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Abstract

:

The design of a full-scale bioprocess is typically based on parameters derived from smaller-scale experiments from a previous study. However, disagreements often occur at up-scaling of waste-to-energy processes due to the fluctuations of the substrate characteristics, etc. Therefore, once a commercial-scale waste digester has been built and operated, it is essential to test if the performance of the process agrees with its design value; during this process, fluctuations might occur in digesters operated at marginal organic loading rates. In this study, triplicate full-scale anaerobic digesters treating food waste were monitored for five months. The digesters, operated at the design feeding ratio, showed increasing volatile fatty acid (VFA) trends (per total alkalinity) due to a 30% higher chemical oxygen demand of the influent, than the design. The organic loading rate was adjusted on a daily basis until a stable performance was observed. Significant shifts of methanogen populations from Methanobacteriales to Methanomicrobiales and Methanosarcinales were observed during the stable operation period.
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1. Introduction


Food waste (FW) accounts for one of the largest portions of organic wastes disposed worldwide. More than 600 million tons of FW is discarded annually, accounting for one-fifth to one-third of the food supply chain [1]. Composting and energy recovery are among the sustainable treatment options for FW. Anaerobic digestion (AD) provides a method to reduce environmental footprints of organic pollutants with the production of energy-rich biogas [2]. AD is considered as an attractive option to treat FW, especially in populated regions such as East Asia, due to the high calorific value of FW. However, FW has highly variable levels of easily biodegradable organics, which may cause overloading and/or operational problems for its AD treatment [3]. In the anaerobic food chain, methanogens are responsible for the final methanogenesis step, directly or syntrophically utilizing volatile fatty acids (VFAs) and hydrogen (H2) produced by bacteria. Thus, maintaining the population and the activity of methanogens is critical for the stability of AD performance.



Typically, the design of a full-scale bioprocess is based on biokinetics, hypothesis tests, and optimized parameters such as hydraulic retention time (HRT) and organic loading rate (OLR) from laboratory- and/or pilot-scale studies [4]. Due to its commercial nature and relatively large capital investment, a full-scale bioprocess may undergo adjustments of the operational parameters to avoid failure. For example, both HRT and OLR of a continuous stirred-tank reactor (CSTR) are important parameters for AD. While the two parameters are interrelated, the former governs the washout conditions and the growth rate at steady states, and the latter refers to the nutrient availability and activity of the AD food chain [5]. An adequate range of HRT and OLR could be estimated by modeling, and experiments at smaller-scale. However, errors can arise from: (1) the change and/or fluctuation of substrate characteristics, (2) different rheological properties among scales, and (3) different pretreatment and/or particle size, etc. [4,6]. Therefore, adjustments of the operating conditions are often necessary to find a specific solution for a given full-scale process.



This paper was conducted to test whether empirical adjustment of the operating conditions can lead to a stable operation of FW AD when the substrate characteristics vary significantly. Between HRT and OLR, keeping a stable OLR was prioritized, leaving HRT varying with respect to substrate characteristics fluctuations. A full-scale AD plant treating FW was monitored for this purpose. While a mild instability was observed initially, the process was stably operated in the longer-term, suggesting that the proposed operation strategy was successful.




2. Materials and Methods


2.1. Operation and Monitoring of the Full-Scale Anaerobic Digesters


The full-scale digesters treated approximately 250 tons of local FW daily in Goyang, South Korea. The fresh FW, with total solids (TS) of 15–20%, was screened for impurities, mixed with water, and pre-acidified for 2.5 d in a mesophilic (37 °C) CSTR before fed into the triplicate digesters (A, B, and C; Figure 1). The digesters were operated at 37 °C with a recirculation heating system. The digesters were semi-continuously fed 16 times per day, at which time pressurized biogas held inside the digester was used to mix the fluid. Each digester was a CSTR with a working volume of 3700 m3 and a design feeding volume of 136 m3/d, therefore a HRT of 27.2 d. The design chemical oxygen demand (COD), TS, and volatile solids (VS) values were 100, 75, and 60 kg/m3, respectively (Table 1); consequently, the design OLR was 3.7 kg COD/m3/d.



Feeding amount and the gross (A, B, and C summed) biogas production volume were recorded online; the biogas production volume of individual digesters was not separately monitored due to lack of instrumentation. Methane (CH4) composition in the biogas was monitored daily with a portable gas meter (SA-Multi3, Shi’An, China). Approximately one-liter samples were taken from the communal influent and the individual (A, B, and C) recirculation heating lines three times a week. Each sample was taken twice with a 12 h interval and pooled before analysis.




