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Abstract

:

Maximizing the internal carbon sources in raw wastewater was found to be an alternative option to alleviate the financial burden in external carbon sources (ECS) addition to the biological nutrient removal (BNR) process. Based on previous studies on particulate recovery via fine-sieving technologies, alkali pretreatment was used to improve the short-chain fatty acid (SCFA) production from the fine-sieving fractions (FSF). Hydrolysis performance and methane production were monitored to evaluate the reasons for the SCFA boost. Besides, the microbial community structure was evaluated by high-throughput sequencing. Furthermore, mass balance and financial benefits were preliminarily estimated. The results showed that alkali pretreatment effectively promoted the generation of SCFAs with 234 mg/g volatile suspended solids (VSS), almost double that of the control test. This was partially attributed to the efficient hydrolysis, with soluble polysaccharides and protein increased by 2.1 and 1.2 times compared to that of the control, respectively. Inhibition of methanogens was also devoted to the accumulation of SCFAs, with no methane production until 150 h at high pH value. Finally, a preliminary evaluation revealed that 44.51 kg/d SCFAs could be supplied as the electron donor for denitrification, significantly reducing the cost in ECS addition for most wastewater treatment plants (WWTPs) with carbon insufficiency.
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1. Introduction


Recently, with the more stringent effluent standard of nitrogen and phosphorus to alleviate the water eutrophication, the biological nutrient removal (BNR) process has been widely applied in wastewater treatment plants (WWTPs) [1]. However, the inadequate available organic matters has been frequently reported to limit the upgrading of nutrient removal, especially for the de-nitrification process [2]. As a result, a large amount of external carbon sources (ECS) have been dozed to provide enough electron donors for efficient removal of nitrogen, which results in an economic burden for the purchase and transformation of the chemical agents [3]. Consequently, the exploration of alternative carbon sources with low cost and environmental impact has been widely investigated, the use of short-chain fatty acids (SCFAs), for instance [4,5]. What is notable is that the sewage treatment industry has been undergoing a paradigm shift from “waste treatment” to “energy and resources recovery” [6,7]. In addition, increasing attention has been paid to the organic matter contained in sewage and sludge due to its abundant chemical energy (17.7–28.7 kJ per gram of chemical oxygen demand (COD), five times of which is consumed in sewage treatment) [8]. Although waste activated sludge (WAS) has been a common feedstock for SCFA extraction, the cost of pretreatment has been often significant to broaden the limited extraction efficiency (with 30–50% reduction in particulate organics with 20–30 days, even less within 10 days for fermentation) [9], as well as the evitable carbon footprint [10].



In this sense, the maximum recovery of organics in raw sewage has become a research hotspot [11,12,13], with specific attention on fine-sieving utilization, for instance. Ruiken recovered the particulates via a fine sieve <350 μm with an average removal efficiency of 35% of the total COD [12]. Similarly, Remy maximized the extraction of organics via a fine-sieve (100 μm mesh size) assisted by 15–20 mg/L Al addition, with a high yield of 70–80% of the total COD and 70–90% of the total phosphorus [14]. The primary clarifier has been generally removed in most Chinese WWTPs in order to direct more particulate organics into the nutrient removal process. However, the actual utilization of the carbon sources has recently been questioned due to its limited hydrolysis rate [15,16] and a series of problems, including equipment wear, reduced working volume, and lower sludge activity [17]. It is in this light remarkable to recover the particulate organics at the up-stage of the biological process. As revealed, the re-direction of carbon sources suggested lower aeration demand, higher caloric value for electricity production in incineration, resulting at least in 40% reduction of the net energy need compared with those WWTPs without fine-sieving [18]. The benefits could be extended further by more energy extraction combined with anaerobic digestion (AD). As evaluated by Remy, increased extraction of COD with higher biogas yield (600 NL/L) and considerable reduction in energy consumption (54% of the reference) led to a net electricity balance of 0.47 kW/m3 raw water, almost tripling its own requirement [12]. The selectivity of fine-sieving technology (or micro-sieving) with more flexibility by pore size control has also been proved. Besides, it was easy to operate and mainten, with half the total cost of capital and operation cost of the primary clarifier.



