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Abstract:

 Small-scale digesters, similar to popular Chinese designs, have the potential to address the energy needs of smaller dairy farmers in temperate U.S. climates. To assess this potential, a 1.14 m3 (300 gallon) modified fixed-dome digester was installed and operated, at variable temperatures (5.3 to 27.9 °C) typical of the Midwestern United States, from March 2010 to March 2011 (363 days). Temperature, gas production, and other variables were recorded. The system was fed with dilute dairy manure with 6% volatile solids (VS) and an organic loading rate (OLR) ranging from 0.83 to 2.43 kg volatile solids (VS)/m3/day. The system was loaded with no interruption and exhibited no signs of inhibition from July 2010 to mid-November 2010 (129 days). During this period the digester temperature was over 20 °C with an average daily biogas production of 842 ± 69 L/day, a methane yield of 0.168 m3/kg VS added, and a Volatile Solids reduction of 36%. After the temperature dropped below 20 °C, the digester showed signs of inhibition and soured. These findings suggest that an ambient temperature, modified fixed dome digester could operate without temperature inhibition for approximately six months (169 days) a year in a temperate climate when digester temperatures exceed 20 °C. However, during colder months the digester temperature must maintained above 20 °C for viable gas production year round.
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1. Introduction

In the U.S., where approximately 230 million tons of animal dry matter residues are generated every year [1], conventional digesters have been mainly developed for larger agricultural and industrial applications. These conventional digesters are mixed and heated to maintain operation at mesophilic (35–42 °C) or thermophilic (45–60 °C) temperatures to enable greater gas production [2]. Because these systems are mechanically complex and require specialized controls to operate successfully, their cost is usually greater than $500,000 [3]. Further improvements of conventional digesters have added more operational complexity such as dividing the anaerobic digestion process into two sequential stages in which a given feedstock is first converted into acids (acidogenic stage) followed by the final conversion of acids into methane (methanogenic stage) [4,5].

Due to the expense and scale of the conventional digesters, in 2011, 120 of a total of 143 dairy farm digesters were located at commercial facilities with herds containing more than 500 cows [6]. Although large-scale conventional digesters are established technologies for anaerobic digestion of animal and agricultural wastes for gas production, their affordability and application is limited for medium and small dairy farms. Operations with less than 500 dairy cows represent almost 95% of U.S. dairy farms. The absence of small-scale digester designs prohibits more than 60,000 medium and small dairy farmers from realizing the benefits of anaerobic digestion [7]. Therefore, there is a clear need for small-scale digesters and a large potential market of medium and small-scale dairy farms in the U.S.

In contrast to the situation in the United States, countries like China and India successfully use millions of small and medium scale digesters [8,9]. In these countries, biogas programs were promoted as a method to meet basic energy needs of rural farm families. In addition, several commercial pre-fabricated small-scale digester designs have been developed for applications in these countries. Such small and medium digesters are simple and low cost systems that require no mixing and heating for operation, but they require water to dilute the manure as slurry for optimal operation. These systems have been widely utilized in tropical and subtropical areas where ambient temperatures do not limit gas production. To date, more than 30 million small-scale digesters are in operation [10]. By 2006 in China, for example, 22 million of 250 million rural farmsteads had been equipped with small and medium scale biogas digesters [11]. Among existing small-scale digester designs, the Chinese fixed-dome digester is the most common and successful design and is a typical component of integrated small farming operations in China [12]. Adapting the small-scale digester designs that are successfully used in other countries may have potential to meet the need for small-scale digesters in the U.S. This could enable small and mid-size livestock farmers to realize the benefits of anaerobic digestion and improve their economic efficiency and environmental sustainability.

