxanes representing significant operational problems associated with corrosion and microcrystalline deposits in engines [125]. The complexity of the upgrading systems depends on the final use intended for this gas. The direct use for electricity and heat production implies removing the most problematic components to reduce corrosion and abrasion problems. If biogas is intended to be used as biofuel or upgraded to be compatible with the natural gas grid, then removing carbon dioxide is imperative. Different technologies are commercially available for increasing biogas quality, such as water scrubbing, physical removal of compounds by adsorption/absorption processes, pressure swing adsorption, chemical absorption, membrane separation, and cryogenic and biological technologies dedicated to the fixation of CO2 [126,127,128].



The addition of iron salts has been a traditional method for the precipitation of iron sulfur, such as the use of iron (III) and iron (II) chloride [129,130], and specific iron hydroxide formulations, such as BC.ATOX scon and liquid from Schaumann Bioenergy (Pinneberg, Germany) [131,132]. Gas desulfurization is also carried out using iron hydroxides [133], as it is the use of FerroSorp® (Interra Global Corp, Park Ridge, IL, USA) [134] and ferrous sulfates and chloride solutions from Kronos ecohem® (Kronos International, Inc., Leverkusen, Germany) [135]. Other technologies consider the treatment of biogas using biological processes [136], or adsorption using activated carbon filters.



Micro-aeration is another efficient and low-cost way for reducing hydrogen sulfide in biogas. Small amounts of air (oxygen) are introduced into the digester. Sulfide is oxidized into elemental sulfur (S°) by sulfide-oxidizing bacteria. This process can be carried out on the head of the digester, or small amounts of air can also be injected with biogas recirculation into the reactor liquid phase [137]. The co-existence of sulfate-oxidizing bacteria (SOB) and SRB occurs in bioreactors, where SRB reduces SO42− to sulfide and SOB oxidizes this latter compound into S° and/or SO42−. The addition of oxygen for sulfide removal can be calculated using the molar ratio of O2/S2− from the stoichiometry; therefore, 0.5 mol O2/mol S2− is required for H2S to be reacted into S° [138]. However, the addition of small amounts of air into the system brings, as a consequence, the increase of nitrogen levels in biogas, thus reducing its quality if it is upgraded to biomethane. Scrubbers using water or organics solvents as absorption media can remove CO2 and trace components from biogas but not oxygen and nitrogen. Pressure swing adsorption is another technology widely applied for upgrading biogas, but complex adsorbent bed configurations are needed if both nitrogen and oxygen are to be removed, thus increasing costs [139].



Biogas has a great potential to be used as biofuel with possibilities in complementing natural gas fuel stations to guarantee a share in renewables. However, the current biofuel market is dominated by bio-ethanol and biodiesel. The first one derived from the fermentation of sugars, needing a great energy demand for separating the alcohol from the broth, and the second not being exempt from debate due to the origin of vegetable oils. The use of lignocellulosic biomass for producing ethanol (second-generation ethanol) is an alternative for increasing the availability of materials dedicated to biofuel production, but it also implies the application of pre-treatments, increasing the demand for energy and the formation of undesirable compounds that inhibit the fermentation [140]. Biogas is easily separated from the biological reactor because it forms a differentiated gas phase. This gas can be either used as an exclusive fuel or as a supplement to reduce particulate and NOx emissions in compression ignition engines. Several gas–diesel mixtures have been studied to evaluate this performance under different engine speeds [141,142,143], reporting promising results regarding lower particulate emissions.



Other promising processes for biofuel production are thermal technologies, including pyrolysis, gasification, and wet oxidation, but the current development and installation costs of these technologies have restrained an extended implementation of these alternatives. However, future restrictions in the use of fossil fuels and improvement in technology developments may lead to the transformation of current waste treatment centers. The integration of different units would allow a complete valorization of resources. This may be the case of integrating digestion and thermal processes, which recently has been subject to extensive research [144,145,146] since the thermal valorization of digested material increases the recovery of energy and valuable products [147,148]. Char obtained from pyrolysis may serve as an adsorbent agent in biogas upgrading [149,150], thus reducing operational costs.