Based on the above discussion and the current state of lack of documentation on SCFA recovery from fine-sieving fractions (FSF), our preliminary experiments were undertaken, but with low efficiency to maximize the contained organic resources due to limited solids hydrolysis. The alkaline condition was efficient in sewage sludge decomposition and microbial community monitoring. Under alkaline conditions (usually with a pH value <10), more extracellular and intracellular materials can be released to boost the SCFA production [19,20]. Besides, methanogenesis could be severely restrained by the alkaline conditions, due to its inhibitory effect on methane-producing bacteria [21]. In this sense, an initial alkaline microhabitat was preferable to promote the hydrolysis process of the recovered organics, FSF, as termed by Ruiken [12]. Attributable to the abundant organics and acclimated microbes—in the sewage pipe and controlled by the alkali ecology—the hydrolysis rate was expected to rise significantly with less energy input compared with WAS under the same conditions.



This study addressed the effect of initial alkalic ecology on the SCFA bio-extraction from FSF, compared with the performance in raw FSF. Changes in SCFA concentration and composition were monitored. Also, hydrolysis characteristics were recorded to evaluate the decomposition effect of the initial alkaline environment, including soluble hydrocarbons and soluble proteins. Besides, changes in methane production and pH values were monitored to reveal the contribution of methanogenesis inhibition to the SCFA accumulation. High-throughput sequencing was applied to evaluate the dominant microbes at different levels to acknowledge the change in the microbial community. Finally, the cost reduction in ECS addition was preliminarily evaluated based on the SCFA yield of the FSF in the case of WWTPs.




2. Materials and Methods


2.1. Sludge Collection


The FSF was collected on-site at the end of the sand sedimentation tank in Zhengyang municipal WWTP in Shanxi Province, China. The WWTP was operated with a daily capacity of 20,000 m3 and a sequencing batch reactor (SBR) was used for biological nutrient removal. A fine-sieve with a pore size of 131 microns was used to recover the organics from the sewage. As demonstrated in Figure 1, the sewage was pumped up and split into different branch pipes before flowing through sieves with different pore sizes. A constant low flow rate of 1.25 m3/h was maintained until a thick filter mat had been developed with a sharp decrease of flux (Figure S1). The sieving fractions were scraped and large impurities removed via a sieve with 380 microns before storing them in the refrigerator at 4 °C. The characteristic of the FSF fed into the fermenters was as follows: TCOD 20,472 ± 432 mg/L, soluble COD (SCOD) 2531 ± 432 mg/L, TSS 22,733 ± 127 mg/L, volatile suspended solids (VSS) 11,279 ± 106 mg/L, pH value 6.9 ± 0.2. Seed sludge was collected from 5-days fermented waste activated sludge (WAS) from the same WWTPs. The basic characteristics were listed as follows: pH value 6.95–7.02, TSS 18147 ± 216 mg/L, VSS 12837 ± 165 mg/L, TCOD 18,018 ± 257 mg/L, SCOD 447 ± 43 mg/L, SCFAs 164.8 ± 16 mg/L, total polysaccharides 4293 ± 41 mg/L, total protein 9072 ± 73 mg/L, soluble carbohydrates 46.9 ± 3.7 mg/L, soluble protein 132.1 ± 11 mg/L.




2.2. Batch Fermentation of Alkaline Pretreated FSF


Eight bottles with sealed caps were used as anaerobic fermenters to perform the batch fermentations (Figure S2). Each fermenter was fed with 300 mL raw sludge and 30 mL seed sludge. The pH value was adjusted to a constant pH 10 via dosing 0.4 M/L sodium hydroxide into the first four bottles to maintain an initial alkaline environment. For the description, it was grouped as F-10.0 test. The other four tests were grouped as a control test fed with raw FSF with an initial pH value of 7.0 (F-7.0). Oxygen was stripped by nitrogen to maintain a strict anaerobic environment before the experiments. All fermenters were fermented for 10 days in an air bath oscillator with 20 °C at 120 rpm/min. One bottle in each group was chosen to regularly measure the change in VSS. The others (with three replications) were sampled every day to determine the pH value, gas production and components, volatile acid production and components, as well as soluble polysaccharides and protein content.




2.3. Analysis of Microbial Community Structure


To figure out the shaping effect of alkalic ecology on the structure of the microbial community, high-throughput sequencing was used to detect the prominent population in the fermented sludge samples. This was operated by a third-party (Biozeron, Shanghai, China). Polymerase chain reaction (PCR) reactions were completed using the primers 16S rRNA V3-V4: 341F–806R [22] soon after the DNA was extracted using a Soil DNA Isolation kit (Thermo Scientific, Shanghai, China) [23]. Then, the PCR products were mixed and purified for Illumina PE250 sequencing, where sequencing libraries were generated. The raw sequences data were submitted to the NCBI Short Read Archive database with an accession number of SRR 11474140 and SRR 11474143. Sequences were trimmed shorter than 350 bp to eliminate the effects of random sequencing errors. Finally, the taxonomic analysis was carried out at different taxonomy levels (phylum, class, and genus).




