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Biogas production from manure is of particular value in regard of lowering greenhouse gas emissions and enhancing nutrient re-circulation. However, the relatively low energy content and the characteristics of manure often result in low degradation efficiency, and the development of operating strategies is required to improve the biogas yield and the economic benefits. In this study, the potential to enhance the performance of two full-scale biogas plants operating with cattle manure, in mono-digestion or combined with poultry manure, was investigated. Four continuously fed laboratory-scale reactors were operated in sets of two, in which the temperature in one reactor in each set was increased from 37–42°C to 52°C. The potential to increase the capacity was thereafter assessed by increasing the organic loading rate (OLR), from ca 3 to 5 kg volatile solids (VS)/ m3 and day. The processes were evaluated with both chemical and microbiological parameters, and in addition, the residual methane potential (RMP) was measured to evaluate the risk of increased methane emissions from the digestate. The results showed that both processes could be changed from mesophilic to themophilic temperature without major problems and with a similar shift in the microbial community profile to a typical thermophilic community, e.g., an increase in the relative abundance of the phylum Firmicutes. However, the temperature increase in the reactor co-digesting cattle and poultry manure caused a slight accumulation of fatty acids (2 g/l) and reduced the specific methane production, most likely due to ammonia inhibition (0.4–0.7 g NH3/l). Still, during operation at higher OLR, thermophilic as compared to mesophilic temperature slightly increased the methane yield and specific methane production, in both investigated processes. However, the higher OLR decreased the overall degree of degradation in all processes, and this showed a positive correlation with increased RMP values. Chemical analyses suggested that high RMP values (40–98 Nml gVS−1) were related to the degradation of cellulose, hemicellulose, and volatile fatty acid enriched in the digestate. Conclusively, increased temperature and load can increase the methane yield from manure but can result in less efficient degradation and increased risks for methane emissions during storage and handling of the digestate.
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1 INTRODUCTION
Manure, if poorly managed, represent a source of air and water pollution; however, if well integrated into the management chain, manure can be instead be a resource (Burg et al., 2018). Using manure for biogas production has various positive effects, such as production of fossil-free energy, recycling of nutrients, and reduction of greenhouse gas emissions from agriculture (Holm-Nielsen et al., 2009; Hou et al., 2017). The potential for biogas production from cattle manure is generally high in Europe, and in Sweden the potential is estimated to ca 3–6 TWh yearly (Achinas et al., 2020; Swedish Energy Agency, 2020a). The domestic biogas production from manure in 2019 was however only ca 60 GWh in Sweden, responding to approximately in total 1,140,674 tons of manure (SOU, 2019). The production of biogas from manure is slowly increasing, but the development is slow due to difficulties in profitability (Ahlberg-Eliasson, 2018). Cattle manure has high water and fiber contents, resulting in low biogas yields and degradation efficiency, which hamper an increased use of the biogas technology in agriculture (Ahlberg-Eliasson, 2018). Moreover, manure might contain pathogens, potentially limiting the use of digested manure as fertilizer [summarized in Nolan et al. (2018)]. To reach economically feasible biogas production from manure, it is essential to find ways to improve the degradation and methane yield as well as reduce risks for pathogen spreading.
Possible ways to enhance the methane yield in manure-based biogas plants include, for example, increased operating temperature and loading rates. A common organic loading rate (OLR) in anaerobic digestion is 2–5 kg volatile solids (VS) per cubic meter active digester volume and day (Schnürer et al., 2017). Biogas plants running with liquid cattle manure typically operate at the lower level of this range, as higher loads are somewhat limited by the high water content of the manure (Ahlberg-Eliasson, 2018). However, co-digestion of manure with complementary and more energy-dense materials allows increased organic load and can improve both methane production and degradation efficiency, without significantly changing the hydraulic retention time (HRT) (Mata-Alvarez et al., 2014; Sondergaard et al., 2015; Ahlberg-Eliasson et al., 2017; Ma et al., 2020). Today, many farm-scale biogas plants in Sweden mainly operate under mesophilic conditions, i.e., 38°C–40°C (Ahlberg-Eliasson et al., 2017). However, operation at thermophilic (∼52°C) compared with mesophilic conditions has been shown to increase the degradation rate and methane yield and thus allow higher OLR and shorter HRT (Ward et al., 2008). High operational temperatures can provide additional benefits such as lower viscosity and in situ hygienization, reducing the levels of pathogens, if present (Watcharasukarn et al., 2009; Baudez et al., 2013). For biogas production from specifically cattle manure, higher methane yield has also been obtained in thermophilic compared with mesophilic conditions as well as lower residual methane production (Moset et al., 2015). Moreover, the feasibility of reaching higher OLR at thermophilic compared with mesophilic conditions has been demonstrated for cattle manure in co-digestion (Lehtomaki, 2006; Lindorfer et al., 2008a); however, it is less well investigated for mono-digestion of manure.
An issue to consider when selecting operating conditions, in addition to gas yield, is the impact on the quality of the digestate. For farmers operating biogas plants, the nutrient concentration of the digestate is highly important. In general, anaerobic digestion increases the fertilizer value compared with undigested manure, and selection of a suitable co-substrate can improve digestate nutrient levels even further (Insam et al., 2015; Monlau et al., 2015). In this regard, co-digestion with a substrate containing high levels of protein is positive, as it results in a higher ammonium–nitrogen (NH4+–N) level compared with mono-digestion of manure (Ahlberg-Eliasson et al., 2017). However, when using co-substrates with high levels of nitrogen, such as swine and poultry manure, it is important to consider the risk of ammonia inhibition, particularly during thermophilic digestion (Hansen et al., 1998; Fuchs et al., 2018). Free ammonia–nitrogen is in equilibrium with ammonium released during degradation of proteins, and this equilibrium is shifted towards ammonia with increasing temperature and pH. Inhibition of the biogas process by ammonia results in decreased degradation rates, accumulation of fatty acids, lower methane yields, and sometimes even process failure (Hansen et al., 1998; Rajagopal et al., 2013). The overall decrease in degradation rate at high ammonia levels also implies a need for longer HRT and consequently lower OLR (Westerholm et al., 2016a). The degradation efficiency of the biogas process is an important parameter determinative also of the residual methane potential (RMP) in the digestate. Previous studies investigating manure in co-digestion have shown increased RMP when the HRT decreases as a result of increased OLR (Rico et al., 2015; Ruile et al., 2015). Digestate from a well-digested manure with a low RMP produces less methane during storage than undigested manure. Production of methane from the digestate is thus a key parameter determining the greenhouse gas emissions associated with farm-scale biogas production (Amon et al., 2006; Elsgaard et al., 2016).