The size of the installation and the treatment capacity dictate the selection of the best alternatives for biogas upgrading, having a major effect on the final unitary cost. In the case of the Spanish government, a minimum content of about 90% methane is established in the upgraded biogas, with a CO2 content no greater than 2% [151]. The Spanish grid for natural gas transport is divided into the primary grid with a pressure greater than 60 bar and a secondary grid composed of gas pipelines with a pressure range between 16 and 60 bars [152]. This implies that a substantial amount of energy for compressing biogas is needed if the transport grid selected is the primary grid system. Thus, the use of upgraded biogas in different economic sectors is preferable to be associated with the lower pressure grid to avoid stringent requirements in cleaning and compressing biogas.



Anaerobic digestion should be one of the relevant technologies for reaching the objectives of circular economy, considering the capacity for producing methane and reducing the volume of waste organics. However, the aim of making biogas a major component of the energy mix market is still far from being a reality. The number of new installations keeps a different rate in European countries. The main reason behind this is the high costs of these facilities and low revenues, which are linked to government subsidies in many countries. The economy of scale favors large plants, but social rejection may also increase with the greater size of the installation. This phenomenon is usually associated with the transport of a significant amount of wastes, and the plant may cause the “Not In My Back Yard” syndrome during its construction and operation, which may appear if residents worry about the negative impacts on the health and environment [153].



The Spanish scenario presents an evolution in biogas technology that may be cataloged as upsetting, having a low share in the Spanish energy mix. The production of electricity from renewables is dominated by hydraulic and wind power, having a share of 19.4% and 22.6%, respectively, when the global electricity production is considered. Regarding electricity production just from renewable sources, hydraulic energy represents 34%, and wind represents 48%. Biogas has a scarce presence of 1.0%, which denotes the poor participation of anaerobic digestion in the Spanish electricity production sector. This feature is also observed if primary energy consumption from renewables is analyzed [154]. This illustrates the problems suffered by this technology when industrial implementation for treating different types of waste is intended. The main production of biogas in Spain is derived from WWTP digesters and landfills [155]. The attempts of increasing the number of installations for valorizing livestock farm wastes and agro-industrial wastes have failed due to a great diversity of factors. Still, the main ones are associated with the profitability of the plant, excessively high capital investment, and governmental subsidies not fully adequate to the Spanish scenario.



Increasing reactor productivity, reducing capital investment and operating costs may help attain a higher share of this technology in the energy sector. If this technology is desired to play a relevant role in decarbonizing the economy, great efforts are needed regarding a favorable policy regulation capable of promoting a significant increase in the number of new installations of highly efficient digestion systems. The different technologies available for increasing biogas yields include pre-treatments to facilitate the hydrolysis of particulate material to allow easy access to anaerobic microflora. However, some technologies may increase the facility’s energy demand and negatively affect installation costs [156]. The thermal hydrolysis process is fully developed at the industrial level and allows the enhancement in biogas production along with a significant decrease in the volume of sludge [157]. This process also reduces the time needed for digestion, which is particularly true when specific methodologies such as recuperative thickening are implemented, allowing for at least a 100% increase in the throughput rates of the anaerobic reactor [158].



Thermal pre-treatment is widely applied due to its capacity for recovering thermal energy. Nonetheless, the energy balance of the plant in some cases may be affected due to the additional equipment necessary for installing the process itself, causing in some cases that the expected increase in biogas production does not offset the higher demand for energy of the global process [159]. Other commercially available pre-treatment techniques are ultrasonication (Hielscher Ultrasonics GmbH, Teltow, Germany) [160], electrokinetic disintegration (BioCrack from Vogelsang GmbH, Essen, Germany) [161], and high-pressure homogenization such as the Crown™ Disintegration System by Evoqua Water Technologies (Pittsburgh, PA, USA) [162]. There are several other chemical, mechanical, and biological processes subject to extensive research, which have been reviewed by Wang et al. [163], Zhen et al. [164], Wacławek et al. [165], and Nguyen et al. [166], showing successful results regarding improvement in biogas yields.