2.4. Mass Balance and Potential Benefits Evaluation


Taking the studied WWTP as an example (with raw sewage characteristics of TCOD 350 mg/L, PCOD 252 mg/L, TSS 215 mg/L), a preliminary evaluation for the mass balance of carbon conversion was made, based on the previous results of FSF recovery (the average removal efficiency for a micro- sieve with 131 microns, TCOD% = 25%, PCOD% = 35%, TSS% = 46%) and the fermentation performance was obtained in this experiment. The produced SCFAs were calculated by the reduced VSS (VS%) and SCFA yield in each group. Economic and environmental profits were evaluated under the assumption that the equivalent COD of methanol addition could be reduced by supplementation of the produced VFAs as carbon sources. Methanol was defined as the typical carbon source with a market price of 1425 RMB/ton (https://www.sci99.com/targetprice/products/methanol/). The cost of caustic soda addition was also covered, with a market price of 3300 RMB/ton with purity of a 51% (http://jiage.molbase.cn/hangqing/4540).



The potential environmental benefits of FSF fermentation motivated by initial alkaline conditions were evaluated from the perspective of life cycle assessment. The functional unit was set as the covered FSF from the case WWTP with 1978 kg/d (35.4 m3). Under the assumption that the total energy demand in sludge heating and agitation was the same for the two fermentation systems, only the potential profits for reduced ECS addition were evaluated. The background data of environmental impact involved in chemical agents were obtained from the local database of e-balance developed by the company of Integrated Knowledge for Our Environment (IKE) (http://www.ike-global.com/) [24].




2.5. Analytical Methods and Statistical Analysis


The sampled sludge was centrifuged at 10,000 rpm (9392× g) and then filtered via a cellulose membrane filter of 0.45 μm and stored at 4 °C before analysis. The filtrate was used for the determination of pH value, SCOD, soluble polysaccharides, soluble proteins, SCFAs, and biogas, as performed in our previous study [25]. A pH meter was used to detect the change in pH value. The potassium dichromate oxidation method was used to determine the TCOD and SCOD. The PCOD was calculated by the difference between the TCOD and SCOD. Soluble polysaccharides and soluble proteins were determined by the phenol sulfate method and a special protein kit (Sangon, Shanghai, China), respectively. The gravimetric method was used to determine the concentration of TSS, VSS, and MLVSS [26]. A gas chromatography (7890, Agilent) was used to determine individual SCFA concentration (equipped with a flame ionization detector, FID). A chromatographic column with type KB-FFAP was used. Nitrogen (N2) was used as carrier gas with a flow rate of 25 mL/min. The detector temperature was set as 240 °C for 5 min. The oven temperature was programmed from 50 °C to 140 °C and then to 240 °C with a rate of 25 °C/min. The total GC run time was about 18 min. After being centrifuged at 8000× g and filtering through a 0.45 μm membrane, 1 mL filtrate from the sludge sample was collected and acidified by mixing with 10 mL of formic acid. Then 1 mL of the mixture liquid was injected into the detector for testing. Gas composition was also detected by gas chromatography. The specific chromatographic conditions were as follows: 2 m packed column (TDX-01) with column temperature of 100 °C; the injector and detector temperature were also set at 100 °C; the bridge current was 100 mA. Then, 200 μL gas was injected into the detector with a peak order of hydrogen, methane, and carbon dioxide. Data were analyzed using the nonlinear regression model of SigmaPlot (SigmaPlot version 12.0, from Systat Software, Inc., San Jose, CA, USA). A three-parameter sigmoid function was used for curve-fitting to the SCFAs vs. time profiles. The formulation was as follows:


   C  V F A s   =    C  V F A s  ∞    1 +  e    − ( t −  T  50   )    C  r a t e          



(1)




where CSCFAs is the SCFA concentration (mg COD/L) at time t (h); CSCFA∞ is the maximum SCFA concentration (mg COD/L); T50 is the time (h) required for 50% of maximum SCFA concentration; Crate indicates the difference in time between which 75% and 25% of the maximum SCFA concentration occurs; and t is the fermentation time.