While small-scale digesters have been widely installed and operated successfully in tropical and sub-tropical areas [13], the low winter temperatures in temperate climates may limit their performance. Under low temperatures, due to the accumulation of volatile fatty acids (VFAs) [14,15], the digesters can become acidic with limited biogas production. However, previous studies have showed applications of anaerobic digestion at low temperatures. For example, the anaerobic digestion of liquid substrates with low solids concentrations at low temperatures has been completed with conventional wastewater reactors (Upflow Anaerobic Sludge Blanket and Expanded Granular Sludge Bed) arranged in two stages. In these reactors, the separation of phases (acidogenic and methanogenic) and a better contact between the substrate and microorganisms counteract the negative effects of low temperature [14,16,17,18,19]. Another study recommended the use of heated water for dilution in small-scale digesters to increase and maintain higher temperatures during the winter [20]. This study concluded that if the local average ambient temperature during the winter is above −5 °C, reliable year-round biogas production is possible. The year-round operation of small buried digesters in northern China and northern India where temperatures drop below 20 °C during the winter also signals potential success of these devices in temperate climates [8,9]. Hill et al. [21], working with very dilute dairy manure in low temperature lagoon digesters, reported the need for low loading rates of 0.1 and 0.2 kg VS/m3/day during colder temperatures to achieve methane yields comparable to those obtained at mesophilic temperatures. Prior work has described the feasibility of using small-scale anaerobic digesters to produce biogas year-round in cold climates and the impacts of varying the organic loading rate [8,20,21,22]. However, these studies have either been theoretical with no experimental data, or have not focused on dairy cow manure as the feedstock.

Simple and affordable small-scale digesters, such as common in China, may have potential to fulfill the need for similar systems by medium and small dairy farmers in the United States. With these digesters medium and small dairy farmers can use biogas for heating or cooking rather than electrical generation as typical in larger dairy farms. We conducted this experiment to test the potential of adapting fixed-dome digesters to small dairies in temperate climates in the U.S. For this purpose a 1.14 m3 buried digester, housed in a greenhouse to moderate temperature during cold months, was operated at ambient temperature and fed with dilute dairy cow manure (~6% volatile solids) so the effects of organic loading rates and temperature on biogas and methane production could be assessed for one year. The results were evaluated and compared with other small-scale and larger digesters.



2. Results


2.1. Temperature and Biogas Production

Insulating and burying the digester successfully increased the digester temperature above the ambient winter temperatures. Soil and digester temperatures were characterized by smaller year-round temperature ranges compared to the greenhouse and ambient temperatures (Figure 1). The ambient, greenhouse and digester temperatures ranged between −13.5 to 35 °C, −8.1 to 42.2 °C and 5.3 to 27.9 °C respectively. The greenhouse increased the average temperature by 4.4 °C above the ambient temperature, and the difference between the minimal ambient winter temperature and minimal digester temperature was 19.1 °C. Comparing the soil temperatures with ambient temperature, specifically during the winter, it was obvious that soil temperatures present lower variability with a mean of 6.1 °C (SD = 1.2) that is greater than the average ambient temperature 2.7 °C (SD = 7.8); hence, the digester temperature presented lower variability (Figure 1). The correlation analysis shows that the temperature of the slurry in the digester was highly correlated to average soil temperature (R2 = 0.956), with the highest temperature in the digester (27.7 °C) recorded in the month of July (2010) and the lowest (5.9 °C) in the month of March (2011).

Figure 1. Temperature data for the digester, average soil, ambient and greenhouse from 8 March 2010–31 March 2011.
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During the start up the average biogas production was 18.66 ± 8.6 L/day and the average methane concentration was 24.6% ± 0.08%. As a consequence, the loading was stopped for approximately 2 months (Initial Rest), and the digester was reseeded on May 11th (May–June 2010). The loading resumed 50 days later, once both biogas production and methane concentration increased over 800 L/day and 45% respectively. Although a larger start up time is desirable, the startup period of 50 days was sufficient and greater than other digester studies [23,24]. Afterwards, the digester exhibited more stable conditions and increased production of biogas and methane (Optimal Operation). The VFA concentration of the digester ranged from 1776 to 3162 mg HAceq/L, which was greater than recommended levels <700 HAceq/L [25]. Withstanding this fact, several factors demonstrated the digester had stable gas production and was operating efficiently due to a high buffer capacity that maintained the pH above 7. A microbial analysis of this digester found a predominance of Methanosaetacea which is typically found in stable digesters [26].