To promote use of manure in biogas systems and reduce greenhouse gas emissions from agricultural production, in 2014 the Swedish Government introduced a subsidy for manure-based biogas production, in line with both European Union regulations and national goals (Swedish Government, 2010; Swedish Board of Agriculture, 2013). The subsidy currently amounts to ca 40 €/MWh raw biogas produced from manure, and the amount of manure in the Swedish biogas production systems has increased since the introduction of this subsidy (Niemi Hjulfors and Edström, 2017). Estimation of methane losses from the technical equipment installed (e.g., reactor, pipes, and combined heat and power plant) is mandatory under the subsidy. However, the efficiency of the biogas utilization process with regard to the level of organic matter degraded or RMP from digestate is at present not taken into account for the subsidy (Swedish Board of Agriculture, 2015).
The overall aim of the present study was to examine the importance of operational temperature and organic load for overall anaerobic degradation of cattle manure in terms of process peformance, methane yield, digestate composition, and RMP. The hypothesis tested was that operating temperature and organic load determine both methane yield and RMP during anaerobic digestion of cattle manure, and by considering these parameters, the performance of farm-based biogas production can be improved. To test the hypothesis, we used four laboratory-scale reactors mimicking two farm-scale biogas plants co-digesting cattle and poultry manure (A) or mono-digesting cattle manure (B). In line with full-scale operation, the lab reactors were in initially operated at mesophilic temperature and in a later phase changed to thermophilic temperature. Transition from mesophilic to thermophilic temperature has been investigated before and shown possible, but so far, only a few previous studies have investigated the effects of operating temperature for manure substrates, with somewhat contradictory results (Risberg et al., 2013; Moset et al., 2015; Hupfauf et al., 2020). During reactor operation, gas yield, reduction in organic matter, RMP, and digestate composition were investigated. Moreover, the microbial community, both bacteria and methanogens, was assessed in order to also evaluate the influence of the changed operating parameters on the biological process.
2 MATERIALS AND METHODS
2.1 Full-Scale Biogas Systems
Substrates and inoculum used in the experiments were collected from two biogas plants located in south-west Sweden. Biogas plant A had an active digester volume of 1,000 m3 and was running at 38°C, and the substrate used was a mixture of cattle manure, solid manure, including bedding material (i.e., straw), and poultry manure. The average OLR for plant A was 2.7 kg VS/m3 and day and the HRT was 30 days. Plant B operated at approx. 42°C, and the substrate consisted of liquid and solid cattle manure with a high dry matter content, including straw used as bedding material. Biogas plant B had a total active volume of 1,300 m3. The average OLR for the plant was 3.5 kg VS/m3 and day and the HRT was 22 days. Substrates A and B were both supplemented with an iron-rich residue [Fe concentration approx. 30% of total solids (TS)], with the main aim of reducing the level of H2S in the raw biogas by precipitation to FeS (Persson et al., 2017). For substrate A, the Fe supplement was added in the mixing tank with the liquid manure, and for substrate B, this Fe supplement was applied to the solid substrate fraction (Supplementary Tables S1–S3).
2.2 Experimental Set-Up of Laboratory-Scale Anaerobic Reactor Operation
Liquid substrates were collected directly from the mixing tank at the plant sites and from the mixing wagon for solid substrate used at plant B. The substrates were frozen at −18°C and stored for further use. After completing the second phase of the experiment (Table 1), a new batch of substrates was collected from the farm plants.
TABLE 1 | Operating parameters of the continuously stirred tank reactors (CSTRs) ARef, ATemp, BRef, and BTemp during the four operating phasesa.
[image: Table 1]Four 10-L laboratory-scale continuous stirred tank reactors (CSTR) (Dolly, Belach Bioteknik AB, Sweden) were started with 5 L each of fresh inoculum from the two farm-scale plants A and B, with parallel reactors with each inoculum. For each of the reactors started with the same inoculum, one was used as a reference (ARef and BRef) and one as an experimental reactor (ATemp and BTemp). The reactors were fed once a day and for practical reasons 6 days a week and agitated continuously at 90 rpm. The average daily load corresponded to the same load as the full-scale plant, and temperature and organic load were also set to simulate the conditions in the corresponding full-scale plant (Table 1). After a 7-day start-up period to confirm process similarity between parallel digesters, the first experimental period (phase 1, 58 days in A reactors and 44 days in B reactors) was initiated, and the temperature in ATemp and BTemp was gradually increased by approximately 4°C per week until it reached 52°C. During the same period, the control reactors (ARef and BRef) were left unchanged, and the temperature remained at 38°C and 42°C, respectively. In the second phase (phase 2, 90 days in A reactors and 97 days in B reactors), all reactors were operated without any changes. In the third phase (phase 3, 49 days in A reactors and 21 days in B reactors), the OLR was increased in all four reactors by approximately 0.5 g VS/l per week until an OLR of 4.5 and 5.6 g VS/L and day was reached for reactors A and B, respectively. After reaching the final OLR, the reactors were operated at constant conditions in phase 4 (56 days in A reactors and 84 days in B reactors). The different experimental phases and their respective conditions are summarized in Table 1.
OLR and HRT were calculated according to Schnürer et al., (2017). The reduction in VS, i.e., degree of degradation (DD), was obtained as follows:
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The efficiency of the biogas reactor was calculated according to Rico et al. (2015):
[image: image]
where MP_Vactive is the volumetric methane production from the active reactor volume (l CH4/lactive digester volume and day), HRT is the hydraulic retention time (days), and RMPtot is the total residual methane production (l CH4/ldigestate).
2.2.1 Biochemical Methane Potential
The biochemical methane potential (BMP) of the substrates was determined using the commercial system AMPTS II (Bioprocess Control, Sweden), and all samples were analyzed in triplicate. Inoculum from all reactors in the experiment was collected at the end of phase 2. The inoculum/substrate ratio was set to 3:1 (VS basis), and the organic load was 3 g VS/l. Dilution was made with tap water to final volume of 400 ml (flask volume 500 ml). Incubation temperature corresponded to the operating temperature in phase 2 of the respective reactor. The two different substrates used in reactors A and B were also analyzed using inoculum from a wastewater treatment plant (WWTP), at the same OLR and inoculum/substrate ratio, and here, the incubation temperature was set to 38°C (Table 2). The inoculum from WWTP had a TS content of 3.1% of wet weight and a VS content of 2.0%. The experiment ended when daily methane production fell below 1% of the accumulated methane production on a volume basis. The gas volumes produced were normalized to 1.01325 bar and a temperature of 273.2 K.
