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Abstract

:

Small-scale anaerobic digestion (AD) can be an effective organic waste management system that also provides energy for small businesses and rural communities. This study measured fuel production from digestions of single and mixed feedstocks using an unheated, 2 m3 digester operated continuously in a temperate climate for over three years. Using local food waste, brewery waste, grease waste, and agricultural residues, this study determined that small-scale AD co-digestions were almost always higher yielding than single feedstocks during psychrophilic operation and seasonal temperature transitions. Agricultural residues from Miscanthus x giganteus had the greatest impact on biomethane production during co-digestion (4.7-fold greater average biogas %CH4), while mesophilic digestion of brewery waste alone produced the most biogas (0.76 gCH4 gVS−1 d−1). Biogas production during the transition from mesophilic to psychrophilic was temporarily maintained at levels similar to mesophilic digestions, particularly during co-digestions, but biogas quality declined during these temperature shifts. Full-time operation of small-scale, unheated AD systems could be feasible in temperate climates if feedstock is intentionally amended to stabilize carbon content.
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1. Introduction


Anaerobic digestion (AD) is an accepted technology for organic waste management coupled with bioenergy production, but it is not clear that it is feasible at the scale of a rural family, small farm, or small business. In particular, smaller AD systems, and systems that use heterogeneous feedstocks as a substrate, represent a technology with great potential to provide distributed (i.e., decentralized) energy production and waste management in both urban and rural locales. Despite the advantages, wide-spread implementation of small-scale AD systems is hindered by issues that do not affect commercial- or lab-scale AD, including inconsistent access to feedstocks, costs of heating and stirring mechanization, and the time-intensive monitoring necessary for effective maintenance.



Small-scale AD systems with low energy input requirements could be an important aspect of resilient energy production in rural areas [1]. To address the gaps in our understanding about these small-scale AD systems, this study evaluated the fuel quality produced from a non-mechanized 2 m3 digestion vessel that was operated continuously from 2015 to 2018. The results provide novel insight into the practical challenges of continuously operating a small-scale AD system through seasonal changes with different feedstocks.



While the impacts of temperature and feedstock characteristics on fuel production via AD are well described in prior literature [2,3,4], there are no refined projections of energy output in small-scale, unheated AD systems with varied feedstocks in a temperate climate. Heating for AD systems is a significant barrier in temperate regions [5,6,7,8], as the investment in the infrastructure required to safely heat a digester unit is expensive and complex, with training required to both build and maintain the system [9]. Some evidence suggests that mesophilic AD systems, particularly those with solar-assisted heating, can be resilient to temperature changes [2,10] and that temperature fluctuations have only minor impacts on the overall biogas yield relative to systems with consistent, high temperatures [3,11], but there are still many questions about the function and feasibility of small-scale systems operating in a temperate climate year-round.



Using waste feedstocks available locally, this study tested serial digestions of both mono-digestions and co-digestion mixtures, simulating realistic operating conditions for a small-scale AD facility. Feedstocks included mixed food waste (FW), sourced from a university, brewery wastes (BW), grease waste (GW), and agricultural residues of Miscanthus x giganteus (MC). Food waste and BW are both high-volume organic waste streams that currently pose waste management problems for businesses and municipalities alike [8,12]. Grease waste and agricultural residues have a greater proportion of carbon, relative to FW and BW, which can be converted to biogas fuel via AD.



Food waste is an excellent feedstock for biomethane production via AD and is currently used in successful AD systems at multiple scales around the world [8,13,14,15,16]. Importantly, food waste is a common and consistent waste stream that does not dramatically change over the course of a year [16] and can therefore serve as a steady base feedstock for small AD systems. However, using food waste—especially post-consumer—requires sorting to remove contaminants and a mechanical pre-treatment to increase the surface area prior to processing via AD in order to maximize the net biomethane yield [17,18].



Brewery wastewater that includes trub—the slurry of dead yeast and hops residues that must be discarded after the primary fermentation—is a growing concern for waste management districts nationwide as the number of microbrewing operations in the United States has increased from 405 in the year 2000 to over 4522 in the year 2018 [19]. In particular, the trub waste stream is an organics-rich wastewater with a high potential energy yield [20]. The sharp rise in the number of microbrewery operations has meant a dramatic increase in the amount of high-strength wastewater sent to wastewater treatment facilities, heralding the collective need for breweries and their communities to address the economic and environmental costs of their operations [12,21]. Small scale AD could be an effective and energy efficient on-site treatment of BW, the disposal and treatment of which can be a significant financial burden to both the brewery and wastewater management districts [21].



Both crop residues and used cooking oil can serve to supplement carbon (C) in AD feedstocks sourced from FW and BW that typically have carbon-to-nitrogen ratios (C:N) lower than the ideal for AD [20,22]. The C:N of AD feedstocks is an important aspect of digestion maintenance, as the C:N of the raw material can greatly impact the healthy functioning of the microbial communities within the digester [7,18]. Crop residues that are rich in C would be easily accessible if a digester was located on or near a farm or agricultural processing facility and could balance the high nitrogen (N) contents of both FW and BW streams [20,22]. Miscanthus x giganteus (hereafter, MC) is an advanced lignocellulosic perennial bioenergy crop that can produce high yields in soils that are deemed unsuitable for other crops with little to no fertilization required [23,24]. Many field trials of MC have been demonstrated in the US [25,26] and it is already produced for bioenergy commercially in Europe [27,28]. Used cooking oil (hereafter, grease waste or GW) is another desirable C-rich feedstock with high potential energy yield in AD, but it must be co-digested with other feedstocks for functional AD [29].



