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Abstract

:

This study aimed to determine the effect of the low-temperature conditioning of excess dairy sewage sludge using solidified carbon dioxide on the efficiency of methane fermentation. An increase in the solidified carbon dioxide to excess dairy sewage sludge volumetric ratio above 0.3 had no significant effect on chemical oxygen demand concentration in the dissolved phase. The highest chemical oxygen demand values, ranging from 490.6 ± 12.9 to 510.5 ± 28.5 mg·dm−3, were determined at solidified carbon dioxide to excess dairy sewage sludge ratio ranging from 0.3 to 0.5. The low-temperature conditioning caused ammonia nitrogen concentration to increase from 155.2 ± 10.2 to 185.9 ± 11.1 mg·dm−3 and orthophosphates concentration to increase from 198.5 ± 23.1 to 300.6 ± 35.9 mg·dm−3 in the dissolved phase. The highest unitary amount of biogas, reaching 630.2 ± 45.5 cm3·g o.d.m.−1, was produced in the variant with the solidified carbon dioxide to excess dairy sewage sludge volumetric ratio of 0.3. Methane content of the biogas produced was at 68.7 ± 1.5%. Increased solidified carbon dioxide dose did not lead to any significant changes in biogas and methane production. The efficiency of biogas production from unconditioned excess dairy sewage sludge was lower by 43.0 ± 3.2%. The analysis demonstrated that the low-temperature conditioning is an energetic viable technology aiding the methane fermentation process.
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1. Introduction


Wastewater generated by the dairy industry has high concentrations of organic matter and biogenes [1,2]. Their successful removal requires employing advanced methods making use of sewage sludge technology [3,4]. Systems operating based on this technology allow for the simultaneous removal of carbon compounds, nitrification, denitrification, and enhanced bio-removal of phosphorus species [5]. A drawback of the aerobic wastewater treatment systems is the high energy consumption of the process resulting from the necessity of aerating bioreactors and from the intensive growth of excess sewage sludge biomass [6]. Due to the specific characteristics and properties of dairy sewage sludge, its high organic compound load, susceptibility to rotting, as well as the resultant odor nuisance and sanitary parameters, it requires effective neutralization and stabilization [7].



A technologically viable and environment-friendly technology recommended for dairy sewage sludge treatment has been offered by methane fermentation (MF) [8,9]. Its proper course leads to suppressed susceptibility to rotting, partial hygienization, reduced volume of the sludge, and also to high-methane biogas recovery [10,11,12]. These effects can be intensified by sludge pre-conditioning and disintegration [13,14].



Disintegration methods for sewage sludge pre-treatment before MF represent dynamically developing technologies [15]. They result in the damage of the sludge’s structure, including flock fragmentation, microbial cell damage, and release of organic matter and extracellular polymers to the dissolved phase [16,17]. Various studies have reported on the use of different disintegration methods, including: high-pressure methods [18]; mechanical methods [19]; ultrasound energy [20,21,22]; microwaves [23,24]; biological methods [25,26,27]; chemical methods, like alkalization [28], acidification [29], ozonation [30,31], and oxidation technique [32]; as well as thermal methods, like heat treatment and freezing–defrosting [33,34]. The combined disintegration methods, called the hybrid approach, are employed as well [35,36,37].