Also between July and November, the digester showed stability with the TVFAs/TIC ratio remaining far below 0.4 (Figure 2d), which indicates stable operation [27]. In addition, neither pH nor Alkalinity were below 7.3 and 8200 mg CaCO3 mg/L respectively, and the mean TVFA concentration was 2222 mg/L. These conditions indicated that the digester did not exceed inhibitory thresholds between July and mid-November [27,28,29].

Figure 2. Digester operational conditions. (a) OLR and Temperature; (b) Biogas production and Methane Concentration; (c) Volatile Organic Fatty Acids (VFAs) and Total Inorganic Carbonate (TIC); (d) Volatile Organic Acids—Total Inorganic Carbonate ratio (VFAs/TIC) and pH. (Sampling period from 9 July 2010 until 3 November 2011 for (c) and (d). A broken instrument was the cause of the lack of data for VFAs between 29 September 2010 to 25 October 2010).
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After this period of relative stability, the digester temperature dropped below 20 °C in mid-November (Figure 1), and the OLR was reduced to a value below 1.58 ± 0.4 kg VS/m3/day in an attempt to prevent digester failure (Figure 2a). However, after the second week of November the pH decreased to 7.01 ± 0.08 as a result of an unbalance between TVFAs and TIC (Figure 2c,d). The TVFAs/TIC ratio rose from 0.25 to 0.48 in six weeks. By mid-January 2011, when the loading had been stopped, the TVFAs/TIC ratio was above 1.0 indicating that the digester was soured. Under these unfavorable conditions the average daily biogas production, methane concentration and methane yield decreased by 67%, 27% and 66% respectively. From mid-January to mid-March 2011, the digester was not loaded. At this final stage the average TVFAs concentration was 6917 ± 301 mg HAceq/L, and the average TVFAs/TIC ratio was greater than 1.0. These values confirmed that the digester was soured (Table 1) [27,28]. Even with the variation in OLR among the stages, a correlation analysis showed clearly that both biogas and methane production correlated with changes in the digester temperature (Pearson correlation coefficients r = 0.807 and r = 0.809, p < 0.01) (Figure 2b).


Table 1. Main operational variables during the five stages of digester operation. (95% confidence intervals,  [image: Energies 07 05701 i001] ± θ). Statistical differences of operational data among stages were conducted through unbalanced one-way Anova, and Tukey–Kramer multicomparison tests were used for comparisons among stages.