TABLE 2 | Experimental set-up, biochemical methane potential (BMP), and the time taken to reach 50, 80, and 100% of the potential in anaerobic degradation of cattle and poultry manure (A) and cattle manure (B) used as substrates in the present study.
[image: Table 2]2.2.2 Residual Methane Production
Residual methane production from the digestate of all four reactors was measured at the end of phase 2 (day 140) and phase 4 (day 247). Digestate (300 ml) was added to 500-ml flasks, using the same AMPTS system as for the BMP test, but no inoculum, substrate, or water was added. All samples used for analysis were taken prior to daily feeding of the CSTRs. The incubation temperature was set to agree with the corresponding CSTR system, and the incubation was terminated after 90 days or when no more methane production was detected. For comparison, digestate samples from the end of phase 2 (day 140) were also incubated at 20°C for 200 days. This tempetature was set to evaluate the highest possible temperature in real-life post digestion under climate Swedish conditions.
2.2.3 Analytical Methods
The gas volumes from each reactor were calibrated by collecting the gas produced in bags and determining the volume using a drum meter (TG 0.5) from Ritter, Germany. The content of carbon dioxide in the raw biogas was determined 6 days a week by measuring the liquid displacement in a saccharometer filled with 7 M sodium hydroxide. Hydrogen sulfide (ppm H2S in raw biogas) and methane content (% CH4 in raw biogas) were measured weekly using the gas analyzer Biogas 5000 (Geotechnical Instruments, United Kingdom). Methane was also analyzed weekly by gas chromatography according to Westerholm et al. (2012a). All volumetric gas values in the BMP tests and from the CSTRs were converted to standard conditions at pressure 1.01325 bar and a temperature of 273.2 K.
After every HRT, a 500-ml digestate sample was taken from the CSTRs for chemical analysis. The chemical composition of substrate and digestate was analyzed in the laboratory of the Department of Animal Nutrition and Management, Swedish University of Agricultural Sciences, Uppsala, Sweden. Concentration of neutral detergent fiber was analyzed according to Chai and Uden (1998). Acid detergent fiber and acid detergent lignin were determined according to Van Soest et al. (1991). The concentrations of hemicellulose and cellulose were calculated from the analyzed values of neutral detergent fiber, acid detergent fiber, and acid detergent lignin according to Van Soest et al. (1991). Starch and water-soluble sugars were analyzed by an enzymatic method according to Larsson and Bengtsson (1983), originally based on Mannheim (1984). Free glucose was subtracted and not included in the starch content. Minerals [phosphorus (P), calcium (Ca), magnesium (Mg), sodium (Na), sulfur (S), iron (Fe), copper (Cu), manganese (Mg), and zinc (Zn)] were analyzed according to Balsberg-Påhlsson (1990) using the spectrophotometer Spectro Blue FMS 26 (Spectro Analytical Instruments, Kleve, Germany). Digestate samples for TS and VS analysis were taken once in the beginning of the experiment and then once every HRT. The analysis was performed by drying according to APHA (1998). Short-chain volatile fatty acids (VFA) in the digestate from the four CSTRs were quantified on a weekly basis (except for ARef, BRef, and BTemp in weeks 15, 19–23, 27, 30, and 33 and ATemp in week 24). One biological sample per time point was analyzed by ion-exclusion chromatography according to Westerholm et al. (2012a). The pH in the CSTRs was monitored over the whole experimental period by weekly measurements using a bench pH-meter (3510 pH meter, Jenway, United Kingdom).
2.3 Statistical Treatment
The biogas production, specific methane potential, VFA content, degree of degradation, H2S, CH4, and pH data were statistically evaluated pair-wise for the reactors and between the experimental periods, using the t-test procedure in R version 3.4.0 (2017-04-21). The p-values was presented as significant at ***p < 0.001, **p < 0.01, and *p < 0.05) and not significant (ns) at p > 0.10).
2.4 Illumina Sequencing and Quantitative Polymerase Chain Reaction Analyses
Reactor samples (15 ml) from all four CSTR were collected at six different occasions, to create a time series corresponding to the different phases of operation. Then, 200 µl were used for DNA extraction according to the manufacturer’s protocol (60 µl elution volume) with some minor modifications (Danielsson et al., 2017). Construction of 16S rRNA gene amplicon libraries was done, and Illumina MiSeq sequencing was carried out on triplicate samples from each sampling point using primers 515′F and 805R as described previously (Westerholm et al., 2020). Data analyses and data organization were conducted using the software package Divisive Amplicon Denoising Algorithm 2 (DADA2) version 1.6.0; the phyloseq package as described in Westerholm et al. (2020) was used for processing; the forward and reverse reads were truncated at positions 250 and 200, respectively; and taxonomy classification was conducted using the Silva training set v. 132. The graphic was produced using the plot_bar function [ggplot2 package, (Wickham, 2016)] in R Studio software (Team, 2016). For ordination plot, the Bray–Curtis metric was used for calculation of beta diversity with the ordinate function, while a non-metric multidimensional scaling (NMDS) plot was constructed with plot_ordination functions (phyloseq package). Reads were assigned at species level using the BLAST algorithm (Altschul et al., 1990) provided by the National Center for Biotechnology Information (NCBI http://www.ncbi.nlm.nih.gov). Raw sequences were submitted to the NCBI Sequence Read Archive (SRA) under study accession number PRJNA638826.
For quantitative polymerase chain reaction (qPCR) analyses, extracted DNA was diluted 10x, 50x, 100x, and 500x and used for an initial inhibition test. For the actual quantification assay, technical triplicates of the 50x and the 100x dilutions were chosen for all DNA samples, and qPCR analyses were carried out on the CFX Connect™ Real-Time System (Bio-Rad, California, United States). The methanogenic orders Methanobacteriales and Methanomicrobiales and the families Methanosarcinaceae and Methanosaetaceae were analyzed in all four reactors using the primer sets MBT, MMB, Msc, and Mst, respectively (Yu et al., 2005). The reference strains used for creation of the MBT, MMB, Msc, and MSt standard curves were Methanobacterium bryantii (DSM 10113), Methanoculleus bourgenis strain MAB1, Methanosarcina bakeri (DSM 800), and Methanosaeta concilii (DSM 2139), respectively. In the assays, the PCR efficiency varied between 86% and 97%, and a linear correlation coefficient (r2) between 0.996 and 0.998 was obtained. The qPCR reaction mixtures and thermal cycle programs used were in accordance with Westerholm et al. (2012b).