Scarce information has been devoted in the worldwide literature to the feasibility of the low-temperature conditioning of excess dairy sewage sludge (DSS) using solidified carbon dioxide (LTC-SCDO). Solidified carbon dioxide (SCDO) is a completely natural product. It is produced in granular form by compressing gaseous carbon dioxide (CO2) into a liquid form and removing the heat generated by compression followed by rapid expansion. This expansion and rapid evaporation of CO2 cools the rest of the liquid to its melting point, where CO2 freezes into “snow”, which takes the form of balls or lumps. SCDO sublimates and the sublimation heat amounts to 573 kJ, making it about 3.3 times more efficient than water ice (at the same volume). The specific gravity of SCDO ranges from 1.2 to 1.6 kg-dm−3 and its Mohs hardness is 2, which corresponds to that of gypsum [38]. SCDO creates a bacteriostatic atmosphere, which improves the quality of cooled products by preventing them from oxidizing. It is non-flammable, odorless and tasteless, non-poisonous, and approved for contact with food products. It is used in catering, refrigeration, cleaning of all types of machines and in laboratories to slow down exothermic reactions, and currently also to process sewage sludge [39]. The cause of microbial death during freezing, including SCDO freezing, is an increase in the volume of water freezing in the cytoplasm, mechanical damage to the wall and cell membrane, osmotic shock, and destruction of cellular organelles. Mechanical damage is also caused by the formation of ice crystals in the environment surrounding the cells and inside them, as well as by the partial loss of hydration water of proteins, leading to changes in their properties. The extracellular crystals increasing in the freezing process destroy the microbial cells between them [40]. The formation of intercellular crystals causes damage to biomembranes and changes their properties, which leads to the leakage of intracellular substances into the environment. Considering DSS characteristics and structure as well as available literature data, the use of the LTC-SCDO technology can offer both a technologically and energetically viable alternative to other methods [41,42]. Given the above, this study aimed to determine the effect of the low-temperature conditioning of dairy sewage sludge (DSS) using solidified carbon dioxide (SCDO) on the effectiveness of its methane fermentation (MF).




2. Materials and Methods


2.1. Organization of Experimental Works


The research works were carried out in six variants differing in the SCDO/DSS ratio: variant 1—control, variant 2—0.1, variant 3—0.2, variant 4—0.3, variant 5—0.4, and variant 6—0.5. Experiments were performed in a laboratory scale in batch-fed reactors with a total volume of 500 cm3, equipped with magnetic stirrers and a temperature controlling and stabilizing system. The reactors were fed with a single dose of 200 cm3 of DSS with a temperature of 20 °C, and then with a respective amount of pelleted SCDO (with pellet diameter of 3.0 ± 1.0 mm). The mixture was stirred in the reactors at 50 rpm for 20 min. Afterward the samples were left for complete SCDO sublimation. When they had reached a temperature of 20 °C, they were subjected to MF.




2.2. Materials


DSS was derived from a wastewater treatment facility of a milk processing plant, with an average flow rate of 7500 m3·d−1 and an equivalent number of inhabitants of 350,000. The production profile of the milk processing plant focused on drinking milk, butter, white and cottage cheese, sweet cream, and ripening cheeses. Samples of concentrated DSS (2.0 dm3) were collected with a scoop from a pumping station of excess sludge thickened gravimetrically in the secondary sedimentation tank, according to the Polish Standards (PN-EN ISO 5667-3:2005; PN-ISO 5667-10:1997). They were delivered to the laboratory approximately 40 min after collection. The characteristics of DSS are provided in Table 1. Anaerobic sludge, which served as the inoculum for fermentation reactors, came from a closed fermentation chamber (CFC) with a capacity of 7300 m3, from the sewage treatment plant in Bialystok, which operated at 35 °C, organic loading rate (OLR) of 2.0 g o.d.m.·dm−3·d−1, and 21-day hydraulic retention time (HRT). Anaerobic sludge characteristics are presented in Table 1. Before being used as the inoculum, the anaerobic sludge was adapted to the experimental conditions (i.e., temperature of 42 °C) in a continuous operation for 40 days (HRT = 20 days) and was fed with sewage sludge at OLR of 1.0 g o.d.m.·dm−3·d−1.




2.3. Respirometric Measurements


The MF analyses were carried out in WTW respirometers (Wissenschaftlich-Technische Werkstätten, Weilheim in Oberbayern, Deutschland) with 500 cm3 volume, connected with a system recording changes in the partial pressure caused by biogas production. The volume of entered inoculum was 200 cm3 and then assumed amounts of substrate were added. In order to remove oxygen from the reaction chambers, the feedstock and gaseous phase of the respirometer were purged with compressed nitrogen (N40). Nitrogen was introduced via a rubber hose terminated with a stone diffuser placed below the surface of the inoculum and feedstock mixture for 3 min. The initial OLR was 5.0 g o.d.m.·dm−3. Respirometers were placed in a temperature-controlled cabinet with hysteresis ±0.5 °C. Measurements were conducted at 42 °C. Pressure of the produced biogas was recorded every 24 h. Methane fermentation was conducted until the difference between the three consecutive daily measurements of the partial pressure was not greater than 1.0%.