	
Parameter

	
Five stages of operation d




	
1. Start up

	
2. Initial Rest

	
3. Optimal Operation

	
4. Poor Operation

	
5. Final Rest




	
8 March 2010–30 April 2010

	
1 May 2010–30 June 2010

	
1 July 2010–10 November 2010

	
11 November 2010–10 January 2011

	
11 January 2011–11 March 2011




	
OLR a, kg VS/m3/day

	
0.83 ± 0.08 I

	
0.00

	
2.43 ± 0.22 II

	
1.58 ± 0.4 III

	
0.00




	
Temperature, °C

	
12.7 ± 1.89 I

	
22.74 ± 1.37 II

	
25.04 ± 0.60 III

	
13.42 ± 1.44 IV

	
7.05 ± 0.38 V




	
Total Solids influent, mg/L

	
74,000 ± 8,000 I

	
–

	
81,000 ± 4,000 I

	
80,000 ± 6,000 I

	
–




	
Volatile Solids influent, mg/L

	
61,000 ± 6,000 I

	
–

	
67,000 ± 3,000 II

	
63,000 ± 5,000 I,II

	
–




	
Total Solids effluent, mg/L

	
42,000 ± 2,000 I

	
–

	
58,000 ± 4,000 II

	
60,000 ± 5,000 II

	
–




	
Volatile Solids effluent, mg/L

	
36,000 ± 1,700 I

	
–

	
44,000 ± 2,500 II

	
46,000 ± 2,000 II

	
–




	
Volatile Solids reduction, %

	
40.1 ± 5.1 I

	
–

	
35.8 ± 4.6 I

	
25.6 ± 6.7 II

	
–




	
Biogas, liters/day

	
18.66 ± 8.6 I

	
268 ± 86 II

	
914 ± 63 III

	
302 ± 91 IV

	
39 ± 11 I




	
Methane, %

	
24.6 ± 2.25 I

	
49.6 ± 5.5 II

	
51.55 ± 2.39 II

	
37.24 ± 6.30 III

	
27.43 ± 5.34 I




	
Methane Yield, m3 of CH4/kg VS added

	
0.005 ± 0.002

	
–

	
0.176 ± 0.005

	
0.06 ± 0.013

	
–




	
TVFAs b, mg HAc/L

	
–

	
–

	
2222 ± 276 I

	
4074 ± 980 II

	
6917 ± 301 III




	
TIC c, mg CaCO3/L

	
–

	
–

	
8904 ± 652 I

	
8544 ± 350 I

	
6085 ± 272 II




	
TVFAs/TIC

	
–

	
–

	
0.25 ± 0.03 I

	
0.48 ± 0.13 I

	
1.15 ± 0.08 II




	
pH

	
–

	
–

	
7.39 ± 0.03 I

	
7.01 ± 0.08 II

	
6.81 ± 0.04 III






  [image: Energies 07 05701 i001] —mean; x ± θ —lower and upper endpoints of confidence interval; a OLR—Organic loading rate; b TVFAs—Total volatile fatty acids; c TIC—Total inorganic carbonate alkalinity; I, II, III, IV and V superscripts are used to show multiple comparisons of group means. Different superscripts between operational stages indicate marginal means are significantly different








2.2. VS Reduction

The measure of VS reduction is an indirect measurement of organic matter utilization. The VS/TS ratio for the diluted manure feedstock and the digestate effluent were 0.83 and 0.78 respectively, which indicates that a fraction of the organic matter present in the diluted manure was transformed into methane and carbon dioxide. During a year of operation the mean VS concentration of the feedstock and digestate were 65,000 ± 3,000 and 41,000 ± 2,000 mg/L respectively. The variability in the feedstock is somewhat related to daily and seasonal variability in moisture content of the manure collected and the ratio varied accordingly. The VS concentration in the digestate was estimated to be 20,000 mg/L to 27,000 mg/L lower than the VS concentration in the feedstock (95% CI, two sided p-value = 0.005 from a two- sample t-test), which indicates the digester removed an average of 34.8% (SD = 10%) of the influent VS solids concentration. However, as is shown in Table 1, the efficiency decreased over time from an average of 40.1% (SD = 8%) during the start-up (March–April 2010) to an average of 25.6% (SD = 11%) (November 2010–January 2011) when the digester exhibited poor performance.






3. Discussion

Unlike previous studies that address the performance of small-scale buried digesters in temperate regions, these results demonstrate how burial can moderate and increase the digester temperature in temperate regions during cold seasons. However, the average digester temperature during the stages of start-up and final rest was well below 20 °C, and too low to support acceptable rates of digestion and energy production. The ambient temperature variations observed in this study (Figure 1) are similar to temperature variations in other temperate countries such as Romania, Armenia and Kyrguizstan and Sichuan Province in Southern China where small-scale digesters have operated at least five months of the year during periods when temperatures were above 20 °C [8,20]. As opposed to another study that reported acceptable biogas production at digester temperatures as low as 15 °C with methane contents between 56%–58.5% [27], our results showed acceptable biogas production for temperatures above 20 °C. At these temperatures, occurring during the optimal operation, the digester showed a methane yield of 0.176 m3 CH4/kg VS added that compares well with previously reported methane yields at 24.5 °C [27] (0.180 m3 CH4/kg VS added) and 22.5 °C [28] (0.132 m3 CH4/kg VS added).

In contrast, the average biogas production decreased 77%, with respect to the optimal operational stage, when the digester operated at temperatures below 20 °C (Table 1). During this period of poor performance the average temperature in the digester was 13.42 °C, and a methane yield of 0.06 m3 CH4/kg VS was only 43% of that in a Deenbandhu digester during the coldest month [27]. In this study, digester temperatures below 20 °C resulted in unstable performance characterized by increased TVFAs concentrations (>3,000 mg/L HAceq). The amount of biogas produced during these temperatures is not sufficient to permit year-round use. Significant design and management improvements are needed to increase digester temperatures to permit year-round use of variable temperature digesters in temperate climates.