3 RESULTS AND DISCUSSION
3.1 Substrate Characteristics
Chemical analysis revealed that the concentrations of cellulose, hemicellulose, and lignin were higher in the substrate mix used in biogas plant B compared with plant A (Supplementary Tables S1–S3). The higher content of these components in substrate mix B was most likely due to the fraction of solid manure. However, the levels were still in line with those reported in other studies evaluating liquid cattle manure (Labatut et al., 2014). Another difference in substrate characteristic was the higher protein and ammonium concentrations in substrate A, 30% of TS and 2.4 g NH4+–N/l (wet weight), respectively, compared with 23% of TS and 1.7 g/l, respectively, in substrate B. Poultry manure was included in substrate A, which probably explains the higher ammonium and crude protein concentrations compared with substrate B. Poultry manure contains a relatively high amount of organic nitrogen, which is mineralized to ammonium in the manure during storage (Chadwick et al., 2011; Yenigün and Demirel, 2013). For substrate mix B, an analysis of the liquid and solid manures was also performed separately, and in this case, the results showed that the liquid manure supplied the substrate mix with most of the nutrients and trace metals (Supplementary Table S3).
3.2 Substrate Methane Production Potential
The BMP test for the substrates showed values between ca 100 and 200 ml CH4/g VS, depending on inoculum used in the test (Table 2). Substrate B showed values in line with previous research on cattle manure, showing a wide span of values (∼150–250 ml CH4/g VS) (Labatut et al., 2011; Moller et al., 2004; Triolo et al., 2011). Substrate A had a slightly higher BMP value as compared to substrate B (Table 2), which is in line with the content of poultry manure. Compared with cattle manure, poultry manure have been reported to have somewhat higher BMP values (180–280 ml CH4/g VS) (Huang and Dhih, 1981; Pratt et al., 2014; Ruile et al., 2015). The BMP test of the substrate mixes A and B, using inoculum from the reference or the experimental reactor, revealed no influence by temperature on the degradation of substrate mix A, whereas for substrate B, the BMP was significantly (p < 0.05) higher at 42°C than at 52°C. The substrates were also digested using an inoculum taken from a WWTP. In this test, substrates A and B both gave higher BMP values than in the test using inoculum from the laboratory reactors. However, the time to reach the final potential was considerably longer when using this inlucoum as compared to the other tests (Table 2).
Although several norms and guidelines for BMP tests exist, interlaboratory tests regularly show high variability in BMP for a particular substrate (Holliger et al., 2016). This variation depends in part not only on differences in the composition of the substrates evaluated but also on the experimental set-up. In this study, the test was set-up according to guidelines for BMP tests, using a substrate/inoculum ratio of 1:3 on a VS basis and an organic load of 3 g VS/l day (Schnürer et al., 2017). However, using different inocula still gave different results, with lower values for the tests started with inoculum from the reactors compared to inoculum from WWTP. The importance of inoculum source for the results in batch tests has been reported previously and most likely depends on differences in microbial composition/activity and functional diversity (Raposo et al., 2009; Cordoba et al., 2016; Sun et al., 2016; Liu et al., 2017). Interestingly and of relevance to the present work is that several studies have shown lower BMP values of manure when determined in tests initiated with inoculum taken from a process before as compared to after operation with manure, respectively (Risberg et al., 2013; Liu et al., 2017). This suggests that the BMP of manure will be low when determined using inoculum from a manure-based process, as found in the present study. It also suggests that manure may include compounds that accumulate over time and act as inhibitors of degradation. Moreover, previous studies using inoculum from WWTP in BMP tests have shown good efficiency for degradation of specifically lignocellulose (Sun et al., 2016; Liu et al., 2017). This could explain the larger difference in the test using different inoculum for substrate B, with a fraction of solid manure with high fiber content, compared with substrate A (Table 2).
3.3 Impact of Increased Temperature on Gas Yields and Process Performance
3.3.1 Gas Production and Stability
Before the temperature increase started, all reactors showed a similar performance with regard to gas production, gas quality, and low VFA values (>0.5 g/l) (Figure 1; Supplementary Figure S1; Table 3). In line with the BMP values for the substates, A reactors showed higher gas production compared to B reactors (Figure 1; Table 3). The change in temperature in phase 1, e.g., gradually increased to 52°C in ATemp and BTemp, did not influence the processes, and both reference and experimental reactors showed no signifcant difference in gas production or degree of degradation (Figure 1; Table 3). However, in phase 2, when the experimental reactors were operated at a higher temperature, some difference could be seen, with Atemp showing a significantly higher level of VFA and lower gas production as compared to the mesophilic reference reactor (Supplementary Figure S1; Table 3). The temperature in biogas digesters can be increased in several steps, as in this study, or in one step (Bousková et al., 2005; Chae et al., 2008; Tian et al., 2015; Westerholm et al., 2018). Stepwise increases are recommended as a suitable approach, as this can allow the organic load to be maintained during the temperature shift period (Lindorfer et al., 2008b; Risberg et al., 2013). However, previous research has also shown a drop in biogas production around 42°C–44°C when performing a stepwise temperature increase (Bousková et al., 2005; Lindorfer et al., 2008b; Westerholm et al., 2018). This effect could not be statistically confirmed in the reactors evaluated in this study (Table 3). The result was instead more in line with Hupfauf et al. (2020), demonstrating similar biogas production from a mixture of liquid cattle manure and wheat straw during operation at both 37°C and 45°C or 55°C.
[image: Figure 1]FIGURE 1 | Performance of the investigated reactors, e.g., specific methane (CH4) production, volumetric biogas production, total volatile fatty acids (VFA), and hydrogen sulfide (H2S) in raw biogas. Organic load (OLR) is represented by a dotted line. (A) Reactors ARef (black line) and ATemp (gray line). Phase 1: days 1–58, phase 2: days 59–148, phase 3: days 149–197, and phase 4: days 198–253. (B) Reactors BRef (black line) and BTemp (gray line). Phase 1: days 1–44, phase 2: days 45–141, phase 3: days 142–162, and phase 4: days 163–246.
TABLE 3 | Biogas reactor performancea parameters during the four phases of operation involving increased temperature to 52°C in ATemp and BTemp (phase 1), adaptation to new temperature conditions (phase 2), increased OLR (phase 3), and the final operation at constant parameters (phase 4). In each phase the experimental and reference reactor was statistically comparedb.