2.4. Analytical Methods


The DSS and anaerobic sludge inoculum of the exploited fermentation tanks were evaluated for: dry matter content (d.m.), organic dry matter content (o.d.m.), and mineral dry matter content (m.d.m.) with the gravimetric method. The total carbon (TC) content was determined using high-temperature decomposition with infrared detection in a TOC multi NC 3100 analyzer (Analytik Jena, Jena, Germany). The contents of total nitrogen (TN), ammonia nitrogen, orthophosphates, and chemical oxygen demand (COD) were determined with the spectrophotometric method after previous mineralization in a UV-VIS DR6000 spectrometer (Hach, Loveland, CO, USA). The same methods were used to determine the contents of ammonia nitrogen, orthophosphates, and COD in the dissolved phase of DSS obtained by its centrifugation using an MPW-251 laboratory centrifuge (MPW Med. Instruments, Warsaw, Poland) at 5000 rpm for 10 min. The potentiometric method was used to determine pH value.



Biogas samples (20 cm3) were taken with a needle and a gas-tight syringe and then were analyzed using a gas chromatograph (GC Agilent 7890 A-Agilent Technologies, Inc., Wilmington, DE, USA) equipped with a thermoconductometric detector (TCD) to determine the percentage content of methane (CH4).




2.5. Computation Methods


The amount of biogas produced in respirometric studies was calculated based on the ideal gas law. The pressure change determined inside the measuring chamber allowed calculating the volume of generated biogas translated into normal conditions. The results express biogas production minus biogas production in the control variant.



Furthermore, the rate of biogas production (r) depending on the experimental variants applied was specified. Reaction rate constants (k) were determined based on the test data obtained by non-linear regression using Statistica 13.1 PL (StatSoft, Cracow, Poland). The iteration method was applied, in which in every iterative step the function is replaced by a linear differential in relation to the defined parameters. The φ2 contingency coefficient was adopted as a measure of curve fit (with defined parameters) into the test data. This coefficient is a ratio of the sum of the squared deviations of the values calculated based on the determined function from experimental values, to the sum of squared deviations of experimental values from the mean value. Contingency is the better; the lower is the φ2 coefficient. A model fit in which the value of the contingency coefficient did not exceed 0.2 was assumed in the study [43].



The specific energy input (Es) was calculated using Equation (1):


   E s  =  P  SCDO   ·  M  SCDO   ·  Y  SCDO   − 1     [ Wh ]  



(1)




where:



PSCDO—SCDO generator performance [W],



MSCDO—SCDO mass [kg],



YSCDO—SCDO generator yield [kg·h−1].



The energy output (Eout) generated from methane production was calculated using the following Equation:


   E  out   =  Y  Methane   ·   CV   Methane   ·  M  DSS       [ Wh ]  



(2)




where:



YMethane—methane yield [dm3·kg f.m.−1],



CVMethane—methane calorific value [Wh·dm−3],



MDSS—DSS mass [kg].



The net energy gain (Enet) was calculated as follows:


   E  net   =  E  out   −  E S    [ Wh ] .  



(3)








2.6. Statistical Methods


All experimental variants were conducted in triplicate. The statistical analysis of the results was made using Statistica 13.1 PL package (StatSoft, Cracow, Poland). The Shapiro–Wilk test was used to verify the hypothesis regarding decomposition of every researched variable. The ANOVA test was made to establish the significance of differences between variance. The Levene’s test was used to check the homogeneity of the variance in groups and the Tukey’s Honestly Significant Difference (HSD) Test was used to determine the significance of differences between the analyzed variables. p = 0.05 significance level was adopted in the tests [43].