3. Results and Discussion


3.1. Enhanced SCFAs Production and Composition under Alkaline Condition


Figure 2 demonstrates the effect of initial alkaline condition on the performance of SCFA production from FSF. As revealed in Figure 2A, higher initial pH significantly promoted the SCFA production with a sharp increase within 24 h compared with the slow increase trend in F-7.0. The peak concentrations of SCFAs were obtained at 120 h in both fermentation groups, with 2258 ± 41 mg/L and 1334 ± 36 mg/L in the F-10.0 and F-7.0 test, respectively. Accordingly, the SCFA yield was 234 mg VFA-COD/g VSS and 118 mg VFA-COD/g VSS. A curve fitting for the time profiles of SCFA production (Figure S3) revealed that the acid-producing rate increased by 75% under alkaline condition, with 14.87 ± 0.78 and 3.22 ± 0.65 for the fitted data of Crate in F-7.0 and F-10.0, respectively (Table 1). The directional accumulation effect of alkaline condition on short-chain acid production (acetate, for instance) was also confirmed by distribution of the individual acids. As depicted in Figure 2B, acetate (HAc) accounted for the highest proportion in the total SCFAs, with 49.8% in F- 10.0, 22% higher than that in the F-7.0 test. A slight difference in the propionic acid (HPr) proportion was observed, with an average of 20% in both groups. It was reported that alkalic ecology was beneficial for the transformation of butyric acid (HBu) into HAc, which could be proved by the lower proportion of 15.6% in the F-10.0 test, 41% lower than that in the F-7.0 test. This observation was consistent with the results obtained by Liu [27].



The FSF disintegration indicated by the changes in VSS concentration is recorded in Table 2. Within 24 h of the alkali addition, a sharp decrease in VSS concentration was observed of 15.6%, from 11.28 ± 1.2 g/L to 9.52 ± 0.4 g/L. In contrast, a mild reduction with only 7.1% was recorded in the F-7.0 test. Before the peak value of the SCFAs (within 120 h), the VSS concentration was reduced by 28.4% in the F-10.0 test, double that in the untreated group (13.2%). At the end of the experimental procedure, 45% VSS had disintegrated in the former group, suggesting an efficient transformation of organics by stimulation of the alkaline agents. Due to limited hydrolysis, the F-7.0 group only obtained a 25% reduction in VSS concentration.




3.2. Acceleration of FSF Hydrolysis and Inhibition of Methane Generation


The effect of alkaline conditions on the SCFAs production was significantly dependent on the strong decomposition of the particulates in FSF, leading to the acceleration of the hydrolysis procedure. Figure 3A shows the hydrolysis performance of the F-10.0 test, indicated by time-course profiles of soluble polysaccharides and protein concentrations during the fermentation. As depicted, a sustained promotion effect via alkaline environment on the release of soluble polysaccharides and proteins was observed. Attributed to the strong destruction, a boost in both soluble polysaccharides and proteins was observed within 24 h in the F-10.0 test [20,28]. As revealed by the calculated dissolution rate, the polysaccharide dissolution rate in the Al-FSF test was as high as 17.4 mg/L∙h, 2.1 times higher than that obtained in the control test (8.3 mg/L∙h). Similarly, the protein dissolution rate was 139 mg/L∙h and 49 mg/L∙h in the F-10.0 and F-7.0 test, respectively. Consequently, the abundant soluble organics boost the SCFA production benefiting from sufficient substrates, which could be proved by the rapid consumption of soluble polysaccharides and proteins after the peak value.



The SCFAs accumulation in the F-10.0 test was also attributed to the inhibition of methane production, which was the main contribution of SCFA consumption. Figure 3B demonstrates the time-course profile of methane production during the alkaline fermentation. As revealed, methane production was detected immediately on the first day in the F-7.0 group, and it continued to increase with the fermentation procedure. Methane production in the F-10.0 test was inhibited with an inhibition ratio of 60–100% all through the fermentation procedure. In detail, low methane content was detected before the 8th day. Yuan investigated the effect of different acid–base conditions on the acid production from WAS and believed that alkaline conditions severely restrained the methanogenesis. This inhibition was most likely attributed to the alkalic ecology as confirmed by changes in pH value. As acknowledged, the optimal pH value for methanogens was in the range of 6.6–7.8. Higher or lower than this threshold, methane production could be inhibited. As depicted in Figure 3B, the pH value in the F-10.0 test was much higher, far beyond the optimal range, which meant severely constrained microbial activity under the alkalic ecology.