2.2. Physicochemical Analyses


COD, TS, and VS were measured according to standard methods [7] to estimate the overall feedstock strength and the digestion efficiency. Soluble COD, a parameter to estimate the solubilization efficiency, was measured using samples filtered through 0.45 μm syringe filters. The pH is a core parameter governing the biochemical activities and was measured using a benchtop pH meter (Cole Parmer, Vernon Hills, IL, USA). Total alkalinity (TA) indicates the resistance of the liquor to acid addition or production; TA was analyzed using a TitroLine 5000 instrument (SI Analytics, Mainz, Germany) by titrating down to pH 4.3. Ethanol and VFA (C2–C6) concentrations were quantified using a gas chromatograph (6890 plus, Agilent, Palo Alto, CA, USA) equipped with an Innowax capillary column (Agilent, USA) and a flame ionization detector [3]. These parameters reflect the balance between the acidogenic and the acid-consuming, such as the methanogenesis, activities. Total Kjeldahl nitrogen (TKN) and total ammonia nitrogen (TAN) concentrations were measured using the Kjeldahl method [7]. Organic nitrogen was estimated as the difference between TKN and TAN; for 1 g of organic nitrogen, 6.25 g of proteins was assumed. The carbohydrate concentration was measured using the phenol–sulfuric acid method [3]. The lipids concentration was analyzed using the gravimetric method following extraction of lipids by solvent (chloroform: methanol, 1:2 v/v) [3]. Proteins, carbohydrates, and lipids are among the major organic constituents of FW [8]. All physicochemical analyses were conducted in duplicate.




2.3. Real-Time Polymerase Chain Reaction (PCR)


For each digester sample, a 0.2 mL sub-sample was centrifuged twice and the supernatant was removed each time to minimize concentrations of possible PCR inhibitors and DNA from cell debris. Total DNA was extracted using an automated nucleic acid extractor (Magtration System 12GC, Precision System Science, Matsudo, Japan). The purified DNA was eluted with nuclease-free water and stored at −20 °C. All extractions were carried out in duplicate.



Real-time PCR was performed using a LightCycler 480 (Roche, Basel, Switzerland) as described previously [9]. The primer and probe sets used in this study target the domain Archaea (ARC) and the methanogenic orders Methanobacteriales (MBT), Methanococcales (MCC), Methanomicrobiales (MMB), and Methanosarcinales (MSL) [10]. The 20 µL reaction mixture contained 10 µL of the master mix in LightCycler 480 Probes Master kit (Roche), 5 µL of PCR-grade water, 1 µL each of primer (final concentration 500 nM), 1 µL of the TaqMan probe (final concentration 100 nM), and 2 µL of template DNA.





3. Results


3.1. FW Characteristics


The influent FW contained high levels of organics as represented by COD and VS (Table 1). Interestingly, while the experimental TS (72.7 ± 7.3 kg/m3) and VS (58.6 ± 7.3 kg/m3) values were similar to the design values (75 and 60), there was a 30% gap between the measured (130.1 ± 21.4 kg/m3) and the design (100) values for COD. This was due to the discrepancy in the COD/VS ratios assumed for the design (i.e., 1.67 kg COD/kg VS) and obtained from the measurements (i.e., 2.22 kg COD/kg VS). The carbohydrates, proteins, and lipids accounted for 16.7%, 30.1%, and 31.3% of the VS in the influent FW, respectively; the sum of the three organic categories including lipids constituted 78.1% of the VS. The influent FW was partially acidified, as evidenced by low pH (4.3 ± 0.5) and high ethanol and VFA concentrations (Table 1). These results were similar to the characteristics of FW and FW derivatives (i.e., food waste-recycling wastewater) reported previously [8,11].




3.2. Digester Operation and Parameter Adjustments


Before 0 d, the three FW digesters were at a startup period with a stepwise increase in the daily feeding volume (data not shown). In this study, the digesters were monitored for 147 d until a stable performance was observed (Figure 2 and Figure 3). During the first 60 d, the daily feeding volume started as 95% and reached the design value (i.e., 136 m3/digester/d or 27.2 d HRT) (Figure 2a). Due to the higher influent COD than the design (Figure 2b), the average OLR was 4.9 kg COD/m3/d, 33% higher than the design OLR of 3.7 kg COD/m3/d (Figure 2c). During this period, the average COD removal efficiency, pH, and TA were respectively 75.9–77.7%, 7.6–7.7, and 10.5–10.7 kg CaCO3/m3 for the three digesters (Figure 2b and Figure 3a,b). Although these process indicators were within the range for untroubled AD performance [4], they showed clear decreasing trends until 60 d. Similarly, VFAs in the digesters increased up to 5 kg/m3 during this period (Figure 3c). The VFA concentration and VFA/TA (also referred to as FOS/TAC) ratio are regarded as key indicators of AD stability; the VFA/TA ratio increased to 0.43, which was above the reported criterion of 0.3 for stable reactor operation [12,13].