When comparing the conventional digestion process under mesophilic conditions, the retention time of sewage sludge digester is usually about 20–30 days and about 40–60 days when manures and farm wastes are considered. The increase in temperature of the process to operate under a thermophilic regimen may reduce retention time thanks to the greater degradation rate of this process [116]. A similar output is expected when a pre-treatment operation is introduced in the global process, reducing greatly the volume of the digester, if compared with the conventional mesophilic process. Therefore, there is a wide range for optimizing digestion performance when implemented at large-scale. Figure 3 represents a schematization of the process treating a hypothetical waste with an assumed biogas yield of 325 mL CH4/g VS. For an installation with a treatment capacity of 30,000 t/year, the productivity of the reactor may be increased from 0.22 to 2.92 m3 CH4/mr3 d if fermentation takes place under high solid concentration conditions, and HRT can be reduced to one-third of the initial value by increasing the process temperature and pre-treating the feed.



Biogas can play a relevant role in decarbonizing the economy if the profitability and productivity of digestion plants are significantly increased. The average installation costs per unit of material treated have been estimated for different authors. These values are around 140–340 €/t year [167,168], considering electricity production by CHP units. Including a biogas upgrading stage increases costs by 5–55 € per unit of biogas flow (expressed as m3/h, STP) treated, increasing the price with the decrease in scale [128]. Aryal and Kvist [169] indicated that the additional costs of biogas upgrading and compression to make it compatible with the natural gas grid create additional barriers for biogas implementation. Thus, reducing compression stages by supplying biogas directly to large consumers will avoid additional compression costs. If biogas is to be considered a substitute for natural gas or to be used as a supplementary fuel along with natural gas, then upgrading is imperative, but this also causes an increment in costs that when summed up to the already high installation costs of this type of facilities makes this mature technology just a promising process that encounters several difficulties in attaining economic feasibility [7]. Great efforts should be placed on developing high rate reactors with an outstanding capacity to operate under solid-phase conditions without experiencing detriments in biogas yields. The great reduction in size and the ability to work at high loading rates may be crucial to increase energy outputs, thus leading to a whole new generation of a highly profitable digestion system that outpaces the need for government subsidies.




6. Conclusions


The ability of anaerobic digestion for treating a great variety of wastes and producing bioenergy, and the high industrial development of this technology make it an ideal candidate to be part of different processes. However, there is still an urgent need for increasing the treatment capacity of digestion plants in order to offset the high installation and operating costs. There is a multitude of research lines dealing with alternatives for increasing reactor productivity. The increase in temperature to operate at the thermophilic range and the application of high-solid or solid-phase digestion may seem the most adequate technologies to guarantee a significant reduction in reactor size. However, the accumulation of inhibitory compounds reduces the benefits that could be obtained, needing thus additional measurements to overcome this problem. The addition of adsorbents, carbon conductive materials, or bio-electrodes may seem adequate for temporally removing these components and offering a protective shelter to microbial biomass along with an increased degradation rate of intermediaries by the activation of different microbial routes. The further development of these strategies may help attain lower capital investments and operating costs, thus allowing for digestion to be considered a key process in the new circular economy model.



Research lines should focus on optimizing the different parameters affecting digestion performance to obtain new process configurations capable of outstanding hydrolytic conversions and gas yields when working under high solid conditions. Reactor downsizing and reducing process complexity will favor the production of bioenergy from biogas. The development of a more sustainable economic model should consider a priority the integration of digestion technology in the energy market along with the recycling of nutrients, and different intermediary compounds derived from this process.
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Figure 1. Schematic representation of the digestion process indicating main components of organics along with biogas and digested material derived from the process. A representation of common behavior of cumulative biogas production curves obtained under batch tests is also included. 






Figure 1. Schematic representation of the digestion process indicating main components of organics along with biogas and digested material derived from the process. A representation of common behavior of cumulative biogas production curves obtained under batch tests is also included.



[image: Fuels 02 00009 g001]







[image: Fuels 02 00009 g002 550] 





Figure 2. Different technologies for biogas valorization: Heat and electricity production or upgrading to be used as biofuel or injected into the natural gas grid. 
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Figure 3. The schematization of reactor productivity increase expected when operating under high solid anaerobic digestion (HSAD) and considering an improvement in biogas yield thanks to the application of pre-treatments. Negative effects associated with accumulation of VFA and NH3 were disregarded. TS: total solid, VS: percentage of volatile solids, HRT: hydraulic retention time, V: volume of the reactor, mr3 represents the unit used to measure reactor volume expressed in cubic meters. 
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Table 1. The role of anaerobic digestion in the circular economy model. AD: anaerobic digestion, UASB: up-flow anaerobic sludge blanket, WWTP: wastewater treatment plant, CHP: combined heat and power.
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	Material
	Contribution
	Proposed Model
	Reference