The VS reduction showed no dependence on temperature (Table 1) with average values that are similar to both small-scale and farm-scale digesters. After a year of operation, an average reduction of 34.8% was consistent with results obtained from other digesters fed with cow manure. A study of a Janata fixed dome digester in India, for example, reported a VS reduction of 32% during the warmest month of operation [28]. Another study reported an average VS reduction of 29.7% for a farm scale digester operated at a constant temperature of 35 °C [29].

Despite the fact that average VS reduction was comparable to other digesters, the digester had decreased VS reduction during the year of operation from an initial 40.1% to a final 25.6% (Table 1). This occurred because digesters fed with cattle manure often accumulate a top layer of lighter undigested slurry that increases the amount of solids in the effluent. In addition, dairy manure has a high content of undigestible organic matter that settle within the digester and shorten the hydraulic retention times affecting the settling efficiency [30,31]. Both phenomena may explain increases of the VS concentration in the effluent from March 2010 to January 2011 (Table 1). Thus, for better digester operation, this undigestable material described above should be periodically removed, at least once a year, from the digester [8].

In this study we insulated the digestion chamber with polyurethane foam; however, the lack of insulation of the displacement tank, likely resulted in lower digester temperatures than a minimum of 15 °C below which several authors have reported substantial reductions in methane production rates [32]. This occurred as colder slurry in the displacement tank entered the digester several times a day when the gas pressure was released [9]. Although we made no measurements of the volume returned back to the digestion chamber, we estimate that it may have represented up to 10% of its useful volume. Future designs should include insulation of the digester and the loading and displacement tanks.

It is clear from our results that during the cold months the digester temperature was not sufficient to permit the current design to produce a viable amount of biogas. However, the results obtained from July to November 2010 (129 days), when the digester was fed with no interruption, and the digester temperature was above 20 °C compare favorably to previous results and demonstrate stable operation with no signs of inhibition due to increases in TVFAs or decreases in total inorganic carbonate alkalinity and pH [23,33]. Hence, if a stable operation and viable gas production occur at temperatures higher than 20 °C, a fixed-dome small-scale digester could operate approximately six months a year (169 days) in the Midwest of U.S. Comparison with the performance in terms of methane yields of previous digesters confirms this point (Figure 3). During the period of optimal performance (Table 1) the OLR used (2.43 kg VS/m3/day) and the methane yield obtained (0.176 m3 CH4/kg VS added) were 47% and 28% greater than the values calculated from a Janata fixed dome digester ADII at 22.5 °C (1.3 kg VS/m3/day, 0.1265 m3 CH4/kg VS added) [34]. Additional studies of small and medium-scale digesters have reported similar biogas yields and stable operation at temperatures above 20 °C [34,35,36]. Compared with a conventional digester, this OLR and the methane yield represent almost 87% and 75% of those values from a farm scale digester (550 dairy cows) at 35 °C [29]. Compared with controlled lab experiments at mesophilic and thermophilic temperatures, the methane yield obtained was 51% of the ultimate methane yield obtained from a set of batch digesters fed with cattle manure and maintained at 30–60 °C (at 5 °C intervals) [37]. In contrast, the biogas and methane yield decreased far lower when the digester slurry temperature was below 20 °C. At these temperatures the digester also showed signs of unstable performance with TVFAs concentrations over 2,000 mg HAceq/L and decreasing alkalinity and pH (Figure 2c).

Figure 3. Methane Yields of digesters fed with cow manure. (  [image: Energies 07 05701 i002]) Data from this study; (  [image: Energies 07 05701 i003]) Data from other small-scale digesters with no controlled temperature [27,38]; (  [image: Energies 07 05701 i004]) Data from lab experiments where digesters had controlled temperature [30,34,37,39]; (•) Large farm digester with controlled temperature [29].
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Based on recommendations from previous research [20], we tried to maintain the performance of the digester as the temperature decreased by reducing the OLR to target value of 1.5 kg VS/m3/day [30]. For this purpose, we used warm water for dilution, and intentionally increased the mixing by recirculating digestate from the compensation tank to the loading tank.