Due to the increasing trends of VFA and VFA/TA values, the feeding volume for the digesters were temporarily reduced to 80% of their design during 41–42 d, corresponding to a temporary drop of OLR to 3.4 kg COD/m3/d (Figure 2a,c). At this point, TA recovered from 9.7 to 10.9 kg CaCO3/m3 and VFA decreased from 3.7 to 2.5 kg/m3 (Figure 3b,c). After 63 d, the design parameters were reconsidered and the feeding volume was adjusted on a daily basis until 147 d (Figure 2a). During 105–147 d, the OLR was maintained at 4.2 ± 0.5 kg COD/m3/d and stable VFA and VFA/TA were achieved (Figure 2c and Figure 3b,c). Therefore, this OLR range was assumed as the marginal OLR applicable to this system. The corresponding feeding volume was 120 ± 16 m3/digester/d at 27.7–35.1 d HRT using the averaged FW strength. However, the actual feeding amount must be calculated based on the daily COD concentration of the FW influent.



Biogas production from the three digesters were collectively recorded as 20,200 ± 2500 m3/d throughout the study (Figure 2a). The average CH4 content was 63.3%, corresponding to CH4 yield of 0.27 ± 0.05 m3 CH4/kg CODadded. Carbohydrates, proteins, and lipids removal efficiencies were kept relatively stable during the experiment (data not shown). The average removal efficiencies were 78.7 ± 8.3% (carbohydrates), 53.9 ± 9.9% (proteins), and 79.8 ± 3.9% (lipids). The TAN in the digesters were at 2.0 ± 0.1 kg/m3 (data not shown).




3.3. Methanogen Population Shift


Methanogen populations were quantified using real-time PCR (Figure 4). The ARC population was relatively stable throughout the study. However, significant shifts were observed from MBT to MMB and MSL in all three digesters. MBT was the most abundant methanogen order at 0 d; however, MBT population decreased more than one degree of magnitude between 30 and 75 d. After 75 d, MMB and MSL were identified as the major methanogen orders, while the proportion of MBT became <3%. MCC was not detected in this study.





4. Discussion


The FW digesters in this study experienced a mild (VFA up to 5 kg/m3) but consistent increase in VFA and VFA/TA values during the operation (Figure 3b,c). Fluctuation of OLR was attributable to this trend; between the OLR and the acetate, a Pearson correlation constant r of 0.32 (p value 0.002) and a Spearman rank correlation constant ρ of 0.34 (p value < 0.001) were calculated; between the OLR and the total VFA, r of 0.21 (p value 0.04) and ρ of 0.23 (p value 0.02) were derived. These results confirm that OLR is a critical factor influencing the VFA level, because OLR determines the overall mass flow in anaerobiosis [14]. Initially, the plant operation was guided to meet the design feeding volume of 136 m3/digester/d. However, the influent FW contained constantly higher COD level (130.1 ± 21.4 kg/m3; Table 1) than the design, resulting in the increase in OLR up to 7.4 kg COD/m3/d (Figure 2c). The COD/VS ratio observed from the influent (2.22 kg COD/kg VS) was similar to the COD/VS values reported previously for FW (1.78–1.88; average 1.83) [15] and processed FW (1.21–3.16; average 1.88) [8]. The high COD/VS ratios of the influent in this study can be attributable to the high lipids content (31.3% VS; Table 1), because lipids represent higher energy density than carbohydrates and proteins [16].



The VFA/TA (FOS/TAC) ratio has been widely used to evaluate the conditions of AD bioreactors [17]. A VFA/TA ratio below 0.3 is generally accepted as an indicator for a stable digester, and above 1.0 as an alarm for instability [12]. Between these values remains as a grey area; however, an increasing trend should be regarded as a clear warning. In this study, a decrease in OLR (approximately below 4.2 kg COD/m3/d) reversed the increasing VFA/TA trend (Figure 2c and Figure 3b,c). Therefore, delicate monitoring of both feeding ratio and the influent strength (and thus the OLR) would be beneficial to ensure stable, long-term AD operation.