[image: Table 3]Previous studies that have investigated changing operational temperature during biogas production from cattle manure have either shown small effects or increased specific methane potential with increasing temperature (Moset et al., 2015; Risberg et al., 2013). In the present study, the reactors operating with cattle manure only showed no effect of the temperature change (B reactors, Table 3). However, contradictory results were obtained for A reactors, fed with a combination of cattle and poultry manure. In this reactor, the increase in temperature resulted in accumulation of acetate and propionate and a decrease in the specific methane potential (Figure 1; Table 3), suggesting a slight disturbance (Marchaim and Krause, 1993). This difference between the A and B reactors was likely caused by differences in substrate composition and the high nitrogen concentration in the substrate mixture used in the A-system (Supplementary Table S1). Earlier studies have shown that biogas processes operating with poultry manure typically are characterized by high ammonia concentrations, originating from degradation of protein and from hydrolysis of urea (Rajagopal et al., 2013; Tian et al., 2015). Calculations on the level of free ammonia in the investigated reactors according to the formula by Hansen et al. (1998) showed values of 0.7 and 0.2 g NH3/l for ATemp and ARef, respectively. The levels in the thermophilic process were clearly above those previously reported to cause inhibition (0.4–0.7 g NH3/l) and are likely the explanation to the observed decreased specific methane potential as compared to the mesophilic process (Rajagopal et al., 2013; Westerholm et al., 2016a). The B reactors, receiving only cattle manure, showed moderate ammonia levels (<0.3 g NH3/l), and, in line with this, there was also no difference in daily biogas production and specific methane potential between the reactors operating at different temperatures (Table 3; Supplementary Table S5). As a consequence of high ammonia concentration, an imbalance might occur between the different degradation steps and consequently VFA can accumulate. This was also clearly seen in ATemp where VFA accumulated to 2 g/l during the temperature increase, which was not seen in BTemp (Figure 1; Supplementary Figure S1). The VFA in ATemp mainly consisted of acetate and propionate, with an initially increasing ratio of propionate to acetate stabilizing at the end of phase 3 (Supplementary Figure S1), which can be an early sign of risk of process failure (Marchaim and Krause, 1993).
3.3.2 Gas Composition
There was no significant change in the methane content of the biogas in response to the change in temperarature (Table 3), and levels were as expected for manure-based biogas production (Alhgren-Eliasson et al., 2017). The concentration of H2S in the raw biogas was also in line with reported values for manure-based biogas systems (Table 3; Figure 1) (Weiland, 2010). However, it is notable that for both the A and B processes, the concentration of H2S in the raw biogas was significantly higher for the systems running under thermophilic conditions (Table 3), likely due to less H2S being dissolved in the liquid phase at thermophilic compared with mesophilic temperatures. Another alternative explanation could be increased activity of sulfate-reducing bacteria, producing H2S as end product of their metabolism, at the higher temperature. However, a previous survey of different biogas plants illustrated the opposite, e.g., slightly lower levels of sulfate-reducing bacteria at thermophilic compared to mesophilic conditions, which appears not a likely explanation (Moestedt et al., 2013). High levels of H2S can result in disturbance in the biogas process directly, or indirectly, by precipitation of important trace metals and inhibition of the microbial community (Chen et al., 2008; Rasi et al., 2011; Choong et al., 2016). In addition, H2S in the raw biogas can cause corrosion problems in the technical equipment at the biogas plant, such as heat and power plant units (Rasi et al., 2011). Therefore, it is highly important to reduce the levels of H2S in the biogas produced. In this study, both substrate mixes were complemented with a ferrous-rich sludge material in order to reduce H2S levels (Persson et al., 2017). Addition of iron in excess reduces the levels of H2S by precipitation of FeS and releases trace metals otherwise trapped as metal sulfides. Trace metals, in available forms, are essential for microbial activity and have been shown in a number of studies to boost biogas production and VFA degradation from various substrates, including manure (Rasi et al., 2011; Choong et al., 2016; Zhang et al., 2016). The iron added to the substrate used in this study was sufficient to keep the H2S levels low in the raw biogas, but there were still higher concentrations in the gas produced from the reactors running at thermophilic conditions (Table 3; Figure 1). A higher dosage of Fe and trace metals might have improved the performance of the thermophilic process, in particular the A process operating with poultry manure.
3.3.3 Degree of Degradation
Even though ATemp showed lower gas production compared to ARef in phase 2, no differences between these reactors were observed for the degree of degradation (Table 3). All A and B reactors showed values of around 30% degradation of organic matter, which is in line with previous findings for mesophilic full-scale biogas plants digesting manure (Fontana et al., 2016; Ahlberg-Eliasson et al., 2017). The overall chemical composition of the digestate for the respective reactors operating at different temperatures was also relatively similar (Supplementary Tables S1, S2). However, comparative analyses of substrate and digestate suggested a more efficient conversion of carbohydrates as compared to protein in all processes, and the mineralization of organic nitrogen to ammonium was only around 2%.
3.4 The Effect of Increased Organic Loading Rate on Process Performance
3.4.1 Gas Production and Stability
During the OLR increase and following stabilization phase (phases 3–4), the daily biogas production for both the A and B reactors increased compared to the previous period (Table 3). The increase was most pronounced for the A reactors reaching 40%–50% higher yields as compared to the period with lower OLR (Table 3). The thermophilic reactor showed slightly higher values as compred to mesophilic operation, but the difference was not significant (Table 3). For the B reactors, the increase in daily biogas production in response to increased OLR was comparably lower (10%), but here, gas production (GP) was significantly (p < 0.05) higher at the thermophlic temperature (Table 3). Moreover, the specific methane potential was significantly higher for BTemp compared with BRef, suggesting a higher degradation rate at the higher temperature (Table 3; Supplementary Table S5). No VFA accumulation was seen in the B reactors or Aref, and in the ATemp reactor, the VFA accumulation did not escalate further as compared to before the OLR increase (Table 3). The increase in volumetric biogas production in response to higher organic load is in line with previous studies of pig manure and cow manure as substrates for biogas production, in mono- or co-digestion and using mesophilic and/or thermophilic operational temperatures (Lindorfer et al., 2008a; Ning et al., 2019). This clearly illustrates that an increase in OLR represents a great potential for a significant capacity increase for manure-based biogas plants. However, to avoid increased risk for methane emissions from digestates, it is important to secure that the overall degradation is not decreased due to the shortening of HRT in response to the OLR increase. In previous studies, the measured specific methane potential in response to increase in load varies between studies, with slightly higher values or no influence at all (Lindorfer et al., 2008a; Li et al., 2015; Moset et al., 2015) or decreasing values (Adebayo et al., 2018; Ning et al., 2019; Hupfauf et al., 2020). The discrepancy in results is likely depending on several different parameters, such as OLR, HRT, and substrate composition as well as operational temperature.