During the warmer months of operation (July to November 2010) a greater OLR (2.4 kg VS/m3/day) was maintained to yield a higher production of methane and biogas. In an attempt to maintain the digesters performance as temperature decreased a TVFAs/Total Inorganic Carbonate Alkalinity ratio below 0.4 was used as an indicator of stability [25]. This criterion is more conservative than the widely used value of 0.4 for TVFAs/Total Alkalinity ratio [30]. As this ratio exceeded this threshold in November we decreased the OLR from 2.4 to 1.5 kg VS/m3/day. However, this change did not stabilize the digester. On the contrary, four weeks later the digester became soured with VFAs exceeding 4,000 mg/L and TVFAs/TIC ratio higher than 0.75 [30]. Maintaining the OLR of 2.4 kg VS/m3/day into November was likely a mistake that lead to increased concentrations of TVFAs and digester failure when the temperature dropped below 20 °C. Better management guidance is needed for these digesters to maintain performance and avoid digester failure during decreasing temperatures. These results suggest that the threshold value of TVFAs/TIC ratio of 0.4 for an optimal operation is an unsuitable indicator of stability at mesophilic and lower temperatures [25]. Therefore, this threshold value should be decreased in order to indicate when to lower the OLR in digesters operated at variable and, especially decreasing temperatures. In addition, the knowledge of the concentrations of specific TVFAs, such propionate acid, or ratios of specific Volatile Fatty Acids, such as propionate/acetate, maybe better indicators of the stability of variable temperature digesters [31].

Previous studies with small-scale digesters suggest the use of constant and lower organic loading rates during the year for stable operation at lower temperatures. For example, it is stated that the OLR should not exceed 1.5 kg VS/m3/day [8]. It was also concluded that digesters fed with OLR rates between 0.1 and 0.2 kg VS/m3 exhibited stable operation [33]. However, an average OLR of 2.4 kg/m3day during the warmer months resulted in a methane yield that is 39% higher than the performance of similar digesters [38]. Despite this apparent advantage of using a higher OLR during the warmer months, the results during the colder period showed signs of poor methane production (0.06 m3 CH4/kg/VS day) and signs of inhibition (TVAs > 4,000, decreasing pH).

Using a lower organic loading rate during the warmer months of operation may help avoid digester failure during the transition from warmer to colder months. Although our results demonstrate that biogas production is highly affected when the digester temperature drops below 20 °C, other studies showed an acceptable biogas production at digester temperatures as low as 15 °C, but with lower and constant OLR [27]. While this may result in lower gas and methane production during warmer temperatures, it may extend digester operation without risk of system failure when temperature drops to 15 °C; however, under this low OLR, the digester volume needed would be exceedingly large for a given farm application [9,22,38]. Other researchers have evaluated approaches to maintain higher digester temperatures, including supplemental heating to maintain the digester temperature above 20 °C during cold months [35,40]. Although in this approach a substrate other than cow manure was used, the biogas production was acceptable compared to that in mesophilic digesters. This approach could be explored by using a minimum temperature threshold of 20 °C, where the digester only would need to be heated for six months a year. Keeping the OLR as high as possible by heating the digester also results in digesters with smaller volume.



4. Experimental Section


4.1. Study Site

This study was conducted at the Waterman Dairy Facility located on the campus of Ohio State University (40°00′34.1″ N, 83°02′31.3″ W). The milking herd consisted of 80 Jersey cows housed in free-stall barns. The diet through the year included a mixture of silage, alfalfa and grain with ratio of approximately 45:10:45.



4.2. Modified Fixed Domed Digester

A polyethylene tank with a thickness of 3.2 mm was used to create a modified Chinese fixed dome digester based on typical Chinese designs [20,41]. As with typical fixed dome digesters the design consists of three main components (Figure 4): (1) A 0.15 m3 loading tank where fresh manure was diluted prior to loading the digester; (2) a 1.14 m3 digestion chamber with 85% working volume occupied by slurry and 15% gas storage space; and (3) a 0.39 m3 displacement tank. These components are connected by 15.24 cm PVC pipes (Figure 4). To insulate the digester it was sprayed with polyurethane foam (Tiger FoamTM insulation) to a thickness of 2.5 cm and buried inside a greenhouse to a depth 2.19 m. The greenhouse, in which the digester was located, was not insulated, heated, or completely sealed, but did protect the experimental equipment from rain and wind.