	Organic solid wastes
	Biogas, hydrogen

VFA, lactic acid

Nutrient recovery
	Co-digestions and multiple product recovery
	[17]



	Lipid-rich wastes
	Bioenergy
	Pre-treatment + biomass retention digestion system
	[18]



	Agricultural + livestock wastes
	Energy, liquid fuels, mineral fertilizers (struvite), biopolymers, fibers, char
	Biorefinery concept
	[8]



	Livestock wastes + agricultural residues
	Energy, biochar
	AD + pyrolysis
	[19]



	Food wastes
	Biogas
	UASB reactor + Natural zeolites
	[20]



	Yard wastes
	Energy from biogas and hydrochar
	Thermal pre-treatment + AD + hydrothermal treatment
	[21,22]



	Municipal food wastes (MFW)
	Biogas and liquid biofertilizer
	Hydromechanical pretreated MFW + AD
	[23]



	Sewage sludge
	Energy using CHP
	AD in WWTP
	[6]



	Swine manure
	Energy and nutrient recovery (liquid fraction and digestate)
	AD
	[10]



	Municipal wastes
	Recycled material, Biogas, landfill cover
	Separate collection system + AD + land fill
	[24]
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Table 2. Methane yields reported in the literature under different conditions: Batch digestion, co-digestion, and continuous digestion tests.
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	Digestion Test
	OLR (g VS/L d)
	mL CH4/g VS
	Reference





	Batch digestion
	
	
	



	Sewage sludge (SS)
	
	248.7 ± 4.13
	[72]



	
	
	198.3
	[73]



	
	
	130.46 ± 8.09
	[74]



	
	
	287
	[75]



	Food wastes (FW)
	
	491.0 ± 8.79
	[72]



	
	
	475
	[75]



	
	
	326–497 1
	[29]



	OFMSW
	
	236
	[76]



	Meadow grass
	
	388 ± 30
	[70]



	Cattle manure (CM)
	
	439
	[73]



	
	
	230
	[77]



	
	
	160 1
	[77]



	Chicken manure
	
	520 ± 130
	[78]



	Swine manure (SM)
	
	298.7 ± 19.7
	[79]



	
	
	202.0 ± 14.2
	[80]



	glycerin
	
	561.3 ± 55.3
	[80]



	Batch co-digestion
	
	
	



	SS + FW
	
	293–365
	[72]



	WAS 2 + OFMSW
	
	162–243
	[81]



	SS + sludge from brewery
	
	176–263
	[82]



	SS + FW leachate
	
	233–344
	[82]



	SS + Maize straw
	
	336–472.3
	[73]



	SS + CM
	
	352.3–470.3
	[73]



	CM + maize straw
	
	534.8–603.5
	[73]



	SM + glycerin
	
	349–467
	[80]



	Pig manure+ ESBP 3
	
	212.4 1
	[30]



	Continuous operation
	
	
	



	SS
	1.1
	340.3 ± 90 4
	[33]



	
	3.17
	327 1
	[83]



	SM + glycerin
	2–2.9
	336–423
	[84]



	OFMSW + primary sludge
	4–5
	375–404
	[85]



	Chicken manure
	3.5
	53–75.4
	[86]



	Chicken manure + dairy cow manure
	3.7–4.7 5
	350 ± 110
	[78]



	Solid-phase digestion
	
	
	



	Poultry manure
	
	24.6
	[87]



	SS + Poultry manure
	
	56.5
	[87]



	Chicken manure
	11.5 6
	52.2 4
	[86]



	Sheep manure
	
	184
	[88]



	Sheep manure + potato peels
	
	323–329
	[88]



	Pennisetum hybrid
	
	78.5
	[89]



	Horse dung
	
	170
	[90]







1 Thermophilic conditions; 2 WAS: Waste-activated sludge; 3 ESBP: exhausted sugar beet pulp at 25:75 mixture ratio; 4 Calculated from data provided in manuscript; 5 High solid digestion; 6 Continuous operation.
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