3.4.2 Degree of Degradation and Gas Composition
In the present study, the B reactors showed significantly lower specific methane potential at the higher OLR as well as degree of degradation in the case of Bref (Table 3). In contrast, the A reactors did not shown a decrease in specific methane potential with the increase in OLR (Table 3). Still, a significantly (p < 0.01) lower degree of degradation was shown for Atemp in phase 4 as compared to phase 2. The non-significant difference in the specific methane potential, despite the lower degree of degradation, can be explained by a slight increase of methane content in the gas at the higer organic load (Table 3). Considering all reactors, the overall degree of degradation showed a negative correlation with OLR (k = −0.75) (Supplementary Table S5). A similar negative correlation between OLR and the degree of degradation was also seen during an evaluation of 31 full-scale farm reactors in Sweden (Ahlberg-Eliasson et al., 2017).
Furthermore, comparing digestate composition from phases 2 and phase 4 indicated that the observed decrease in the degree of degradation in Bref in response to the increase in OLR was caused by a less effeicent degradation of cellulose and hemicellulose (Supplementary Table S2). For the A system, the decrease in degradation efficiency was instead likely caused by a slight decrease in digestibility of proteins as indicated by a lower concentration of NH4+–N in the digestate in phase 4 compared to phase 2 (Supplementary Table S1). A decreased degree of degradation of proteins, in response to the higher load in the A reactors was also suggested by the concetration of H2S in the gas, which was significantly lower for reactor A in phase 4 compared with phase 2 (Table 3). On the contrary, the H2S level and the concentration of NH4+–N in reactor B was similar or slightly higher in phase 4 as compared to phase 2. In line with the results for the A system, decreasing TAN levels in response to increasing OLR (3.5–4.4 g VS/l day) and decreasing HRT (from 20 to 16 days) were also observed by Moset et al. (2015), at both mesophilic and thermophilic temperatures, using cattle manure as substrate. The same results were also obtained during biogas production from cow manure mixed with dog food, but here, a difference was seen between temperatures, with a comparably higher degradation rate of proteins under thermophilic conditions during the OLR increase (Labatut et al., 2014). A temperature effect could not be demonstrated in the present study, even though both ATemp and BTemp showed slightly higher values of NH4+–N g/l compared with the reference reactors for both phases 2 and 4 (Supplementary Tables S1, S2).
3.5 Residual Methane Potential and Efficiency
3.5.1 Residual Methane Potential in the Different Operational Phases
The residual methane potential for the different reactors spanned between 40 and 98 Nml gVS−1, which was within the range measured in previous studies on manure-based processes, showing values from 20 to 240 ml CH4/g VS (Monalu et al., 2015; Moset et al., 2015; Ruile et al., 2015). The observed variations may be explained not only by differences in digestate composition and chosen operational conditions but also by different methods used to determine RMP, with variations in, e.g., incubation temperature and time, and the use of inoculum or not in the incubations (Monalu et al., 2015; Thygesen et al., 2014). The RMP in the present study varied between reactors A and B and with different results depending on operating temperature, OLR, and also incubation temperature during the test. In A reactors, the higher operating temperature, at both OLR, resulted in a comparably higher RPM, irrespective of incubation temperature during the test. On contrary, the RMP levels for the B reactors were similar or slightly lower for BTemp than for BRef, independent of ORL and incubation temperature (Table 4). These results were contradictory to a study by Moset et al. (2015) where a higher residual methane production was found for a mesophilic compared to a thermophilic process operating with cattle manure and when incubation was made at respective reactor temperatures, e.g., at 35°C and 50°C (Moset et al., 2015). The authors of that study proposed that the resulting digestate from the mesophilic digestion contained a comparably higher amount of undigested biodegradable VS, representing a source for residual methane production. This was apparently not the case in the present study. Previous studies have also shown that residual methane production is decreasing at high ammonium–nitrogen level (>2.7 g/l N–NH4+), tentatively due to inhibition of methanogenesis [reviewed in Monlau et al. (2015)]. However, in the present study, the RMP levels were similar in A and B reactors, even though the ammonium–nitrogen level was comparably higher in the A reactors. For both reactors, the RMP from phase 4 was slightly higher than that from phase 2, likely as a result of the lower degradation in the reactors as a consequence of the increase and decrease in OLR and HRT, respectively (Supplementary Figure S1; Table 3). Indeed, a positive correlation between OLR and RMP and a negative correlation between HRT, as well as efficiency value, and RMP were observed (Supplementary Figure S1; Supplementary Table S5). This result was also in line with previous studies evaluating full-scale biogas plants with cattle manure and maize silage as main substrates (Lindorfer et al., 2008a; Ruile et al., 2015). Calculating the efficiency values by considering both the gas production and the RMP according to Rico et al. (2015) showed slightly higher values for the A system compared with the B system. Also, for all reactors, the efficiency value decreased in phase 4 compared with phase 2, indicating a decrease in degradation efficiency after the OLR increase (Table 4). Thus, increasing OLR increased the risk for methane emission during post storage in all reactors (Table 4). However, when RMP was determined at 20°C, which is the highest temperature likely to be reached in a storage under Swedish climate conditions, the RMP for the B reactors decreased (Table 4). Still, the values obtained for the A reactors at this temperature were similar to those determined during incubation at 38°C and 52°C, showing that a lower temperature does not always reduce the methanogenic activity. This result was in line with a recent modelling study, which suggested that CH4 emissions cannot be predicted from VS and temperature alone and that the methanogenic potential changes during storage (Baral et al., 2018).
TABLE 4 | Experimental set-up and results of analyses of digestate residual methane potential (RMP) and the incubation time to reach 50, 80, and 100% of this potential in digestate taken during operating phases 2 and 4.
[image: Table 4]3.5.2 Origin of Residual Methane Potential
Considering all reactors, the RMP was highest in ATemp, and according to chemical analyses, this seemed to arise mainly from degradation of cellulose and hemicellulose (Supplementary Table S6). The protein concentration as a percentage of TS instead increased during the incubation, suggesting that the degradation of protein was comparably less efficient. Still, proteins were degraded to some extent as levels of NH4+–N increased slightly during the RMP test incubation (Supplementary Tables S1, S6). Gas was probably also produced from degradation of VFA, accumulated in the ATemp reactor. For the B reactors, the RMP was generally higher for phase 4 and appeared independent of the initial operational temperature of the reactors. During the inoculation of digestate from these reactors, no degradation of proteins occurred, and in addition, the fraction of hemicellulose also seems to be stable. From this digestates, the major gas production seems to arise mainly from the degradation of cellulose (Supplementary Table S6). The recalcitrance of protein structures as shown in the present study was in line with the findings of a recent study investigating the residual particulate organic matter in nine full-scale anaerobic digesters (Yekta et al., 2019a). By comparing the structural compositions of substrate and digestate in this study, an enrichment of protein structures relative to the carbohydrates was observed in most cases, suggesting a preferential degradation of the carbohydrates over proteins, alternatively an increase of microbial biomass during the process.