3.3. Microbial Community Structure


Changes in microbial community structure were highly responsive to the performance in hydrolysis and acidification under alkaline conditions, as depicted in Figure 4. Firmicutes was a typical phylum with capacity for hydrolysis and fermentation [29]. As revealed, the abundance of Firmicutes increased sharply to 45.20% after alkaline fermentation with an initial pH value of 10.5, 2.5–2.6 times higher than that in the raw FSF (RF) and neutral fermented group, which might be the underlying reason for its remarkable performance in SCFA production. A sharp decrease in abundance of Chloroflexi was also observed, with 6.81% in F-10.0, 69% lower than that in RF. Proteobacteria, as a common fermentative phylum, accounted for the largest proportion in both RF and F-7.0. However, it decreased by 31% in alkalic ecology. Further analysis at class level (Figure 4B) demonstrated that Clostridia made a great contribution to the climbing abundance of Firmicutes, with 42.35% in F-10.0, 61.7% higher than that in RF. While, Anaerolineae, being subjected to Chloroflexi, took up only 3.73% in the alkaline group, 75% lower than that in the F-7.0.



The changes in the microbial community were further elaborated at the genus level, as shown in Figure 4C. The high abundance of genus correlating with protein hydrolysis was recorded, providing a firm basis for the remarkable protein hydrolysis, as discussed in Section 3.2. Proteiniclasticum, a specific bacterial genus associated with proteolysis [30], climbed to 19.12% in F- 10.0, 2.8 times and 1.2 times higher than that in RF and F-7.0, respectively. The abundance of Proteocatella was also boosted in F-10.0 to 7.9%. It was a genus characterized by proteolytic, chitinolytic, and amylolytic activities [31]. Note that it was not detected in both RF and F-7.0. Thermomonas, which showed up positive in enzyme activities of β-glucosidase and trypsin with mesophilic growth at the temperature range of 28–37 °C [32], seemed more suitable in neutral ecology, with 1.94% and 2.13% in RF and F-7.0, but with no detection in F-10.0 due to efficient hydrolysis to provide sufficient substrate for acidification, fermentative genus boost. Proteiniphilum is a proteophilic fermentative genus, and Petrimonas is capable of degrading polysaccharides and proteins to produce HAc, HPr and low amounts of valeric acid [33]. As revealed, the proportion of Petrimonas and Proteiniphilum slightly increased to 2.22% and 1.34%, respectively, with the pH value rise. Acetoanaerobium, with the capacity of lignin degradation [34], was more abundant in F-7.0 than that in F-10.0, with 5.71% and 5.06%, respectively. Some polysaccharide-fermentative genus were exclusive in F-7.0, including Romboutsia [35] and Lautropia [36], with a relative abundance of 1.47% and 1.42%, respectively. While attributable to enough SCFAs, especially for HAc, hydrogen and methane-producing genus appeared in F-10.0, although with lower abundance, like Fusibacter [37] (1.77%) and Methanosaeta [38] (1.07%). Note that a higher concentration of phosphorus was released accompanied by FSF disintegration might incur growth of phosphorus-accumulating bacteria, Acinetobacter [39], for instance (with 2.82% in F-10.0).




3.4. Significance and Potential Benefits


The scheme integrated FSF recovery up-stage of the biological treatment with improved SCFA production under alkaline conditions was addressed to maximize the carbon sources available to the BNR process, to alleviate the financial burden for ECS purchase. As revealed in Figure 5, 1978 kg FSF could be recovered, with a higher solid content of 5.4%. The calculated volume for the FSF was 35.4 m3 divided by the solid content and density of 1035 kg/m3. According to the fermentation performance of raw FSF with SCFA yield of 118 mg/g VSS and VSS reduction of 25%, the total production of SCFAs was estimated to be 18.2 kg/d. In detail, it meant 7.3 kg/d HAc and 3.6 kg/d HPr, based on the proportion of individual acids with 40% and 20%, respectively. The initial alkaline condition boosted the SCFA production to 77.6 kg/d, with 31.0 kg/d 15.5 kg/d for HAc and HPr, respectively.



The economic and environmental benefits for internal carbon source exploration were further estimated, under the assumption that all the produced SCFAs could be recovered and replace the ECS addition. As listed in Table 3, 18.2 kg SCFAs-COD/d indicated 12.1 kg methanol addition, with a cost reduction of 17.3 RMB/d. Due to more SCFA production, this reduction raised it to 72.3 RMB for the alkaline pretreated FSF fermentation, deducting the cost for alkali agents. Furthermore, the potential environmental benefits were indicated by two environmental impact types with a greater contribution to the life cycle inventory. As revealed, 2580 MJ of primary energy demand (PED) and 54.6 kg CO2 eq of global warming potential (GWP) were reduced in F-10.0, respectively, 3.3-fold and 3.2-fold more than that obtained in F-7.0.