Empirical equations were elaborated using stepwise regression with multiple regression. They allowed estimating the amount of biogas and methane depending on the DSS characteristics after LTC-SCDO. Predictors having a significant impact on the changes in the estimated parameters in model systems were determined. Furthermore, the accuracy of model fit to empirical data was estimated via coefficient of determination. The significance of multiple regression models was verified based on the F-test. The lack-of-fit test was conducted to evaluate whether the proposed models were sufficiently detailed. This test consisted in comparing the proposed models with full models (having certain other parts of explanatory variables omitted in the proposed models). Developed models were subjected to estimation. Next, their fit to the obtained results was evaluated by the analysis of residuals. The assumption of normality of residual decomposition was verified and model accuracy was evaluated by deleting residual values with respect to predicted values (Statistica 13.1 PL) [43].





3. Results and Discussion


All experimental LTC-SCDO caused the release of organic matter to the liquid phase of DSS, as indicated by COD concentration control. Previous investigations have shown that the COD concentration increase is associated with the damage of sewage sludge floc structure and disintegration of single cells of microorganisms [44]. The present study showed that the COD concentration in the supernatant increased proportionally to the increasing SCDO/DSS volumetric ratio in variants 1–4. Increasing the SCDO/DSS ratio above 0.3 had no significant effect on the COD increase in the dissolved phase. The lowest COD values, fitting with the narrow range from 490.6 ± 12.9 to 510.5 ± 28.5 mg·dm−3, were determined in variants 4–6 (Figure 1). However, the differences noted were not statistically significant (p = 0.05). In variant 2, COD concentration in the supernatant increased by 12.4 ± 0.3%, i.e., from 400.5 ± 23.8 mg·dm−3 (variant 1) to 450.3 ± 25.6 mg·dm−3, whereas in variant 3, it reached 479.2 ± 10.5 mg·dm−3 (Figure 1).



Similar results were reported by Hu et al. (2011), who investigated the release of organic matter during the freezing/defrosting of excess municipal sewage sludge [45]. They obtained a COD concentration increase of 15%, which was comparable with that reported by Zhao et al. (2010) upon 5-min ultrasound disintegration [46] and heat treatment (100 °C for 30 min) of sludge [47]. Almost double increase in the concentration of dissolved COD was demonstrated by Stabnikova et al. (2008) in their study on the effect of the freezing/defrosting process on food waste [48], and by Örmeci and Vesilind (2001) in their research with sewage sludge from the North Durham Wastewater Treatment Facility, Durham, NC [49]. In turn, Machnicka et al. (2019) observed a dependency between SCDO dose and the amount of COD released to the supernatant. The SCDO disintegration at the waste-activated sludge (WAS) to SCDO volumetric ratio reaching 1:0.25 led to an increase in COD concentration from the initial value of 63 mgO2·dm−3 (crude sludge) to 205 mgO2·dm−3. Increasing the SCDO/WAS ratio to 1:1 increased COD concentration to 889 mg mgO2·dm−3 [39].



As claimed by Nowicka and Machnicka (2015), the damage of the microbial cell structure caused by SCDO leads to the release of enzymes from protoplasts of microorganisms, whose hydrolytic activity leads to the degradation of nitrogen and phosphorus organic compounds, thereby increasing concentrations of ammonia nitrogen and orthophosphates in the supernatant [44]. These changes were confirmed in the present study. In variant 2, the LTC-SCDO caused N-NH4+ concentration increase by 18.0 ± 6.4%, i.e., from 131.5 ± 16.7 mg·dm−3 (variant 1) to 155.2 ± 10.2 mg·dm−3, and P-PO43− concentration increase by 24.6 ± 2.7%, i.e., from 159.3 ± 22.4 mg·dm−3 (variant 1) to 198.5 ± 23.1 mg·dm−3 (Figure 1). The increase in SCDO dose also increased N-NH4+ and P-PO43− concentrations. In variant 6, the concentration of N-NH4+ increased by 41.4 ± 8.4%, compared to the control variant, and reached 185.9 ± 11.1 mg·dm−3, whereas that of P-PO43− increased by 88.7 ± 3.5% and reached 300.6 ± 35.9 mg·dm−3 (Figure 1).