Figure 4. Modified fixed-dome digester used for this study. Black dots indicate the locations where thermocouples recorded temperature.
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4.3. Digester—Instrumentation

The digester was instrumented to record temperature, gas pressure and gas production. Eight k type thermocouples with silicone isolated junctions were installed: four measured soil temperature at 15, 30, 80 and 150 cm below the soil surface, two ambient and greenhouse temperatures, and two temperatures inside the digester. A manometer (1223-12-W/M, Dwyer Instruments, Michigan City, IN, USA) recorded pressure in the gas line. In addition, a solenoid valve was installed on the gas line. This valve released the gas from the digester chamber once the pressure exceeded 18 cm of water pressure. When the pressure fell below 2.5 cm of water pressure the valve closed to start building pressure again. This automated pressure control promoted more internal mixing by displacing the digester chamber slurry through the inlet and outlet pipes connected to the loading and compensation tank [9]. To record gas production, a gas meter (Zhejiang Songchuan Meter Technology Stocks Co., Ltd., Taizhou, Zhejiang, China, Ref.: JBD2.5-SA), with a precision of 0.1 L, was connected to the gas line.



4.4. Digester Start-up and Feeding

Construction of the digester was completed in January 2010. Anaerobic sludge from a 1530 m3 anaerobic digester (37.5 °C), fed with agricultural and food wastes, was used as inoculum. The first week of February, the digester was filled with a 1:1 ratio mixture of this inoculum and digestate from a small-scale anaerobic digester fed with dairy manure. Operation of the digester began in March 2010. The digester was fed three times per week with diluted dairy manure. The manure was first collected from the concrete surface of the dairy barns, and had an initial total solids content of 12%. The manure was then diluted with ground water to produce an average volatile solid (VS) content of 6% (SD = 0.89%), which matched the range of operation (6%–10%) suggested for this technology [42,43,44]. The amount of water added varied with the solid content of fresh manure; thus, the manure: water ratio ranged from 2:1 for dry manure to 10:1 for wet manure. The manure used had an average volatile solids (VS)/total solids (TS) ratio of 0.83 (SD = 0.04). This resulted in an average of 7.2% total solids. The organic loading rate ranged from 0.59 to 3.05 kg VS/m3/day (Figure 2a). Based on the value of the organic loading rate, the following equation was used to calculate the volume of diluted manure to be fed:
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(1)




where:

	Q = m3 of diluted manure per fed (This volume ranged from 0.018 to 0.087 m3 per load);


	OLR = Organic Loading rate, kg VS/m3/day;


	V = 0.91 m3 (240—digester working volume;


	C = VS concentration, mg/L;


	1000 × 7/3 = conversion factor to calculate the loading in m3. The weekly organic loading rate was delivered three times per week.




After feeding the digester, a volume equivalent to the slurry fed was removed from the displacement tank, and ten gallons of slurry from the displacement tank were recirculated to the loading tank to increase mixing. Once a week, one gas sample was collected in a 0.5 L Tedlar bag, and liquid samples were taken in 250 mL plastic bottles from the loading tank, the digester chamber and the compensation tank. The gas sample was analyzed for CH4 and CO2. The liquid samples were analyzed for total solids (TS), VS, pH, and total volatile fatty acids (TVFAs). A one year of data collection was completed in March 2011 (363 days total).