4. Conclusions


An initial alkaline condition can significantly increase SCFA extraction from FSF, with the maximum SCFA yield being 234 mg SCFAs/g VSS. This promotion was mainly due to both the efficient hydrolysis of high molecular organic compounds such as polysaccharides and proteins by strong alkalis, and the strong inhibition of the activity of methanogens. A preliminary evaluation of the mass balance and economic benefit further confirmed the outstanding advantage of alkaline fermentation in the exploration of cheap internal carbon sources. The maximum reduction in ECS was evaluated with 39.6 kg/d methanol for the case of WWTP. Consequently, this strategy by particulate organics re-direction and the enhanced transformation were promising in addressing the carbon insufficiency for the BNR process. The economic and environmental profits were also notable by reduced ECS addition, aeration power, and sludge disposal.
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Nomenclature




	Abbreviation
	Name



	BNR
	Biological nutrient removal



	WWTPs
	Wastewater treatment plants



	ECS
	External carbon sources



	SCFAs
	Short chain fatty acids



	COD
	Chemical oxygen demand



	WAS
	Waste activated sludge



	AD
	Anaerobic digestion



	FSF
	Fine-sieving fractions



	TCOD
	Total COD



	PCOD
	Particulate COD



	TSS
	Total suspended solids



	SBR
	Sequencing batch reactor



	SCOD
	Soluble COD



	VSS
	Volatile suspended solids



	ISS
	Inorganic suspended solids



	PCR
	Polymerase chain reaction
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Figure 1. Schematic for fine-sieving fractions (FSF) recovery by a fine mesh sieve with pore size of 131 microns. 
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Figure 2. SCFA production from FSF fermentation: (A) for curve fitting of SCFA generation; (B) for proportion of individual acids in the total peak SCFA yields at 120 h. 
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Figure 3. Performance of FSF hydrolysis and methane inhibition, (A) for soluble polysaccharides release; (B) for soluble protein release under alkaline condition; (C) for changes in cumulative methane production and pH value (Note: Error bars represent standard deviation). 
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Figure 4. Taxonomic classification of pyrosequences from bacterial communities of sludge samples, (A) for bacterial community at phylum level, (B) for bacterial community at class level, (C) for bacterial community at genus level. 
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Figure 5. Preliminary evaluation of carbon conversion by FSF recovery and fermentation under alkaline condition. 
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Table 1. Modeling statistics of sigmoid 3 parameter equations for the fitting SCFA-time profiles for the alkali-pretreated FSF.
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	Group
	CSCFAs∞

(mg COD/L)
	Crate

(h)
	T50

(h)
	R2
	p





	F-7.0
	1334 ± 36
	14.87 ± 0.78
	54.19 ± 0.96
	0.99
	<0.001



	F-10.0
	2258 ± 41
	3.22 ± 0.65
	13.73 ± 2.61
	0.98
	0.003
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Table 2. Time profiles of VSS reduction during the anaerobic fermentation (g/L).
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Group

	
Time (h)




	
0

	
12

	
24

	
120

	
240






	
F-7.0

	
11.28 ± 1.2

	
11.05 ± 0.2

	
10.49 ± 0.6

	
9.81 ± 0.7

	
8.46 ± 0.3




	
F-10.0

	
11.28 ± 1.2

	
10.57 ± 0.5

	
9.52 ± 0.4

	
8.08 ± 1.0

	
6.09 ± 0.1
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Table 3. Preliminary evaluation of the environmental benefits of FSF under alkaline condition.
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Groups

	
VFA Production

	
Reduced Methanol Addition a

	
Caustic Soda Addition

	
PED b

	
GWP




	
kg VFAs-COD/d

	
kg/d

	
kg/d

	
MJ

	
kg CO2 Eq






	
F-7.0

	
18.2

	
12.1

	
0.0

	
−791.4

	
−16.8




	
F-10.0

	
77.6

	
51.7

	
0.2

	
−3371.5

	
−71.4




	
Difference value

	
59.4

	
39.6

	
0.2

	
−2580.1

	
−54.6








a under the assumption that the VFAs could be totally used as alternative carbon sources for methanol (ECS), the amount of VFA production indicated the reduction in methanol addition. b Environmental impact type with great contribution was chosen, including primary energy demand (PED) and global warming potential (GWP).
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