Similar results were reported by Montusiewicz et al. (2010), who subjected mixed sewage sludge to the freezing/defrosting process. This pre-treatment resulted in N-NH4+ concentration increase in the supernatant by 39.26%, i.e., from 94.0 to 130.9 mg·dm−3, and resulted in an almost double increase in P-PO43− concentration from 86.4 to 185.2 mg·dm−3 [50]. Using the same conditioning method for municipal sewage sludge, Gao (2011) reported a 1.5-fold to 2.5-fold increase in P-PO43− concentration in the supernatant [51].



The methane fermentation of unconditioned DSS in variant 1 resulted in biogas yield at 440.7 ± 21.5 cm3·g o.d.m.−1 (Figure 2 and Figure 3) (r =79.3 cm3·d−1), and methane content of 61.2 ± 1.3% (Table 2). The highest biogas production, reaching 630.2 ± 45.5 cm3·g o.d.m.−1, was obtained in variant 4 (Figure 2 and Figure 3), at the production rate of r = 157.6 cm3·d−1 (Table 2) and methane content of 68.7 ± 1.5% (Table 2). An increase in biogas production compared to the control variant was 43.0 ± 3.2% on average. No significant changes in biogas production were observed in the other variants tested (Figure 2 and Figure 3). Variant 5 yielded 581.7 ± 39.4 cm3·g o.d.m.−1 of biogas (Figure 2 and Figure 3) with methane content of 66.3 ± 2.1% (Table 2), whereas in variant 6 the respective values reached 572.9 ± 48.7 cm3·g o.d.m.−1 (Figure 2 and Figure 3) and 66.2 ± 1.9% (Table 2).



In variants 1–4, a very strong positive correlation was observed between the concentrations of COD (Figure 4a), N-NH4+ (Figure 4b), and P-PO43− (Figure 4c) in the dissolved phase and biogas production (R2 = 0.946, R2 = 0.935, and R2 = 0.967, respectively). The higher SCDO doses tested had no significant effect on the final technological effects of the conditioning process considering concentrations of the monitored indicators in the dissolved phase and biogas production. Therefore, no correlation was observed (Figure 4). In turn, there was a correlated effect of COD and N-NH4+ concentrations on biogas (Figure 5a) and methane (Figure 5b) production. Similar conclusions were formulated by Nowicka et al. (2014), who used SCDO to disintegrate the excess municipal sewage sludge before MF. In their study, the most effective volumetric dose turned out to be the mixture with 30% of the thermally-disintegrated sludge, as it ensured biogas production was higher by 49% than in the control variant [52]. The improved MF efficiency upon the use of freezing/defrosting pre-treatment of food waste was reported by Stabnikova et al. (2008). They demonstrated that the effect of food waste freezing/defrosting pre-treatment before its anaerobic degradation in the hybrid anaerobic solid-liquid (HASL) system was comparable with the outcomes of food waste heat pre-treatment at a temperature of 150 °C for 1 h, which allowed for the two-fold shortening of the time needed to produce the same amount of methane compared to the anaerobic degradation of fresh food waste [48]. The effect of freezing/defrosting pre-treatment on MF efficiency was also confirmed by Meyer et al. (2017), who investigated its effect on the dehydration and anaerobic fermentation of sewage sludge from cellulose-paper factories. They achieved a unitary biogas yield from 111 to 310 cm3·g−1 chemical oxygen demand added [53].



To enable estimating biogas and methane production in the process of mesophilic fermentation aided by LTC-SCDO, a multi-regression method was employed to develop empirical equations. The amounts of biogas and methane produced were statistically significantly affected by COD and N-NH4+ concentrations in the dissolved phase and by SCDO/DSS ratio. The proposed biogas production model (3) is characterized by an estimation error of ±30.687 and reflects approximately 90.81% of the changes in the biogas production process (determination coefficient-R2 = 0.9081). The methane estimation model (4) reflects approximately 87.53% of the changes in the methane production process (R2 = 0.8753) with an estimation error of ±30.787.