Each feedstock type described above has different characteristics that both offer benefits and pose challenges in AD systems. Mixed pre- and post-consumer FW has a relatively compatible C:N within the ideal range for AD, but is difficult to process to a uniform size ideal for digestion and often requires pretreatment to maintain a pH above 6 [2]. Trub BW is very uniform, requires no processing, and is nutritionally well-balanced, but can also have a very low pH (in the range of 2–4) that would inhibit the microbial community within a digestion vessel without pretreatment [30]. Crop residues from MC have a high C:N that balances the higher N contents of other feedstocks, but MC is difficult to grind and mix and contains relatively large amounts of recalcitrant C forms that are not ideal for quick conversion into biomethane [31,32]. Grease waste is easily incorporated in AD without processing, but the extremely high chemical oxygen demand (COD) of this material can cause sudden system imbalances that impact organic conversion and fuel yield, if not carefully controlled [33,34].



This study examines the feasibility of using mono- and co-digestion mixtures of FW, BW, GW, and MC feedstocks in a small-scale AD system with low energy inputs. Given the strengths and challenges of each of these feedstocks, we hypothesized that co-digestion mixtures would optimize the biomethane conversion potential relative to mono-digestions of either the FW or the BW feedstocks alone [35]. In addition, the MC and GW could be used to enhance the biomethane production [36]. The objective was to resolve (1) the relative biomethane production rates from the various feedstock mixtures; (2) the effect of seasonal temperature changes on feedstock digestion; and (3) the factors that impact digester stability. An unstirred tubular plug-flow digester was operated in the temperate climate of southeast Ohio with only passive solar heating from a greenhouse enclosure. The experimental AD system was continuously operated over a four-year period and digestion periods with either a single feedstock (FW, BW) or co-digested feedstock mixtures (FWBW, FWBWGW, FWMC) were evaluated.




2. Materials and Methods


2.1. Site Description and Climate


A small greenhouse structure to contain the experimental AD unit was constructed in the spring of 2015 adjacent to a Class 2 composting facility in Athens, Ohio (39.32° N 82.1° W, elevation 226 m). The greenhouse is a 12-by-24 ft (3.7-by-7.3 m) aluminum frame structure with 6 mm twin wall polycarbonate panels (Juliana Gardner 21.4 Greenhouse, International Greenhouse Company, Danville, IL, USA).



The study site is located in plant hardiness zone 6a, characterized by an average annual (winter) minimum temperature range of −23.3 °C to −20.6 °C (USDA Plant Hardiness Zone, 2012, http://planthardiness.ars.usda.gov/PHZMWeb/, accessed on 6 February 2021). The Ohio University weather station located in Athens, Ohio, recorded average summer temperatures of 22.3 °C, 23.6 °C, 20.8 °C, and 23.0 °C in 2015, 2016, 2017, and 2018, respectively, and average winter temperatures of 2.2 °C, 2.8 °C, and 1.4 °C in 2015–2016, 2016–2017, and 2017–2018, respectively. For this project, we defined season boundaries with equinox and solstice dates: 21 March, 21 June, 21 September, and 21 December. Hourly meteorological data was collected at the Ohio University weather station located 2 km northeast of the AD facility. We used the daily average, minimum, and maximum temperatures recorded at the weather station (2015–2018) and within the greenhouse (2016–2018 only; HOBO pendant dataloggers, Onset Computer Corporation, Bourne, MA, USA) in all analyses reported herein.




2.2. Feedstock and Inoculum


A variety of feedstock mixtures were used over the course of the experiment (detailed in Table 1) as they were available. Food waste collection and processing systems were described in detail previously [2]. Briefly, we captured daily samples of well-mixed FW from the centralized pre- and post-consumer FW composting facility adjacent to the study site, then ground the material to <4.5 mm pieces and mixed in rainwater collected on-site to make a slurry of approximately 10–20% solids. Used GW was collected bimonthly from a dining hall on the Athens campus of Ohio University. In order to increase the feedstock digestion potential while not altering the OLR above our target maximum of 2.0 gVS L−1 d−1, GW was added every other feeding (320 mL each time) during periods that included GW, amounting to an additional 0.05 gVS L−1 d−1 [37].



During periods when BW was a feedstock, we collected fresh post-secondary fermentation brewery wastewater (i.e., the trub and spent hops materials) from local breweries (Jackie O’s Brewery and Devil’s Kettle Brewing, both of Athens, OH, USA); these materials were kept refrigerated until the day of use. The FWBW feedstock was made from approximately equal wet weights of the two feedstocks. The BW had an average moisture content of 89%, but periodically had to be mixed with small volumes of rainwater to make the solid plant material flow through the inlet plumbing. Miscanthus x giganteus residues from local agricultural plots were ground from whole stalks and leaves to pieces <1 cm3 with a modified paper shredder (Fellowes Brands C120, Itasca, IL, USA); during the FWMC experimental period (C5), 308 gdry weight ground MC mixed with 317 gdry weight ground FW and 11.7 L of collected rainwater per day were mixed to create a feedstock with approximately 5% solids.



Feedstock mixtures were mixed in 5-gallon buckets with rainwater to an approximate solids content of 10% and added daily, 4–7 days per week, during functional digestion periods. Digestion periods were defined as periods of continuous feeding with the same feedstock, with no longer than 14 days between blocks of time with regular feedings (Table 1). Feeding breaks happened during digester repairs, upgrades, souring events, and when frozen plumbing prevented the flow of material into the digester. The pH of all feedstocks was measured and sodium bicarbonate (CAS #144-55-8) was added as a buffer to achieve a neutral pH (6.8–7.2) prior to introduction into the digester, as needed.