Among the four steps (hydrolysis, acidogenesis, acetogenesis, and methanogenesis) of the AD food chain, the former two are responsible for the production of VFAs while the latter two for the degradation of VFAs (except acetogenesis to produce acetate). In AD of solid wastes with enzymatically resistant structures, such as waste activated sludge, the rate-limiting step is typically the hydrolysis step [18]. In contrast, FW is relatively an easily biodegradable substrate, in which case methanogenesis could be the key pathway because methanogens are slow-growing and susceptible to environmental conditions [19]. In this study, the initially MBT-rich methanogen populations have undergone significant shifts to MMB- and MSL-dominant ones (Figure 4). Although members of MBT have been isolated from different environments [20], MBT population in some AD processes has been reported as minor populations [9,21] and even insignificant to the process [22]. MMB and MSL are often claimed as dominant methanogens in AD of FW [23], sewage sludge [24], and agricultural wastes [25]. The increase in VFAs could be partly responsible for this shift because acetate could be directly utilized by members of MSL; however, a further study is required to elucidate this point.




5. Conclusions


The FW digesters operated at the design feeding ratio (or 27.2 d HRT) showed increasing VFA and VFA/TA trends due to a 30% higher COD strength of the influent than the design. The OLR was adjusted on a daily basis and a stable performance was observed at 4.2 ± 0.5 kg COD/m3/d with 27.7–35.1 d HRT. While the overall ARC population was relatively stable, significant shifts of methanogen populations from MBT to MMB and MSL were observed during the stable operation period. These results suggest that maintaining an adequate OLR level should be prioritized over keeping the design HRT when the substrate characteristics fluctuate. Considering that the characteristics of the waste feedstock such as FW likely deviate in practice, keeping enough safety factor for operating parameters would be appropriate. Finally, providing a rapid method for on-site determination of the substrate and the digestate characteristics can help make decisions against system instability.
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Figure 1. The schematic diagram of the system. 1, FW transportation; 2, FW storage tank; 3, pretreatment system to remove indigestible parts and to add some water; 4, storage tank; 5, pre-acidification tank; 6, triplicate digesters; 7, digestate storage tank; 8, solid-liquid separator; 9, composter; 10, wastewater treatment system; 11, gas flowmeter; 12, biogas storage tank; 13, biogas purification and utilization system. Black and green arrows indicate mass and gas flows, respectively. 
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Figure 2. Profiles of selected operational parameters for the full-scale digesters: (a) daily feeding and biogas production, (b) chemical oxygen demand (COD), and (c) organic loading rate (OLR). Dotted lines represent design values for daily feeding, input COD, and OLR. 
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Figure 3. Profiles of selected indicator parameters for the full-scale digesters: (a) pH, (b) total alkalinity, and (c) ethanol and volatile fatty acids (summed). Ethanol was only detected in the influent. 
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Figure 4. Profiles of 16S rRNA gene concentrations for the full-scale digesters: (a) digester A, (b) digester B, and (c) digester C. Abbreviations: ARC, total archaea; MBT, Methanobacteriales; MMB, Methanomicrobiales; MSL, Methanosarcinales. 
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Table 1. The characteristics of the food waste fed into the bioreactors.
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	Parameter
	Design Value
	Measured Value *
	n **





	pH
	–
	4.3 ± 0.5
	50



	COD (kg/m3)
	100
	130.1 ± 21.4
	50



	Soluble COD (kg/m3)
	–
	62.4 ± 5.9
	50



	TS (kg/m3)
	75
	72.7 ± 7.3
	50



	VS (kg/m3)
	60
	58.6 ± 7.3
	50



	Carbohydrates (kg/m3)
	–
	9.5 ± 2.3
	23



	Proteins (kg/m3)
	–
	16.9 ± 3.0
	23



	Lipids (kg/m3)
	–
	17.6 ± 2.2
	23



	Total Kjeldahl nitrogen (kg/m3)
	2.4 ***
	2.9 ± 0.6
	23



	Total ammonia nitrogen (kg/m3)
	–
	0.6 ± 0.2
	23



	Ethanol and VFAs (kg/m3)
	–
	11.4 ± 4.5
	50



	Acetate (kg/m3)
	–
	5.3 ± 3.0
	50



	Propionate (kg/m3)
	–
	0.8 ± 0.8
	50



	Ethanol (kg/m3)
	–
	4.0 ± 1.4
	50







* Average ± standard deviation. ** Number of measurements. *** As total nitrogen.
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