  BIOGAS = 4.931 · COD − 6.514 · N −   NH  4 +  − 73.067 · SCDO / DSS − 675.625  



(4)






  METHANE = 4.703 · COD − 7.356 · N −   NH  4 +  +   21.677 · SCDO / DSS − 644.532  



(5)






  BIOGAS −  biogas   production   under   mesophilic   conditions     [    cm  3  · go . d . m  .  − 1    ]   
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The energetic analysis demonstrated that the positive unit energy balance achieved for 1.0 dm3 of DSS was a positive value in variants 2–4 (Figure 6). The highest efficiency of net energy production, reaching 32.3 ± 1.5 Wh/dm3DSS, was obtained in variant 4. The amount of energy produced in this variant was higher by over 13% than in the variant with the unconditioned sludge (Table 3). The negative energy balance was obtained in variants 5 and 6, wherein the energy production was lower by 20.6 ± 0.8% and 39.1 ± 0.6%, respectively, than in the control variant.




4. Conclusions


The present study demonstrated a proportional increase in COD concentration in the supernatant along with an increasing SCDO dose at the SCDO/DSS volumetric ratios between 0.1 and 0.3. Increasing SCDO dose above 0.3 had no significant effect on a COD concentration increase in the dissolved phase. The highest COD values, fitting in a narrow range from 490.6 ± 12.9 to 510.5 ± 28.5 mg·dm−3, were determined at SCDO/DSS ranging from 0.3 to 0.5. The LTC-SCDO caused the N-NH4+ concentration to increase from 155.2 ± 10.2 to 185.9 ± 11.1 mg·dm−3 and the P-PO43− concentration to increase from 198.5 ± 23.1 to 300.6 ± 35.9 mg·dm−3 in the dissolved phase.



The highest unitary amount of biogas, reaching 630.2 ± 45.5 cm3·g o.d.m.−1, was produced in the variant with SCDO/DSS ratio of 0.3. Methane content of the produced biogas was at 68.7 ± 1.5%. Increasing SCDO dose had no significant effect on changes in biogas and methane production. The efficiency of biogas production from unconditioned DSS was lower by 43.0 ± 3.2%.



A very strong positive correlation was observed between COD, N-NH4+, and P-PO43− concentrations in the dissolved phase and the amount of biogas produced at SCDO/DSS ranging from 0 to 0.3. The higher SCDO doses tested had no significant effect on the final technological effects of the conditioning process in terms of both concentrations of the monitored indicators in the dissolved phase and biogas production.



The implemented optimization procedures proved that the biogas and methane production efficiency can be estimated based on COD and N-NH4+ concentrations in the dissolved phase and SCDO/DSS volumetric ratio.



The energetic analysis demonstrated that the LTC-SCDO is an energetically viable technology. The highest efficiency of net energy production reached 32.3 ± 1.5 Wh/dm3DSS. The amount of energy produced using the above technology was over 13% higher than in the variant with unconditioned DSS.
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Figure 1. Changes in the concentrations of organic and biogenic compounds in DSS supernatant after solidified carbon dioxide (LTC−SCDO). 
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Figure 2. Effect of technological variant on biogas and methane production. 
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Figure 3. Course of biogas production in experimental variants. 
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Figure 4. Effect of concentrations of (a) chemical oxygen demand (COD), (b) N−NH4+, and (c) P−PO43− in the dissolved phase on biogas production. 
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Figure 5. Surface dependency between COD and N-NH4+ concentrations and (a) biogas production and (b) methane production. 
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Figure 6. Energy values obtained upon MF of DSS after LTC-SCDO. 
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Table 1. Characteristics of dairy sewage sludge (DSS) and anaerobic sludge used as the inoculum in the experiment.
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	Indicator
	Unit
	Excess Sludge
	Anaerobic Sludge