Inoculation events occurred a total of four times (Table 1) with healthy reactor effluent collected from nearby industrial AD facilities using mesophilic digestion (Quasar Energy Group; Independence, OH, USA). The inoculations that occurred in June of 2015 (pH 7.96, VFA/TIC 0.57) and September of 2016 (pH 8.14, VFA/TIC 0.40) were each approximately 225–250 gallons of healthy effluent from the Quasar Columbus, Ohio plant, which typically processed ca. 33% FW, 33% GW, and 33% biosolids. The inoculation in May of 2016 was approximately 250 gallons of healthy effluent (pH 7.90, VFA/TIC 0.21) from the Quasar plant in Wooster, OH, which was processing exclusively municipal wastewater sewage sludge at the time. The inoculation in May of 2018 (pH 7.71, VFA/TIC 0.31) was approximately 260 gallons of healthy effluent from the Quasar Zanesville, Ohio plant, which was processing a feedstock mixture of 20% fats, oils, and greases, 25% municipal wastewater treatment plant biosolids, 20% spent grain, 25% glycerines/food processing wastes, and 10% leachate.




2.3. Digester Setup


The digester (Figure 1) was a cylindrical, geomembrane vessel made from 1 mm flexible polyvinyl chloride (PVC) with a 2 m3 liquid capacity and an equal area for gas accumulation (Viogaz Inc., Heredia, Costa Rica). The digester was installed in a well-drained, two-sided sloped trench designed to keep the liquid level inside the digester flush with ground level. Three, nearly identical digestion vessel setups were used over the course of the study (noted as letters in Table 1). Minor differences include: (i) the gas output port was in a different location on the top of Digester A and (ii) a secondary sludge port and associated external plumbing to allow for easier materials removal were added to Digester C.



The digester had four ports: (1) a 5 cm diameter PVC port on the top half of the digester to allow for biogas output flows fitted with a stainless steel ball valve and tube fitting; (2) a 7.6 cm diameter PVC inlet at ground level connected to a hopper located 1.2 m above ground level and sealed with a ball valve at the digester connection and a gate valve immediately below the hopper; (3) a 7.6 cm diameter PVC outlet sealed with a ball valve connected to a gas pressure relief valve on one end and a 50 cm deep passive siphon on the other; and (4) a 10 cm diameter sludge port with a 90 cm deep passive siphon that drained from the bottom of the digester and sealed with a ball valve at the terminus (see Figure 1). The trench and digester footprint was 1.8 m × 2.7 m, with the input, output, and sludge ports plumbed to originate/terminate outside of the greenhouse. In order to protect the digester from UV damage, we suspended a 1.8 m × 2.4 m shade panel (Shatex 90% black, Wellco Industries, Corona, CA, USA) at a height of 1 m above the digester when inflated.




2.4. Digestion Temperature


A temperature sensor (DS18B20; Dallas Semiconductor, Dallas, TX, USA) was installed 30 cm below the liquid level along the outside edge of the digester for a 35-day period to determine the relationship between digestate temperature and air temperature. The maximum daily air temperature was strongly correlated to the digestate temperatures (R2 = 0.75; Figure S2); this relationship was used to estimate digestate temperature during periods when temperature sensor data was not available. There was an 8-month period spanning two seasonal transitions that was used to resolve the correlation between the outdoor temperature and the temperature of the material flowing out of the digester (p < 0.001, R2 = 0.7288, N = 337). Using this relationship, digestion periods were characterized as mesophilic (>20 °C) and psychrophilic (<20 °C). Periods of less than five days in a row of cooler temperatures within otherwise mesophilic seasons were not reclassified as psychrophilic due to the thermal entropy of the liquid digestate. The digester was considered psychrophilic once daily maximum outdoor air temperatures did not reach 20 °C for more than five days in a row. Equally, the shift to mesophilic occurred at the first five-day long period of >20 °C daily maximum air temperatures.




2.5. Chemical Characterization


Feedstock mixtures and digester waste products were regularly sampled (once weekly) from October 2016 to October 2018. The pH and temperature were immediately measured with a pH pen (850052, Sper Scientific, Scottsdale, AZ, USA). Well-mixed samples were collected in bubble-free 50 mL centrifuge tubes that were stored at 4 °C and then analyzed within 2 weeks of sampling. A portion of each sample was used to measure the total N, phosphorus (reactive and total), and chemical oxygen demand (COD), using persulfate, ascorbic acid, and reactor digestion methods, respectively, via spectrophotometric kits (Hach Co., Loveland, CO, USA). A 10 mL subsample was used to determine the density and dry weight by oven drying at 105 °C for 24 h. The C and N contents were determined via elemental analysis with an ECS 4010 CHNSO analyzer equipped with a 3 m HAYESEP Q 80/100 MESH column and a TCD (Costech Analytical Technologies, Inc., Valencia, CA, USA).




2.6. Biogas Quantification and Quality Assessments


A mass flow meter (MS-series, Alicat Scientific, Tucson, AZ, USA) was installed on the gas output line of the digester on 10 November 2016. The biogas flow was continuously measured thereafter, with only three, multi-day power-related disruptions in the data collection that occurred between 14 July 2017 and 9 August 2017, 3 December 2017 and 17 December 2017, and 16 August 2018 and 28 September 2018. Temperature-corrected mass flow rates were recorded every 100 milliseconds with a datalogger (CR-1000, Campbell Scientific, Logan, UT, USA). Flow rates were averaged by minute in units of standard cubic centimeters per minute and then summed to generate daily volumes of biogas production. Due to a small leak in the digester that we discovered on 19 April 2018, flowmeter data for the C7_damaged, C8, and C9 periods were not included in any statistical analyses.