3.5.3 Efficiency
The levels of RMP are important to consider when evaluating the risk of greenhouse gas emissions from digestate. Earlier research has discussed the importance of sufficient retention time and post digestion time in full-scale biogas plants to reduce the risk of methane production from digestate (Angelidaki et al., 2005; Bacenetti et al., 2016). However, it is clear from the results in this study and those of others that RMP values can vary depending on the method used for the measurment. Further complicating matters, the storage conditions, i.e., crust, temperature, and volume, of digestate before field application strongly affect the greenhouse gas emissions from the digestate and have to be taken into account before practical use of the RMP values (Rhode et al., 2012; Lebuhn et al., 2014). The ways in which different operating parameters, substrates, and storage conditions affect the RMP need to be determined more accurately, in order to fully understand and calculate the risk of methane leakage. Calculation of efficiency values according to Rico et al. (2015) seems likely to be a promising tool to describe and assess the performance of different biogas processes. This calculation agreed well with the results for the reactors in the present study, e.g., the higher daily biogas production, specific methane potential, and degree of degradation in the A system compared with the B system (Table 3).
3.6 The Impact of Increased Temperature and Organic Loading Rate on Microbial Communities
3.6.1 Initial Microbial Community Profile and the Effect of Down-Scaling
The amplicon sequencing of 16S rRNA genes of the inoculums used to seed the reactors showed community profiles in line with previous studies on manure-based biogas processes (Sun et al., 2015; Ozbayram et al., 2018; Hupfauf et al., 2020). Both inoculums were dominated by phylum Firmicutes and Bacteroidetes, still with some variation on lower taxonomic rank. In addition, inoculum B contained high relative abundance of phylum Candidatus Cloacimonetes. On family level, inoculum for the A reactors demonstrated dominance of the families Ruminococcaceae, Caldicoprobacteraceae (phylum Firmicutes), and uncultivated members of the order Sphingobacteriales (phylum Bacteroidetes, Figure 2; Supplementary Figure S3). In the inoculum used for the B reactors, Caldicoprobacteraceae and uncultivated members of MBA03 instead dominated (phylum Firmicutes), and Cloacimonadaceae was abundant in phylum Ca. Cloacimonetes (Figure 2).
[image: Figure 2]FIGURE 2 | Relative abundance of microbial order (based on total bacterial and archaeal sequences) in the reference (ARef and BRef) and the reactors with increasing temperature (ATemp and BTemp). (A,B) Inocula used to seed the lab-scale reactors. Brown, blue, purple, and green bars represent orders within the phyla Actinomycetales, Bacteriodetes, Cloacimonetes, and Firmicutes, respectively. Yellow indicates methanogenic archaea. Orders representing <1% were included in minor orders. Red lines indicate the point for increased organic loading rate (OLR) in the reactors. Operating day and temperature at the point of sampling are given on the x-axis.
Despite that the reference reactors operated under constant parameters, and similar to the full-scale reactors from which the inoculums were taken, quite drastic dynamics were observed in the microbial community under the first phase of operation (Figure 2; Supplementary Figure S3). These changes were thus likely related to altered conditions associated with down-scaling the processes, including changed feeding interval, which previously has been shown to influence performance and bacterial structure (Mulat et al., 2015; Westerholm et al., 2019). Transition to lab-scale conditions promoted the family Rikenellaceae (Bacteroidetes) in Aref (fed with cattle and poultry manure), where its relative abundance increased from 5%–6% to 42%–64% (phases 1–2 of Aref, Supplementary Figure S2). In opposite, a decrease was seen in the relative abundance of Caldicoprobacteraceae and uncultivated members of the order Sphingobacteriales (ST-12K33) (Supplementary Figure S3). In Bref, Caldicoprobacteraceae as well as Cloacimonadaceae drastically decreased in association with change from large- to laboratory-scale digester conditions. Instead, members belonging to the family Erysipelotrichaceae, uncultured taxa of Bacteroidales UCG-001, and family XI increased in relative abundance.
3.6.2 Temperature Change and Response in the Bacterial Community
In Atemp and Btemp reactors, the microbial community structures initially resembled the respective reference reactor. As temperature increased above 45°C, the as-yet uncultivated Clostridia MBA03 (Firmicutes) distinctively increased in Atemp (from 5% to 69%–86%). The inoculum used for Btemp consisted of about 30% MBA03, and this group thereafter increased to almost 80% after temperature increase in Btemp. Searches of MBA03-related sequences from the present digester in the NCBI database using BLAST showed low identity (<91%) to previously characterized species. MBA03 was first reported in a thermophilic process treating municipal solid waste (Tang et al., 2004). MBA03 has thereafter been detected in various thermophilic AD, fed for example with cattle manure and steam-exploded wheat straw (Sun et al., 2015), swine manure (Wu et al., 2020), municipal solid waste (Nazina et al., 2018), or food waste under high solid conditions (Westerholm et al., 2020). MBA03 has also been shown to positively respond to trace element addition in mono-digestion of grass silage (FitzGerald et al., 2019). The presence of species belonging to MBA03 in the present digesters indicates a tolerance to high thermophilic temperature conditions and high levels of ammonia (>3 g NH4+-N/L; >1 g NH3-N/L). DTU14 was another group found in both thermophilic digesters, which has previously been detected in thermophilic AD fed with cattle manure (Campanaro et al., 2016). As similar to the abovementioned uncultivated taxa, the functional role of the clostridial DTU14 in biogas digesters is yet to be determined.
In the ordination plot, the microbial tight clustering of Atemp and Btemp during operation at thermophilic temperature demonstrated a strong influence of the temperature on microbial community structure (Supplementary Figure S4), which is consistent with previous findings (De Vrieze et al., 2015; Westerholm et al., 2016b; Fontana et al., 2016; Stolze et al., 2016; Westerholm et al., 2018). There were also stronger similarities in thermophilic microbial communities than in mesophilic communities after the temperature changes (Supplementary Figure S4), indicating that temperature has a stronger influence diminishing the impact of substrate composition and OLR.