4.5. Analytical Methods

TS and VS were determined gravimetrically following standard methods [45]. For total inorganic carbonate alkalinity (TIC), total volatile fatty acids (TVFAs) and total alkalinity, the raw sample was first centrifuged at 7500 rpm for 20 min. Then, the supernatant was diluted with DI water in a 1:3 ratio, and a total of 20 mL were titrated with H2SO4 0.1 N to end points of 5 and 4.4. The following empirical formulas were used for calculation [25]:



TIC = V1 × 250



(2)






TVAS = ((Vt − V1) × 1.66 − 0.15) × 500



(3)




where:

	TIC = Total inorganic carbonate alkalinity, mg CaCO3/L;


	TVAS = Total volatile fatty acids, mg HAc/L;


	Vt = Total volume of H2SO4 0.1 N used, mL;


	V1 = Volume added from start to pH 5, mL;


	Vt − V1 = Volume added from pH 5 to pH 4.4, mL.




The composition of the biogas (CH4 and CO2) produced in the digester was quantified using a Shimadzu GC-14A gas chromatograph (Shimadzu Corporation, Kyoto, Japan) equipped with a thermal conductivity detector (TCD) and helium as the carrier gas. The calibration curve was developed with four standard gas (100% CO2; 30% CO2 and 70% CH4; 70% CO2 and 30% CH4; and 100% CH4). The R2 of the calibration curve was higher than 0.999. A standard test was run with every ten samples. If the value returned for the standard deviated by more than three percent, a new calibration curve was developed.



4.6. Methane Yield

The methane yield was calculated according the Equation (4) using the average parameters of each stage showed in Table 1, as follows:



 [image: Energies 07 05701 i006]



(4)




where:

	 [image: Energies 07 05701 i007] = avg. biogas production, L;


	 [image: Energies 07 05701 i008] = avg. methane concentration, %;


	V = Digester liquid volume, m3;


	 [image: Energies 07 05701 i009] = Avg. organic loading rate, kg VS/m3/day.






4.7. Statistical Analysis

The operational data were grouped into five stages each corresponding to a different OLR (Table 2). The data for each stage (Table 1) represents a 95% confidence interval on the mean, which indicates that there is a 95% chance that this interval contains the true mean [24]. In addition, statistical differences of operational data among stages were assessed using unbalanced one-way Anova and the Tukey–Kramer multicomparison test [24]. A two-sample t-test was conducted to determine the mean VS concentration difference between the influent and effluent as a result of the digestion process [46]. These statistical analyses described were conducted using Matlab R2010.

Table 2. Digester operational stages. Operational data were split into five stages according the organic loading rate used and digester stability.


	Stage
	Period
	Justification
	OLR, kg VS/m3/day

Mean (SD)





	(1) Start up
	8 March 2010–30 April 2010
	Period after inoculation when the digester was first loaded
	0.83 (0.12)



	(2) Initial Rest
	1 May 2010–30 June 2010
	Due to low gas production, the loading was stopped
	0



	(3) Optimal operation
	1 July 2010–10 November 2010
	Operation with highest OLR and maximum biogas and methane production
	2.43 (0.5)



	(4) Poor Operation
	11 November 2010–10 January 2011
	Operation with a lower OLR, the system showed signs of unstable performance in terms of decreasing total inorganic alkalinity and an increasing total volatile fatty acids content
	1.58 (0.6)



	(5) Final Rest
	11 January 2011–11 March 2011
	Digester soured, loading was stopped
	0













5. Conclusions

This study was an initial attempt to adapt a fixed-dome digester to meet the demand for small-scale digesters in small and medium size dairy farms in the U.S. Limitations and improvements that will be important while pursuing this technology for U.S. farms include the low methane yield obtained when temperatures drop below 20 °C, the need to better insulate the system, including the loading tank and the compensation tank. Additionally, the need for water to dilute the manure limit applications to water abundant areas. In the case of temperature, the digester can operate in climates similar to the Midwest U.S. for about six months (169 days), with digester temperatures above 20 °C, with acceptable methane yields (0.168 m3/kg VS added) and no signs of inhibition. If digester temperatures fall below 20 °C, the organic loading rate should be lowered year round to keep the digester stable, but this management option will lower gas production throughout the year. Despite the limitations observed at temperatures below 20 °C, the results of this study demonstrate that burial of digesters, located in temperate regions, can moderate and increase digester temperature during the colder months. A complementary approach is to keep the digester temperature above 20 °C by heating the digester.
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