Biogas samples were collected from fixed volume Tedlar and multi-layer foil gas sampling bags (Restek Corporation, U.S., Bellefonte, PA, USA) that passively filled directly from the digester; samples were collected for gas analysis once a bag was filled to capacity (either 40 or 100 L) and the bag fill time was used to calculate a biogas production rate. We analyzed biogas samples with a gas chromatograph using FID and TCD detectors (Bruker Daltonics, Billerica, MA, USA) to determine CH4 and CO2 content, respectively. Temperature-standardized volumetric data were used to calculate the mass of CH4 generated per unit volatile solids (VS) fed to the digester per day, or CH4 production rate.



Carbon Conversion Efficiency during FWMC Trial



The gas leak mentioned in Section 2.6 affected the FWMC trial period (C9). To estimate the volume of biogas produced, we calculated the difference in the amount of C (determined by elemental analysis) entering the system as feedstock (input) and exiting the system as digestate (output). Biogas samples taken three times a week directly from the digester headspace provided the estimates of the proportion of CH4 within the biogas generated. These measurements were used to calculate the amount of C converted to CH4 according to Equations (1) and (2):


(CInput/BiomassInput) − (COutput/BiomassOutput) = Cbiogas,



(1)




and


(Cbiogas − 0.01 × Cbiogas) × CCH4/Cbiogas = FCH4,



(2)




where Biomassx is the mass of the input and output material in g, the Cx is the carbon content of the input and output material in g, and Cbiogas is the fraction of C converted to biogas. For Equation (2), CCH4 is the proportion of CH4 measured in the biogas, and FCH4 is the fraction of C converted to CH4. Equation (2) accounts for a fraction of the biogas C (0.01, or 1%) lost due to carbon monoxide production [38]; the C corresponding to cell growth was neglected.




2.7. Statistics and Analysis


We analyzed the relationship between daily and seasonal weather station and greenhouse temperatures using an analysis of covariance (ANCOVA). We used a nested analysis of variance (ANOVA) to determine the effect of digestion temperature (psychrophilic vs. mesophilic) and feedstock mixtures on biogas CH4 content and biogas production rates; Tukey honest significant difference (Tukey HSD) tests determined the direction and significance of pairwise comparisons following significant ANOVA results. We performed all statistics in RStudio version 1.3.959 with R version 3.5.3 [39].





3. Results


3.1. Physical Conditions


The greenhouse enclosure provided elevated maximum daily temperatures relative to ambient air (Figure 2). Maximum daily air temperatures recorded within the greenhouse were significantly greater than the temperatures recorded at the Ohio University weather station on the same date (ANCOVA p < 0.001), particularly in the late spring, summer, and early fall (Figure 2). This same trend was not observed in the daily minimum air temperature data, where there were no significant differences between the temperatures recorded outside and inside of the greenhouse (Figure S1).




3.2. Feedstocks


The nutrient content and chemical characteristics of the different feedstock materials and digester effluent are summarized in Table 2, organized according to the feedstock(s) being digested (see Table 1 for feedstock assignments by period). The FWMC feedstock mixtures had significantly lower contents of dissolved N, dissolved P, and COD than the other feedstock materials tested (p < 0.001); this was due to the much lower solids content of the FWMC feedstock (5% vs. an average of 19% in all other feedstock mixtures) necessary to make the ground MC material flow easily through the plumbing. When the N, P, and COD measurements were standardized into units per g FW−1 L−1, there were no differences in the nutrient and COD contents of the FW used during the FWMC period relative to the FW feedstock use in all other digestion periods. The COD values for the feedstocks were typically high (>50,000 mg L−1), which supported the suitability of the materials for treatment with AD.



All feedstocks and inoculum inputs to the digester, except MC, had C:N ratios below the 20–35 optimal range for mesophilic AD [40]. The C content of MC was much greater than the other feedstocks and, even when mixed with FW, the C:N ratio of FWMC was above the typical optimum.




3.3. Carbon Conversion Efficiency


During the FWMC trial (C9) period, an average of 71% of the feedstock C was converted into CH4, or 0.712 gCH4 gCinput−1. The minimum and maximum weekly efficiency rates were 66% and 80%, respectively.



Relative to the CH4 production rates for the other digestion periods (Table 3), a C conversion efficiency of 0.712 gCH4 gVS−1 would make the FWMC trial the second-highest period for CH4 production rate behind the BW trial (C4) period (0.761 gCH4 gVS−1). The FWMC digestion period also had more consistent daily and weekly conversion rates compared to the other functional digestion periods. For co-digestion mixtures, MC as a feedstock had the single greatest impact on the rate of CH4 yield (p < 0.001). For the periods not including MC, the presence of FW in a co-digestion mixture was more important to the biogas production dynamics than was the inclusion of either BW or GW (p < 0.001).




3.4. Biogas Production


The quantity of biogas generated (L d−1) as measured by the mass flowmeters varied substantially over time (Figure S3). The biogas production was sensitive to both changes in the physical conditions (e.g., temperature and HRT) as well as changes in feedstock. We see this as sharp declines in biogas production during frozen periods when feeding was not continuous, for example. Shifts in feedstock were more often accompanied by at least a temporary surge in biogas production.