3.6.3 Organic Loading Rate and Response in the Bacterial Community
The increase in OLR had a neglectable effect on the microbial community structure in Aref and Bref, with the exception that the relative abundance of candidate W27 (Cloacimonetes) was enhanced in both reactors. The functional role of candidate W27 in anaerobic digestion processes is not yet established, but its presence has been linked to degradation of saturated long-chain fatty acids in a previous study (Yekta et al., 2019b). Overall, the most striking difference between Aref and Bref was the higher prevalence of Rikenellaceae in the former (both before and after the OLR increase). This indicates linkage of its members to the feeding of poultry manure or slightly lower temperature in Aref (38°C) than in Bref (42°C). In AD, members of Rikenellaceae have previously been shown highly abundant in different manure-based biogas processes operating at both mesophilic and thermophilic temperatures (Campanaro et al., 2016; Koo et al., 2019; Ning et al., 2019; Vendruscolo et al., 2020). Moreover, in line with the result of the present study, Rikenellaceae showed a significant increase in relative abundance in response to increased OLR during biogas production from pig manure and corn straw at mesophilic conditions (Ning et al., 2019). Rikenellaceae included acidogenic bacteria involved in degradation of carbohydrates (Graf, 2004), and their increased relative abundance in A compared to B reactors might be linked to the comparably more efficient degradation of hemicellulose and cellulose in the former.
3.6.4 Quantification of Methanogens
Quantification of methanogens by qPCR illustrated dominance of Methanosarcinaceae and Methanobacteriales and lower levels of Methanomicrobiales in both the A and B processes. This result is in accordance with previous studies of manure-based biogas systems (Sun et al., 2015). An increase of temperature and OLR separated the two investigated processes in regard to performance, likely caused by different levels of free ammonia. Even though accumulations of VFA in ATemp suggested reduced methanogenic function, results indicated no major changes in the abundance of any of the methanogenic groups, all showing stable levels during both the temperature and increase in OLR (Supplementary Figure S4). This result was a bit surprising as both temperature and ammonia levels in several studies have been suggested to be strong drivers for the development of the methanogenic community (Guo et al., 2014; Moestedt et al., 2014; Westerholm et al., 2018). High levels of ammonia is known to cause the development of methanogenesis via syntrophic acetate oxidation (SAO), due to selective inhibition of the aceticlastic methanogens. SAO is also commonly detected in thermophilic processes, likely as higher temperature increases the proportion of ammonia (Westerholm et al., 2016a). SAO is a two-step process, in which syntrophic acetate-oxidizing bacteria convert acetate to hydrogen and carbon dioxide, further used by hydrogenotrophic methanogens for methane production. This shift in pathways for methane formation from acetate typically induces increased abundance of hydrogenotrophic methanogens, with Methanomicrobiales and Methanobacteriales often dominating in mesophilic and thermophilic systems, respectively (Westerholm et al., 2016a). Such shift in methanogenic abundance could, however, not be observed in present study, and the abundance of the strictly hydrogenotrophic Methanobacteriales and Methanomicrobiales was stable over time. However, Methanosarcinaceae is able to use both the hydrogenotrophic and the aceticlastic pathways for methanogenesis and has been suggested not only to catalyze aceticlastic methanogenesis under high ammonia stress but also to perform the entire process, i.e., both acetate oxidation and subsequent methanogenesis (Westerholm et al., 2016a). Consequently, this methanogen can be engaged in the conversion of both acetate and hydrogen in the here-investigated processes. The constant and high levels of Methanosarcina in all reactors throughout the operating trial are also in accordance with the suggestion that these methanogens are robust and can manage various stress factors, such as high ammonia levels, temperature fluctuations, and increasing loads (De Vrieze et al., 2012). The minor effect on the abundance of the investigated methanogenic orders and families in response to increasing OLR was in accordance to previous observations made during increased OLR at both mesophilic and thermophilic conditions (Westerholm et al., 2018). However, others have showed increased levels of Methanosarcina and decreased levels of Methanosaeta (Moestedt et al., 2014; Regueiro et al., 2015), a shift in dominance from Methanobacterium to Methanosaeta, or increased levels of Methanospirillum and Methanoculleus and decreased levels of Methanosarcina in response to increased OLR (Lerm et al., 2012; Xiao et al., 2017). Consequently, the impact on methanogenic abundances by increased OLR and decreased HRT can differ considerably and is most likely depending on variations in substrate composition, the prevailing microbial community, temperature, and the extent and rate of change in OLR and HRT. However, it should be kept in mind that the methanogenic communities in the present study were evaluated at order and family levels and that changes could have had occurred at lower taxonomic rank.
4 CONCLUSION
Farmers want to achieve high biogas yield and high nutrient levels in the digestate when using manure as the main substrate for biogas production. Ways to reach these goals include, for example, high organic load and thermophilic operating temperature. An important factor to consider during optimization of the digestion process is the risk of increased residual methane potential from the digestate, potentially resulting in emissions of methane during storage. This study showed that changing the operating temperature from mesophilic to thermophilic conditions was possible for both investigated processes. The microbial analyses illustrated that both processes adapted to the changing temperature, with similar changes in the taxonomic profile. Still, difference could be seen on process performance, depedning on the substrate mix. With cow manure, the increase in temperature did not change the process performance, but for the process operating with a mix of cattle and poultry manure, a decrease in methane production with increasing temperature was seen, probably caused by a process inhibition by ammonia and accumulation of VFA. As a result, this process also showed a comparably higher residual methane potential. Increasing the organic load and decreasing the hydraulic retention time increased total methane production, with the most pronounced effect at thermophilic temperatures. However, as a consequence of the higher load, the degree of degradation and specific methane production decreased. Moreover, the decrease in methane yield correlated with increased residual methane potential. Thus, high organic load in combination with decreasing retention time, even at thermophilic temperature, risks reducing the degradation efficiency of manure and therefore resulting in increased residual methane production and subsequent emissions from digestate. Consequently, during optimization, it is important to take measures to secure not only methane yields but also overall degradation in order to limit methane emissions from stored digestate. Furthermore, to avoid negative effects caused by high input of manure, it would be good if the regulations of the subsidy in Sweden were set not only to encourage high loads but to also require an analysis of the overall degradation efficiency and/or RMP.
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Bret 42 42 35 56 22 15
Bremp 42 52 35 56 22 15

“Experimental phase duration dilfered for the reactors. For A reactors, phase 1: 58 days;
phase 2: 90 days; phase 3: 49 days; and phase 4: 56 days. For B reactors, phase 1:
44 days, phase 2: 97 days, phase 3: 21 days, and phase 4: 84 days.
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Inoculum?® Substrate Temp® (C) Days to reach a certain share of final potential BMP (NmL CH./g VS)

50% 80% 100%
A A 38 3 6 10 189.6+2.7
Atemp A 52 4 9 1 1831+ 08
Brer B 42 4 6 8 169.0+8.7
Bremo B 52 8 6 9 101.9+4.8
WWTP A 37 3 9 2 2152413
WWTP B a7 5 14 26 166.3+9.1

“Inoculum taken from respective CSTR reactor (see digestate in (Supplementary Tables S1, $2)in phase 2 and from a wastewater treatment plant (WTF), with TS 3.1% and VS 2.0%
of wet weight.
PIncubation temperature.
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