	pH
	-
	7.20 ± 0.9
	7.36 ± 0.2



	Dry matter (DM)
	[g·dm−3]
	18.3 ± 3.3
	35.8 ± 3.2



	Organic dry matter (o.d.m.)
	[g·dm−3]
	11.2 ± 1.5
	25.0 ± 1.2



	Mineral dry matter (m.d.m.)
	[g·dm−3]
	7.1 ± 1.1
	10.8 ± 1.2



	Chemical oxygen demand (COD)
	[mg·dm−3]
	4100.8 ± 126.4
	77.5 ± 9.4



	Total carbon (TC)
	[g TC·dm−3]
	781.4 ± 30.6
	10.7 ± 0.5



	Total nitrogen (TN)
	[g TN·dm−3]
	59.1 ± 8.6
	1.1 ± 0.2



	Carbon to nitrogen ratio (C/N)
	-
	13.2 ± 1.2
	9.7 ± 0.7



	Ammonia nitrogen (N-NH4+)
	[mg·dm−3]
	240.6 ± 20.9
	105.4 ± 12.6



	Orthophosphates (PO43−)
	[mg·dm−3]
	295.8 ± 28.5
	91.3 ± 10.5
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Table 2. Biogas production rate (r), reaction rate constants (k), and methane content of biogas (CH4).
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Variant

	
r

	
k

	
CH4




	
[cm3·d−1]

	
[1·d−1]

	
[%]






	
1

	
79.3

	
0.18

	
61.2 ± 1.3




	
2

	
111.1

	
0.21

	
63.8 ± 2.8




	
3

	
129.7

	
0.23

	
64.5 ± 1.7




	
4

	
157.6

	
0.25

	
68.7 ± 1.5




	
5

	
133.8

	
0.23

	
66.3 ± 2.1




	
6

	
131.8

	
0.23

	
66.2 ± 1.9
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Table 3. Energetic analysis of methane fermentation (MF) of DSS after LTC-SCDO.
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Variant

	
SCDO/DSS

	
ρDSS

	
MDSS

	
VDSS

	
ρSCDO

	
VSCDO

	
MSCDO

	
PSCDO

	
YSCDO

	
Es

	
Ymethane

	
Ymethane

	
CVmethane

	
Eout

	
Enout

	
Enet

	
%




	

	
[-]

	
[kg·dm−3]

	
[kg]

	
[dm3]

	
[kg·dm−3]

	
[dm3]

	
[kg]

	
[kW]

	
[kg·h−1]

	
[Wh]

	
[dm3·kgo.d.m.−1]

	
[dm3·kg f.m.−1]

	
[kWh·dm−3]

	
[Wh]

	
[Wh]

	
[Wh]

	






	
1

	
0

	
1.03

	
1.03

	
1

	
1.56

	
0

	
0

	
1.6

	
55

	
0

	
270

	
3.024

	
0.00917

	
28.6 ± 1.5

	
-

	
28.6 ± 1.5

	
-




	
2

	
0.1

	
0.1

	
0.156

	
4.5 ± 0.3

	
338

	
3.786

	
35.8 ± 1.2

	
7.2 ± 0.3

	
31.2 ± 1.8

	
9.3 ± 1.1




	
3

	
0.2

	
0.2

	
0.312

	
9.1 ± 0.9

	
364

	
4.077

	
38.5 ± 1.7

	
9.9 ± 0.2

	
29.4 ± 1.2

	
3.0 ± 1.0




	
4

	
0.3

	
0.3

	
0.468

	
13.6 ± 1.1

	
434

	
4.861

	
45.9 ± 2.8

	
17.3 ± 1.3

	
32.3 ± 1.5

	
13.1 ± 1.1




	
5

	
0.4

	
0.4

	
0.624

	
18.2 ± 0.8

	
386

	
4.323

	
40.8 ± 2.1

	
12.3 ± 0.6

	
22.7 ± 1.9

	
−20.6 ± 0.8




	
6

	
0.5

	
0.5

	
0.78

	
22.7 ± 1.3

	
379

	
4.245

	
40.1 ± 2.3

	
11.5 ± 0.8

	
17.4 ± 1.7

	
−39.1 ± 0.6








SCDO/DSS—volumetric ratio of SCDO to DSS; ρDSS—specific density of DSS; MDSS—mass of DSS; VDSS—volume of DSS; ρSCDO—density of SCDO; VSCDO—volume of SCDO; MSCDO—mass of SCDO; PSCDO—SCDO generator power; YSCDO—SCDO generator yield; Es—specific energy input; Ymethane—methane content; CVmethane—methane calorific value; Eout—energy output; Enout—net energy output; Enet—net energy gain.
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