Seasonal transitions had dynamic biogas production rates. For example, the shift from mesophilic to psychrophilic during the onset of winter (this shift consistently occurred between late October and early December in 2015, 2016, and 2017) did not result in a significant loss of biogas production prior to the freezing of the plumbing in any of the years measured. For example, there was no difference in the biogas production rate between the mesophilic and psychrophilic periods within the C1 FW mono-digestion period in late 2016. The biogas production rates during the psychrophilic FW mono-digestion period (C2) immediately following a 22-day starvation due to frozen plumbing were also statistically indistinguishable from the rates observed during the last month of the psychrophilic digestion period (C1) of the same feedstock (73 and 97 L d−1, respectively).



The seasonal shift that occurred with the onset of winter in November 2017 during a FWBWGW digestion period (C6) also did not show significant declines in biogas production prior to the plumbing freezing (C6_frozen). However, there was significantly lower biogas production in the month after the 14-day starvation C6_frozen period compared to the month before the freezing (ANOVA p < 0.001).




3.5. Biogas Quality


Overall, the digestion temperature (mesophilic vs. psychrophilic) explained more of the variation in the CH4 production rate (gCH4 gVS−1 d−1) than the feedstock type, but the magnitude and direction of the effect differed by feedstock type. Temperature conditions, mesophilic or psychrophilic, were a strong determinant of the CH4 production rate (gCH4 gVS−1 d−1; ANOVA p <0.001), regardless of feedstock type (ANOVA p < 0.001), with more consistent and higher rates of CH4 production during mesophilic conditions. When comparing the temperature effect within each feedstock separately, there was a significant difference in CH4 produced from digestions at different temperatures for FW alone (p = 0.04) and FWBWGW (p = 0.03), but not for FWBW (Figure 3b). The direction of these differences was also dependent on the feedstock type (ANOVA interaction effect p < 0.001), as FW digestion resulted in higher rates of CH4 production during the mesophilic periods while FWBWGW had lower rates of CH4 production during its mesophilic periods (Figure 3b).



There was a positive correlation between digestate temperature and the proportion of CH4 in the biogas (p < 0.001). The digestion period, digestion temperature, and feedstock all significantly affected the proportion of CH4 in the biogas (Figure 4; ANOVA p < 0.05). Overall means (and standard error) of CH4 in the biogas were 21% ± 2% and 20% ± 3% for mesophilic mono- and co-digestions, respectively, and 6.4% ± 1% and 6.9% ± 1% for psychrophilic mono- and co-digestions, respectively. Post-hoc analysis by Tukey HSD contrasts of an ANOVA with feedstock nested within digestion temperature showed that the CH4 fraction in the biogas produced when digesting FWMC was significantly greater than the CH4 fraction from other feedstock mixtures containing FW (p < 0.001). This same analysis showed that biogas CH4 proportion during digestions of FW, FWBW, and FWBWGW were not significantly different regardless of digestion temperature (p > 0.05).



The CO2:CH4 ratio of the biogas (Table 3) can be used to provide information on the balance of the anaerobic respiration activities occurring within the digester. Mesophilic conditions yielded biogas CO2:CH4 ratios with overall averages and standard errors of the mean of 29 ± 14 and 8.2 ± 1.2 for mono- and co-digestions, respectively, showing the greater proportion of methanogenesis during co-digestions. Psychrophilic conditions yielded biogas CO2:CH4 ratios with overall averages and standard errors of the mean of 21 ± 2 and 37 ± 11 for mono- and co-digestions, respectively. There was also a significant relationship between the COD degradation and the CO2:CH4 of the biogas (p = 0.038, R2 = 0.52), such that higher COD degradations (i.e., a more efficient microbial organic degradation) were correlated with lower biogas CO2:CH4 ratios (i.e., more relative methane production). This correlation, which could be linked to the differences in the feedstock chemistry that impact the proportional importance of methanogenesis, could be a useful way to monitor digestion health and success in small-scale systems with inconsistent feedstock chemistry.





4. Discussion


Small-scale AD systems have potential to contribute to climate resiliency, especially in rural areas where agricultural residues are easily accessible [1,8,13,41]. In this study, with an unheated 2 m3 digester continuously operated for over three years with a variety of seasonally available feedstocks, co-digestion of feedstocks supported greater biogas production during cooler seasons. The shift from mesophilic conditions to psychrophilic conditions, as winter began, did not have a large effect on biogas production. If the freezing of plumbing in and out of the digester can be prevented, small-scale AD systems could likely be operated year-round in temperate climates with very little heating. Feedstock mixtures that generate the greatest biogas in mesophilic conditions differ from those that generate the greatest biogas in psychrophilic conditions. Seasonal adjustments in feedstock, with mono-digestion favored during warm months and co-digestions favored in colder months, would maximize fuel production from off-grid AD systems in temperate climates.



This study resolved that FWMC and BW produced the highest biomethane and biogas production rates, respectively, of the various feedstock mixtures, but co-digestions of FWBW and FWBWGW resulted in consistent biogas production rates and high biomethane content of the biogas during seasonal transitions. Co-digested FWMC was an excellent feedstock for biomethane production and digester stability during a mesophilic period. Psychrophilic conditions, especially after freezing occurred in the system plumbing, had a significant impact on the biogas production and overall digester stability. The OLR, feedstock chemistry, and digestion temperature were factors that had significant impacts on digester performance and stability of the unheated tubular digester operated in a temperate climate.



4.1. Feedstock and Temperature Effects


Overall, we determined that there was a persistent effect of temperature on both biogas quality and quantity that was largely independent of feedstock. However, there were significant interactive effects between the feedstock and seasonal temperature transitions on the quality (%CH4, ANOVA interaction p = 0.01) and quantity (biogas L d−1, ANOVA interaction p < 0.001) of the biogas produced. While the FW mono-digestion in 2017 was more productive going into the winter temperature transition and more resilient immediately following the transition in terms of its continuous biogas production, the CH4 production rate during the psychrophilic period in early 2018 when digesting FWBWGW was much higher than the same period in 2017. Co-digestions were the most productive in terms of the combination of CH4 production rate (Figure 3b) and biogas quality (Table 3, Figure 4).



The seasonal nature of the different feedstocks digestion performance measured here supports an operation that shifts between mono-digestions during mesophilic periods and co-digestions leading up to and throughout psychrophilic periods. We also speculate that the co-digestion mixtures such as the FWBWGW material, for example, performed well during psychrophilic digestion periods because the combination of feedstocks contained an adequate amount of trace elements and a more-ideal combination of macromolecules for the microbial community present within the digester at that time [42].




4.2. FWMC and BW Trials


The FWMC experimental period yielded several interesting observations. The feedstock during this period varied only in the makeup of the FW component, as the MC material was obtained from a single source that was kept consistent throughout the experiment. Feedstock C:N varied slightly by week throughout the 3-month experimental period, but was overall almost as consistent as the C:N of FW alone during FW mono-digestion periods (Table 2). In contrast, the output C:N remained much more consistent during the FWMC period than the output during FW mono-digestions, suggesting that the system obtained much higher CH4 production rates with the consistently high C input from MC relative to the much more variable feedstock of FW alone. This means that moderately inconsistent feedstock chemistry—with a feedstock C:N that ranged from 19.6 to 79.4 during the 14-week trial—is not harmful to quality biogas production.



The shredded MC plant material proved challenging to use in our passive inlet plumbing system due to clogging and thus daily feeding volumes of a mixture of only FWMC were limited. The lower-volume feedings translated into a longer retention time (196 d vs. an average of 145 d for all the other feeding periods) and a low OLR (0.2 gVS L−1 d−1). In contrast, the watery consistency of most of the BW we processed might make it an excellent candidate for an additional feedstock to be co-digested with the FWMC mixture, without having to further dilute the organics. In addition, both mono- and co-digestions indicate that BW is a good feedstock to help maintain a consistent and high CH4 production rate despite the temperature of the digestion, as the FWBW feedstock yielded about the same amount of biogas regardless of digestion condition/temperature (Figure 4). Future work on FWBWMC as a co-digestate feedstock could allow for an increased OLR, decreased HRT, and high biomethane production success without a loss of system resiliency with respect to digestion temperatures.




4.3. Interventions


The decline in biogas quality, but not quantity, observed during the seasonal transition shifts (Figure 3 and Figure 4, Table 3) suggests a microbial and/or biochemical imbalance favoring non-methanogenic anaerobic degradation pathways [30]. Both biogas quality and quantity issues could theoretically be addressed by adjusting the OLR [43], inoculating with the appropriate microbial community for the new temperature [17,44], and/or changing the feedstock chemistry [45] during critical transition periods.



In addition to the bottom-up inoculations and the top-down shifts in OLR and feedstock chemistry during seasonal transition and psychrophilic periods, there are engineering solutions that could help to physically buffer the digester and its contents from experiencing the more extreme temperature changes that perturb successful mesophilic digestions. Recent work on solar-assisted AD, or AD systems that use passive solar heating methods, has shown that relatively small increases in average digester temperatures can have a significant impact on the biogas and CH4 yields from small-scale systems [10,46]. The earthen trench and passive greenhouse used in this study managed to somewhat shield the digester from rapid temperature shifts, but this buffering effect was limited to daylight hours (Figure S1). The combination of solar assistance, feedstock chemistry, OLR, and inoculation interventions could be a powerful set of tools to help make small-scale AD in temperate climates a functional reality.




4.4. Considerations for Future Work


Future work will be required to test co-digestion feedstock mixtures with different conditions to determine if an alteration in the feedstock chemistry, the HRT, and/or the OLR could provide a more balanced production of quality biogas during mesophilic, psychrophilic, and seasonal transition periods in an unheated digester. Specifically, reducing the HRT could be helpful in preventing chemical inhibition and souring without the need to chemically pretreat the feedstocks. A reduced HRT would also provide an AD operator greater control over digester chemistry before, during, and after seasonal temperate shifts.



Work on the effectiveness of novel inoculations during both types of seasonal transitions (cold to warm and warm to cold) is the next logical step for research to advance unheated AD system resiliency. The imbalances in the CO2:CH4 of the biogas measured in this study, particularly during and immediately following seasonal transition periods, suggest an imbalance in the microbial community that functionally hinders methanogens relative to other anaerobic degraders [17]. There are examples of highly successful AD systems operating under psychrophilic conditions [11,47,48], with evidence suggesting a mismatch in bacterial versus methanogenic growth at low temperatures. Unbalanced microbial functional communities can also lead to digester conditions that further inhibit methanogenic activity (e.g., the abundance of inhibitory intermediary chemical species) and preventing robust CH4 production [48,49]. Previous research has also shown that methanogenic communities can be relatively slow-changing, particularly at lower temperatures [47].



Strategic inoculations with cold- or warm-tolerant methanogens might be a way to counteract the natural slowdown in methanogenesis during an unheated seasonal transition. One remarkably tolerant group of methanogenic archaea are Methanosarcina spp., which can use both acetoclastic and hydrogenotrophic pathways [50]. This robust genus has been found to grow in temperatures both as high as 70 °C and as low as 1 °C [51,52] and could be very valuable to psychrophilic and/or temperature-shifting AD systems. With a high tolerance for system shocks and environmental variation [49,50], Methanosarcina spp. could buffer production against gradual temperature changes experienced by unheated AD systems in temperate climates.





5. Conclusions


Small-scale AD systems could address the multidimensional needs of rural communities by providing energy security and improved waste management. The optimization of small digestion systems that use local, mixed organic waste streams could strongly impact the ability for individuals and small businesses to adopt ecologically and economically sustainable practices. This study addressed some of the outstanding questions regarding low-tech, small-scale AD systems in temperate climates with special attention paid to seasonal transitions that would allow for year-round operation. While more work is required to optimize small-scale AD systems that experience significant feedstock and temperature fluctuations throughout the year, this study also made clear that AD could be a viable treatment for wastes from rural microbreweries and co-digestion of agricultural residues can increase fuel yield from AD when FW is the primary feedstock.
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Figure 1. Schematic of the digester and greenhouse setup; modified from Miller et al. 2020 [2]. Black lines indicate stainless steel or Tygon fuel line tubing and fixtures; red lines indicate PVC fittings and tubing. 
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Figure 2. A comparison of daily maximum air temperatures from May of 2016 to August of 2018 by measurement location: the Ohio University weather station (green line), ground level (0 m) within the greenhouse (blue line), and mid-height (1.2 m) within the greenhouse air space (yellow line). 
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Figure 3. Average CH4 production rate by digestion type (mesophilic vs. psychrophilic) and feedstock. Rate comparisons of mesophilic (orange bars) and psychrophilic (blue bars) digestions by feedstock within digestion type (a) and by digestion type within the three feedstock mixtures with digestions in both temperature ranges (b). Bars represent average rates with standard error bars. The number of observations per summary are shown above each bar; the FW and FWBWGW feedstock names with asterisks (*) on the x-axis of panel b denote significant differences by digestion temperature within a feedstock group (ANOVA p < 0.01). For feedstocks with both mesophilic and psychrophilic digestions (panel b), there was a significant interaction effect between the feedstock and digestion temperature (ANOVA p < 0.001). 
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Figure 4. Biogas quality measured as proportional CH4 content in the biogas during the A2, C1, and C6 period seasonal shifts (October–January) from mesophilic to psychrophilic (a) and the feedstock within each digestion temperature (b). Orange bars represent mesophilic digestions; blue bars represent psychrophilic digestions. Data are shown as averages with standard error bars and the average CH4 content (%) in text above each bar. Significantly different feedstocks by Tukey HSD within the mesophilic digestion temperature are shown as lowercase letters within the bars in the lower panel (b); psychrophilic feedstocks were not significantly different (p > 0.05). 
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Table 1. Digester periods by date and feedstock used.
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	Digestion Vessel
	Period ID
	Start Date
	End Date
	Feedstock ID(s) 1
	Average Feeding Rate (gal d−1)
	Average

Organic Loading

(gVS L−1 d−1)
	Hydraulic Retention Time (d)





	A
	A1
	1 July 2015 3
	28 September 2015
	FW
	4
	0.87
	120



	A
	A2
	29 September 2015
	13 November 2015
	FWBW
	5
	0.91
	105



	A
	A3
	14 November 2015
	29 November 2015
	FW
	2
	0.43
	314



	B
	B1
	24 May 2016 3
	29 June 2016
	FW
	4
	0.75
	128



	C
	C1
	3 October 2016 3
	19 December 2016
	FW
	5
	1.2
	98



	C
	C1_frozen 2
	20 December 2016
	11 January 2017
	n/a
	-
	-
	-



	C
	C2
	12 January 2017
	7 April 2017
	FW
	5
	1.5
	107



	C
	C3
	8 April 2017
	14 June 2017
	FWBW
	5
	1.5
	106



	C
	C4
	15 June 2017
	8 August 2017
	BW
	9
	2.0
	61



	C
	C4_sour 2
	9 August 2017
	27 August 2017
	n/a
	-
	-
	114



	C
	C5
	28 August 2017
	13 September 2017
	FWBW
	2
	0.63
	213



	C
	C6
	14 September 2017
	25 December 2017
	FWBWGW
	3
	0.77
	185



	C
	C6_frozen 2
	26 December 2017
	9 January 2018
	n/a
	-
	-
	-



	C
	C7
	10 January 2018
	18 April 2018
	FWBWGW
	3
	0.86
	152



	C
	C7_damaged 2
	19 April 2018
	21 May 2018
	n/a
	-
	-
	-



	C
	C8
	22 May 2018
	3 June 2018
	FW
	3
	0.81
	181



	C
	C9
	4 June 2018 3
	3 October 2018
	FWMC
	3
	0.21
	196







1 Feedstock ID key: FW, food waste; BW, brewery waste; GW, grease waste; MC, Miscanthus x giganteus residues. 2 Denotes periods when feeding was suspended and biogas data were not used in statistical analyses. 3 Denotes a seeding event on that date.
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Table 2. Chemical characterization of AD inputs and outputs by feedstock mixture period, presented as averages (with standard errors indicated in parentheses).
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	Feedstock Period
	Material
	Total Nitrogen (mg L−1)
	Total Phosphorus

(mg L−1)
	COD

(mg L−1)
	Carbon (%)
	Nitrogen (%)
	C:N Ratio 1





	Food Waste
	Seed Material 2
	11,652
	5386
	69,591
	28
	4
	8



	
	FW
	2100 (375)
	378 (78)
	71,833 (5487)
	52 (0)
	4 (0)
	15 (0)



	
	Digestate
	--
	--
	--
	34 (1)
	2 (0)
	19 (1)



	Food &MiscanthusWaste
	MC 3
	--
	--
	--
	48 (0)
	0 (0)
	527 (146)



	
	FWMC
	672 (106)
	54 (13)
	38,040 (6385)
	46 (1)
	2 (0)
	47 (8)



	
	Digestate
	1760 (177)
	333 (64)
	40,514 (8928)
	28 (1)
	2 (0)
	12 (0)



	Food, Brewery, & Grease Waste 4
	FW
	3297 (258)
	1592 (250)
	148,779 (12,260)
	52 (1)
	4 (0)
	18 (2)



	
	BW
	5275 (329)
	2517 (179)
	192,244 (8241)
	60 (1)
	7 (1)
	11 (1)



	
	Digestate
	2998 (155)
	1581 (217)
	110,877 (6437)
	51
	3
	20







1 Average of C:N ratios. 2 Seed material from the Quasar Wooster plant collected on 24 May 2016. 3 MC would not dissolve completely enough for N, P, and COD analysis. 4 GW and feedstock mixtures including GW were not all analyzed due to an inability to dry the material enough to powder.
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Table 3. Digestion characteristics by digestion temperature, digester unit, and feedstock, presented as averages with standard errors.
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	Digestion Type
	ID
	Feedstock
	Duration (d)
	Maximum

Daily Air Temp (°C)
	Fed

(kgVS d−1)
	Average OLR

(gVS L−1 d−1)
	Methane Production Rate (gCH4 gVS−1 d−1)
	Biogas CO2:CH4
	Input pH
	Output pH
	Input Temp (°C)
	Output Temp (°C)





	Mesophilic
	
	(overall)
	638
	26.8 (4)
	1.8 (3)
	0.9 (0.06)
	0.108 (0.4)
	19 (8)
	7.1 (0.6)
	6.8 (0.9)
	27.1 (18)
	32.0 (19)



	
	A
	FW
	85
	28.4 (3)
	1.7 (1)
	0.9 (0.05)
	0.014 (0.01)
	8 (1)
	6.9 (0.9)
	6.5 (0.3)
	22.1 (4)
	28.0 (3)



	
	A
	FWBW
	25
	21.5 (5)
	2.0 (1)
	1.0 (0.05)
	0.005 (0.00)
	10 (1)
	7.5 (0.3)
	7.1 (0.2)
	14.1 (4)
	22.6 (2)



	
	B
	FW
	37
	28.3 (3)
	1.5 (1)
	0.7 (0.08)
	0.025 (0.04)
	2 (0)
	6.9 (0.6)
	8.2 (0.4)
	20.9 (5)
	18.0 (3)



	
	C
	BW
	74
	27.7 (3)
	3.7 (6)
	1.9 (0.41)
	0.761 (1.3)
	196 (112)
	6.8 (0.7)
	5.7 (0.4)
	21.9 (5)
	24.8 (4)



	
	C
	FW
	50
	23.5 (5)
	2.0 (1)
	1.0 (0.05)
	0.005 (0.01)
	124 (109)
	7.2 (0.4)
	--
	26.4 (6)
	--



	
	C
	FWBW
	84
	23.6 (4)
	2.6 (2)
	1.3 (0.08)
	0.024 (0.04)
	21 (10)
	7.0 (0.7)
	5.8 (0.6)
	19.6 (5)
	21.2 (5)



	
	C
	FWBWGW
	61
	25.9 (4)
	1.4 (1)
	0.7 (0.06)
	0.001 (0.00)
	6 (0)
	7.2 (0.6)
	5.6 (0.7)
	16.2 (6)
	18.8 (5)



	
	C
	FWMC
	127
	27.8 (4)
	0.4 (0)
	0.2 (0.01)
	--
	1 (0)
	7.2 (0.4)
	7.5 (0.6)
	23.9 (3)
	24.1 (3)



	Psychrophilic
	
	(overall)
	375
	10.3 (8)
	2.1 (1)
	1.0 (0.03)
	0.009 (0.02)
	32 (7)
	7.1 (0.6)
	6.5 (0.7)
	9.4 (6)
	11.3 (5)



	
	A
	FW
	15
	13.8 (6)
	0.9 (1)
	0.4 (0.08)
	0.008 (0.01)
	9 (1)
	7.5 (0.2)
	7.0 (0.0)
	11.7 (4)
	16.6 (1)



	
	A
	FWBW
	20
	16.4 (6)
	1.8 (1)
	0.9 (0.06)
	0.009 (0.01)
	9 (1)
	7.6 (0.3)
	7.1 (0.2)
	13.6 (4)
	19.0 (1)



	
	C
	FW
	150
	10.4 (8)
	2.8 (1)
	1.4 (0.06)
	0.000 (0.00)
	24 (3)
	6.7 (0.7)
	6.3 (0.9)
	8.9 (5)
	9.5 (5)



	
	C
	FWBWGW
	189
	9.2 (8)
	1.6 (1)
	0.8 (0.04)
	0.015 (0.02)
	48 (15)
	7.3 (0.3)
	6.5 (0.5)
	9.0 (6)
	9.9 (5)
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